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Foreword

Clinicians must make decisions based on information
presented to them, both by the patient and by ancillary
resources available to the physician. Laboratory data gen-
erally provide quantitative information, which may be
more helpful to physicians than the subjective informa-
tion from a patient’s history or physical examination.
Indeed, with the prevalent pressure for physicians to see
more patients in a limited time frame, laboratory testing
has become a more essential component of a patient’s
diagnostic workup, partly as a time-saving measure but
also because it does provide information against which
prior or subsequent test results, and hence patients’
health, may be compared. Tests should be ordered if they
could be expected to provide additional information
beyond that obtained from a physician’s first encounter
with a patient and if the results could be expected to
influence a patient’s care. Typically, clinicians use clinical
laboratory testing as an adjunct to their history taking
and physical examination to help confirm a preliminary
diagnosis, although some testing may establish a diagno-
sis, such as molecular tests for inborn errors of metabo-
lism. Microbiological cultures of body fluids may not
only establish the identity of an infecting organism but
also establish the treatment of the associated medical con-
dition. In outpatient practice, clinicians primarily order
tests to assist them in their diagnostic practice, whereas
for hospitalized patients, in whom a diagnosis has typi-
cally been established, laboratory tests are primarily used
to monitor a patient’s status and response to treatment.
Tests of organ function are used to search for drug toxic-
ity, and the measurement of the circulating concentra-
tions of drugs with narrow therapeutic windows is done
to ensure that optimal drug dosing is achieved and main-
tained. The importance of laboratory testing is evident
when some physicians rely more on laboratory data than
a patient’s own assessment as to how he or she feels,
opening these physicians to the criticism of treating the
laboratory data rather than the patient.

In the modern, tightly regulated, clinical laboratory
in a developed country, few errors are likely to be
made, with the majority labeled as laboratory errors
occurring outside the laboratory. A 1995 study showed
that when errors were made, 75% still produced
results that fell within the reference interval (when
perhaps they should not) [1]. Half of the other errors
were associated with results that were so absurd that
they were discounted clinically. Such results clearly

should not have been released to a physician by the
laboratory and could largely be avoided by a simple
review by human or computer before being verified.
However, the remaining 12.5% of errors produced
results that could have impacted patient management.
The prevalence of errors may be less now than in the
past because the quality of analytical testing has
improved, but the ramifications of each error are not
likely to be less. The consequences of an error vary
depending on the analyte or analytes affected and
whether the patient involved is an inpatient or an out-
patient. If the patient is an inpatient, a physician, if
suspicious about the result, will likely have the oppor-
tunity to verify the result by repeating the test or other
tests addressing the same physiological functions
before taking action. However, if the error occurs with
a specimen from an outpatient, causing an abnormal
result to appear normal, that patient may be lost to
follow-up and present later with advanced disease.
Despite the great preponderance of accurate results,
clinicians should always be wary of any result that
does not seem to fit with the patient’s clinical picture.
It is, of course, equally important for physicians not to
dismiss any result that they do not like as a “labora-
tory error.” The unexpected result should always
prompt an appropriate follow-up. The laboratory has a
responsibility to ensure that physicians have confi-
dence in its test results while still retaining a healthy
skepticism about unexpected results.

Normal laboratory data may provide some assurance
to worried patients who believe that they might have a
medical problem, an issue seemingly more prevalent
now with the ready accessibility of medical information
available through computer search engines. However,
both patients and physicians tend to become overreliant
on laboratory information, either not knowing or ignor-
ing the weakness of laboratory tests in general. A culture
has arisen of physicians and patients believing that the
published upper and lower limits of the reference range
(or interval) of a test define normality. They do not real-
ize that such a range has probably been derived from
95% of a group of presumed healthy individuals, not nec-
essarily selected with respect to all demographic factors
or habits that were an appropriate comparative reference
for a particular patient. Even if appropriate, 1 in 20 indi-
viduals would be expected to have an abnormal result
for a single test. In the usual situation in which many
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tests are ordered together, the probability of abnormal
results in a healthy individual increases in proportion to
the number of tests ordered. Studies have hypothesized
that the likelihood of all of 20 tests ordered at the same
time falling within their respective reference intervals is
only 36%. The studies performed to derive the reference
limits are usually conducted under optimized conditions,
such as the time since the volunteer last ate, his or her
posture during blood collection, and often the time of
day. Such idealized conditions are rarely likely to be
attained in an office or hospital practice.

Factors affecting the usefulness of laboratory data
may arise in any of the pre-analytical, analytical, or
post-analytical phase of the testing cycle. Failures to
consider these factors do constitute errors. If these
errors occur prior to collection of blood or after results
have been produced, while still likely to be labeled as
laboratory errors because they involve laboratory tests,
the laboratory staff is typically not liable for them.
However, the staff does have the responsibility to edu-
cate those individuals who may have caused them to
ensure that such errors do not recur. If practicing clini-
cians were able to use the knowledge that experienced
laboratorians have about the strengths and weaknesses
of tests, it is likely that much more clinically useful
information could be extracted from existing tests.
Outside the laboratory, physicians rarely are knowl-
edgeable about the intra- and interindividual variation
observed when serial studies are performed on the
same individuals. For some tests, a significant change
for an individual may occur when his or her test
values shift from one end of the reference interval
toward the other. Thus, a test value does not necessar-
ily have to exceed the reference limits for it to be
abnormal for a given patient. If the pre-analytical steps
are not standardized when repeated testing is done on
the same person, it is more likely that trends in labora-
tory data may be missed. There is an onus on everyone
involved in test ordering and test performance to stan-
dardize the processes to facilitate the maximal extrac-
tion of information from the laboratory data. The
combined goal should be pursuit of information rather
than just data. Laboratory information systems provide
the potential to integrate all laboratory data that can
then be integrated with clinical and other diagnostic
information by hospital information systems.

Laboratory actions to highlight values outside the ref-
erence interval on their comprehensive reports of test
results to physicians with codes such as “H” or “L” for
high and low values exceeding the reference interval
have tended to obscure the actual numerical result and
to cement the concept that the upper and lower reference
limits define normality and that the presence of one of
these symbols necessitates further testing. The use of the
reference limits as published decision limits for national
programs for renal function, lipid, or glucose screening

has again placed a greater burden on the values than
they deserve. Every measurement is subject to analytical
error, such that repeated determinations will not always
yield the same result, even under optimal testing condi-
tions. Would it then be more appropriate to make multi-
ple measurements and use an average to establish the
number to be acted upon by a clinician?

Much of the opportunity to reduce errors (in the
broadest sense) rests with the physicians who use test
results. Over-ordering leads to the possibility of more
errors. Inappropriate ordering—for example, repetitive
ordering of tests whose previous results have been
normal—or ordering the wrong test or wrong
sequence of tests to elucidate a problem should be
minimized by careful supervision by attending physi-
cians of their trainees involved in the direct manage-
ment of their patients. Laboratorians need to be more
involved in teaching medical students so that when
these students become residents, their test-ordering
practices are not learned from senior residents who
had learned their habits from the previous generation
of residents. Blanket application of clinical guidelines
or test order-sets has probably led to much misuse of
clinical laboratory tests. Many clinicians and laborator-
ians have attempted to reduce inappropriate test
ordering, but the overall conclusion seems to be that
education is the most effective means. Unfortunately,
the education needs to be continuously reinforced to
have a lasting effect. The education needs to address
the clinical sensitivity of diagnostic tests, the context
in which they are ordered, and their half-lives. Most
important, education needs to address issues of biolog-
ical variation and pre-analytical factors that may affect
test values, possibly masking trends or making the
abnormal result appear normal and vice versa.

This book provides a comprehensive review of the
factors leading to errors in all the areas of clinical labo-
ratory testing. As such, it will be of great value to all
laboratory directors and trainees in laboratory medi-
cine and the technical staff who perform the tests in
daily practice. By clearly identifying problem areas,
the book lays out the opportunities for improvement.
This book should be of equal value to clinicians, as to
laboratorians, as they seek the optimal outcome from
their care of their patients.

Reference

[1] Goldschmidt HMJ, Lent RW. Gross errors and workflow analysis
in the clinical laboratory. Klin Biochem Metab 1995;3:131�49.

Donald S. Young, MD, PhD
Professor of Pathology & Laboratory Medicine

Department of Pathology & Laboratory Medicine
University of Pennsylvania Perelman

School of Medicine, Philadelphia
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Preface

Clinical laboratory tests have a significant impact on
patient safety and patient management because more
than 70% of all medical diagnoses are based on labora-
tory test results. Physicians rely on hospital laborato-
ries for obtaining accurate results, and a falsely
elevated or falsely low value due to interference or
pre-analytical errors may have a significant influence
on the diagnosis and management of patients. Usually,
a clinician questions the validity of a test result if the
result does not match the clinical evaluation of the
patient and calls laboratory professionals for interpre-
tation. However, clinically significant inaccuracies in
laboratory results may go unnoticed and mislead clini-
cians into employing inappropriate diagnostic and
therapeutic approaches, sometimes with very adverse
outcomes. This book is intended as a guide to increase
the awareness of both clinicians and laboratory profes-
sionals about the various sources of errors in clinical
laboratory tests and what can be done to minimize or
eliminate such errors. This book addresses not only
sources of errors in the analytical methods but also
various sources of pre-analytical variation because
pre-analytical errors account for more than 60% all
laboratory errors (Chapter 1). Important pre-analytical
variables are addressed in the first three chapters of
the book. In Chapter 2, the effects of ethnicity, gender,
age, diet, and exercise on laboratory test results are
addressed, whereas Chapter 3 discusses the effects
of patient preparation and specimen collection. In
Chapter 4, specimen misidentification and specimen
processing issues are reviewed.

Various endogenous factors, such as bilirubin, lipe-
mia, and hemolysis, can affect laboratory test results,
and this important issue is addressed in Chapter 5.
Immunoassays are widely used in the clinical laboratory,
and more than 100 immunoassays are available commer-
cially for measurement of various analytes. In Chapter 6,
various immunoassay formats are discussed with an
emphasis on the mechanism of interference of heterophi-
lic antibodies and autoantibodies on immunoassays,
especially sandwich immunoassays, and general
approaches to eliminate such interference are reviewed.

Many Americans use herbal medicines, and use
of these may affect clinical laboratory test results. In
addition, certain herbal medicines may cause organ

damage, and an unexpected laboratory test result may
be the first indication of such organ toxicity. For exam-
ple, abnormal liver function tests in the absence of a
hepatitis infection in an otherwise healthy person may
be related to liver toxicity due to use of the herbal
sedative kava. These important issues are addressed in
detail in Chapter 7.

Clinical chemistry is a vast area of laboratory
medicine, responsible for the largest volume of testing
in the clinical laboratory and, arguably, affecting a
majority of clinical decisions. Sources of errors for
measuring common analytes in clinical chemistry are
discussed in Chapters 8 and 9, whereas errors in bio-
chemical genetics are discussed in Chapter 10. In
Chapter 11, issues concerning measuring various hor-
mones and endocrinology testing are reviewed,
whereas Chapter 12 is devoted to challenges in mea-
suring cancer biomarkers.

Therapeutic drug monitoring, drugs of abuse test-
ing, and alcohol determinations are major functions of
toxicology laboratories, and there are many interfer-
ences in therapeutic drug monitoring, immunoassays
used for screening of various drugs of abuse, mass
spectrometry methods for drug confirmation, and
alcohol determinations using enzymatic assays. These
important issues are addressed in Chapters 13�16
with an emphasis on various approaches to eliminate
or minimize such interferences.

Sources of errors in hematology and coagulation are
addressed in Chapter 17, whereas critical issues in
transfusion medicine are addressed in Chapter 18. In
Chapter 19, challenges in immunology and serological
testings are discussed, whereas sources of errors in
microbiology testing and molecular testing are
addressed in Chapters 20 and 21, respectively. The
particular issues in molecular testing related to phar-
macogenomics are addressed in Chapter 22.

The objective of this book is to provide a compre-
hensive guide for laboratory professionals and clini-
cians regarding sources of errors in laboratory test
results and how to resolve such errors and identify
discordant specimens. Error-free laboratory results
are essential for patient safety. This book is intended
as a practical guide for laboratory professionals and
clinicians who deal with erroneous results on a regular
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basis. We hope this book will help them to be aware of
such sources of errors and empower them to eliminate
such errors when feasible or to account for known
sources of variability when interpreting changes in
laboratory results.

We thank all the contributors for taking time from
their busy professional demands to write the chapters.
Without their dedicated contributions, this project
would have never materialized. We also thank our

families for putting up with us during the past year
while we spent many hours during weekends and
evenings writing chapters and editing this book.
Finally, our readers will be the judges of the success
of this project. If our readers find this book useful, all
the hard work of the contributors and editors will be
rewarded.

Amitava Dasgupta
Jorge L. Sepulveda
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C H A P T E R

1

Variation, Errors, and Quality in the
Clinical Laboratory

Jorge Sepulveda
Columbia University Medical Center, New York, New York

INTRODUCTION

It has been roughly estimated that approximately
70% of all major clinical decisions involve consider-
ation of laboratory results. In addition, approximately
40�94% of all objective health record data are labora-
tory results [1�3]. Undoubtedly, accurate test results
are essential for major clinical decisions involving
disease identification, classification, treatment, and
monitoring. Factors that constitute an accurate labora-
tory result involve more than analytical accuracy and
can be summarized as follows:

1. The right sample was collected on the right patient,
at the correct time, with appropriate patient
preparation.

2. The right technique was used collecting the sample
to avoid contamination with intravenous fluids,
tissue damage, prolonged venous stasis, or
hemolysis.

3. The sample was properly transported to the
laboratory, stored at the right temperature,
processed for analysis, and analyzed in a manner
that avoids artifactual changes in the measured
analyte levels.

4. The analytical assay measured the concentration of
the analyte corresponding to its “true” level
(compared to a “gold standard” measurement)
within a clinically acceptable margin of error (the
total acceptable analytical error (TAAE)).

5. The report reaching the clinician contained the
right result, together with interpretative
information, such as a reference range and other
comments, aiding clinicians in the decision-making
process.

Failure at any of these steps can result in an erro-
neous or misleading laboratory result, sometimes with
adverse outcomes. For example, interferences with
point-of-care glucose testing due to treatment
with maltose-containing fluids have led to failure to
recognize significant hypoglycemia and to mortality or
severe morbidity [4].

ERRORS IN THE CLINICAL
LABORATORY

Errors can occur in all the steps in the laboratory
testing process, and such errors can be classified as
follows:

1. Pre-analytical steps, encompassing the decision to
test, transmission of the order to the laboratory for
analysis, patient preparation and identification,
sample collection, and specimen processing.

2. Analytical assay, which produces a laboratory
result.

3. Post-analytical steps, involving the transmission of
the laboratory data to the clinical provider, who
uses the information for decision making.

Although minimization of analytical errors has
been the main focus of developments in laboratory
medicine, the other steps are more frequent sources of
erroneous results. An analysis indicated that in the
laboratory, pre-analytical errors accounted for 62% of
all errors, with post-analytical representing 23% and
analytical 15% of all laboratory errors [5]. The most
common pre-analytical errors included incorrect order
transmission (at a frequency of approximately 3% of
all orders) and hemolysis (approximately 0.3% of all

1
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samples) [6]. Other frequent causes of pre-analytical
errors include the following:

• Patient identification error
• Tube-filling error, empty tubes, missing tubes, or

wrong sample container
• Sample contamination or collected from infusion

route
• Inadequate sample temperature.

Table 1.1 provides a complete list of errors, includ-
ing pre-analytical, analytical, and post-analytical
errors, that may occur in clinical laboratories.
Particular attention should be paid to patient identifi-
cation because errors in this critical step can have
severe consequences, including fatal outcomes, for
example, due to transfusion reactions. To minimize
identification errors, health care systems are using
point-of-care identification systems, which typically
involve the following:

1. Handheld devices connected to the laboratory
information systems (LIS) that can objectively
identify the patient by scanning a patient-attached
bar code, typically a wrist band.

2. Current laboratory orders can be retrieved from the
LIS.

3. Ideally, collection information, such as correct tube
types, is displayed in the device.

4. Bar-coded labels are printed at the patient’s side,
minimizing the possibility of misplacing the labels
on the wrong patient samples.

Analytical errors are mostly due to interference or
other unrecognized causes of inaccuracy, whereas
instrument random errors accounted for only 2% of all
laboratory errors in one study [5]. According to that
study, most common post-analytical errors were due to
communication breakdown between the laboratory and
the clinicians, whereas only 1% were due to miscommu-
nication within the laboratory, and 1% of the results had
excessive turnaround time for reporting [5]. Post-
analytical errors due to incorrect transcription of labora-
tory data have been greatly reduced because of the
availability of automated analyzers and bidirectional
interfaces with the LIS [5]. However, transcription errors
and calculation errors remain a major area of concern in
those testing areas without automated interfaces
between the instrument and the LIS. Further develop-
ments to reduce reporting errors and minimize the test-
ing turnaround time include autovalidation of test
results falling within pre-established rule-based para-
meters and systems for automatic paging of critical
results to providers.

When classifying sources of error, it is important to
distinguish between cognitive errors, or mistakes, which
are due to poor knowledge or judgment, and

noncognitive errors, commonly known as slips and
lapses, due to interruptions in a process that is routine
or relatively automatic. Whereas the first type can be
prevented by increased training, competency evalua-
tion, and process aids such as checklists or “cheat
sheets” summarizing important steps in a procedure,
noncognitive errors are best addressed by process
improvement and environment re-engineering to mini-
mize distractions and fatigue. Furthermore, it is useful
to classify adverse occurrences as active—that is, the
immediate result of an action by the person perform-
ing a task—or as latent or system errors, which are sys-
tem deficiencies due to poor design or implementation
that enable or amplify active errors. In one study, only
approximately 11% of the errors were cognitive, all in
the pre-analytical phase, and approximately 33% of the
errors were latent [5]. Therefore, the vast majority
of errors are noncognitive slips and lapses perfor-
med by the personnel directly involved in the
process. Importantly, 92% of the pre-analytical, 88% of
analytical, and 14% of post-analytical errors were pre-
ventable. Undoubtedly, human factors, engineering,
and ergonomics—optimization of systems and process
redesigning to include increased automation and user-
friendly, simple, and rule-based functions, alerts,
barriers, and visual feedback—are more effective than
education and personnel-specific solutions to consis-
tently increase laboratory quality and minimize errors.

Immediate reporting of errors to a database accessi-
ble to all the personnel in the health care system,
followed by automatic alerts to quality management
personnel, is important for accurate tracking and timely
correction of latent errors. In our experience, reporting
is improved by using an online form that includes
checkboxes for the most common types of errors
together with free-text for additional information
(Figure 1.1). Reviewers can subsequently classify errors
as cognitive/noncognitive, latent/active, and internal to
laboratory/internal to institution/external to institution;
determine and classify root causes as involving human
factors (e.g., communication and training or judgment),
software, or physical factors (environment, instrument,
hardware, etc.); and perform outcome analysis.
Outcomes of errors can be classified as follows:

1. Target of error (patient, staff, visitors, or
equipment).

2. Actual outcome on a severity scale (from unnoticed
to fatal) and worst outcome likelihood if error was
not intercepted, because many errors are corrected
before they cause injury. Errors with significant
outcomes or likelihoods of adverse outcomes should
be discussed by quality management staff to
determine appropriate corrective actions and
process improvement initiatives.
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TABLE 1.1 Types of Error in the Clinical Laboratory

Pre-Analytical

TEST ORDERING

Duplicate order Order misinterpreted (test ordered 6¼ intended test)

Ordering provider not identified Inappropriate/outmoded test ordered

Ordered test not performed (include add-ons) Order not pulled by specimen collector

SAMPLE COLLECTION

Unsuccessful phlebotomy Check-in not performed (in the LIS)

Traumatic phlebotomy Wrong patient preparation (e.g., nonfasting)

Patient complaint about phlebotomy Therapeutic drug monitoring test timing error

SPECIMEN TRANSPORT

Inappropriate sample transport conditions Specimen damaged during transport

Specimen leaked in transit Specimen damaged during centrifugation/analysis

SPECIMEN IDENTIFICATION

Specimen unlabeled Date/time missing

Specimen mislabeled: No name or ID on tube Collector’s initials missing

Specimen mislabeled: No name on tube Label illegible

Specimen mislabeled: Incomplete ID on tube Two contradictory labels

Wrong specimen label Overlapping labels

Wrong name on tube Mismatch requisition/label

Wrong ID on tube Specimen information misread by automated reader

Wrong blood type

HIGH PRE-ANALYTICAL TURNAROUND TIME

Delay in receiving specimen in lab STAT not processed urgently

Delay in performing test

SPECIMEN QUALITY

Specimen contaminated with infusion fluid Hemolyzed

Specimen contaminated with microbes Clotted or platelet clumps

Specimen too old for analysis

SPECIMEN CONTAINERS

No specimens received/missing tube Wrong preservative/anticoagulant

Specimen lost in laboratory Insufficient specimen quantity for analysis

Wrong specimen type Tube filling error (too much anticoagulant)

Inappropriate container/tube type Tube filing error (too little anticoagulant)

Wrong tube collection instructions Empty tube

Analytical

High analytical turnaround time Test perform by unauthorized personnel

Instrument caused random error Results discrepant with other clinical or

Instrument malfunction laboratory data

QC failure Testing not completed

(Continued)
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Clearly, efforts to improve accuracy of laboratory
results should encompass all of the steps of the testing
cycle, a concept expressed as “total testing process” or
“brain-to-brain testing loop” [7]. Approaches to
achieve error minimization derived from industrial
processes include total quality management (TQM); [8]
lean dynamics and Toyota production systems; [9]
root cause analysis (RCA); [10] health care failure
modes and effects analysis (HFMEA); [11,12] failure
review analysis and corrective action system (FRACAS)
[13]; and Six Sigma [14,15], which aims at minimizing
the variability of products such that the statistical fre-
quency of errors is below 3.4 per million. A detailed
description of these approaches is beyond the scope of
this book, but laboratorians and quality management
specialists should be familiar with these principles for
efficient, high-quality laboratory operation [8].

QUALITY IMPROVEMENT IN THE
CLINICAL LABORATORY

Quality is defined as all the features of a product
that meet the requirements of the customers and the
health care system. Many approaches are used to
improve and ensure the quality of laboratory opera-
tions. The concept of TQM involves a philosophy of
excellence concerned with all aspects of laboratory
operations that impact on the quality of the results.
Specifically, TQM approaches apply a system of statis-
tical process control tools to monitor quality and pro-
ductivity (quality assurance) and encourage efforts to

continuously improve the quality of the products, a
concept known as continuous quality improvement. A
major component of a quality assurance program is
quality control (QC), which involves the use of periodic
measurements of product quality, thresholds for
acceptable performance, and rejection of products that
do not meet acceptability criteria. Most notably, QC is
applied to all clinical laboratory testing processes and
equipment, including testing reagents, analytical
instruments, centrifuges, and refrigerators. Typically,
for each clinical test, external QC materials with
known performance, also known as controls, are run
two or three times daily in parallel with patient speci-
mens. Controls usually have preassigned analyte con-
centrations covering important medical decision levels,
often at low, medium, and high concentrations. Good
laboratory QC practice involves establishment of a
laboratory- and instrument-specific mean and standard
deviation for each lot of each control and also a set of
rules intended to maximize error detection while mini-
mizing false rejections, such as Westgard rules [16].
Another important component of quality assurance for
clinical laboratories is participation in proficiency test-
ing (or external quality assessment programs such as
proficiency surveys sent by the College of American
Pathologists), which involves the sharing of samples
with a large number of other laboratories and compari-
son of the results from each laboratory with its peers,
usually involving reporting of the mean and standard
deviation (SD) of all the laboratories running the same
analyzer/reagent combination. Criteria for QC rules

TABLE 1.1 (Continued)

Pre-Analytical

QC not completed Wrong test performed (different from test ordered)

Post-Analytical

Report not completed Reported questionable results, detected by laboratory

Delay in reporting results Reported questionable results, detected by clinician

Critical results not called Failure to append proper comment

Delay in calling critical results Read back not done

Results reported incorrectly Results misinterpreted

Results reported incorrectly from outside laboratory Failure to act on results of tests

Results reported to wrong provider

OTHER

Proficiency test failure Employee injury

Product wastage Safety failure

Product not delivered timely Environmental failure

Product recall Damage to equipment
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FIGURE 1.1 Example of an error reporting form for the clinical laboratory.
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and proficiency testing acceptability should take into
consideration the concept of total acceptable analytical
error because deviations smaller than the total analyti-
cal errors are unlikely to be clinically significant and
therefore do not need to be detected.

Total analytical error (TAE) is usually considered to
combine the following (Figure 1.2): (1) systematic error
(SE), or bias, as defined by deviation between the aver-
age values obtained from a large series of test results
and an accepted reference or gold standard value, and
(2) random error (RE), or imprecision, represented by
the coefficient of variation of multiple independent test
results obtained under stipulated conditions (CVa). At
the 95% confidence level, the RE is equal to 1.65 times
the CVa for the method; consequently,

TAE5 1:653CVa 1 bias

Clinical laboratories frequently evaluate imprecision
by performing repeated measurements on control
materials, preferably using runs performed on differ-
ent days (between-day precision), whereas bias (or
trueness) is assessed by comparison with standard ref-
erence materials with assigned values and also by peer
comparison, where either the peer mean or median are
considered the reference values.

One important concept that some clinicians disregard
is that no laboratory measurement is exempt of error;
that is, it is impossible to produce a laboratory result
with 0% bias and 0% imprecision. The role of

technologic developments, good manufacturing prac-
tices, proficiency testing, and QC is to minimize and
identify the magnitude of the TAE. A practical approach
is to consider the clinically acceptable total analytical
error or TAAE. Clinical acceptability has been defined
by legislation (e.g., the Clinical Laboratory Improvement
Act (CLIA)), by clinical expert opinion, and by scientific
and statistical principles that take into consideration
expected sources of variation. For example, Callum
Fraser proposed that clinically acceptable imprecision,
or random error, should be less than half of the intrain-
dividual biologic variation for the analyte and less than
25% of the total analytical error [17]. The systematic
error, or bias, should be less than 25% of the combined
intraindividual (CVw) and interindividual biological
(CVg) variation:

TAAE95% , 1:653 0:53CVw 1 0:253
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CVw

2 1CVg
2

q

Tables of intra- and interindividual biological varia-
tion, with corresponding allowable errors, are available
and frequently updated [18]. See Table 1.2 for examples.
Importantly, the allowable errors may be different at spe-
cific medical decision levels because analytical impreci-
sion tends to vary with the analyte concentration, with
higher imprecision at lower levels. Also, biological varia-
tion may be different in the various clinical conditions,
and available databases are starting to incorporate stud-
ies of biologic variation in different diseases [18].

A related concept is the reference change value (RCV),
also called significant change value (SCV)—that is, the
variability around a measurement that is a conse-
quence of analytical imprecision, within-subject bio-
logic variability, and the number of repeated tests
performed [17,19,20]. At the 95% confidence level,
RCV can be calculated as follows:

RCV95% 5 1:963
ffiffiffi
2

p
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CVa

2 1CVw
2

q

Because multiple repeats decrease imprecision
errors, if the change is determined from the mean of
repeated tests, the formula can be modified to take
into consideration the number of repeats in each mea-
surement (n1 and n2) [20]:

RCV95% 5 1:963

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

n13 n2

r
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CVa

2 1CVw
2

q

For example, for a serum creatinine measurement
with an analytical imprecision (CVa) of 6.6% and within-
subject biologic variation of 5.3%, the RCV at 95% confi-
dence is 23.5% with one measurement for each sample.
With two measurements for each sample, the RCV is
11.7%. Therefore, a change between two results that does

Observed

RE
SE

TE

95%

1 SD

1.65 SD

True

FIGURE 1.2 Total analytical error (TE) components: random

error (RE), or imprecision, and systematic error (SE), or bias, which

cause the difference between the true value and the measured

value. Random error can increase or decrease the difference from the
true value. Because in a normal distribution, 95% of the observations
are contained within the mean 6 1.65 standard deviations (SD), the
total error will not exceed bias 1 1.65 3 SD in 95% of the
observations.
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not exceed the RCV has a greater than 95% probability
that it is due to the combined analytical and intraindivi-
dual biological variation; in other words, the difference
between the two creatinine results (measured without
repeats) should exceed 23.5% to be 95% confident
that the change is due to a pathological condition.
Conversely, for any change in laboratory values, the RCV
formula can be used to calculate the probability that it is
due to analytical and biological variation [17,19,20]. See
Table 1.2 for examples of RCV at the 95% confidence
limit, using published intraindividual variation and the
author’s laboratory imprecision. Ideally, future LIS
should integrate available knowledge and patient-
specific information and automatically provide estimates
of expected variation based on the previous formulas to
facilitate interpretation of changes in laboratory values
and guide laboratory staff regarding the meaning of

deviations from expected results. In summary, the use of
TAAE and RCV brings objectivity to error evaluation,
QC and proficiency testing practices, and clinical decision
making based on changes in laboratory values.

CONCLUSIONS

As in other areas of medicine, errors are unavoid-
able in the laboratory. A good understanding of the
sources of error together with a quantitative evaluation
of the clinical significance of the magnitude of the
error, aided by the establishment of limits of accept-
ability based on statistical principles of analytical and
intraindividual biological variation, are critical to
design a quality program to minimize the clinical
impact of errors in the clinical laboratory.

TABLE 1.2 Allowable Errors and Reference Change Values for Selected Tests. All Numeric Values are Percentages

Test CVa CVw CVg CLIA TAAE Bio TAAE Allowable Imprecision Allowable Bias RCV95

Amylase 5.3 8.7 28.3 30 14.6 4.4 7.4 28.2

Alanine aminotransferase 2.8 18.0 42.0 20 26.2 9.0 11.4 50.5

Albumin 2.6 3.1 4.2 10 3.9 1.6 1.3 11.2

Alkaline phosphatase 4.2 6.4 24.8 30 11.7 3.2 6.4 21.2

Aspartate aminotransferase 2.2 11.9 17.9 20 15.3 6.0 5.4 33.5

Bilirubin total 10.0 23.8 39.0 20 31.0 11.9 11.4 71.6

Chloride 2.4 1.2 1.5 5 1.5 0.6 0.5 7.4

Cholesterol 2.7 5.4 15.2 10 8.4 2.7 4.0 16.7

Cortisol 5.3 20.9 45.6 25 29.8 10.5 12.5 59.8

Creatine kinase 3.6 22.8 40.0 30 30.3 11.4 11.5 64.0

Creatinine 7.6 6.0 14.7 15 8.9 3.0 4.0 26.8

Glucose 3.4 6.1 6.1 10 7.2 3.0 2.2 19.4

HDL cholesterol 3.3 7.1 19.7 30 11.1 3.6 5.2 21.7

Iron 2.5 26.5 23.2 20 30.7 13.3 8.8 73.8

Lactate dehydrogenase (LDH) 2.5 8.6 14.7 20 11.4 4.3 4.3 24.8

Magnesium 2.8 3.6 6.4 25 4.8 1.8 1.8 12.6

pCO2 1.5 4.8 5.3 8 5.7 2.4 1.8 13.9

Protein, total 2.6 2.7 4.0 10 3.5 1.4 1.2 10.4

Thyroxine (T4) 4.8 4.9 10.9 20 7.1 2.5 3.0 19.0

Triglyceride 3.9 20.9 37.2 25 28.0 10.5 10.7 58.9

Urate 2.9 9.0 17.6 17 12.3 4.5 4.9 26.2

Urea nitrogen 6.2 12.3 18.3 9 15.7 6.2 5.5 38.2

Source: Based on data available at http://www.westgard.com/biodatabase1.htm [18].

CVa, analytical variability in the author’s laboratory; CVw, intraindividual variability; CVg, interindividual variability; CLIA TAAE, total allowable analytical error

based on Clinical Laboratory Improvement Act (CLIA); Bio TAAE, total allowable analytical error based on interindividual and intraindividual variation.

Allowable imprecision 5 50% of CVw. Allowable bias 5 0:253
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CVw

2 3CVg
2

q
. RCV95, reference change value at 95% confidence based on CVw and CVa.
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2

Effect of Age, Gender, Diet, Exercise,
and Ethnicity on Laboratory Test Results

Octavia M. Peck Palmer
University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania

INTRODUCTION

Annually, the United States performs approximately
7 billion clinical laboratory tests [1]. Clinical laboratory
test results are an indispensable part of the clinician’s
decision-making process. Accurate laboratory results
aid in timely and effective diagnosis, prognosis, treat-
ment, and management of diseases. It is imperative
that the in vitro diagnostic testing results accurately
reflect the in vivo physiological processes of the patient.
Inaccurate results may lead to unwarranted, invasive
testing, postponement of critical therapies, increased
patient anxiety, and expensive health care costs. The
quality assurance program of each laboratory focuses
on providing the highest quality in analytical testing.
Pre-analytical (steps prior to analysis), analytical
(sample analysis), and post-analytical (steps after
analysis) factors can affect the accuracy of serum/
plasma analytes measured in the laboratory. The
pre-analytical phase refers to the processes that occur
prior to blood/body fluid testing. These processes
include the phlebotomy collection techniques (sample
labeling, tourniquet, and posture), blood/body fluid
tube/container types (anticoagulants, gel separators,
clot activators, and preservatives), and sample han-
dling (mixing/clotting protocol, temperature, storage,
and transport). Nonmodifiable factors such as age,
gender, and ethnicity/race (biological factors) must
be accounted for in the pre-analysis stage. Patient-
related factors such as diet and exercise regimens
can be controlled. Standardized patient preparation
prior to blood collection can minimize the effects
of pre-analytical factors. In some cases, age- and
gender-specific reference limits can account for the
influence of pre-analytical factors.

This chapter reviews the pre-analytical variables of
age, gender, diet, exercise, and ethnicity/race (a surrogate
marker for environmental, socioeconomic/demographic,
and genetic factors) and their influence on analytes
measured in the clinical laboratory. In addition, the
chapter discusses other less known effects of fasting,
special diets, and nutraceuticals on laboratory tests,
with an abbreviated discussion of the influence of
genetic factors in response to food and nutraceuticals.

EFFECTS OF AGE-RELATED CHANGES
ON CLINICAL LABORATORY

TEST RESULTS

Aging is a complex metabolic process that is not
fully understood [2]. Complex physiological changes
occur during transitions from the newborn to adult
to geriatric stages of life [3]. Understanding the effects
of age on laboratory findings can increase diagnostic
accuracy. Clinicians must distinguish nonpathologic,
age-related changes from pathologic changes. Adult
reference ranges for a majority of serum/plasma/urine
analytes measured in the laboratory are available [4].
However, complete, standardized, age-specific reference
ranges are not available.

In 2000, following the passage of the National
Children’s Act, the U.S. Congress authorized the
National Children’s Health Study (NCS). NCS, led by
the Eunice Kennedy Shriver National Institute of Child
Health and Human Development, is a longitudinal study
of 100,000 healthy individuals aged 0�21 years. The
American Association of Clinical Chemistry, a collabora-
tor of NCS, funded pilot studies focused on establishing
age-specific reference ranges [5].
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Newborn Population

Following birth, arterial blood pO2 rises to
approximately 80�90 mmHg. Oxygen consumption
is significantly higher in neonates compared to
adults. A significant reduction in uric acid concentra-
tions occurs between birth and 6 days of age. Healthy
newborns rapidly metabolize glucose as a result of
their high red blood cell count, which is not evident in
healthy adults [6]. Newborns have increased circu-
lating bilirubin concentrations due to their immature
liver. The developing liver is unable to convert bili-
rubin to bilirubin diglucuronide. Hyperbilirubinemia
due to physiologic jaundice is a common condition
in newborns and usually resolves within 5�7 days
following birth. However, after birth it may be difficult
to distinguish this normal physiological phenomenon
from hemolytic disease of the newborn [7,8]. Immature
kidneys demonstrate vascular resistance, reduced
outgoing blood flow from the outer cortex, and
reduced glomerular filtration rate (GFR). The kidneys
do not efficiently concentrate and dilute urine; regu-
late acid�base pathways; reabsorb, excrete, or retain
sodium; or secrete hydrogen ions [9]. Newborns
experience an expanded extracellular fluid volume
state. Hypocalcemia usually resolves within the first
2 days of life [10].

Childhood to Puberty Population

Growth impacts laboratory test results. Two weeks
following birth, luteinizing hormone (LH) concentra-
tions increase in both boys and girls, but they
decline to prepubertal concentrations by the infants’
first birthday. Similarly, follicle-stimulating hormone
(FSH) concentrations follow the same trend as LH
concentrations after birth but decline to prepubertal
concentrations in boys by the first year of life and in
girls by the second year of life. Reduced LH and FSH
concentrations in the teenage period are not sensitive
enough to distinguish between pubertal delay and
hypogonadotropic hypogonadism. Gonadal failure
indicated by an upward trajectory of LH and FSH
concentrations cannot be expected until 10 years of
age. Elevated estradiol concentrations are present at
birth but rapidly decline during the first week of life
to prepubertal concentrations (0.5�5.0 ng/dL for girls
and 1.0�3.2 ng/dL for boys). Additional decline to
prepubertal concentrations is present by the sixth
month in boys and the first year of life in girls
[11,12]. Skeletal growth and muscle mass develop-
ment account, in part, for the increased alkaline
phosphatase (ALP), γ-glutamyl transferase (γ-GGT),
creatinine, and human growth hormone concentra-
tions seen in the childhood to puberty developmental

period. The decline in ALP concentrations varies
among genders. After the age of 12 years, girls exhibit
a decline in ALP, and this decline is apparent in boys
after the age of 14 years [13]. Increased circulating
ALP concentrations are present during normal growth
spurts but also in the setting of bone malignancies
(osteoblastic bone cancers, osteomalacia, Paget’s dis-
ease, and rickets). ALP concentrations are threefold
higher in adolescents compared to adults [14].
Increases in creatinine occur between ages 12 and 19
years. Cystatin C concentrations in females decrease
during the same age range. Uric acid concentrations
continue to decline during the first decade of life [15].

Adult Population

In both sexes, total cholesterol increases with
advancing age (men age 60 years and women age 55
years). In the second decade of life, men have peak
uric acid concentrations, which are not detected in
women until the fifth decade of life [7].

Menopausal (Pre and Post) Period

Postmenopausal women have increased total
cholesterol concentrations, attributed to decreased
circulating estrogen. High-density lipoprotein choles-
terol (HDL-C) also declines up to 30% [7]. Transition
from the peri- to the postmenopausal stage presents
dramatic endocrine changes. A strong correlation
between age and human chorionic gonadotropin
(hCG) is observed [16]. Accurate interpretation of
elevated hCG concentrations is critical because appre-
ciable concentrations are present during healthy
pregnancy, cancer, or trophoblastic disease [17]. In
females, serum hCG concentrations (reference limit
hCG, 0.5 mIU/mL) are used to either identify or
rule out pregnancy. Knowing the pregnancy status of
a patient is essential because invasive medical proce-
dures and medications can have potentially harmful
effects on a developing fetus [18]. Slight increases
in serum hCG concentrations ($0.5 mIU/mL) occur
in women between the ages of 41 and 55 years. Thus,
it is critical to distinguish the origin of the hCG (pla-
cental origin vs. pituitary origin). Misinterpretation
of elevated hCG concentrations in peri- and postmen-
opausal women may postpone clinical treatments. In
peri- and postmenopausal women (41�55 years old),
studies demonstrate that FSH concentrations can help
determine the origin of hCG. In peri- and postmeno-
pausal women (41�55 years old) with serum hCG
concentrations ranging between 5.0 and 14.0 IU/L,
a FSH cutoff of 45.0 IU/L identifies hCG of placental
origin with 100% sensitivity and 75% specificity.
Importantly, FSH concentrations greater than 45 IU/L
are not present in females with hCG of placental

10 2. EFFECT OF AGE, GENDER, DIET, EXERCISE, AND ETHNICITY ON LABORATORY TEST RESULTS

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



origin. FSH reflex testing should only be utilized
in pregnancy evaluation of peri- and postmenopausal
women (serum hCG concentrations between 5.0
and 14.0 IU/L) [19]. hCG concentrations greater than
14.0 IU/L in this age group indicate pregnancy unless
the clinical setting dictates otherwise [16].

Geriatric Population

The aging population is rapidly increasing in the
United States. Between the year 2000 (35 million
persons) and the year 2010 (40 million persons), the
United States experienced a 15% increase in the geriatric
population (. 65 years or older) [20]. Interpretation of
laboratory findings in the geriatric population is chal-
lenging due to multiple confounding factors that
include (1) physiologic changes that naturally occur
with healthy aging, (2) acute and chronic conditions
(kidney disease, diabetes, and cardiovascular disease),
(3) diets, (4) lifestyles, and (5) medication regimens [21].
After the age of 60 years, albumin concentrations
decline each decade, with significant decreases noted in
individuals older than 90 years [22]. Low serum
calcium concentration in the geriatric population is
most commonly caused by low serum albumin con-
centrations [23]. Protein concentration changes may be
entirely due to compromised liver function or poor die-
tary regimens. Individuals older than 90 years may
have decreased total cholesterol concentrations.

Iron perturbations such as decreases in iron storage,
serum iron concentrations, and total iron-binding
capacity occur during aging. Depletion of iron stores
may be followed by increases in serum ferritin and
decreases in serum transferrin. Dysregulated liver
synthesis during aging may account for the reduced
transferrin concentrations [4]. Lack of sufficient dietary
iron intake may account for the high prevalence of
anemia in the geriatric population. However, iron loss,
due to bleeding in the intestinal tract, may also be the
culprit for the anemia. Anemia in the geriatric popula-
tion may, in part, be explained by the age-related
decreases in stomach hydrochloric acid (HCl), a key
acid responsible for iron absorption in the intestines.
Vitamin B12 deficiency is also prevalent in geriatrics
due to age-related decreases in serum vitamin B12 con-
centrations. The underlying cause of vitamin B12 defi-
ciency may be decreased HCI concentrations or chronic
atrophic gastritis, which subsequently accounts for lim-
ited intrinsic factor and vitamin B12 absorption [21].

Age-associated organ function decline correlates
with changes in laboratory findings (i.e., reduced
creatinine clearance, glucose tolerance, and hypotha-
lamic�pituitary�adrenal axis regulation) that may
represent disease or non-disease processes. At least 10%
of the healthy geriatric population exhibits physiologic
changes that may not be associated with disease. These

changes include decreased partial pressure of oxygen
in arterial blood (decreases by 25% between the third
and eighth decades of life) and magnesium (decreases
by 15%) concentrations. Geriatrics may also exhibit
elevated serum alkaline phosphatase (increases by 20%
between the third and eighth decades of life) and 2-hr
postprandial glucose concentrations (after age 40 years,
increases 30�40 mg/dL per decade). Increases in cho-
lesterol concentrations (increases by 30�40 mg/dL by
age 60 years) and erythrocyte sedimentation rate as
high as 40 can be nonpathogenic [7,21].

A 30�40% decline in functioning kidney and the
GFR is responsible for reduced creatinine clearance.
Creatinine and blood urea nitrogen (BUN) concentra-
tions can overestimate the kidney functioning capacity,
as measured by GFR or creatinine clearance, due to
reduced muscle mass [24]. Muscle mass degeneration
accounts for reduced creatinine production. Serum
creatinine concentrations can remain within normal
limits despite the underlying diminished renal clear-
ance capacity [21]. Mean creatinine clearance concen-
trations decrease by 10 mL/min/1.73 m2 per decade
and are significantly different between the adult and
geriatric populations. The mean creatinine clearance for
a 30-year-old individual is approximately 140 mL/min
(2.33 mL/sec) per 1.73 m2 of body surface area. In con-
trast, the mean creatinine clearance for an 80-year-old
individual is 97 mL/min (1.62 mL/sec) per 1.73 m2

of body surface area [25]. Small increases in serum
aspartate aminotransferase (AST) (18 to 30 U/L) occur
between 60 and 90 years of age, whereas peaks in
serum alanine aminotransferase (ALT) occur in the fifth
decade of life and by the sixth decade gradually decline
to concentrations well below those noted in young
adults [21]. GGT concentrations rise during aging.
A steady increase in serum glucose concentrations and
a decrease in glucose tolerance are prevalent in geria-
trics. Lower glucose concentrations in geriatrics may be
due to poor diet and reduced body mass. Higher serum
insulin concentrations are prevalent in elderly adults
and may be associated with insulin resistance [21].
In persons older than 75 years, insulin resistance is
reportedly responsible for impaired glucose tolerance.
The capacity of insulin receptors may be lower in elderly
adults. Regarding serum immunoglobulin concentrations,
IgA concentration increases slightly in geriatric men, but
overall IgG and IgM concentrations gradually decline.
Aging compromises the hypothalamic�pituitary�adrenal
axis. Aging-related changes include decreases in free
thyroxine (T4), triiodothyronine (T3), corticotrophin, and
corticosteroid [26]. Specific to men, free testosterone
decreases without significant changes in total testosterone
concentrations [27,28]. Prostate-specific antigen concen-
trations increase up to 6.5 ng/mL in men 70 years or
older without clinical evidence of prostate cancer [21].
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Serum electrolytes, such as potassium and calcium,
rise as one ages. Calcium concentration increases in
individuals aged 60�90 years in the presence of normal
albumin concentrations. However, after the age of
90 years, calcium concentrations gradually decline.
Hypocalcemia may be due to a simultaneous drop in
serum pH and an increase in parathyroid hormone
concentrations. Age significantly impacts lung elastic
architecture, alveoli function, and diaphragm strength
and significantly alters respiratory function. Thus, the
individual has decreased partial pressure of arterial
oxygen and increased carbon dioxide pressure and
bicarbonate ion concentration [21].

Although age can significantly account for altered
clinical laboratory test results, one must consider the
overlapping effects caused by disease, such as obesity
and hypertension, and/or inadequate dietary intake
when interpreting laboratory results that are outside
of the reference limits [29]. The abnormal results may
highlight age-associated disease processes that require
clinical intervention. It is clinically necessary to con-
duct laboratory studies focused on the systematic
effects of aging on serum/plasma/urine analytes. The
resulting data will be useful for the development of
effective age-specific diagnostic cutoffs.

EFFECTS OF GENDER-RELATED
CHANGES ON CLINICAL

LABORATORY TEST RESULTS

Gender encompasses a myriad of complex endo-
crine and metabolic responses. Gender differences in
laboratory analytes can be explained by differential
endocrine organ-related functions and skeletal muscle
mass [30]. On average, albumin, calcium, magnesium,
hemoglobin, ferritin, and iron concentrations are lower
in females [7]. A reduction in circulating iron concen-
trations is, in part, due to blood loss during monthly
menses. Mean serum creatinine and cystatin C concen-
trations are commonly lower in adolescent females
compared to adolescent males [15]. Aldolase con-
centrations are higher in males following the start of
puberty. ALP concentrations are higher in girls ages
10�11 years. Boys ages 12�13, 14�15, and 16�17 years
have higher ALP concentrations compared to girls in
the corresponding age categories. A decline in ALP
concentrations begins after age 12 years for girls
and 14 years for boys [13]. Menopausal women have
higher ALP concentrations compared to males. Serum
bilirubin concentrations are lower in women due to
decreased hemoglobin concentrations. Females have
higher albumin concentrations compared to males of
the same age [31]. Lipid profiles are heavily influenced
by gender. Total cholesterol concentrations vary not

only with age but also with gender. Females younger
than age 20 years have higher total cholesterol concen-
trations compared to males in the corresponding age
span. However, between the ages of 20 and 45 years,
males commonly have higher total cholesterol concen-
trations than females. Male peak lipid concentrations
occur between the ages of 40 and 60 years, whereas
female peak lipid concentrations occur between the
ages of 60 and 80 years [32]. Between the ages of 30 and
80 years, mean HDL-C decreases by approximately
30% in females but increases by 30% in males [21,33]
These lipid increases may be due to the stimulatory
effect of estrogen in women. In contrast, low-density
lipoprotein cholesterol (LDL-C) is higher in men. Men
also have higher 24-hr urinary excretions of epineph-
rine, norepinephrine, cortisol, and creatinine compared
to women [34]. Women have higher serum GGT and
copper and reticulocyte count (due to increased eryth-
rocyte turnover) compared to their male counterparts.

EFFECTS OF DIET ON CLINICAL
LABORATORY TEST RESULTS

Diet may affect test results, whereas starvation also
has a profound impact on clinical laboratory test results.

Food Ingestion-Related Changes on
Clinical Laboratory Values

Food ingestion activates in vivo metabolic signaling
pathways that significantly affect laboratory test
results [35]. First, the stomach secretes HCl in response
to food consumption, which causes a decrease in plasma
chloride concentrations. This mild metabolic alkalotic
state (alkaline tide phenomenon) results from exagger-
ated circulating bicarbonate concentrations in the sto-
mach’s venous blood with an accompanying decreased
ionized calcium (by 0.05 mmol/L, 0.2 mg/dL) [36].
Second, postprandial-associated impairment in the liver
leads to increased bilirubin and enzyme activities.
Depending on the content of the meal ingested, the
effects on commonly measured analytes may be short-
or long-lasting. Thus, an overnight fasting for at least
12 hr is necessary to obtain an accurate representation of
in vivo glucose, lipids, iron, phosphorus, urate, urea, and
ALP concentrations. Interestingly, Lewis a secretors
(blood groups B and O) experience spikes in ALP con-
centrations following ingestion of high-fat meals.
Lipemia can also interfere with a variety of analytical
methods, such as indirect potentiometry. Prior to analy-
sis, lipids can be removed from lipemic samples via
ultracentrifugation or by the use of lipid-clearing
reagents [37]. Carbohydrate (increases glucose and insu-
lin and decreases phosphorus concentrations) and
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protein meals (increases cholesterol and growth hor-
mone concentrations within 1 hr of food consumption
and also increases glucagon and insulin concentrations)
have differential effects on serum analytes. High-protein
diets significantly affect various analytes measured in
24-hr urine test. A standard 700-calorie meal markedly
increases triglycerides (B50%), AST (B20%), bilirubin
and glucose (B15%), and AST concentrations (B10%) [3].
Rapid changes in lipid concentrations are consistent
with dietary changes, medications, or disease.

Caffeine intake has significant effects on the human
body. Varying concentrations of this stimulant are
present in a variety of foods (coffee, tea, chocolate,
soft drinks, and energy drinks). The short half-life
of caffeine (3�7 hr) also varies among individuals.
Caffeine induces catecholamine excretion from the
adrenal medulla. In addition, increased gluconeo-
genesis, which subsequently increases glucose con-
centrations and impairs glucose tolerance, is evident
following caffeine intake. The adrenal cortex is also
vulnerable to caffeine’s stimulatory effects, as evidenced
by increased cortisol, free cortisol, 11-hydroxycorticoids,
and 5-hydroxindoleaceatic acid concentrations. Caffeine
is responsible for a threefold increase in nonesterified
fatty acids, which interfere with the accurate quantifica-
tion of albumin-bound drugs and hormones. Spuriously
high ionized calcium concentrations are present follow-
ing caffeine ingestion. Caffeine induces elevations in
free fatty acids causing a rapid decrease in pH that frees
calcium from protein.

Noni juice contains significant amounts of potassium
(B56 mEq/L). Ingestion of noni juice leads to hyperkale-
mia. Specifically, hyperkalemia is apparent in vulnerable
populations such as individuals with renal dysfunction
and/or populations receiving potassium-increasing regi-
mens such as spironolactone or angiotensin-converting
enzyme inhibitors. Bran stimulates bile acid synthesis
within 8 hr of ingestion [38]. However, bran inhibits
gastrointestinal absorption of vital nutrients, including
calcium (decreased by 0.3 mg/dL, 0.08 mmol/L), choles-
terol, and triglycerides (decreased by 20 mg/dL,
0.23 mmol/L) [3]. Serotonin (5-hydroxytryptamine) is
an ingredient present in a myriad of fruits and vegeta-
bles, such as bananas, black walnuts, kiwis, pineapples,
and plantains. Bananas markedly increase 24-hr urinary
excretion of 5-hydroxyindoleacetic acid in the absence
of disease. Avocados suppress insulin secretion, caus-
ing impaired glucose tolerance.

Special Diet-Related Changes on Clinical
Laboratory Values

The ketogenic diet is a low-carbohydrate (,40 g/day),
moderate-protein, high-fat diet. In the absence of

sufficient carbohydrates, the liver converts fat into fatty
acids and ketones. Adherence to a ketogenic diet results
in elevated blood and urine ketones within several days
and diuresis within 2 weeks. Reportedly, a decline in
serum triglycerides and an increase in HDL-C occur over
several weeks [39]. The nonvegetarian diet has higher
plasma ammonia, uric acid, and urea concentrations com-
pared to the vegetarian diet. This diet commonly includes
saturated fatty acids. Palmitic acid, a saturated fatty
acid, causes a significant rise in plasma cholesterol con-
centrations. The substitution of saturated fatty acids
with polyunsaturated fats and complex carbohydrates
can lower LDL-C concentrations. Intake of omega-3 oils
may lower triglycerides and very low-density lipoprotein
(VLDL) concentrations. Vegetarians have lower LDL-C
(approximately 37% lower) and HDL-C (approximately
12%) concentrations compared to nonvegetarians. In
contrast, lactovegetarians (vegetarians who consume
dairy products) have higher LDL-C (approximately 24%
higher) and HDL-C (approximately 7% higher) concen-
trations compared to vegetarians. Within 20 weeks, a
lactovegetarian diet regimen accompanied by low protein
and high dietary fiber intake can reduce adrenocortical
activity. Lactovegetarians have higher plasma concen-
trations of dehydroepiandrosterone sulfate (DHEAS)
compared to nonvegetarians (individuals who adhere
to a moderately protein-rich diet). Moreover, lactovege-
tarians have reduced urinary 24-hr excretion rates for
C-peptide, free cortisol, DHEAS, and total 17-
ketosteroid [40]. In middle-aged North American black
individuals, reduced urinary 24-hr excretion rates of
adrenal and gonadal androgen metabolites occurred
following a conversion from the meat-containing
Western diet to the vegetarian diet. The fecal fat test,
which measures the amount of fat content in stool to
diagnose absorption or digestion abnormalities, is sus-
ceptible to dietary influences. It is critical that indivi-
duals refrain from significant dietary changes before
and during sample collection.

The hCG diet consists of hCG sublingual drops
or injections paired with a low 500-calorie diet. As pre-
viously discussed, hCG can be of placental or nonpla-
cental origin. hCG is evident in placental trophoblastic
(hydatidiform mole and choriocarcinoma), gonadal
(ovarian, testicular, or extragonadal teratoma), ectopic,
or nontrophoblastic tumors. Exogenous hCG may be
detectable in the body 10 days post injection/ingestion.
Individuals on the hCG diet who received injections of
hCG had markedly elevated serum hCG concentra-
tions in the absence of pregnancy or malignancy [41].
It is obvious that individuals on the hCG diet may
have unreliable test results. However, the effects of
hCG sublingual drops on laboratory tests are
unknown. In healthy males, hCG injections (purified
urinary and recombinant hCG) stimulate Leydig cells
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and cause a dose-dependent increase in serum testos-
terone concentrations [42].

Fasting/Starvation-Related Changes on
Clinical Laboratory Values

Fasting (decreased caloric intake) and starvation
(no caloric intake) initiate complex metabolic derange-
ments. Many individuals fast in accordance with
culture and religious traditions, so understanding the
effects of fasting on laboratory results is paramount.
Within 3 days of fasting, glucose concentrations rise
by as much as 18 mg/dL despite the body’s coordi-
nated efforts to conserve proteins. Subsequently, insu-
lin rapidly declines while glucagon secretion increases
in an effort to restore blood glucose to pre-fasting
concentrations. The fasting individual undergoes both
lipolysis and hepatic ketogenesis. The metabolic aci-
dosis state includes elevated serum acetoacetic acid,
β-hydroxybutyrate, and fatty acids and reduced pH,
pCO2, and bicarbonate. Focal necrosis of the liver is
responsible for reduced hepatic blood flow and
impaired glomerular filtration and creatinine clearance;
elevated serum ALT, AST, bilirubin, creatinine, and
lactate concentrations [3].

The body’s reduced energy stores mainly account
for significant declines up to 50% in both total and free
triiodothyronine concentrations. Fasting differentially
affects lipid concentrations. Within 6 days, cholesterol
and triglycerides increase while HDL concentrations
decrease. Sharp increases up to 15 times the pre-fast
plasma in growth hormone concentrations occur early
in fasting. Within 3 days of completing a fast, the
plasma growth hormone concentration returns to
pre-fast levels. Albumin, prealbumin, and complement
3 concentrations decline during an extended fast.
However, protein intake following fasting rapidly
returns albumin, prealbumin, and complement 3 to
pre-fasting concentrations.

Starvation triggers the release of aldosterone and
excessive urinary ammonia, calcium, magnesium, and
potassium excretion. In contrast, the body’s urinary
excretion of phosphorus declines. Following a short-
term, 14-hr fast, acetoacetate, β-hydroxybutyrate,
lactate, and pyruvate blood concentrations begin to
rise. Long-term starvation lasting for 40�48 hr causes
up to a 30-fold increase in β-hydroxybutyrate.
Reportedly, starvation for 4 weeks significantly
increased AST, creatinine, and uric acid (20�40%) and
decreased GGT, triglycerides, and urea (20�50%).

Upon adequate caloric intake, the body begins to
restore blood constituents to pre-fasting concentra-
tions and retains sodium as a result of decreased
urinary excretion of both sodium and chloride.

Subsequently, aldosterone exceeds fasting concentra-
tions, and urinary excretion potassium slowly returns
to normal.

EFFECTS OF NUTRACEUTICALS
ON CLINICAL LABORATORY

TEST RESULTS

In 1989, Dr. Stephen DeFelice coined the term nutra-
ceutical from the two words “nutrition” and “pharma-
ceutical.” Nutraceuticals, according to the American
Nutraceutical Association, include functional foods
with health-promoting and disease-preventing bene-
fits. Rigorous safety and efficacy studies are lacking in
the field. The pharmacokinetic properties of the
commercially available nutraceuticals still need to be
elucidated. An estimated 100 million Americans use
dietary supplements regularly. Although nutraceuti-
cals exhibit pharmacological effects, patients do not
consider them “drugs” and often do not disclose usage
to their physicians [43]. How nutraceuticals and con-
ventional drugs interact within the body requires more
investigation. Few studies have documented the
pharmacokinetics of nutraceuticals and their effects
on laboratory results [44]. High-protein supplements
cause intermittent abdominal pain. Laboratory studies
have reported that high-protein diets can lead to
hyperalbuminemia and increased concentrations of
AST and ALT. Albumin and liver enzyme activities
returned to normal after patients discontinued using
the high-protein supplements [45]. Widely used as an
antidepressant, St. John’s wort (Hypericum perforatum)
markedly interferes with the metabolism of pre-
scribed drugs. St. John’s wort is a potent inducer of
P-glycoprotein and cytochrome P450 3A4 (CYP3A4)
and, to a lesser extent, CYP1A2 and CYP2C9 [43].
Co-administration of St. John’s wort significantly
alters concentrations of cyclosporine (transplant rejec-
tion) [46], indinavir (HIV inhibitor) [47], and digoxin
(P-glycoprotein transporter) [48]. Royal jelly, pro-
duced by special glands in the heads of nurse honey-
bees, is a nutrient-rich food for queen bees. An
elderly man undergoing warfarin therapy developed
hematuria and an elevated international normalized
ratio (7.29) after taking royal jelly supplements for 1
week. The mechanisms by which royal jelly increases
the effects of warfarin are not clear. Valerian, pre-
scribed for its antidepressant properties, causes acute
hepatotoxicity (elevated ALT, AST, and GGT).
Valerian’s long-term effects on liver function are
unknown. See Chapter 7 for more in-depth discus-
sion on the effects of herbal supplements on clinical
laboratory test results.
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EFFECTS OF EXERCISE ON CLINICAL
LABORATORY TEST RESULTS

The effect of exercise on laboratory findings varies
and highly correlates with the health status of the
person [49], temperature, and dietary intake (food or
liquid) that occurs during or following exercise [50].
Figure 2.1 shows the frequency distribution of serum
creatinine concentrations in athletes and controls
(sedentary people) [49]. Alterations in thyroid function
occur during high-intensity exercise. Anaerobic exercise
elicits increases in T4, free T4, and thyroid-stimulating
hormone and decreases in T3 and free T3 [51]. Physical
exercise significantly alters plasma volume as a result
of fluid volume loss due to sweating and fluid shifts
between both intravascular and interstitial bodily com-
partments [52]. Exercise reduces urinary erythrocyte and
leukocyte content and the volume of urine while increas-
ing the urinary protein excretion. Elevated urinary pro-
tein will resolve within 24�48 hr. Following exercise,
a transient increase in white blood cells, hematocrit, and
platelets occurs in parallel with electrolyte abnormalities
(serum potassium decreases by 8%), which are present
due to the altered hydration state and usually normalize
with rehydration. Dehydration causes elevated creati-
nine and BUN concentrations. In the setting of severe
dehydration, a sharp rise in BUN occurs, but creatinine
is only mildly elevated. Again, rehydration will gradu-
ally decrease these concentrations to normal.

Regular vigorous exercise raises HDL-C and low-
ers triglycerides, VLDL-C, and LDL-C. AST, ALT,
LD, creatinine kinase (CK), and myoglobin signifi-
cantly increase following weight lifting and can
remain elevated for up to 7 days post exercise [53].

These findings highlight the importance of refraining
from weight lifting prior to clinical laboratory testing.
Healthy males who cycled for 30 min (maximal heart
rate of 70�75%) and recovered for 30 min had signifi-
cant increases in hematocrit, red blood cell count,
plasma albumin and fibrinogen concentrations,
plasma viscosity, and whole blood viscosity [54].
However, the changes were temporary, and concen-
trations returned to baseline after the 30-min recovery
period. In endurance runners, exercise-associated iron
deficiency is common. Moderately trained female
long-distance runners who underwent long-term
endurance exercise (8 weeks) did not have changes in
high-sensitivity C-reactive protein, suggesting that
inflammation is not a normal process of endurance
training. Changes in both serum hepcidin and soluble
transferrin receptor may explain the higher preva-
lence of iron deficiency in this population. Analytes
affected by exercise are summarized in Table 2.1.

EFFECTS OF ETHNICITY/RACE
ON CLINICAL LABORATORY

TEST RESULTS

Several analytes exhibit race-related changes, and it
is important for laboratory professionals to recognize
such changes [55]. Total serum protein concentration
is usually higher in African Americans than in white
individuals, mostly attributable to γ-globulin concentra-
tions. Serum albumin concentrations, on average, are
lower in the African American population compared
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FIGURE 2.1 Frequency distribution of serum creatinine concen-

trations in the two groups, athletes and controls. Data are divided
considering as threshold the median value of the control group
[88 μmol/L (1.0 mg/dL)]. Source: Reprinted with permission from the
American Association for Clinical Chemistry, publisher of Clinical
Chemistry. From Banfi, G., Del Fabbro, M. Serum creatinine values in
elite athletes competing in 8 different sports: Comparison with sedentary
people. Clinic Chemistry 2006; 52(2), 330�331.

TABLE 2.1 Analytes That Are Affected by Exercise

Analyte Effect of exercise

Urea Value may increase after exercise

Creatinine Value may increase after exercise

Aspartate aminotransferase Value may increase after exercise

Lactate dehydrogenase Value may increase after exercise

Total creatinine kinase (CK) Value may increase after exercise

CK-MB Value may increase after exercise

Myoglobin Value may increase after exercise

WBC count Value may increase after exercise

Platelet count Value may increase after exercise

Prothrombin time Value may increase after exercise

D-dimer Value may increase after exercise

Packed cell volume Value may decrease after exercise

Activated partial
thromboplastin time

Value may decrease after exercise

Fibrinogen Value may decrease after exercise
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to the white population. The activity of CK is usually
lower in white individuals compared to African
Americans. African American children usually have
higher ALP than white children. Serum cystatin C sig-
nificantly correlated with race/ethnicity in adolescents
(ages 12�19 years) [15]. Cystatin C concentrations
were higher in non-Hispanic white compared to non-
Hispanic black and Mexican Americans. In contrast,
creatinine was lower in non-Hispanic white and
Mexican Americans compared with non-Hispanic black
Americans. In an adult population-based sample (ages
50�67 years), black men had higher 24-hr urinary excre-
tion of creatinine, epinephrine, and norepinephrine
compared to white men in the study [34]. In the U.S.
Modified Diet of Renal Disease (MDRD) calculation,
an ethnicity factor of 1.2 aids in the estimation of GFR
in African Americans. However, two large studies con-
ducted in sub-Saharan Africa (Ghana (N5 944) and
South Africa (N5 100)) showed that the MDRD equa-
tion performed better in the absence of the ethnicity
actor of 1.2 [56]. In a Saudi population (N5 32), GFR
estimated by MDRD strongly correlated with the mea-
sured inulin clearance [57]. However, in a Japanese pop-
ulation (N5 248), GFR estimated by the 0.8813MDRD
equation correlated better with measured inulin clear-
ance than with the 1.03MDRD equation [58]. Clearly,
estimation of GFR by MDRD varies by global region.
The variability of GFR may correlate with genetic/
environmental factors associated with body muscle
mass. Carbohydrate and lipid metabolism also differ
between black and white individuals. On average,
African Americans exhibit less glucose tolerance than
white individuals. However, in a cohort of individuals
with normal glucose tolerance, African Americans
had higher hemoglobin A1c concentrations compared
to white individuals [59]. Significant hematologic
differences exist between healthy African Americans
and white individuals who are iron sufficient. African
Americans have lower hemoglobin concentrations
and are more likely to be diagnosed with anemia
compared to white individuals [60]. Interpretation of
laboratory findings based solely on the presumed
effect of ethnicity/race is not appropriate.

CONCLUSIONS

It is necessary for laboratory professionals to
implement age- and gender-specific reference ranges
for certain analytes, and such reference range
information should be a part of routine reporting of
laboratory test results. Nevertheless, diet, exercise,
and other factors may alter laboratory test results,
and proper investigation must be made to interpret
such laboratory test results for proper patient

management. Especially for pharmacogenetics testing,
ethnic differences are obvious for certain isoenzymes
of the cytochrome P450 mixed function oxidase
family of enzymes. This important topic is discussed
in-depth in Chapter 22.
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INTRODUCTION

Patient preparation and the specimen type are impor-
tant pre-analytical factors to consider for laboratory
assessment. Although the clinical laboratory has limited
capabilities in controlling for the physiological state of
the patient, such as biological rhythms and nutritional
status, these variables as well as the effect of patient pos-
ture, tourniquets, and hemolysis on measurement of
analytes must be understood by both the clinical team
and laboratory personnel. The most accessible specimen
types include blood, urine, and oral fluid. The numer-
ous functions associated with blood make it an ideal
specimen to measure biomarkers corresponding to vari-
ous physiological and pathophysiological processes.
Blood can be collected by skin puncture (capillary),
which is preferred when blood conservation and mini-
mal invasiveness is stressed, such as in the pediatric
population. Other modes of collection include veni-
puncture and arterial puncture, where issues to consider
include the physical state of the site of collection and
patient safety. Blood can also be taken from catheters
and other intravascular lines, but care must be taken to
eliminate contamination and dilution effects associated
with heparin and other drugs. Clinical laboratory speci-
mens derived from blood include whole blood, plasma,
and serum. However, noticeable differences between
these specimen types need to be considered when
choosing the optimal specimen type for laboratory
analysis. Such important factors include the presence
of anticoagulants in plasma and in whole blood,

hematocrit variability, and the differences in serum
characteristics associated with blood coagulation.
Anticoagulants for plasma and/or whole blood collec-
tion include ethylenediaminetetraacetic acid (EDTA),
heparin, hirudin, oxalate, and citrate, which are
available in solid or liquid form. Optimal anticoagulant-
to-blood ratios are crucial to prevent clot formation
while avoiding interference with analyte measurement,
including dilution effects associated with liquid anticoa-
gulants. Given the availability of multiple anticoagu-
lants and additives, blood collection tubes should be
filled according to a specified order to minimize con-
tamination and carryover. Other factors to consider
regarding blood collection tubes include differences
between plastic and glass surfaces, surfactants, tube
stopper lubricants, and gel separators, which all affect
analyte measurement. The second most popular clinical
specimen is urine, which is essentially an ultrafiltrate of
blood before elimination from the body and is the pre-
ferred specimen to detect metabolic activity as well as
urinary tract infections. Proper timing must be ensured
for urine collections depending on the need for routine
tests, patient convenience, clinical sensitivity, or quanti-
tation. Furthermore, proper technique is required for
clean catch samples for subsequent microbiological
examination. Certain urine specimens require additives
to preserve cellular integrity for cytological analysis and
to prevent bacterial overgrowth. It is important to
recognize the pre-analytical variables that affect analyte
measurement in patient specimens so that properly
informed decisions can be made regarding assay
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selection and development as well as troubleshooting
unexpected outcomes from laboratory analysis.

BIOLOGICAL RHYTHMS AND
LABORATORY TEST RESULTS

Predictable patterns in the temporal variation of cer-
tain analytes, reflecting patterns in human needs, consti-
tute biological rhythms. Different analytes have different
rhythms, ranging from a few hours to monthly changes.
Awareness of such changes can be relevant to proper
interpretation of laboratory results. These changes can be
divided into circadian, ultradian, and infradian rhythms
according to the time interval of their completion.

During a 24-hr period of human metabolic activity,
programming of metabolic needs may cause certain lab-
oratory tests to fluctuate between a maximum and a
minimum value. The amplitude of change of these circa-
dian rhythms is defined as one-half of the difference
between the maximum and the minimum values.
Although, in general, these variations occur consistently,
alteration in these natural circadian rhythms may be
induced by artificial changes in sleep/wake cycles such
as those induced by different work shifts. Therefore, in
someone working an overnight (“graveyard”) shift, an
elevated blood iron level taken at midnight would be
normal for that individual; however, the norm is for
high iron levels to be seen only in early morning.

Patterns of biological variation occurring on cycles
less than 24 hr are known as ultradian rhythms.
Analytes that are secreted in a pulsatile manner
throughout the day show this pattern. Testosterone,
which usually peaks between 10:00 a.m. and 5 p.m., is
an example of an analyte showing this pattern.

The final pattern of biological variation is infradian.
This involves cycles greater than 24 hr. The example
most commonly cited is the monthly menstrual cycle,
which takes approximately 28�32 days to complete.
Constituents such as pituitary gonadotropin, ovarian
hormones, and prostaglandins are significantly affected
by this cycle.

ISSUES OF PATIENT PREPARATION

There are certain important issues regarding patient
preparation for obtaining meaningful clinical labora-
tory test results. For example, glucose testing must be
done after the patient has fasted overnight. These
issues are discussed in this section.

Fasting

The effects of meals on blood test results have been
known for some time. Increases in serum glucose,

triglycerides, bilirubin, and aspartate aminotransferase
are commonly observed after meal consumption. On
the other hand, fasting will increase fat metabolism
and increase the formation of acetone, β-hydroxybuty-
ric acid, and acetoacetate both in serum and in urine.
Longer periods of fasting (more than 48 hr) may result
in up to a 30-fold increase in these ketone bodies.
Glucose is primarily affected by fasting because insulin
keeps the serum concentration in a tight range
(70�110 mg/dL). Diabetes mellitus, which results from
either a deficiency of insulin or an increase in tissue
resistance to its effects, manifests as an increase in
blood glucose levels. In normal individuals, after an
average of 2 hr of fasting, the blood glucose level
should be below 7.8 mmol/L (140 mg/dL). However,
in diabetic individuals, fasting serum levels are ele-
vated and thus constitute one criterion for making the
diagnosis of diabetes. Other well-known examples of
analytes showing variation with fasting interval
include serum bilirubin, lipids, and serum iron.

Body Position

Physiologically, blood distribution differs signifi-
cantly in relation to body posture. Gravity pulls the
blood into various parts of the body when recumbent,
and the blood moves back into the circulation, away
from tissues, when standing or ambulatory. These
shifts directly affect certain analytes due to dilution
effects. This process is deferential, meaning that only
constituents of the blood that are nondiffusible will
rise because there is a reduction in plasma volume
upon standing from a supine position. This includes,
but is not limited to, cells, proteins, enzymes, and
protein-bound analytes (thyroid-stimulating hormone,
cholesterol, T4, and medications such as warfarin). The
reverse will take place when shifting from erect to
supine because there will be a hemodilution effect
involving the same previously mentioned analytes.
Postural changes affect some groups of analytes in a
much more profound way—at times up to a twofold
increase or decrease depending on whether the sample
was obtained from a supine or an erect patient. Most
affected are factors directly influencing hemostasis,
including renin, aldosterone, and catecholamines. It is
vital for laboratory requisitions to specify the need for
supine samples when these analytes are requested.

DIFFERENCES BETWEEN WHOLE BLOOD,
PLASMA, AND SERUM SPECIMENS FOR
CLINICAL LABORATORY ANALYSIS

Approximately 8% of total human body weight is
represented by blood, with an average volume in
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females and males of 5 and 5.5 L, respectively [1].
Blood consists of a cellular fraction, which includes
erythrocytes, leukocytes, and thrombocytes, and a liq-
uid fraction, which transports these elements through-
out the body. Blood vessels interconnect all the organ
systems in the body and play a vital role in communi-
cation and transportation between tissue compart-
ments. Blood serves numerous functions, including
delivery of nutrients to tissues; gas exchange; transport
of waste products such as metabolic by-products for
disposal; communication through hormones, proteins,
and other mediators to target tissues; and cellular
protection against invading organisms and foreign
material. Given these myriad roles, blood is an ideal
specimen for measuring biomarkers associated with
various physiological conditions, whether it is direct
measurement of cellular material and surface markers
or measurement of soluble factors associated with cer-
tain physiological conditions.

Plasma consists of approximately 93% water, with
the remaining 7% composed of electrolytes, small
organic molecules, and proteins. Various constituents
of plasma are summarized in Table 3.1. These analytes
are in transit between cells in the body and are present
in varying concentrations depending on the

physiological state of the various organs. Therefore,
accurate analysis of the plasma is crucial for obtaining
information regarding diagnosis and treatment of
diseases. In clinical laboratory analysis, plasma can be
obtained from whole blood through the use of anticoa-
gulants followed by centrifugation. Consequently,
plasma specimens for the clinical laboratory contain
anticoagulants such as heparin, citrate, EDTA, oxalate,
and fluoride. The relative roles of these anticoagulants
in affecting analyte measurements are discussed later
in this chapter. In contrast to anticoagulated plasma
specimens, serum is the clear liquid that separates
from blood when it is allowed to clot. Further separa-
tion of the clear serum from the clotted blood can be
achieved through centrifugation. Given that fibrinogen
is converted to fibrin in clot formation during the coag-
ulation cascade, serum contains no fibrinogen and no
anticoagulants.

In the clinical laboratory, suitable blood specimens
include whole blood, plasma, and serum. Key differ-
ences in these sample matrices influence their suitabil-
ity for certain laboratory tests (Table 3.2).

Whole Blood

In addition to the obvious advantage of whole blood
for the analysis of cellular elements, these specimens
are also preferred for analytes that are concentrated
within the cellular compartment. Erythrocytes can be
considered to be a readily accessible tissue with mini-
mal invasive procedures and may more accurately
reflect tissue distribution of certain analytes. Examples
of such analytes include vitamins, trace elements, and
certain drugs (Table 3.3). Erythrocytes are the most
abundant cell type in the blood. In adults, 1 μL of
blood contains approximately 5 million erythrocytes
compared to 4000�11,000 leukocytes and
150,000�450,000 platelets [4]. The volumetric fraction
of erythrocytes is clinically referred to as the hemato-
crit, expressed as a percentage of packed erythrocytes
in a blood sample after centrifugation. The normal
range for adult males is 41�51%, and that for adult
females is 36�45% [4]. Clearly, alterations in hemato-
crit will directly alter the available plasma water con-
centration, which in turn affects the measurement of
water-soluble factors in whole blood.

A major use for whole blood specimens is for point-
of-care analysis. Although point-of-care meters can be
located in the clinical laboratory, the primary advan-
tage of this technology is near-patient testing, which
offers rapid and convenient analysis and the use of
small sample volumes while the clinician is examining
the patient. The most common point-of-care specimens
are taken by skin puncture. These blood samples are

TABLE 3.1 Principal Components of Plasma

Component Quantity Units

Sodium 144 mmol/L

Potassium 4 mmol/L

Bicarbonate 25 mmol/L

Chloride 105 mmol/L

Hydrogen ions 40 mmol/L

Calcium 2.5 mmol/L

Magnesium 0.8 mmol/L

Inorganic phosphate 1.1 mmol/L

Glucose 4.5 mmol/L

Cholesterol 2.0 g/L

Fatty acids 3.0 g/L

Total protein 70�85 g/L

Albumin 45 g/L

α-Globulins 7 g/L

β-Globulins 8.5 g/L

γ-Globulins 10.6 g/L

Fibrinogen 3 g/L

Prothrombin 1 g/L

Transferrin 2 g/L
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composed of a mixture of blood from the arterioles,
venules, and capillaries and may be diluted with inter-
stitial fluid and intracellular fluid. Furthermore, the
extent of dilution with interstitial and intracellular
fluid is also affected by the hematocrit. Given these
physiological differences, analytes measured in whole
blood do not exactly match results obtained from anal-
ysis of plasma or serum samples. Indeed, there is less
water inside erythrocytes compared to the plasma;
therefore, levels of hydrophilic analytes such as glu-
cose, electrolytes, and water-soluble drugs will be
lower in the capillary whole blood [5].

As mentioned previously, it is apparent that
changes in both hematocrit level and plasma water
content contribute to the discrepancy in analyte mea-
surements between whole blood and plasma meth-
ods. However, in the case of point-of-care glucose
meters, it was proposed and later adopted by the
International Federation of Clinical Chemistry that a
general conversion factor of 1.11 be applied to obtain
plasma-equivalent glucose molarity [6,7]. Although
this was an attempt to produce more harmonized
results regarding glucose measurement and reduce
clinical misinterpretations, the application of a gen-
eral conversion factor does not take into account the
wide variations in both hematocrit and plasma water
levels exhibited by some patient subpopulations.
Indeed, the proportion of total errors exceeding 10
and 15% in glucose measurements has been found to
increase with patient acuity [8]. For this reason, inter-
pretation of analyte measurements in whole blood
should be sensitive to the hemodynamic status of the
patient.

Plasma Versus Serum Specimens

Although it is clear that there are certain advantages
to whole blood specimens in point-of-care and hemato-
logical testing, plasma and serum are the preferred blood
specimens for measuring soluble factors in the clinical
laboratory. In addition to their previously mentioned
discrepancies in composition, plasma and serum exhibit
variations in the concentration of certain analytes.
Certainly, the coagulation cascade contributes to
consumption of some substances (e.g., fibrinogen, plate-
lets, and glucose) and to the release of others (e.g., potas-
sium, lactate, lactate dehydrogenase, phosphate, and
ammonia). For example, the presence of fibrinogen in
plasma contributes significantly to the higher levels
(65%) of total protein compared to serum [9].
Conversely, the release of elements or cell lysis associ-
ated with the coagulation cascade is responsible for the
increase in potassium (66%), inorganic phosphate
(611%), ammonia (638%), and lactate (622%) in serum
compared to plasma [9]. Furthermore, anticoagulants,
preservatives, and other additives that aid or inhibit
coagulation may interfere with the assay, as discussed
later. Also, the presence of fibrinogen may interfere
with chromatic detection or binding in immunoassays
or the appearance of a peak that may simulate a false
monoclonal protein in the gamma region during protein
electrophoresis [9,10].

Serum Versus Plasma for Clinical
Laboratory Tests

There are many advantages to using plasma over
serum for clinical laboratory analysis. However, for

TABLE 3.2 Components of Clinical Whole Blood, Plasma, and Serum Matrices

Whole Blood Plasma Serum

Cellular elements

Erythrocytes

Leukocytes

Thrombocytes

Proteins Proteins Proteins (excluding fibrinogen)

Electrolytes Electrolytes Electrolytes

Nutrients Nutrients Nutrients

Waste (metabolites) Waste (metabolites) Waste (metabolites)

Hormones Hormones Hormones

Gases Gases Gases

May contain anticoagulants Contains anticoagulants Contains no anticoagulants

Patient on therapeutics

Specimen additive
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some analytes, serum is preferred over plasma. These
issues are addressed in this section.

Larger Sample Volume

If blood is allowed to clot and is then centrifuged,
approximately 30�50% of the original specimen volume
is collected as serum. Conversely, plasma constitutes
approximately 55% of the volume of uncoagulated blood
after centrifugation. Therefore, the higher yield associated
with plasma samples is generally preferred, especially
when sample volume may be critical as in the case of the
pediatric population, smaller patients, or in special cases
inwhich blood volume needs to be conserved.

Less Pre-Analytical Delay

The process of clotting requires at least 30 min
under normal conditions without coagulation

accelerators. Furthermore, coagulation may still occur
postcentrifugation in serum samples. Therefore,
another advantage of plasma is that analyte determina-
tions can be achieved in whole blood prior to plasma
separation provided that a suitable anticoagulant has
been used. For example, an anticoagulated whole
blood specimen may be used for point-of-care mea-
surements followed by plasma separation, which
would avoid the delay associated with obtaining an
additional specimen for laboratory analysis.

Reduction of in Vitro Hemolysis

In addition to the time delay associated with blood
clotting, there is an increased risk of lysis and conse-
quent false increases in many intracellular analytes
such as potassium, iron, and hemoglobin released
from erythrocytes in serum specimens. Therefore, it is

TABLE 3.3 Examples of Analytes Measured in Blood Cell Lysates [2,3]

Hematology Vitamins Trace Elements Drugs Toxic Elements

Hemoglobin Direct measurement Chromium Cyclosporine Cyanide

Red cell indices Vitamin E Selenium Sirolimus (rapamycin) Lead

Porphyrias Vitamin B1 (thiamine) Zinc Tacrolimus (FK506, Prograf) Mercury

Cytoplasmic porphyrin
metabolic enzyme
activity

Vitamin B2 (riboflavin)

Also FMN, FAD

Vitamin B6 (pyridoxine,
pyridoxamine, pyridoxal)

PLP

Biotin

Folic acid (folate)

Pantothenic acid

Functional activity

Vitamin B1 (thiamine)

Transketolase

Vitamin B2 (riboflavin)

FAD-dependent glutathione reductase

Vitamin B6 (pyridoxine,
pyridoxamine, pyridoxal)

AST, ALT activity

Vitamin B12 (cyanocobalamin)

Deoxyuridine suppression test

Niacin

NAD/NADP ratio

ALT, alanine aminotransferase; AST, aspartate aminotransferase; FAD, flavin adenine dinucleotide; FMN, riboflavin-50-phosphate; NAD, nicotinamide adenine

dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; PLP, pyridoxal-50-phosphate.
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advised to separate the serum as quickly as possible.
Conversely, plasma separation can be achieved at
higher centrifugal speeds without risking the initiation
of hemolysis and thrombocytolysis [9].

Advantages of Serum Over Plasma

Anticoagulants and additives in plasma specimens
can directly interfere with the analytical characteristics
of the assay, protein binding with the analyte of inter-
est, and sample stability. Furthermore, liquid anticoa-
gulants may lead to improper dilution of the sample.
For example, blood drawn in tubes with sodium citrate
is diluted by 10%, but this may increase depending on
whether the draw is complete. Moreover, incomplete
mixing with anticoagulants can lead to the risk of
clot formation. Also, the choice of anticoagulant will
depend on their respective influences on the various
assays offered by the clinical laboratory, and tubes
with anticoagulants and additives are often more
expensive.

DIFFERENTANTICOAGULANTS AND
PRESERVATIVES, ORDER OF DRAW,

PROBLEMS WITH GEL INTERFERENCE
IN SERUM SEPARATOR TUBES, AND

SHORT DRAWS

Selection and use of evacuated blood collection
tubes (BCT) for specimen collection is a major pre-
analytical process impacting patient results in the clini-
cal laboratory. Appropriate quality processes must be
maintained to ensure accurate and reliable laboratory
results. Kricka et al. [11] demonstrated how laborato-
ries can establish their own processes using control
materials to verify interferences in the BCT they use.
Bowen et al. [12] provided a comprehensive review of
the different BCT components that can contribute to
analytical errors in the clinical laboratory. Table 3.4
summarizes the components of BCT and indications
for use. The inclusion of additives is necessary for
reducing pre-analytical variability and for faster turn-
around times in the laboratory. BCT are available with
a variety of labeling options and stopper colors as well
as a range of draw volumes. Additives are designated
to preserve or stabilize analytes by inhibiting metabolic
enzymes. Additives such as clot activators are added
to BCT to facilitate clotting primarily in plastic BCT.
Stoppers and stopper lubricants are generally manu-
factured to facilitate capping, de-capping, and blood
flow during collection and to minimize adsorption.
Separator gels are used to separate packed blood cells
from serum or plasma. Anticoagulants are used to pre-
vent coagulation of blood or blood proteins. For a
summary of collection additives, refer to Table 3.5.

Plastic and Glass Tubes

Most clinical laboratories have routinely moved
away from glass to plastic BCT to comply with occupa-
tional health and safety standards because plastic BCT
are safer to use and reduce potential exposure to blood
[13]. Compared to glass, the polyethylene tetraphtha-
late materials used in BCT are generally unbreakable,
can withstand high centrifugation speeds, are inert to
adsorption of analytes, are lighter, and can be easily
incinerated for disposal. In contrast to plastic surfaces,
the relatively hydrophilic surface of glass is less resis-
tant to adherence of platelets, fibrin, and clotted blood
components and ideal for blood flow. Also, the silica
surface of glass greatly facilitates the clotting of blood,
allowing for a cleaner separation of the clot from
serum during centrifugation. For these reasons, the
interior surface of plastic collection tubes and stoppers
is now routinely spray coated with surfactants and sili-
cate polymers to make the surface properties similar to
those of glass. Minor clinically significant differences
between glass and plastic exist for a variety of different
tests ranging from general chemistry to special chemis-
try, molecular testing, and hematology.

Surfactants

Commercially available BCT may contain different
types of surfactants that are often not listed in the
manufacturer’s package insert but are commonly
silicone-based polymers. Although these are consid-
ered to be inert, there have been reports of interfer-
ences in clinical assays. Generally, surfactants can bind
nonspecifically, displace from solid matrix, and com-
plex with or mask detection of signal antibodies in
immunoassay reagents, contributing to increases in
absorbance and turbidity to cause interferences [14].
Bowen et al. [15,16] showed that the surfactant Silwet
L-720 used in Becton Dickinson SST collection tubes
gave falsely elevated total triiodothyronine (TT3) by
the Immulite 2000/2500 immunoassay. One mechanism

TABLE 3.4 Components in Evacuated Blood Collection Tubes
and Indications for Use

Components Indications

Tube wall Plastic or glass: Plastic preferable
for safety reasons

Stopper Inert plasticizers

Surfactants Silicone minimizes adsorption
of analytes, cells

Stopper lubricants Ease of capping, de-capping

Clot activator Promote clotting to obtain serum
in plastic collection tubes
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shown was that increasing surfactant concentrations
dose dependently desorbed the capture antibody from
the solid phase among other nonspecific effects.
However, this was manufacturer method dependent
because TT3 levels were unaffected by the AxSYM
immunoassay, in which antibodies are adsorbed onto
the solid phase with more robust binding [15,16].
This manufacturer confirmed similar interferences for a
variety of other immunoassays (folate, vitamin B12,
follicle-stimulating hormone, hepatitis B surface anti-
gen, cancer antigen 27, and cortisol) on a variety of
different instrument platforms and has since decreased
the surfactant content to reduce this interference [17,18].

Stoppers and Stopper Lubricants

Stopper lubricants containing glycerol or silicone
make capping and de-capping of tubes easier, as well as

minimize adherence of cells and clots to stoppers.
Standard red-topped evacuated clot tubes are contami-
nated with zinc, aluminum, and magnesium, and all
contain varying amounts of heavy metals [19].
Components such as tris(2-butoxyethyl) phosphate
from rubber stopper tubes leaching into the blood dur-
ing collection have been shown to displace drugs from
binding proteins in blood [20]. Manufacturers have
reformulated stopper plasticizer content to minimize
this effect. Triglyceride assays that measure glycerol can
be falsely elevated by such effect. Stopper components
and stopper lubricants can also be a potential source of
interference with mass spectrometry-based assays [21].

Serum Separator Gel Tubes

Separator gels are thixotropic materials that form a
physicochemical barrier after centrifugation in BCT to

TABLE 3.5 Blood Collection Tubes, Additives, and General Applications

Tube Type Additive Stopper Color Application

SERUM

Glass None Red Tests that cannot be collected into SST tubes

Plastic Royal blue (red band label) Trace elements serum (copper, zinc, aluminum, chromium,
nickel)

Plastic Clot activator Red/black Tests that cannot be collected with gel; some therapeutic
drugs (antidepressants)

Plastic Clot activator1 gel separator Gold Many chemistry and immunochemistry tests; hepatitis tests

Also called
SST

Plastic Thrombin1gel separator Orange Rapid clotting (5 min); general chemistry tests for acute care
requiring urgent turnaround time

PLASMA OR WHOLE BLOOD

Plastic Lithium-heparin1 gel separator Light mint green Most chemistry tests for acute care requiring fast
turnaround time, ammonia

Also called
PST

Heavy
metal free

Na2EDTA or K2EDTA Royal blue (with lavender or
blue band on label)

Trace elements blood (lead, arsenic, cadmium, cobalt,
manganese, mercury, molybdenum, thallium)

Plastic Acid citrate dextrose solution
“A” (ACDA)

Pale yellow Flow cytometry (CD3, CD4, CD8); HLA typing

Plastic Sodium fluoride, potassium
oxalate, iodoacetate

Gray Preserves glucose up to 5 days; lactate, glucose (tolerance)

Plastic Sodium, lithium, or ammonium
heparin (no gel)

Dark green Amino acids, blood gases, glucose phosphate
dehydrogenase (G6PD)

Plastic Sodium citrate Light blue PT (INR), PTT, other coagulation tests

Glass Sodium citrate Black Erythrocyte sediment rate

Glass Sodium heparin Dark green Toxicology and nutritional tests

K2EDTA or K3EDTA Lavender Routine hematology, pretransfusion (blood bank),
hemoglobin A1c, antirejection drugs, parathyroid hormone
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separate packed cells from plasma or serum. Delay in
separating clot results in intracellular leakage of potas-
sium, phosphate, magnesium, and lactate dehydroge-
nase into serum, plasma, or whole blood [22]. Ease of
use of a single centrifugation step, improved specimen
analyte stability, reduced need for aliquoting, conve-
nient storage, and transport in a single primary tube
are reasons for preferential usage of SST in the clinical
laboratory. It is very important to follow manufacturer
protocols for laboratory conditions such as proper tube
mixing after collection, centrifugation acceleration/
deceleration speeds, temperature, and storage condi-
tions. Noncompliance may result in unexpected degra-
dation of separator gel or release of gel components.
Gel and oil droplets interfere with accuracy and
liquid-level sensing of instrument pipettes, coat cuv-
ettes, or bind to solid phase in heterogeneous immu-
noassays. Re-centrifugation, inadequate blood-draw
volume, storage time, temperature, and drug adsorp-
tion may affect laboratory results. Hydrophobicity of
the drug, length of time on separator gel, storage tem-
perature, and methodology sensitivity are important
considerations with regard to the stability of therapeu-
tic drugs in BCT. Dasgupta et al. [23] demonstrated
that hydrophobic drugs such as phenytoin, phenobar-
bital, carbamazepine, quinidine, and lidocaine are
adsorbed onto the gel with significant decreases (rang-
ing from 5.9 to 64.5%) in serum Vacutainer SST tubes.
Reformulation of the separator gel in SST II tubes sig-
nificantly reduced absorption and improved perfor-
mance [24]. Schouwers et al. [25] demonstrated minimal
effect of separator gel in Starstedt S-Monovette serum
tubes for the collection of four therapeutic drugs (ami-
kacin, vancomycin, valproic acid, and acetaminophen)
and eight hormones and proteins.

Anticoagulants

Anticoagulants are used to prevent coagulation of
blood or blood proteins to obtain plasma or whole
blood specimens. The most routinely used anticoagu-
lants are EDTA, heparin (sodium, ammonium, or
lithium salts), and citrates (trisodium and acid citrate
dextrose). Anticoagulants can be powdered, crystal-
lized, solids, or lyophilized liquids. The optimal antico-
agulant:blood ratio is essential to preserve analytes
and prevent clot or fibrin formation via various differ-
ing mechanisms.

In most clinical laboratories, potassium EDTA is the
anticoagulant of choice for the complete blood count,
as recommended by the International Council of
Standardization in Hematology [26] and the Clinical
and Laboratory Standards Institute [27]. Dipotassium,
tripotassium, or disodium salts of EDTA are used as

dry or liquid additives in final concentrations ranging
from 1.5 to 2.2 mg/mL blood when the evacuated BCT
is filled correctly to its stated draw volume. EDTA acts
as a chelating agent to bind cofactor divalent cations
(mainly calcium) to inhibit enzyme reactions involved
in the clotting cascade—specifically the conversion of
prothrombin to thrombin and subsequent inhibition
of the thrombolytic action on fibrinogen to fibrin nec-
essary for clot formation [28]. For this reason, EDTA
plasma is not recommended for coagulation tests such
as prothrombin time (PT) and activated partial throm-
boplastin time (aPTT) [29]. EDTA is an excellent pre-
servative of blood cells and morphology parameters.
Stability is 48 hr for hemoglobin and 24 hr for erythro-
cytes. Because the hypertonic activity by EDTA can
alter erythrocytic indices and hematocrit, smears
should be made within 2 or 3 hr of the blood draw.
The white blood cell count remains stable for at least
3 days in EDTA anticoagulated blood stored at room
temperature. EDTA is adequate for platelet preserva-
tion; however, morphological changes occur over time
[30]. Clotting can result if there is insufficient EDTA
relative to blood. This is usually caused by overfilling
the vacuum tube or poor solubility of EDTA (most
commonly with disodium salts) [31]. EDTA draws
water from cells to artifactually dilute plasma and is
generally not recommended for general chemistry
tests. Specifically, EDTA chelates other metallic ions
such as copper, zinc, or magnesium and alters
cofactor-dependent activity of many enzymes, such as
alkaline phosphatase and creatine kinase, and hence is
not used for these chemistry assays. EDTA is also used
for blood bank pretransfusion testing; flow cytometry;
hemoglobin A1c; and most common immunosuppres-
sive anti-rejection drugs, such as cyclosporine, tacroli-
mus, sirolimus, and everolimus. Whole blood EDTA in
BCT transported on ice is preferable for the collection
of unstable hormones susceptible to proteolysis
in vitro, such as corticotropin, parathyroid hormone,
C-peptide, vasoactive peptide (VIP), antidiuretic hor-
mone, carboxy-terminal collagen cross-links, calcitonin,
renin, procalcitonin, and unstable peptides such as
cytokines. Spray-dried potassium EDTA is the pre-
ferred anticoagulant for quantitative proteomic and
molecular assay protocols such as viral nucleic acid
extraction, gene amplification, or sequencing [28].

Heparin, a heterogeneous mixture of anionic glycos-
aminoglycans, inactivates serine proteases involved
in the coagulation cascade—primarily thrombin and
factors II (prothrombin) and Xa—through an
antithrombin-dependent mechanism. For this reason,
heparinized plasma is not used for coagulation tests.
Typically, lyophilized or solid lithium, sodium, or
ammonium salts of heparin are added to BCT at vary-
ing final concentrations of 10�30 USP units/mL of

26 3. EFFECT OF PATIENT PREPARATION, SPECIMEN COLLECTION, ANTICOAGULANTS, AND PRESERVATIVES

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



blood [27]. Hygroscopic heparin formulations are used
instead of solutions to avoid dilution effects. Heparin
is the recommended anticoagulant for many chemistry
tests requiring whole blood or plasma because chelat-
ing properties and effects on water shifts in cells are
minimal. Heparinized plasma is useful for tests requir-
ing faster turnaround times because it does not require
clotting, minimizing the risk of sample pipetting inter-
ference due to fibrin microclots [32]. Heparin is the
only anticoagulant recommended for the determina-
tion of pH blood gases, electrolytes, and ionized cal-
cium [33]. Lithium heparin is commonly used instead
of sodium heparin for general chemistry tests [34].
Obviously, additives may directly affect the measure-
ment of certain analytes. For example, lithium heparin
plasma can have lithium levels in the toxic range,
greater than 1.0 mmol/L; when filled correctly, sodium
heparin tubes have sodium levels 1 or 2 mmol/L
higher; and ammonium heparin increases measured
ammonia levels [29]. Heparin should not be used for
coagulation tests and is not recommended for protein
electrophoresis and cryoglobulin testing because of the
presence of fibrinogen, which co-migrates with β2
monoclonal proteins. Information on tube type perfor-
mance on many analytical tests as well as specimen
stability characteristics is available from manufacturers
upon request. The Becton Dickinson Diagnostic
Preanalytical Division publishes clinical “white
papers” for most of their various BCT products [35].

The BCT recommended by the Clinical and
Laboratory Standards Institute (CLSI; H21-A5) for
coagulation testing is trisodium citrate buffered (to
maintain the pH) or unbuffered, available as 3.2%
(or 3.8%) concentrations. The combination of sodium
citrate and citric acid is called buffered sodium citrate.
The recommended preservative ratio is 9:1 (blood:cit-
rate). Citric acid and dextrose should not be used
because this combination will dilute the plasma and
cause hemolysis. Different citrate concentrations can
have significant effects on PTT and PT assays, result-
ing in variable reagent responsiveness. It is necessary
for labs using the international normalization ratio
(INR) to ensure the same citrate concentration is used
for the determination of the International Sensitivity
Index. Sodium citrate acts primarily to chelate calcium,
and coagulation factors are unaffected. The binding
effect of citrate can be reversed by recalcifying the
blood or derived plasma to its normal state. This
reversible action makes it highly desirable for clotting
and factor assay studies. Citrate also has minimal
effects on cells and platelets and is used for platelet
aggregation studies.

Hirudin is a single-chain, carbohydrate-free poly-
peptide derived from the leech (Hirudo medicinalis).
Hirudin binds irreversibly to the fibrinogen

recognition site of thrombin without the involvements
of cofactors to prevent transformation of fibrinogen to
fibrin. The use of hirudin as a more potent anticoagu-
lant is promising for general chemistry, hematology,
and molecular testing, although it is not readily com-
mercially available [36].

Thrombin initiates clotting in the presence of cal-
cium. Rapid 5-min Clot Serum Tubes (RST) containing
thrombin as an additive are now commercially avail-
able from Becton Dickinson [37]. Laboratories find
these ideal for obtaining serum for assays requiring a
fast turnaround time. Strathmann et al. [38] showed
that RST tubes have fewer false-positive results and
better reproducibility compared to lithium heparin
PST tubes for 28 general chemistry tests and
immunoassays.

Potassium oxalate is used in combination with
sodium fluoride and sodium iodoacetate to inhibit
enzymes involved in the glycolytic pathway.
Potassium oxalate chelates calcium and calcium-
dependent enzymes and reactions to act as an
anticoagulant. Sodium fluoride inhibits enolase and
iodoacetate inhibits glyceraldehyde-3-phosphate enzy-
me activity to prevent metabolism of glucose and etha-
nol. Oxalate BCT is useful specifically for glucose,
lactate, and ethanol tests. Glycolysis enzyme inhibition
is not immediate and may be delayed up to 4 hr after
collection, allowing glucose levels to fall by 5�7% per
hour at room temperature. For this reason, the use of
fluoride anticoagulants is undesirable for the collection
of neonatal glucose specimens in capillary whole blood
unless the specimens are transported on ice.

ORDER OF DRAW OF VARIOUS BLOOD
COLLECTION TUBES

To avoid erroneous results, BCT must be filled or
used during phlebotomy in a specified order. A stan-
dardized order of draw (OFD) minimizes carryover
contamination of additives between tubes. Table 3.6
shows an example of the OFD for blood collection as
used at Calgary Laboratory Services. Many laborato-
ries have established their own protocols for the OFD
for multiple tube collections, with slight variations
based on CLSI recommendations. The general order of
draw is as follows:

1. Microbiological blood culture tubes
2. Trace element tubes (nonadditive)
3. Citrated coagulation tubes
4. Non-anticoagulant tubes for serum (clot activator,

gel or no gel)
5. Anticoagulant: heparin tubes (with or without gel)
6. Anticoagulant: EDTA tubes
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7. Acid citrate dextrose tubes
8. Glycolytic inhibitor tubes.

Tubes with additives must be thoroughly mixed by
gentle inversion as per manufacturer-recommended
protocols. Erroneous test results may be obtained
when the blood is not thoroughly mixed with the

additive. A discard tube (plastic/no additive) is some-
times used to remove air and prime the tubing when a
winged blood collection kit is used. Tubes for microbi-
ological blood cultures are filled first to avoid bacterial
contamination from epidermal flora. When trace metal
testing on serum is ordered, it is advisable to use trace

TABLE 3.6 Blood Collection Tubes by Order of Draw

Order of

Draw

Color of Stopper Invert Additive Comments/Common Tests

1 Clear Not
required

No additive Tube used only as a discard tube

2 Blood culture bottle Invert
gently to
mix

Bacterial growth medium and
activated charcoal

When a culture is ordered along with any other blood
work, the blood cultures must be drawn first

3 Yellow 8�10 times Sodium polyanethol sulfonate
(SPS)

Tube used for mycobacteria (AFB) blood culture

4 Royal blue (with red
band on label)

Not
required

No additive Tube used for copper and zinc

5 Red glass Not
required

No additive Tube used for serum tests that cannot be collected in serum
separator tubes (SST), such as tests performed by tissue
typing. Note: Red plastic tubes are preferable for lab tests

6 Light blue 3�4 times Sodium citrate anticoagulant Tube used mainly for PT (INR), PTT, and other coagulation
studies

7 Black glass 3�4 times Sodium citrate anticoagulant Tube used for ESR only

8 Red 5 times Clot activator, and no
anticoagulant

Tube used for serum tests that cannot be collected in SST
tubes, such as tests performed by tissue typing

9 Gold 5 times Gel separator and clot
activator

Usually referred to as “SST” (serum separator tube). After
centrifugation, the gel forms a barrier between the clot and
the serum

10 Dark green Glass (with
rubber stopper)

8�10 times Sodium heparin anticoagulant Tube used for antimony

11 Dark green 8�10 times Sodium heparin anticoagulant Tube used mainly for amino acids and cytogenetics tests

12 Light green (mint) 8�10 times Lithium heparin anticoagulant
and gel separator

Usually referred to as “PST” (plasma separator tube). After
centrifugation, the gel forms a barrier between the blood
cells and the plasma. Tube used mainly for chemistry tests
on acute care patients

13 Royal blue (with blue
band on label)

8�10 times K2EDTA anticoagulant Tube used for trace elements

14 Royal blue (with
lavender band on label)

8�10 times Na2EDTA anticoagulant Tube used for lead

15 Lavender 8�10 times EDTA anticoagulant Tube used mainly for complete blood count, pretransfusion
testing, hemoglobin A1c, and antirejection drugs

16 Pale yellow 8�10 times Acid citrate dextrose solution
“A” (ACDA)

Tube used for flow cytometry testing

17 Gray 8�10 times Sodium fluoride and
potassium oxalate
anticoagulant

Tube used for lactate

Blood collection tubes must be filled in a specific sequence to minimize contamination of sterile specimens, avoid possible test result error caused by carryover of

additives between tubes, and reduce the effect of microclot formation in tubes. When collecting blood samples, allow the tube to fill completely to ensure the

blood:additive ratio necessary for accurate results. Gently invert each tube the required number of times immediately after collection to adequately mix the blood

and additive. Never pour blood from one tube into another tube. See www.Calgarylabservices.com for the most current version of this document [39].
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element tubes. Royal-blue Monoject trace element BCT
are available for this purpose. These tubes are free
from trace and heavy metals; however, it is advisable
to consult the manufacturer’s package insert to deter-
mine upper tolerable limits of trace and heavy metal
contamination to determine acceptability for clinical
diagnostic use. Citrated tubes are used next in the
OFD because plastic tubes contain a silica clot activator
that may cause interference with coagulation clotting
factors. Serum BCT without and with gel is drawn
next in the OFD before plasma anticoagulant non-gel
or gel tubes to reduce anticoagulant contamination.
The OFD for tubes with anticoagulants is heparin,
EDTA, and, lastly, glycolytic inhibitors. In potassium
EDTA, contamination is postulated to occur by direct
transfer of blood to other tubes, backflow for potas-
sium EDTA-containing tubes to other tubes (incorrect
OFD), or syringe needle contamination. Calam and
Cooper [40] originally reported that incorrect OFD
results in hyperkalemia and hypocalcemia. Cornes
et al. [41] also showed that in vitro contamination by
potassium EDTA is a relatively common but often
unrecognized cause of spurious hyperkalemia, hypo-
magnesaemia, hypocalcemia, hypophosphatemia, and
hyperferritinemia. However, Sulaiman et al. [42]
reported that when using the Sarsted S-Monovette sys-
tem, there are no effects of EDTA contamination from
an incorrect OFD, and they suggested that the ease of
use of the phlebotomy venesection system or the expe-
rience of the phlebotomists are more important consid-
erations. Likewise, a study concluded that collection
for coagulation tests after serum collection using clot
activators in collection tubes (silica particles and
thrombin) showed minimal effects [43]. The recom-
mended CLSI order of the draw for microcollection
tubes to prevent microclot formation and platelet
clumping is blood gases, EDTA tubes, and other addi-
tive tubes for plasma or whole blood and serum [44].
The combined effects of fluoride and oxalate may
inhibit enzyme activity in some immunoassays or
interfere with sodium, potassium, chloride, lactic acid,
and alkaline dehydrogenase enzyme measurements.
EDTA plasma yields potassium levels greater than
14 mmol/L and total calcium levels less than
0.1 mmol/L [29]. Manufacturers use different tube col-
ors for easy visual identification. The universal colors
are lavender for EDTA, blue for citrate, red for serum,
green for heparin, and gray for fluoride.

Inadequate blood volume is a common cause of
sample rejection in the laboratory. CLSI recommends
that the draw volume be no more than 10% below the
stated draw volume. The excess amount of additive to
blood volume has the potential to adversely affect the
accuracy of test results. Some studies have shown that
underfilled coagulation tubes have excess citrate that

can neutralize calcium in the reagent to give falsely
prolonged PT and hence inaccurate INR [31].
However, for automated hematology, underfilled tubes
containing powdered potassium EDTA had no effect
on blood counts [45]. Inappropriately high heparin:
blood ratios can cause prolonged clotting times and
increased fibrin microclots. Gerhardt et al. [46] suggest
that binding of heparin to troponins decreases immu-
noreactivity and hence lowers cardiac troponin levels
by 15% compared to serum. In contrast, Daves et al. [47],
using tubes from a different manufacturer, demon-
strated no interference from heparin but, rather, from
the separator gel in Terumo Venosafe tubes.

COLLECTION SITES; DIFFERENCES
BETWEEN ARTERIAL, CAPILLARY, AND

VENOUS BLOOD SAMPLES; AND
PROBLEMS WITH COLLECTIONS FROM
CATHETERS AND INTRAVENOUS LINES

Although a wide range of specimens are occasion-
ally analyzed in the clinically laboratory, the primary
specimen is blood in one form or another. Blood is
composed of two broad types of components—liquid
(B55%) and cellular (B45%). The cellular components
consist of erythrocytes, leukocytes, and platelets. While
in vitro, the liquid component is plasma and consists
primarily of water (B93%) and proteins (B7%) with
dissolved water-soluble molecules and a smaller lipid-
based fraction [48,49]. Exposure to various substances
including glass and plastic initiates the coagulation
cascade. Consumption of the clotting factors converts
plasma to serum. In addition, many of the cellular
components are bound by the clot [50]. The primary
purpose of blood is transportation of nutrients, oxy-
gen, and metabolic waste products through the body.
Arteries are blood vessels that carry blood away from
the heart so arterial blood, with the exception of that
in the pulmonary artery, has uniform high oxygen con-
tent [49]. Similarly, because veins carry blood toward
the heart, venous blood, except that in the pulmonary
vein, has decreased oxygen and glucose as well as
increased carbon dioxide (CO2), lactic acid, ammonia,
and acidity (lower pH). The exact composition of
venous blood varies throughout the body and depends
on the metabolic activity of the tissues that a specific
vein drains [49].

Serum is generally used for most clinical laboratory
analyses. To obtain serum, blood is allowed to clot for
approximately 20 min, after which serum is separated
from the clot by centrifugation. For some systems,
plasma or whole blood is required or preferred. Blood
collected by skin puncture, so-called capillary blood, is
primarily a mixture of arterial blood and interstitial
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and intracellular fluids. Because arteriolar pressure is
greater than that of capillaries and venules, arterial
blood will predominate in these samples. Its content
will vary with the relative proportion of these compo-
nents [49,51]. Because the source of blood has no
consequence to most analyses, venous blood is usually
preferred because of its ease of collection [50]. Arterial
blood is necessary only for the measurement of arterial
blood gases (pO2, pCO2, and pH) in order to assess
oxygenation status in critically ill patients and those
with pulmonary disorders. Although venous blood
may yield an adequate assessment of pH status, it
does not accurately reflect the arterial pO2 and alveolar
pCO2 status but, rather, that of the extremity from
which it is drawn [49].

Laboratory analysis of blood specimens may be
affected by the technique used to collect the sample.
Multiple sites may be used for the collection of venous
blood, but the sites chosen usually depend on age and
condition of the individual, amount of blood needed,
and the analyses to be performed.

Skin Puncture

Skin puncture is the usual method for collection of
blood from infants as well as some older pediatric
patients (,2 years of age). In some specific situations,
such as obesity, severe burns, thrombotic tendencies,
and point-of-care testing, skin puncture may also be
used on adults [49,51]. In infants, the heel is the pri-
mary site of collection, with the earlobe or finger often
being used in older patients [49]. As mentioned previ-
ously, it is essentially mildly diluted arterial blood, but
it will suffice for most analyses. Due to its similarity to
arterial blood, in most patients it may be used to assess
pH and pCO2 regardless of site of collection, but for
measurement of pO2, only blood collected from the
earlobe is recommended [49]. If used for blood gas
measurement, care must be taken to minimize expo-
sure to ambient air while collecting the specimen
[48,51]. A few assays cannot be performed on these
specimens, including erythrocyte sedimentation rate
and coagulation studies and blood cultures [48].

Venipuncture

The median cubital vein in the antecubital fossa is
the most commonly used site due to its accessibility
and size, followed by the neighboring cephalic and
basilic veins [13,49,51,52]. Veins on the dorsal surface of
the hand and wrist, radial aspect of the wrist, followed
by dorsal and lateral aspects of the ankle are also used,
but these should only be used if one can demonstrate
good circulation [51,52]. Sites to be avoided include

arms ipsilateral to a mastectomy; scarred skin and
veins; fistulas; sites distal to intravenous (IV) lines;
and edematous, obese, and bruised areas [13].

Arterial Puncture

In order, the radial, brachial, and femoral arteries
are the preferred sites for arterial puncture [13,49,51].
Sites to be avoided include those that are irritated,
edematous, and inflamed or infected. Although skin
puncture provides a similar specimen to arterial blood,
for neonates, specimens for blood gas analysis are best
collected from an umbilical artery catheter [52].

Indwelling Catheters and Intravenous Lines

For single phlebotomy, it is generally better to avoid
an area near an IV line [13]. A site in a different
extremity or distal to the IV line is preferred.
However, for patients periodically requiring numerous
specimens, collecting blood through IV lines and
indwelling catheters, including central venous lines or
arterial catheters, offers the advantage of facilitating
this without phlebotomy [49]. This allows staff without
extensive phlebotomy skills to collect blood, thereby
freeing experienced phlebotomists to concentrate on
other patients. Unfortunately, this creates an inherent
risk for improper specimen collection. In order to
avoid contamination and dilution with IV fluid; it is
recommended that the valve be closed for at least
3 min prior to specimen collection [52]. In order to
clear the IV fluid from the line, approximately
6�10 mL should be withdrawn and discarded [49,52].
Because heparin is often in a line to maintain patency,
larger volumes may need to be discarded for coagula-
tion studies [49]. Blood drawn from these lines should
not be cultured due to the high risk of contamination
from bacteria growing in the line [49].

Contamination

IV fluid is typically composed of water containing
various electrolytes, glucose, and occasionally other
substances. Therefore, contamination of a specimen
with this fluid falsely elevates concentrations of these
analytes, but at the same time, contamination causes
dilution of the specimen. Thus, values of analytes that
are not present in the IV fluid should be decreased
[48]. Skin antisepsis is typically accomplished with iso-
propanol or iodine compounds [51,52]. Isopropanol is
generally recommended. The site should be allowed to
dry for 30�60 sec to minimize the risk of interference
with alcohol assays. Iodine compounds have been
noted to affect some assays and probably should be
avoided for chemistry studies [51]. In particular,
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povidone iodine can falsely elevate potassium, phos-
phorous, and uric acid in specimens collected by skin
puncture [51].

Anticoagulants

For coagulation assays, the proper ratio of blood to
citrate is critical. For this reason, the tube must be
filled to the required volume. Excess air allowed to
enter the tube will limit the quantity of blood, thereby
perturbing this ratio [51].

Tourniquet Effect

Application of a tourniquet to approximately
60 mmHg pressure causes anaerobic metabolism and
thus may elevate the lactate and ammonia and lower
the pH [52]. Tissue destruction may cause the release
of intracellular components such as potassium and
enzymes. Venous stasis due to prolonged tourniquet
application (.3 min] may cause significant hemocon-
centration with an 8�10% increase in several enzymes,
proteins, protein-bound substances, and cellular com-
ponents [51]. Prolongation of venous occlusion from 1
to 3 min was documented to increase total protein by
4.9%, iron by 6.7%, lipids by 4.7%, cholesterol by 5.1%,
AST by 9.3%, and bilirubin by 8.4% and to decrease
potassium by 6.2% [53]. In addition, stress, hyperventi-
lation, and muscle contractions (e.g., repeated fist
clenching) may elevate analytes such as glucose, corti-
sol, muscle enzymes, potassium, and free fatty acids.
For these reasons, it is important to limit venous occlu-
sion to less than 1 min if possible [52].

Hemolysis

Hemolysis will elevate the concentration of any con-
stituent of erythrocytes and may slightly dilute consti-
tuents present in low levels in erythrocytes. It becomes
significant when the serum concentration of hemoglo-
bin surpasses 20 mg/dL. Typically, hemolysis elevates
aldolase, acid phosphatase, isocitrate dehydrogenase,
lactate dehydrogenase, potassium, magnesium, ALT,
hemoglobin, and phosphate [49,52]. AST is elevated
slightly [52]. Colorimetric assays are also affected by
the increased absorbance of light by Hgb in the 500- to
600-nm range [49]. The effects of hemolysis are further
discussed in Chapter 5.

URINE COLLECTION, TIMING, AND
TECHNIQUES

The examination of urine for diagnostic purposes
dates back at least to Roman times [54], when it

formed one of the cornerstones of the ancient “diag-
nostic laboratory” (in essence, the practitioners’ senses
of sight, smell, and taste). Urinalysis remains one of
the key diagnostic tests in the modern clinical laboratory,
and as such, proper timing and collection techniques
are important.

Urine is essentially an ultrafiltrate of blood, which is
supplied to the kidneys at a rate of approximately
120�125 mL/min. As a result, approximately 1 or 2 L
of urine is produced daily. The kidneys are responsible
for many homeostatic functions, including acid�base
balance, electrolyte balance, fluid balance, and the
elimination of nitrogenous waste products. In addition
to these regulatory functions, the kidneys produce the
hormones erythropoietin and calcitriol [1,25(OH)2 vita-
min D3] as well as the enzyme renin. Not surprisingly,
the complexity of the kidneys makes them susceptible
to a number of toxic, infectious, hypoxic, and autoim-
mune insults. Fortunately, there is a considerable
amount of redundancy built into the renal apparatus
such that individuals can function normally with only
a single kidney.

Examination of urine may take several forms: micro-
scopic, chemical (including immunochemical), and
electrophoresis. Each of these may yield important
diagnostic information about the health of the genito-
urinary system or about substances (e.g., drugs of
abuse) that are found in the blood.

Timing of Collection

Three different timings of collection are commonly
encountered. The most common is the random or
“spot” urine collection. This collection is performed
at the patient’s convenience and is generally
acceptable for most routine urinalysis and culture.
However, if it would not unduly delay diagnosis, the
first voided urine in the morning is generally the best
sample. This is because the first voided urine is gener-
ally the most concentrated and contains the highest
concentration of sediment [49,55]. The third timing of
collection is the 12- or 24-hr collection. This is the pre-
ferred technique for quantitative measurements such
as creatinine, electrolytes, steroids, and total protein.
The usefulness of these collections is limited, however,
by poor patient compliance.

Specimen Labeling

As with all laboratory specimens, proper labeling is
essential. This should include labeling both the requisi-
tion and the specimen container with the patient’s
name and additional unique identifiers as required by
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the receiving laboratory, the ordering practitioner‘s
name, and the date and time of collection.

Clean Catch Specimen

For most urine testing, a clean catch specimen is
optimal. The technique as described for males is to
retract the foreskin (if present) and clean the glans
with a mild antiseptic solution. With the foreskin still
retracted, allow the bladder to partially empty. This
will serve to flush bacteria and other material from the
urethra. Finally, collect a resulting “midstream” sam-
ple for testing. The technique for females is similar:
Separate the labia minora and clean the urethral mea-
tus with mild soap followed by rinsing. Sterile cotton
balls are commonly used for this purpose. Continue
holding the labia minora apart and partially empty the
bladder. Finally, collect a midstream sample for test-
ing. Practically, the cleansing step is often poorly per-
formed or skipped altogether. Indeed, even without
prior cleansing, contamination rates in one study were
not increased relative to a clean catch control group
(23 and 29%, respectively) [56]. For reasons other than
bacteriologic examination (e.g., pregnancy testing), the
cleansing step may be omitted.

Catheterization

In situations in which the patient cannot provide a
clean catch specimen, catheterization represents
another option. Due to the attendant risks (infection
and mechanical damage), this technique is performed
only when necessary and only by trained personnel.
Attention must be paid to sterile technique and the
selection of a properly sized catheter.

Suprapubic Aspiration

More invasive still is the technique of suprapubic
puncture of the bladder and needle aspiration of the
urine sample. This technique has been advocated for
infants and young children to confirm a positive test
from an adhesive bag or container sample [57]. In the
experience of the author, this is rarely done. A supra-
pubic aspiration sample may also be obtained in con-
junction with the placement of a suprapubic catheter
for the relief of urethral obstruction.

Adhesive Bags

Urine collection from infants and young children
prior to toilet training can be facilitated through the
use of disposable plastic bags with adhesive

surrounding the opening. When used in an outpatient
setting, these are checked regularly by the parents, and
the urine is transferred to a sterile container as soon as
it is noticed in the bag.

Specimen Handling, Containers, and
Preservatives

For point-of-care urinalysis (e.g., urine dipstick and
pregnancy testing), any clean and dry container is
acceptable. Disposable sterile plastic cups and even
clean waxed paper cups are often employed. If the
sample is to be sent for culture, the specimen should
be collected in a sterile container. For routine urinaly-
sis and culture, the containers should not contain pre-
servative. For specific analyses, some preservatives are
acceptable. A list of these is given in Schumann and
Friedman [57]. The exception to this is for timed collec-
tions in which hydrochloric acid, boric acid, or glacial
acetic acid is used as a preservative.

Storage of the sample at room temperature is
generally acceptable for up to 2 hr. After this time, the
degradation of cellular and some chemical elements
becomes a concern. Likewise, bacterial overgrowth
of both pathologic and contaminating bacteria may
occur with prolonged storage at room temperature.
Therefore, if more than 2 hr will elapse between collec-
tions and testing of the urine specimen, it must be
refrigerated. Storage in refrigeration for up to 12 hr is
acceptable for urine samples destined for bacterial cul-
ture. Cellular degradation in cytologic urine specimens
may be inhibited by refrigeration for up to 48 hr [57].
However, the optimal technique is timely mixture of
the cytologic urine sample with equal parts of a preser-
vative: 50�70% ethanol has traditionally been used for
this purpose. With the advent of liquid-based cytology
platforms, ethanol has been largely replaced by propri-
etary preservative solutions and collection containers
designed for the specific liquid-based cytology plat-
form used. Consultation with the laboratory processing
the sample is necessary to ensure the proper preservative
is used. In all cases, formalin is an unsuitable preserva-
tive for cytology specimens.

CONCLUSIONS

Many pre-analytical variables affect clinical labora-
tory test results. Therefore, it is very important to be
aware of such factors in order to investigate potentially
erroneous test results. Because blood and urine are the
two major specimens analyzed in clinical laboratories,
this chapter focused on pre-analytical issues that affect
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laboratory test results. Oral fluid and hair specimens
are used for testing for drugs of abuse, but 90% of test-
ing for abused drugs is still conducted using urine spe-
cimens. There are commercially available devices for
collecting oral fluids that are straightforward to use.
Collection of hair specimen is also relatively simple.
Cerebrospinal fluids are also tested for certain ana-
lytes, but usually clinicians collect such specimens.
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INTRODUCTION

Every step of handling and processing laboratory spe-
cimens should be closely monitored to ensure ideal con-
ditions for testing and producing meaningful test
results. Like all areas of health care, the laboratory is sub-
ject to error, especially in the pre-analytical phase of test-
ing, which includes specimen collection, labeling,
transportation, storage, and processing [1]. The 2000
Institute of Medicine report titled “To Err Is Human:
Building a Safer Health System” estimated that an
alarming 44,000�98,000 deaths occur in the United
States each year as the result of medical errors [2].
Although most of those deaths were due to medication
errors, laboratory errors do account for some mortality,
either directly or indirectly [3,4]. Advances in informa-
tion systems, automation, and instrumentation have
vastly reduced the analytical error rate; however, there is
still much room for improvement, particularly in pre-
analytical processes, which are the source of the majority
of laboratory errors [2]. Laboratory errors can be difficult
to quantify due to poor reporting and recognition of
events. Studies of laboratory errors show error rates
from one error in every 33�50 events in one laboratory
to as low as one error in every 283 laboratory results [5].
Mistakes occurring prior to specimen analysis accounted
for the majority of laboratory errors. Estimates of pre-
analytical error rates among all laboratory errors range
from 31.6% to as high as 84.5%, with more than 90%
of those due to mistakes originating in patient care units
(e.g., phlebotomy; see Chapter 3) [5,6]. This chapter
reviews errors in sample processing and identification,
from immediately after sample collection to just before
testing, and examines strategies to prevent such errors.

TRANSPORTATION

All specimens must travel from the collection site to
processing and/or testing sites. This ranges from short
trips down the hall to long cross-country trips to refer-
ence laboratories. No matter the nature of transporta-
tion, laboratory staff must be cognizant of time,
temperature, and turbulence, which can all influence
specimen integrity.

Transportation Time

Many obstacles prevent timely transportation from
collection site to laboratory. Frequently, samples are
collected at remote off-site locations and transported to
a main laboratory for processing. Specimens can get
lost or misplaced for hours. Tubes can get stuck or
delayed in pneumatic tube systems. Couriers may get
stuck in traffic while samples sit in the car. A nurse or
phlebotomist may slip a tube into his or her pocket.
No matter the reason, sample processing is often
delayed, and this can be a source of pre-analytical
error. Many compounds are subject to variation with
time, especially prior to separation of serum/plasma
from cells. Every reasonable effort should be made to
reduce transport time between drawing and proces-
sing the sample.

Certain analytes are particularly susceptible to
change with time, particularly if a sample is exposed to
cellular components (Table 4.1). Blood cells retain
in vitro metabolic activity, especially when maintained
at room temperature (RT) or higher, which can alter the
chemical constituents of a sample. In uncentrifuged,
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whole blood samples kept at RT, glucose concentrations
fall at 5�7% per hour due to ongoing glycolysis by the
blood cells [7�9]. Even in samples that have been cen-
trifuged, but not separated, glucose in serum or plasma
will continue to drop, falling outside a clinically signifi-
cant change range in less than 4 hr [10]. Likewise, lac-
tate increases concurrently with the fall in glucose, as
pyruvate is reduced to lactate during glycolysis [11].
Samples with bacterial growth or leukocytosis undergo
more glycolysis, rapidly decreasing glucose and elevat-
ing lactate [11�13]. Care should be taken to avoid pro-
longed time to processing, especially in patients with
bacteremia and/or leukocytosis, because artifactual
hypoglycemia may otherwise be misinterpreted and
prompt an unnecessary workup for hypoglycemia
[14,15]. The same phenomenon is well-known in
another setting: Low cerebrospinal fluid (CSF) glucose
(hypoglycorrhachia) is a hallmark of meningitis with
bacteria and white cells in the CSF [16].

Elevations in intracellular erythrocyte components
can occur via transmembrane diffusion of cellular con-
stituents when serum or plasma is maintained on the
clot or cells. Phosphate is approximately seven times
more concentrated in red cells than plasma, and it
leaks from red cells into plasma with extended storage
time [13]. The same is true for potassium, although the
intracellular gradient may be maintained if the cells
are kept at RT and can consume glucose to generate
the adenosine triphosphate (ATP) required to feed the
Na/K1-ATPase [13]. Chloride and carbon dioxide con-
centrations fall over time, likely due to the chloride
bicarbonate shift into red cells (see Chapter 8) [10].
Other components that are concentrated inside cells,
such as lactate dehydrogenase (LDH) and aspartate
aminotransferase (AST), may leak out; however, as
long as the red cells remain intact, a significant rise in
enzyme concentration is not observed [10,13].
Although infrequently caused during handling and
transportation, hemolysis can also significantly affect
laboratory tests, such as potassium, AST, and LDH
[17]. See Chapter 5 for more information on hemolysis.

In addition to depletion via metabolism, many ana-
lytes are simply unstable in vivo and in vitro, and they
remain intact for a relatively short time after specimen
collection. Often, these are short peptide hormones,
such as adrenocorticotropic hormone (ACTH) and
brain natriuretic peptide, which are rapidly degraded
[18�20]. Other hormones, such as insulin and parathy-
roid hormone, are subject to degradation, although at a
slower rate [13,21]. Finally, insignificant increases may
be observed in several analytes, such as sodium, due
to hemoconcentration, as water moves into the cells as
the samples stand [10].

The Clinical and Laboratory Standards Institute
(CLSI) guidelines for specimen handling and

processing recommend separating plasma or serum
from the cells within 2 hr of sample collection [9,22].
Most analytes are stable for longer than 2 hr (Table 4.1),
so rejection of all specimens received 2 hr or more after
draw is unnecessary. If laboratories were to strictly fol-
low guidelines, specimen processing stations, including
centrifuges, should be placed at every location where
blood is drawn so samples could be immediately pro-
cessed and serum or plasma mechanically separated
from the cells. This is not feasible in most large medical
centers and clinical practices. Therefore, laboratories
need sound strategies for identifying specimens of poor
integrity and policies for accepting and rejecting those
samples. Specimen integrity must be maintained from
draw to analysis. Tactics to optimize specimen integrity
include implementation of strategies to reduce trans-
port time, use of appropriate tubes, and development of
strict guidelines for specimen storage conditions during
transport. Reducing transit time preserves sample sta-
bility and shortens turnaround time. For inpatient spe-
cimens, robotic couriers and pneumatic tube systems
can cut down on staffing and decrease transport time to
the laboratory. These solutions may provide an alterna-
tive to opening a satellite lab in far sites from a medical
center. One study estimated that robotic couriers could
decrease turnaround time by 34% in a 591-bed hospital
[23]. Pneumatic tube systems can send carriers contain-
ing laboratory specimens, paperwork, pharmaceuticals,
and more throughout a hospital at high speeds. Thus,
pneumatic tube systems are in wide use in medical cen-
ters throughout the world [24�26].

Gel separator tubes were introduced to provide a sin-
gle, closed system to draw, process, test, and store sam-
ples (see Chapter 3 for a discussion about sample
containers). The tubes contain a thixotropic gel, which
has a density intermediate between plasma or serum
and cells. Upon centrifugation, the gel moves to the
interface between the liquid and cellular components of
the sample [27]. Use of serum and plasma separator
tubes extends the stability of most chemistry analytes
[22,28�30]. However, many drugs, such as phenytoin,
phenobarbital, carbamazepine, lidocaine, and tricyclic
antidepressants, absorb into the gel, so these tubes
should not be used for therapeutic drug monitoring
[22,31,32]. Gel separator tubes offer a practical option for
rapidly separating plasma or serum from cells, and they
slow many of the time-dependent processes that reduce
specimen integrity [33]. These tubes have the additional
advantage of helping to prevent labeling errors. Because
samples can be drawn, tested, and stored all in the same
tube, there is less need to aliquot and re-label, reducing
labeling and misidentification errors.

When highly accurate glucose results are necessary,
such as for glucose tolerance tests, samples should
always be drawn into tubes containing sodium
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TABLE 4.1 Stability of Common Chemistry and Immunochemistry Analytes with Varying Time, Temperature, and Tube Typesa

Analyte Serum Heparin

Plasma

EDTA

Plasma

Urine ,24 hr 24 hr 48�72 hr $ 14 days References

ACTH X 4�C,
RTb

[119]

α-Fetoprotein X 4�C, RT [120]

Albumin X X X 4�C, RT [10,13,121�123]

Aldosterone X 4�C,
RT

[119]

Alkaline
phosphatase

X X 4�C, RT [10,121,122]

ALT X X X 4�C, RT [10,122�124]

Amylase X 4�C, RT [13,121,122]

Apo A1 and B X RT [123]

AST X X 4�C, RT [10,121,122,124]

Bilirubin, total X 4�C, RT [122]

BNP X RT 4�C 220�C [30,125,126]

BUN X X RTc 4�C, RT [122,124]

Calcium X X 4�C, RT [10,122]

Catecholamines X 4�C, 220�C [127]

Cholesterol, total X X X RT [10,30,121,123]

hCG X 4�C, RT [120]

Creatine kinase X X 4�C, RT [121,123]

Carbon dioxide X X RT [10,30]

Creatinine X X X RTc 4�C, RT [30,122,123]

X 4�C, 220�C [128]

Cortisol X X RTc RT [33,121]

C-reactive protein X 4�C, RT [129]

Estradiol X 4�C,
RT

[119]

Estriol,
unconjugated

X 4�C, RT [120]

Ferritin X X RT [33]

GGT X X 4�C, RT [10,121,122]

Growth hormone X 4�C,
RT

[119]

Glucagon X 4�C,
RT

[119]

Glucose X X 4�C,
RTc

4�C [10,122,130]

Hemoglobin A1c X RT [131]

HDL X X RT [10,30]

Homocysteine X 4�C [132]

(Continued)
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fluoride and potassium oxalate (“gray-top tubes”) [34].
Fluoride and oxalate inhibit glycolysis, preventing arti-
factually low glucose results [35]. Prevention of glycol-
ysis ensures that lactate concentrations also remain
stable, making the gray-top tube the preferred tube
type for lactate samples. It takes up to 2 hr for fluoride
and oxalate to completely inhibit glycolysis, so some
glucose loss can still occur [36]. After 2 hr in fluoride-
and oxalate-containing blood collection tubes, glucose
is stable for 72 hr [35]. Because the antiglycolytics
come as salts with sodium and potassium, these tubes
are not suitable for electrolyte determinations; they
may also interfere with certain enzymatic assays, such
as the urease method for blood urea nitrogen (BUN)
[22]. Regardless of the benefit of glycolysis inhibition,
immediate separation of plasma or serum from the
cells remains the best means for stabilizing glucose
[34]. It is important to ensure proper procedure to
maintain specimen integrity, especially during long
periods in transit, for preventing pre-analytical errors
and providing optimal test results.

Effects of Temperature

Maintenance of a well-controlled transport environ-
ment is essential to reduce pre-analytical error.
Manipulation of transport temperature may increase

analyte stability. Lower temperatures generally enhance
analyte stability, but care must be taken because one
temperature does not fit all analytes. Extreme heat dena-
tures proteins and can diminish enzyme activity [37].
Lower temperatures inhibit metabolic processes such as
glycolysis. Thus, most analytes are more stable at 4�C
than RT (Table 4.1). Some analytes must be chilled
because they rapidly degrade at RT, including ammonia,
lactate, pyruvate, parathyroid hormone-related protein,
and gastrin. These specimens should be chilled immedi-
ately after collection, and this temperature should be
maintained throughout the pre-analytical phase [22,38].

Generally, most analytes are more stable at lower
temperatures; however, there are several
notable exceptions. Cold inhibits glycolysis, which pro-
vides the ATP required for cell surface Na1/K1

pumps. Without ATP, intracellular potassium accumu-
lates and begins to leak out of cells over time. Thus,
extracellular potassium may be artificially elevated in
specimens stored in the cold for longer than 6 hr
[10,22]. Likewise, if a sample is maintained at RT, glu-
cose is consumed to sustain glycolysis. This process
maintains the appropriate potassium concentration but
falsely decreases glucose [13]. This makes transporting
specimens collected for a basic metabolic panel diffi-
cult, but the problem is solved by separating the
plasma from the cells before transporting.

TABLE 4.1 (Continued)

Analyte Serum Heparin

Plasma

EDTA

Plasma

Urine ,24 hr 24 hr 48�72 hr $ 14 days References

Lactate X X RT [10]

LDH X X RT 4�C [10,122]

Microalbumin X 4�C, 220�C [133]

Metanephrines X RT [127]

Phosphorus X X RT 4�C [10,122]

Potassium X X 4�C RTc RT [30]

Protein, total X X X 4�C, RT [10,122,123]

Sodium X X 4�C RT [10,30,122]

Triglycerides X X RT [10,30,121,122]

TSH X X RT [33]

Free T4 X X RT [33]

Uric acid X X 4�C, RT [10,122]

Vitamin B12 X X RT [33]

aThis list is not exhaustive, but it shows the results from several studies using different times, temperatures, and specimen types. Most data shown represent the ending time
point for the respective studies and not necessarily the time at which the analyte stability fails.
bRoom temperature (21�25�C).
cDenotes different stability in unseparated samples.

ACTH, adrenocorticotropic hormone; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BNP, brain natriuretic peptide; BUN, blood urea nitrogen;

GGT, γ-glutamyl transferase; hCG, human chorionic gonadotropin; HDL, high-density lipoprotein; LDH, lactate dehydrogenase; TSH, thyroid-stimulating

hormone.
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Testing is often intentionally delayed—for example,
for batch analyses or to send specimens to reference
laboratories—and specimens may be frozen to pre-
serve sample integrity until they are tested. Some
enzymes are sensitive to freezing temperatures. When
stored in liquid nitrogen, AST, alanine aminotransfer-
ase, alkaline phosphates, γ-glutamyl transferase, and
LDH remain stable, whereas amylase increases and
creatinine kinase (CK) activity decreases [39]. CK activ-
ity decreases significantly when frozen to 220�C for
even short periods [40]. Certain analytes, such as cryo-
globulins, must be maintained at body temperature
and require transit in a warm water bath, kept at
approximately 37�C [41].

CLSI guidelines recommend using an ice bath to
rapidly and effectively cool a specimen. Using a mix-
ture of ice and water will ensure good contact between
the tube and the cooling medium [22]. Care should be
taken to prevent direct contact of the sample with ice,
especially dry ice, because hemolysis can occur with
temperature extremes [22]. When transporting samples
outside, special considerations should be made for the
weather. For example, on very hot days, samples
should be sealed in a plastic bag and then immersed in
ice slurry to provide better cooling than ice packs
alone. On the other hand, in very cold climates, coolers
may not require additional ice packs or may need extra
insulation to keep the sample from freezing [42,43].

Humidity is also a consideration, particularly for
samples that will be exposed to outside air, such as
dried blood spots. High humidity speeds the degrada-
tion of some analytes in dried blood spots, including
biotinidase, galactose-1-phosphate uridyltransferase,
glucose-6-phosphate dehydrogenase and thyroxine
[44�46]. High humidity may also cause inaccurate
results on self-monitoring blood glucose meters [22].
Humidity can be prevented by transporting samples in
plastic bags with desiccant packets, and it can be mon-
itored with humidity indicator cards [47,48].

Effects of Handling and Turbulence

Moving a specimen from the draw site to the labora-
tory for processing may involve one or more forms of
transportation. Outreach specimens are often brought
to the main laboratory by courier; although not perfect,
courier services are the preferred method for trans-
porting samples from remote locations [49]. Compared
to mailing specimens, couriers are faster and can pro-
vide better control of the sample environment, both
temperature and jostling [49]. Inpatient samples, how-
ever, are frequently delivered to the laboratory via
pneumatic tube system or robots. Robotic couriers
replace full-time employees and transport samples

efficiently and safely [23]. Pneumatic tube systems are
widely used because they swiftly transport samples
within hospitals, thereby reducing turnaround time
[50,51]. Pneumatic tube systems can move at speeds
upwards of 7.5 m/sec (that is more than 17 mph) and
often go through rapid accelerations, sharp corners,
and abrupt decelerations. The biomechanical forces
experienced by the samples in pneumatic tubes can
affect the quality of transported specimens. There is an
increased risk of container breakage or leakage, partic-
ularly when they are glass and/or difficult to close
(e.g., urine collection cups). The mechanical forces
imposed by a pneumatic tube system can also directly
damage blood cells, leading to hemolysis. This is par-
ticularly true of specimens from patients with hemato-
logic disorders, on chemotherapy, and those with
other conditions that cause red and white cell fragility
[24,51].

LDH is a good marker for evaluating exposure to
turbulence because it is quickly released from trauma-
tized red cells. LDH activity may rise in a sample,
even without significant hemolysis [26]. Along with
elevating LDH, pneumatic tube systems induce eleva-
tions in plasma hemoglobin, AST, and potassium
(Table 4.2) [10,24�26]. Full tubes are less subject to
damage by agitation compared to partially filled tubes
[25]. In particular, pneumatic tube-induced changes in
LDH ranged from 21.0 to 13.9% for full tubes com-
pared to 8.6�30.7% for half-filled tubes [13].

Considerations must be made for the proper use of
pneumatic tube systems to prevent spills and specimen
damage. Samples should be placed in sealed plastic
bags prior to transport. Chilled specimens must be
double sealed to prevent ice or water leakage. Tubes
should not be placed directly into the ice bag because
the water may cause labels to fall off and may leak
into the tubes. Finally, container seals should be evalu-
ated prior to transport. Poorly sealed containers should
not be sent through pneumatic tube systems. Because
a risk of spilling remains, some institutions choose to
restrict types of specimens sent in pneumatic tubes.
For example, specimens soaking in formalin may not
be permitted in the carriers.

TABLE 4.2 Analytes Affected by Agitation with Transportation

Analyte Effect of Transportation References

Lactate dehydrogenase 11 [24,25]

Potassium 1 [24�26]

AST 1 [24]

Phosphorus 1 [24]

Plasma hemoglobin 1 [25]

39TRANSPORTATION

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



Specimen damage due to turbulence in a pneumatic
tube system can be prevented in numerous ways. First,
when new systems are designed, care should be taken
to avoid rapid acceleration and deceleration [24,51].
Second, tubes should be completely filled [13]. Third,
samples should be well packed into pneumatic tubes
prior to transporting. Towels, foam pads, bubble wrap,
and other means have been used to wrap specimens to
prevent jostling. In a small quality improvement study,
five conditions were examined: control (remained in
laboratory with no transport), no padding, or wrapped
in bubble wrap, a towel, or a sheet of foam (n5 5, each
condition). Also, LDH was measured for all the sam-
ples. LDH increased significantly for samples trans-
ported without any padding as well as for those with
either bubble wrap or foam in the carrier. Only when
the specimens were tightly wrapped in a towel was
there only a minimal increase in LDH [52].

CASE REPORT A glomerular filtration rate study
was performed in which the patient was administered
technetium 99 m (6-hr half-life), and blood was sent
via pneumatic tube system at 30-min intervals to the
laboratory to measure the circulating radioactivity
using a gamma counter. The laboratory was notified in
advance that the procedure would be done and to pre-
pare for the testing. When no samples arrived 1 hr
after expected, the technologist called the floor to
inquire about the samples. He was told the samples
were sent via pneumatic tube to the laboratory; how-
ever, they were never received. An investigation was
launched to find the missing pneumatic tube carrier,
including searching for carriers trapped in the system.
A runner was sent to each tube station in the hospital,
and eventually the missing carrier was found in a
clinic that was closed at the time the carrier arrived.
Unfortunately, the samples were found too late to be
used, and the procedure had to be repeated. This case
is an example of a pitfall of pneumatic tube systems
and human error: Sometimes carriers get sent to the
wrong tube stations. Risks such as this may be avoided
by restricting which stations carriers can be sent
between as well as clearly posting station numbers at
each tube station.

Shipping to Reference Labs

Shipping samples is inevitable, especially for spe-
cialized tests that are not performed in most clinical
laboratories. Therefore, systems should be in place for
sending specimens to distant reference labs. As with
transporting samples from nearby locations, time, tem-
perature, and handling must be considered when ship-
ping samples over greater distances. In most cases,

plasma or serum samples should be separated from
cells and aliquot into a separate tube rather than ship-
ping the primary tube. Certain tests may have special
specimen requirements. Always consult the reference
laboratory’s test directory for appropriate specimen
type and storage conditions prior to collection of send-
out samples. Specimens may also be placed into a sec-
ondary container or packing to reduce turbulence.
Generally, samples are sent either frozen or refriger-
ated in a Styrofoam container, with walls at least 1-in.
thick, to ensure adequate insulation. Refrigerated spe-
cimens should be sent with sufficient frozen packs to
keep the interior of the container between 0� and 10�C
[53]. Frozen specimens should be sent with dry ice.
One solid chunk of dry ice (13 33 4 in.) should be
enough to keep a sample frozen for 48 hr [38]. Staff
must be properly trained for the shipping of biological
specimens and dry ice. Biological specimens should be
treated as infectious agents and therefore are subject to
specific laws and regulations; dry ice is considered a
hazardous material to ship and thus requires special
considerations. Overnight or next-day shipping
reduces transit time and preserves specimen integrity.

Special Case: Blood Gases and Ionized Calcium

Specimens collected for blood gas determinations
require special care because the analytes are very sen-
sitive to time, temperature, and handling. In standing
whole blood samples, pH falls at a rate of 0.04�0.08/
hr at 37�C, 0.02�0.03/hr at 22�C, and ,0.01/hr at 4�C.
This drop in pH is concordant with decreased glucose
and increased lactate. In addition, pCO2 increases
approximately 5.0 mmHg/hr at 37�C, 1.0 mmHg/hr at
22�C, and 0.5 mmHg/hr at 4�C. At 37�C, pO2 decreases
by 5�10 mmHg/hr, but it decreases by only 2 mmHg/
hr at 22�C. Metabolic activity in the specimen is
affected by temperature as well as the number of meta-
bolically active cells present: Specimens with leukocy-
tosis and/or thrombocytosis may demonstrate a
spurious hypoxemia because leukocytes and platelets
consume oxygen in vitro [54,55]. pO2 loss is best pre-
vented by immediate analysis because even rapid cool-
ing may not sufficiently reduce metabolism [55,56].

Ideally, all blood gas specimens should be measured
immediately and never stored [56]. A plastic syringe,
transported at RT, is recommended if analysis will
occur within 30 min of collection. If testing is delayed
for more than 30 min, specimens should be collected in
a glass syringe and immediately immersed and kept in
a mixture of water and crushed ice to chill the speci-
mens [57]. Plastic contracts with cooling, making pores
large enough for atmospheric oxygen to cross into the
tube, but not carbon dioxide [58]. Glass syringes are
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recommended for delayed analysis because glass does
not allow the diffusion of oxygen or carbon dioxide
[58�61].

Blood gas analyzers reheat samples to 37�C for anal-
ysis to recapitulate physiological temperature.
However, for patients with abnormal body tempera-
ture, either hyperthermia due to fever or induced
hypothermia in patients undergoing cardiopulmonary
bypass, a temperature correction should be made to
determine accurate pH, pO2, and pCO2 results [56,62].
This adjustment is particularly important in hypother-
mia, in which the temperature change has a marked
impact on pH, pO2, and pCO2 [56]. Blood gas instru-
ment manufacturers use various but similar equations.
Equations 4.1�4.3 are recommended by CLSI for tem-
perature corrections [56,62]:

pH5pHm 2 ½0:01471 0:00653 ðpHm 2 7:40Þ�ðT2 37�Þ
ð4:1Þ

where pH is patient’s adjusted pH, T is patient’s tem-
perature, and pHm is measured pH.

pCO2 5 pCO2m 3 100:019ðT237�Þ ð4:2Þ
where pCO2 is patient’s adjusted pCO2, T is patient’s
temperature, and pCO2m is measured pCO2.

pO2 5 pO2m 3 10

ð5:493 10211pO3:88
2

Þ10:071
ð9:723 1029pO3:88

2
Þ12:30

� �
ðT237�Þ

ð4:3Þ
where pO2 is patient’s adjusted pO2, T is patient’s tem-
perature, and pO2m is measured pO2.

Blood gas specimen exposure to air should be mini-
mized because gases in the sample will rapidly equili-
brate with atmospheric air. Anaerobic technique should
be used to draw all blood gas samples. However, even
with the most careful collection, air bubbles can arise
from the syringe hub dead space. Bubbles must be
completely expelled from the specimen prior to trans-
port because the pO2 will be significantly increased and
pCO2 decreased within 2 min [63].

Rapid turnaround of blood gas results is important
for patient care and requires swift specimen transport
to the laboratory. However, blood gas specimens are
particularly sensitive to handling and transport.
Transit through a pneumatic tube system has been
shown to significantly change pO2, especially when
there are air bubbles in the sample, although only very
small changes have been noted for pCO2 and pH [64].
Therefore, it is recommended that if specimens must
be transported by pneumatic tube, all air bubbles must
be completely removed prior to transport [62].

Ionized calcium is often measured by ion-sensitive
electrodes in blood gas analyzers. Ionized calcium is
inversely related to pH: Decreasing pH decreases albu-
min binding to calcium, thereby increasing free, ionized

calcium. Therefore, specimens sent to the lab for ionized
calcium determinations should be handled with the same
caution as other blood gas samples because pre-
analytical errors in pH will impact ionized calcium
results [65�67]. Additional information on blood gases
and ionized calcium is discussed in Chapter 8.

THE EFFECTS OF CENTRIFUGATION
ON LABORATORY RESULTS

Due to instability of certain analytes in unprocessed
serum or plasma, CLSI recommends that plasma or
serum be separated from cells as soon as possible but
definitely within 2 hr of collection [22]. Centrifugation
is an integral part of specimen processing. Improper
centrifugation techniques may lead to erroneous
results for several laboratory tests.

Appropriate preparation of specimens prior to centri-
fugation is required to ensure accurate laboratory
results. Serum specimens must be allowed ample time
to clot prior to centrifugation. Tubes with clot activators
require sufficient mixing and at least 30 min of clotting
time, whereas serum tubes may require up to 60 min.
Patients taking anticoagulants may require longer clot-
ting times [22,68�70]. To ensure efficient release of
additive/anticoagulant, plasma specimens must be
mixed gently according to manufacturers’ instructions
[69,70]. Insufficient mixing leads to inefficient clotting
in serum tubes and platelet clumping and/or clotting
in plasma tubes, leading to inadequate separation of
plasma and/or serum from cellular material during the
centrifugation phase [69,70]. Specimens should not be
opened prior to or during centrifugation in order to
avoid evaporation [68]. Serum specimens requiring
anaerobic conditions, such as ionized calcium and pH,
should not be exposed to air prior to centrifugation.
Exposure to air causes loss of CO2, leading to increased
pH and decreased ionized calcium [67,68,71].

CASE REPORT A 40-year-old male was admitted to
the hospital with a serum potassium concentration of
8.0 mmol/L (mEq/L) obtained on a specimen with no
detectable hemolysis. The patient was given
potassium-lowering drugs and another serum speci-
men was collected for potassium analysis. After treat-
ment, the serum potassium concentration was
7.5 mmol/L, with no hemolysis. The patient became
confused and developed muscle cramps and vomiting.
The doctor requested a point-of-care whole blood
potassium; the result of this assay was 2.7 mmol/L.
The potassium-lowering therapy was promptly discon-
tinued. On examination of the complete blood count,
the white blood count was 203 109/L (normal,
4.5�11.03 109/L), and the platelet count was
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4803 109/L (normal, 150�3503 109/L). The elevated
serum potassium results were due to an error in the
centrifugation process. The laboratory scientists deter-
mined that the g-force used for centrifugation was too
high, causing platelet lysis, particularly in a patient
with elevated counts. The normal potassium results
from whole blood were accurate [72].

Laboratories should select appropriate centrifuga-
tion speed, time, and temperature for each analyte.
Inadequate centrifugation speed may lead to interfer-
ences with numerous assays in the clinical laboratory.
Specimens spun at speeds too slow for the tube or for
not enough time may not have adequate separation of
serum from the clot or plasma from cellular compo-
nents. Centrifugation is required to remove all micro-
clots and fibrin strands from serum. Erroneous results
may occur for numerous chemistry and immunochem-
ical assays in the presence of such materials. Invisible
microfibers or other particulate matter in incompletely
centrifuged serum or plasma interferes with assays
such as troponin [73,74]. Platelet contamination of the
plasma in inadequately separated specimens leads to
inaccurate results in coagulation studies [75].
Furthermore, centrifugation at slow speeds leads to
increased “trapped plasma” in the red cell fraction,
leading to abnormal results for analytes found in red
cells (i.e., potassium and glucose-6-phosphate dehy-
drogenase). Specimens spun too fast are subject to
in vitro hemolysis and/or cell lysis and release of intra-
cellular constituents such as potassium [76,77].

In order to avoid abnormal results due to improper
centrifugation, all laboratories should establish appro-
priate centrifugation time and speed for tube type, cen-
trifuge, and rotor [22]. Laboratories should calculate
relative centrifugal force (RCF), not revolutions per
minute (RPM), for each centrifuge model, rotor, head,
and the radius of the rotor in order to determine appro-
priate speed [22]. The following is the equation for
RCF, expressed as multiples of gravitational force (g):

RCF ðgÞ5 ð1:11831025Þ3 radius of the rotor ðcmÞ
3 ðRPMÞ2

ð4:4Þ

Manufacturers provide recommendations for appro-
priate RCF and spin times for individual tube types
[69,70].

Specimens should be centrifuged at appropriate tem-
peratures to ensure specimen integrity prior to analysis.
The internal temperature of a centrifuge may become hot
with activity, leading to degradation of temperature-
sensitive compounds such as ACTH. High temperature
during centrifugation may also induce hemolysis.
Centrifugation at refrigerated temperatures is not appro-
priate for all specimens. Laboratories should only per-
form potassium measurements on specimens stored

and/or centrifuged in the cold for less than 2 hr because
potassium leaks from cells with prolonged cold exposure
[22,78]. Gel polymers in plasma and serum separator
tubes are often temperature dependent; thus, centrifuga-
tion of these tubes in a chilled centrifuge may result in
inefficient barrier formation. Laboratories should consult
manufacturers’ guidelines for spin temperatures for any
barrier tubes [69]. Ionized calcium and pH in serum are
affected by centrifugation temperatures, where ionized
calcium results change by 0.006 mmol/L per 1�C [79].
Tight control of internal temperature is critical during the
centrifugation phase. Centrifuge temperature should not
deviate more than 6 2.5�C for ionized calcium or pH
[67]. Unless specimens are heat labile (in which case they
should be maintained at even cooler temperatures), CLSI
recommends fixing centrifuge temperatures at 20�22�C
[22,68]. Heat-sensitive specimens arriving to the labora-
tory chilled should be spun in the cold [22].

Laboratories should consult tube manufacturers’ lit-
erature when deciding which centrifuge is appropriate
for their specimen. No matter the type of centrifuge,
they should always be balanced prior to processing
specimens. Improper balancing can lead to tube crack-
ing, breakage, and/or inadequate separation of serum
or plasma from cells as well as centrifuge damage. The
use of fixed-angle rotors, particularly with separator
tubes, will cause the gel to form at an angle. Angled
gel formation may indicate an inadequate barrier seal,
leading to mixing of serum or plasma with cells;
numerous abnormalities are associated with storage on
the clot or cells. Furthermore, centrifugation in fixed-
angled rotors for prolonged times may induce hemoly-
sis [78]. Swinging bucket rotors allow for a more reli-
able barrier seal and will not cause hemolysis at
appropriate speed and temperatures, and these are
recommended by most tube manufacturers [22,69,70].

CASE REPORT Physicians from a community hospi-
tal alerted the central laboratory about numerous cases of
hyperkalemia in an otherwise healthy patient population.
None of the specimens had significant hemolysis. At the
time, phlebotomy and processing practices were to collect
potassium requests into serum separator tubes, allow
them to clot for 20�60 min, and then centrifuge the tubes
according to manufacturer’s instructions. The processed
serum separator tubes (SSTs) were then delivered to the
central laboratory the following day, re-centrifuged, and
analyzed. The laboratory decided to discontinue re-
centrifugation and the hyperkalemia phenomenon was
no longer observed. Furthermore, in a large timed study,
the investigators demonstrated that re-centrifugation
after prolonged storage in processed SSTs resulted in
falsely elevated potassium [72].

Re-centrifugation of tubes is not recommended by
CLSI and tube manufacturers [22,69,70]. As in the case
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report, several other studies demonstrated falsely ele-
vated potassium after re-centrifugation [72,80,81].
According to manufacturers, re-centrifugation of gel
separator tubes disrupts the barrier and may allow
mixing of cell components with separated plasma.
Release of potassium may occur as the result of cell
lysis. Hira et al. proposed that a small portion of
plasma remains with the cell fraction after centrifuga-
tion of gel separator tubes [72]. Extended exposure to
cells allows leakage of potassium into that plasma frac-
tion. Re-centrifugation causes this potassium-rich frac-
tion to mix with the plasma layer. Longer initial
centrifugation times reduce this effect, presumably by
reducing the amount of plasma in the cell fraction [80].

Until recently, no study had examined the effect of
re-centrifugation on other common chemical and
immunochemical analytes. In-house studies demon-
strated that re-centrifugation of plasma separator tubes
(PSTs) not only caused spurious changes in potassium
but also caused changes in other analytes, including
creatinine, glucose, bilirubin, and AST (Table 4.3) [81].
Interestingly, in this study potassium was not
increased in respun tubes stored at RT. Concentrations
increased with increasing time at 4�C, supporting the
claim that a small amount of plasma remains in the
cell fraction of PSTs and becomes K1 rich with increas-
ing refrigeration time. Glucose is significantly lower in
re-centrifuged tubes, but only in those stored at RT.
Glycolysis occurs in the plasma fraction exposed to the
cells, and when the cell-exposed plasma is mixed with
previously separated plasma, glucose concentrations
are significantly lowered. Total bilirubin and AST
increase in fractions stored at RT and 4�C, and this is
likely due to hemolysis with centrifugation. Creatinine
increases in specimens stored at RT after re-
centrifugation are likely due to an analytical interfer-
ence with the Jaffe reaction [76,77].

To avoid erroneous results, re-centrifugation should
be avoided. This may be difficult for laboratories with
large outreach programs and automation. Such labora-
tories might consider using a code in their laboratory
information system (LIS) directing these tubes to
bypass the centrifuge or dedicate a lane in the input/
output buffer for prespun tubes. Should laboratories
want to clarify prespun specimens, serum or plasma
can be aliquoted into a separate tube and centrifuged.

EFFECT OF STORAGE CONDITIONS ON
LABORATORY RESULTS

Delays in specimen analysis and physician requests
for additional testing of a specimen make it important
for laboratories to establish specific in-laboratory stor-
age conditions. Numerous types of interferences result

from inappropriate storage of specimens in the labora-
tory, including inappropriate storage temperatures/
times, interfering substances, and light sensitivity.
Inappropriate storage temperatures or times most
often result in specimen degradation in whole blood
and unseparated serum/plasma specimens. CLSI
recommends the following as “general” guidelines for
in-lab specimen storage. Serum/plasma should be sep-
arated from cellular components immediately after
centrifugation, either by transferring to a new tube or
by use of physical separators such as gel [22].
Separated specimens can be stored, tightly capped to
avoid evaporation and concentration, up to 8 hr at RT
(preferably 20�25�C) and up to 48 hr at 4�C; after
48 hr, specimens should be frozen at 220�C [22,82].
Samples should be snap frozen on dry ice or liquid
nitrogen to avoid gradient formation [83]. Prior to
analysis, specimens should be thawed at RT because
heating may denature analytes. Gentle inversion can
remove gradients formed with freezing. Centrifugation
will sediment cellular material and/or fibrin strands
that form upon freezing [84]. Although repeat
freeze�thaw cycles are not recommended by CLSI [22],
very few analytes are affected by this process [85].

Several analytes cannot be stored according to the
CLSI “general” recommendations. Whole blood speci-
mens should not be centrifuged. Storage of whole
blood depends on the analyte. Freezing of whole blood
induces hemolysis and is not recommended for hema-
tological or blood gas specimens. Lamellar body
counts are significantly decreased with freezing; thus,
amniotic fluid specimens should be stored at 4�C [86].
In unseparated plasma specimens, prolonged storage
at 4�C induces leakage from the cells and falsely ele-
vates potassium [78]. Catecholamines are released
from lysed red blood cells and reuptake is slowed,
falsely elevating results with prolonged storage at 4�C
[87]. Cryoactivation of pro-renin with long-term stor-
age in the cold (refrigerated or on ice) falsely elevates
plasma renin activity assays [88]. Specimens collected
for LDH isoenzyme testing should be stored at RT
prior to analysis because freezing and long-term stor-
age at 4�C results in loss of LDH-5 activities [68].
Prothrombin time is significantly increased with pro-
longed frozen storage, and these specimens should
only be stored refrigerated or at RT [89]. Because of
the number of exceptions to the general in-lab speci-
men handling procedures, laboratories should consult
manufacturers’ package inserts for appropriate speci-
men storage conditions prior to analysis. Laboratories
should conduct in-house stability studies prior to
changing approved in-lab storage conditions [84].

Some studies suggest that utilization of gel sep-
arator tubes eliminates the need to physically
separate plasma/serum from cells for short-term in
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lab storage [22]. Prolonged contact with gel does
interfere with some analytes, especially drugs and
estradiol, for which decreased concentrations may be
observed due to absorption into the gel polymer
[22,31]. Gel separator tubes should not be used for
these analytes. Furthermore, plasma separator tubes
may not be appropriate for storage of common chem-
istry analytes at 4�C for more than 48 hr [90]. After
long-term storage, barrier seals should be inspected
on all separator tubes prior to analysis. Laboratories
should consult manufacturers’ instructions for a list of
analytes that are stable in these tubes for long-term
storage.

Some analytes require preservatives in order to
maintain in-laboratory stability. Catecholamines in
urine degrade significantly at 4�C after 48 hr at pH 6.0,
but they are stable frozen or at 4�C when preserved
with acid to achieve pH 2.0�3.0 [91]. Studies suggest
that glucose is more stable in citrated blood compared
to fluoride [92]. Addition of protease inhibitors such as
aprotinin stabilizes peptide hormones such as
parathyroid-related protein [75].

Exposure to fluorescent light rapidly degrades bili-
rubin and other heme products [68]. In addition, vita-
mins such as carotene and vitamin A and also red
blood cell folate are degraded by light. In plasma,

TABLE 4.3 Stability of Common Chemical and Immunochemical Analytes in Serum or Heparin Plasma Separator Tubes after
Re-Centrifugationa

Analyte Specimen Time Before Recentrifugation References

Serum Heparin Plasma ,4 hr ,12 hr Up to 24 hr

Potassium X RTb [81]

X 4�C [72,80]

Sodium X RT, 4�C [81]

Chloride X RT, 4�C [81]

CO2 X RT, 4�C [81]

BUN X RT, 4�C [81]

Creatinine X RT 4�C [81]

Glucose X RT 4�C [81]

Calcium X RT, 4�C [81]

tProt X RT, 4�C [81]

Albumin X 4�C RT [81]

tBili X RT, 4�C [81]

AlkP X RT, 4�C [81]

AST X RT, 4�C [81]

ALT X RT 4�C [81]

HDL-C X RT, 4�C [81]

Chol X RT, 4�C [81]

Trig X RT, 4�C [81]

LDL-C X RT, 4�C [81]

TSH X RT, 4�C [81]

fT4 X 4�C RT [81]

Ferritin X RT, 4�C [81]

VitB12 X RT, 4�C [81]

aStability was assessed based on values outside the significant change limits after recentrifugation compared to values immediately before recentrifugation [81].
bRoom temperature (21�25�C).
ALT, alanine aminotransferase; AlkP, alkaline phosphatase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Chol, cholesterol; fT4, free thyroxine;

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; tBili, total bilirubin; tProt, total protein; Trig, triglycerides; TSH, thyroid-

stimulating hormone; VitB12, vitamin B12.
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some drugs, such as nifedipine and chloramphenicol
[93], are light sensitive. Specimens collected for analy-
sis of light-sensitive analytes should be protected from
light by collecting them in brown containers or wrap-
ping them in aluminum foil during transport and stor-
age in the laboratory.

EFFECT OF CROSS-CONTAMINATION
OF SPECIMENS ON

LABORATORY RESULTS

Cross-contamination of specimens occurs when a
foreign pathogen, chemical, or other material is intro-
duced into a patient specimen. Cross-contamination
can lead to inaccurate results in most clinical laborato-
ries, but it is most often a concern in the microbiology
and molecular diagnostics laboratories. Specimens
processed in laboratories may be contaminated with
bacteria and/or DNA [94]. Prevention measures
include specimen preparation in dedicated hoods,
dedicated pipettes and the use of barrier pipette tips,
and frequent decontamination procedures [95]. For
complete discussions of interference with microbiol-
ogy and molecular testing, see Chapters 20 and 21,
respectively.

Cross-contamination of specimens can occur at the
time of collection, processing, or analysis. Collection
errors may involve intravenous fluid or syringe con-
tamination with incorrect specimen draw order
[69,70,96]. See Chapter 3 for more details on interfer-
ences at specimen collection.

Cross-contamination of specimens during aliquoting
may also cause errors in laboratory tests. These types
of contaminants can be reduced by changing dispos-
able pipette tips with each aliquot and by aliquoting
patient specimens one at a time. Cross-contamination
may also occur on automated analyzers just prior to
analysis if instrument sample probes do not use dis-
posable pipette tips. Carryover is most common for
analytes with large measuring ranges such as human
chorionic gonadotropin and in ultrasensitive assays
such as hepatitis antigens [97]. Documented carryover
checks are required by the College of American
Pathologists (CAP) when validating a new method
and at intervals outlined by individual laboratories.
Instrument manufacturers have reduced carryover
cross-contaminations by introduction of wash steps
and/or disposable pipette tips for sample probes [97].

CASE REPORT A urine sample was sent to the labo-
ratory for a calcium:creatinine ratio. A 1-mL aliquot of
the urine was taken to acidify prior to testing. The tech-
nologist adjusted the urine pH to approximately 4.0
with acid, and the sample was submitted for testing.

The chemistry analyzer produced undetectable results
for both calcium and creatinine, preventing calculation
of the ratio. This was significantly different from the
previous result so the technologist retraced her sample
preparation steps and discovered that she had used the
wrong bottle of acid to pH the specimen. Rather than
using 0.1 N HCl, she had used a less concentrated acetic
acid solution that required a much higher volume to
adjust the pH and thus diluted the sample. Another ali-
quot was taken from the original sample cup, and the
tests were repeated following proper preparation proce-
dures. The repeat analysis produced results similar to
the previous determination.

Specimen cross-contamination may occur with
incorrect preservation of urine specimens. Prior to
analysis, urine may be preserved with a variety of
additives. The type of additive depends on the labora-
tory and assay [98]. For many analytes, the preserva-
tives can be added upon arrival to the clinical
laboratory. Addition of the incorrect additive may con-
taminate the urine specimen and interfere with results.
In the case described previously, acetic acid was added
to urine to adjust the pH to the optimal point for anal-
ysis, when in fact hydrochloric acid is recommended.
Because a higher volume of acetic acid was required,
the specimen was significantly diluted. It is equally
likely that a sample might be alkalinized when it
should be acidified. Laboratories can identify incorrect
preservatives by measuring pH of all specimens prior
to analysis. This type of urine contamination can be
prevented by making up 24-hr urine jugs containing
preservatives for patients. Laboratories should clearly
outline procedures for processing and storage of 24-hr
urine specimens, including adding appropriate
preservatives.

CONSEQUENCES OF SPECIMEN
MISIDENTIFICATION ON
LABORATORY TESTING

Accurate patient and specimen identification is
required for quality patient care. Regulatory agencies
such as The Joint Commission (TJC) have made it a
top priority in order to ensure patient safety. Patient
and specimen misidentification occurs in numerous
phases of the testing process. During the pre-analytical
phase, specimen identification begins when the patient
presents to the hospital, doctor’s office, or phleboto-
mist. Accurate identification requires collection of at
least two unique identifiers from the patient and
ensuring that those match the patient’s prior records.
If a patient is unable to provide identifiers (i.e., neo-
nate or patient in a coma), a family member or nurse
should verify the identity of the patient. Information
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on laboratory requisitions or electronic orders must
also match patient information in the patient’s chart or
electronic medical record. Specimens should not be
collected unless all identification discrepancies have
been resolved [99]. At specimen collection, phleboto-
mists should ensure that the area is cleared of identifi-
cation information from other patients. The sample(s)
should be collected and labeled in front of the patient.
The specimen should be sent to the laboratory with the
test request. Upon acceptance into the laboratory, the
identifiers on the specimen should match the requisi-
tion and/or electronic order. Non-bar-coded speci-
mens should be accessioned, labeled with a bar code
(or relabeled, if necessary), processed (either manually
or on an automated line), and sent for analysis.
Identification of the specimen should be carefully
maintained during centrifugation, aliquoting, and anal-
ysis. Most laboratories use bar-coded labeling systems
to preserve sample identification.

Patient and specimen ID errors can also occur dur-
ing the analytical phase. Automated analyzers use bar
codes to identify specimens during analysis and
results reporting. For manual assays, laboratories
should carefully match identifiers on specimens with
work lists. Laboratories should carefully monitor
repeats, dilutions, add-ons, and reflex testing, particu-
larly if these are manual processes. In addition, proce-
dures should be in place to ensure that bar codes are
accurately printed because poorly or misprinted bar
codes may be read incorrectly by laboratory instru-
ments [100]. Such procedures may include regular
cleaning and servicing of label printers.

Misidentification also occurs in the post-analytical
phase of testing. Results from automated analyzers are
electronically transferred to middleware or the LIS,
where rules may dictate whether results are autoveri-
fied or require attention from a technologist or pathol-
ogist. With manual assays, results are manually
entered and technologists must match patient identi-
fiers on specimens, work lists, or result printouts with
information in the LIS. Most LISs are interfaced with
hospital information systems to report results in indi-
vidual patient’s charts. In the absence of electronic
medical records, laboratory representatives must print
laboratory results and fax or mail them to treating
physicians.

Misidentification errors can occur at any point in
this complex process, leading to outcomes ranging
from harmless to severe. Outcomes are far less likely
to be severe if the error is identified and fixed prior to
reporting the results. For this reason, groups such as
TJC, CAP, and the Institute of Medicine have made
misidentification errors a priority [101,102]. Since the
implementation of many related initiatives, error rates
have been reduced, but problems persist [102].

CASE REPORT An endocrinologist contacted the
clinical laboratory regarding discrepant laboratory
results. Her patient was a 30-year-old female with a
past medical history of acromegaly and resected pitui-
tary tumor. Although stable after surgery, the patient
had occasional headaches but no visual field distur-
bances. Pertinent laboratory values included the fol-
lowing: insulin-like growth factor-1 (IGF-1), 1265 ng/
mL (normal range, 114�492 ng/mL); and growth hor-
mone (GH), 0.1 ng/mL (normal, ,8.0 ng/mL). Upon
investigation, the IGF-1 testing was performed on
plasma, whereas the GH assay was performed on
serum. Both specimens were manual aliquots made by
specimen processing staff in the laboratory. Testing of
the primary tubes retrieved from refrigerated storage
revealed a GH result of 40 ng/mL and IGF-1 of
1195 ng/mL. This case is an example of specimen mis-
identification that occurred during manual aliquoting
in the laboratory. When possible, laboratories should
use automated specimen processing equipment,
including an aliquoting device. If unavailable or not
appropriate for a particular analyte, laboratories
should employ a strict procedure for manual aliquot-
ing that ensures careful attention to patient identifica-
tion. This case prompted the clinical laboratory to
implement a system in which specimens were ali-
quoted one at a time and not in a batch. In addition,
the processing technologist is asked to initial all
aliquots.

In this case, the mislabeled specimen was identified
because of a discrepancy between laboratory values
and the clinical picture. No treatment decision was
made based on these results. However, it is best to
identify mislabels prior to reporting the results.
Specimens that arrive with multiple labels should be
carefully checked to ensure that all identifiers match.
Furthermore, paper requisitions should be matched to
specimen tubes. Suspicious specimens should be
rejected or investigated by blood typing, DNA testing,
or delta checking [99]. In many cases, there are no
obvious signs of misidentification on the tube or requi-
sition; therefore, laboratories must utilize other tools to
identify these specimens.

CASE REPORT A patient reported to a busy clinic
for preoperative laboratory work. Specimens were col-
lected for complete blood count/differential, electro-
lytes, and a coagulation panel. The samples were
received by and processed in the laboratory. Prior to
release of results, an instrument flag revealed that a
delta check rule had failed. The patient’s hemoglobin
value changed from 12.3 to 8.7 g/dL within 48 hr. This
prompted an investigation by the technologist, who
first confirmed that the patient had no recent transfu-
sion history. She sent an aliquot of the sample to the
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blood bank, where it was confirmed that the blood
type in the aliquot did not match that in the patient’s
record. The error was a result of misidentification of
specimens. All tests ordered for the patient were can-
celed, and specimens were redrawn and tests repeated.
Repeat results revealed a hemoglobin of 12.2 g/dL. In
this case, the combination of delta checks and blood
typing confirmed a misidentification error and poten-
tially averted an unnecessary transfusion prior to sur-
gery. Furthermore, this case emphasizes the need for a
clear hospital-wide policy on correction of misidenti-
fied specimens outlining times when it is appropriate
to change results, recollect, or confirm original results.

Delta checks are a simple way to detect mislabels. A
delta check is a process of comparing a patient’s result
to his or her previous result for any one analyte over a
specified period of time [103,104]. The difference or
“delta,” if outside pre-established rules, may indicate a
specimen mislabel or other pre-analytical error.
Laboratories should determine the difference in con-
centration (or relative change) as well as the time inter-
val that is most appropriate for each analyte’s delta
check. With the increasing use of automation and mid-
dleware, delta checks have become a common practice
for core laboratories [104,105]. Delta checks are most
often set up for assays with little intraindividual varia-
tion that are tightly regulated within patients, includ-
ing mean corpuscular volume (MCV), creatinine, BUN,
bilirubin, and total protein [103]. Simulation studies
demonstrated that delta checks for MCV, hematocrit
(HCT), BUN, and creatinine are the most sensitive for
detecting mislabeled specimens [105]. Furthermore,
medical centers should establish their own delta
checks based on their individual patient population.
For example, delta checks for creatinine and BUN may
not be appropriate for a large dialysis clinic, whereas
HCT delta checks may be ineffective in a large hema-
tology/oncology practice. Furthermore, with the previ-
ously identified mislabel rate of approximately 1/1000
in 2006 [106], only MCV has a high enough positive
predictive value to detect all mislabels [105].
Advancements in middleware may allow us to design
multianalyte delta checks with better predictive ability.

Delta checks are not appropriate for all analytes
because of high intraindividual variabilities. For exam-
ple, GH from a previous case report shows diurnal
variation: Concentrations at night are significantly
higher than in the morning. Thus, laboratories should
employ measures to prevent mislabels at their source.
Laboratories should adopt a strict specimen rejection
policy to reduce entry of questionable specimens into
the analytical process [99]. For example, laboratories
may decide to reject all specimens that arrive unla-
beled or that show disagreement between the requisi-
tion and label on the specimen unless they are

irreplaceable (i.e., CSF specimens collected from
infants or neonates, surgical specimens, etc.).
Furthermore, laboratories are required by CAP to con-
duct periodic audits of patient records from requisition
to result into the patient chart to search for errors.
Intermittent and continual audits of patient ID bands
are also helpful for reducing misidentification [99].
Data show that when laboratories monitor their identi-
fication errors on a regular basis, fewer errors occur
[107]. Finally, utilization of new technology signifi-
cantly reduces error rates. Reduction of manual steps
removes opportunity for error. Bar coding linked with
electronic order reduces manual steps at specimen col-
lection and accessioning [102]. Errors do still exist with
bar coding, prompting some laboratories and automa-
tion platforms to adopt radio frequency identification
(RFID) [99,100,108]. Laboratory automation reduces
manual steps, such as aliquoting and manual order
and results entry, thereby reducing misidentification
errors [102].

CASE REPORT A 68-year-old male presented to the
hospital with sharp abdominal pain. The patient
underwent an appendectomy and received 1 unit of
type A blood. The patient developed disseminated
intravascular coagulation and died 24 hr after receiv-
ing the transfusion. Postmortem analysis of the
patient’s blood revealed that he was actually type O.
The patient had been sharing a room with another
patient whose blood was type A. The specimen sent to
the blood bank had been inappropriately labeled [109].

This is a rare case in which the wrong patient’s
blood was in the tube sent to the blood bank. Deaths
related to ABO incompatible acute transfusion reac-
tions occur in approximately 1/600,000 patients [110].
The most common error leading to a transfusion reac-
tion is misidentification of a specimen at collection
[111], and it is responsible for up to 22% of ABO
incompatible transfusions [110]. The International
Society of Blood Transfusion Biomedical Excellence for
Safer Transfusion Committee performed a study exam-
ining the rate of ABO and RhD (rhesus blood group D
antigen) testing that did not match previous result(s);
this phenomenon was termed “wrong blood in tube”
(WBIT) and occurred in approximately 1/1786 speci-
mens [112,113]. An analysis of 122 clinical laboratories
by CAP found that WBIT occurred in approximately
1/2500 samples [114]. These and other studies
prompted TJC to place correct patient identification
and prevention of misidentification-related transfusion
errors as the first goal among their National Patient
Safety Goals [101].

To reduce the rate of WBIT and misidentification
errors in the blood bank, TJC recommends the use of
two unique identifiers for each patient when collecting
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and administering blood components [101]. The
American Association for Blood Banks requires two
separate determinations of blood type for patients
receiving blood in facilities using computer cross-
match. CAP checklists require phlebotomists to
positively identify patients by verifying two unique
identifiers before specimen collection. Furthermore,
they require that all specimens be labeled at the time
of collection [115]. Since international focus on mis-
identification prevention began in the early 2000s,
numerous institutions have published methods to suc-
cessfully reduce WBIT, including (1) matching requisi-
tions to patient information on the accompanying
specimen and in the electronic order system [107], (2)
implementation of an electronic error monitoring sys-
tem [106], (3) introduction of patient identification
technologies such as bar coding and RFID
[102,115�117], and (4) ABO/Rh testing analysis of two
separate specimens for all patients with no blood type
on file [118]. For more details on misidentification
errors in transfusion medicine, see Chapter 17.

Despite great successes in reducing WBIT and other
specimen misidentification errors, they still persist
[102]. Laboratorians and hospital personnel should
implement and continue vigilant error review and pro-
cess improvement programs to prevent morbidity and
mortality associated with specimen misidentification.

CONCLUSIONS

Because most errors occur in the pre-analytical
phase of laboratory testing, it is important to have
robust procedures in place in the laboratory to elimi-
nate various errors that may occur in this phase.
Proper blood collection procedure, transport of speci-
mens, and timely centrifugation ensure not only good
specimen integrity but also accurate test results.
Sample misidentification may cause serious errors in
laboratory test results and may cause significant mor-
bidity or even mortality, especially if a blood typing
specimen is mislabeled. Good laboratory practice
involves careful attention not only in the analytic
phase but also in the pre- and post-analytical phases.
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Hemolysis, Lipemia, and High Bilirubin
Effect on Laboratory Tests

Steven C. Kazmierczak
Oregon Health & Science University, Portland, Oregon

INTRODUCTION

A wide variety of pre-analytical factors can adversely
impact the integrity of specimens that are submitted for
analysis, including improper or incorrect use of collec-
tion containers, excessive time delay from specimen col-
lection to analysis, failure to store specimens at an
appropriate temperature prior to analysis, failure to
shield the specimen from direct light, and collection of
the specimen at the wrong time of day or at an inappro-
priate time following the administration of certain med-
ications [1]. Prevention of medical errors in health care
has received a great deal of attention since the publica-
tion in 2000 of the report from the Institute of Medicine
that estimated that medical errors result in approxi-
mately 44,000�98,000 preventable deaths and 1 million
excess injuries each year in U.S. hospitals [2]. Therefore,
accurate laboratory test results are important in order
to prevent medical errors because diagnoses of many
diseases today are based on laboratory test results.
Although medication errors are most often cited as the
main cause of medical errors, inappropriate treatment
of patients due to incorrect test results caused by inter-
fering substances has been noted to be a factor contrib-
uting to medical errors [3�5]. Interference in clinical
assays is often underestimated and often undetected in
clinical laboratories [6]. Pre-analytical errors due to
endogenous interfering substances are perhaps one of
the most common causes of errors that occur in labora-
tory testing.

In principle, interferences that affect the spectropho-
tometric measurement of a sample can be reduced by
use of an adequately blanked analytical method.
However, this is often not practical or easy to imple-
ment. In addition, endogenous interfering substances

can cause not only spectral interference but also chemi-
cal interferences in some assays. Also, endogenous
interference due to hemolysis can increase the concen-
trations of those analytes that are present in the erythro-
cytes. Although common endogenous interferences
such as hemolysis, lipemia, and icterus are known to
interfere with photometric assays, interference with tur-
bidimetric methods and immunoassays has also been
reported.

The prevalence of endogenous interfering sub-
stances seen in patient samples submitted for analysis
can be significant, but the actual frequency at which
interferences occur can be difficult to estimate. One
study that investigated the prevalence of endogenous
interferences seen in outpatients found that 9.7% of
samples submitted for analysis contained at least one
endogenous interfering substance [7]. Of the samples
considered to have some type of endogenous interfer-
ing substances, 76% were considered to be lipemic,
16.5% were hemolyzed, and 5.5% were icteric.
However, significant differences in the incidence of
endogenous interferences have been noted with
respect to where patients are located within a hospital
setting.

Observations by both physicians and clinical labora-
tory staff suggest that the rate of hemolysis in samples
collected in emergency departments significantly
exceeds that in samples drawn in other hospital loca-
tions. Another study that evaluated a total of 4021
samples found that hemolyzed samples were more fre-
quently seen in samples collected in the emergency
department compared to samples obtained from the
medical unit [8]. Of the 2992 specimens collected in the
emergency department, 372 (12.4%) were hemolyzed,
whereas of the 1029 samples from the medical unit, 16
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(1.6%) were hemolyzed. The use of trained phleboto-
mists to collect blood from patients in the medical
unit, whereas the emergency department utilized
nurses not formally trained in phlebotomy practices,
was suggested to play a significant role in the differ-
ences seen in the rates of hemolysis.

The incidence of endogenous interfering substances
seen in specimens submitted to the clinical laboratory
is dependent on a number of factors, including the
patient population being served (i.e., neonates, dia-
betics, elderly, patients on total parenteral nutrition,
inpatients vs. outpatients, etc.), use of skilled phleboto-
mists versus minimally trained health care providers,
and elapsed time from collection of sample to proces-
sing and analysis. Also important is the mechanism
that is used to identify the presence of endogenous
interfering substances. Visual inspection of samples for
identification of interfering substances is still in use by
laboratories, although this practice is rapidly being
supplanted by the use of instruments with the capabil-
ity to detect and quantify the amount of interference
present. Manual visual detection of endogenous inter-
ferences is noted to suffer from significant lack of
agreement between individuals and also vastly under-
estimates the actual number of samples that have
levels of endogenous interfering substances that can
cause assay interference. Also, increased concentra-
tions of bilirubin can result in underestimation by
visual means of the amount of plasma hemoglobin
that is present in hemolyzed samples. This situation is
frequently seen in samples collected from newborns,
who often show increased bilirubin concentrations and
whose samples are often hemolyzed. Thus, the use of
automated systems for detection of endogenous inter-
fering substances is imperative if proper evaluation of
these types of samples is to be accomplished. One
study that utilized an algorithm for the detection and
processing of clinically or analytically relevant
amounts of hemolysis found that automated detection
of relevant hemolysis was approximately 70-fold high-
er compared to when sample hemolysis was assessed
by manual detection [8].

Despite the vast number of publications that have
addressed the problems of endogenous interfering sub-
stances, there is still a significant lack of understanding
concerning sources of endogenous interferences. For
example, artificial substitutes such as Intralipid used to
mimic lipemia often do not behave the same as samples
with native lipemia [9]. Despite this, virtually all studies
designed to assess the effect of lipemia utilize Intralipid
to evaluate this interference. Other aspects of interfer-
ence testing often ignored or overlooked include
whether the interfering substance produces similar
interference effects at different analyte concentrations.
Evaluation of endogenous interfering substances should

be performed at several different concentrations of ana-
lyte. For example, a 10% bias in the measured concen-
tration of 100 mg/dL of glucose due to 300 mg/dL of
plasma hemoglobin may be insignificant when the glu-
cose concentration in the sample is 200 mg/dL.

EFFECT OF HEMOLYSIS ON
LABORATORY TESTS

Hemolysis is the disruption of the erythrocyte
membrane with release of hemoglobin and other intra-
cellular components into the surrounding serum or
plasma. Intracellular components released in high con-
centrations from erythrocytes include enzymes such as
lactate dehydrogenase (LDH) and aspartate amino-
transferase (AST), as well as electrolytes such as potas-
sium and magnesium. In cases of massive hemolysis,
the release of intracellular fluid from erythrocytes can
even result in the dilution of serum or plasma analytes,
such as sodium, that are usually present in low con-
centrations within erythrocytes.

Normally, serum and plasma contain very low con-
centrations of free hemoglobin, with plasma containing
less than 2 mg/dL and serum less than 5 mg/dL.
Visual detection of hemolysis does not occur until the
free hemoglobin concentration is greater than
20�70 mg/dL. The ability to visually detect hemoglo-
bin in serum or plasma is affected by the concentration
of other compounds present in the sample. For exam-
ple, serum or plasma from patients who are jaundiced
can mask hemolysis when hemolysis is estimated by
visual means. Thus, samples with moderate hemolysis
and free hemoglobin concentrations of 100�150 mg/
dL may go undetected when visual assessment of sam-
ples is performed [10].

Hemolysis can be caused by a variety of mechan-
isms, including physical disruption of cells and by
immunological and chemical means. Hemolysis can be
divided into in vivo hemolysis and in vitro hemolysis.
When red cell lysis occurs within the body with subse-
quent release of intracellular components into the
plasma, this is termed in vivo hemolysis. In contrast,
when lysis of cells following the collection of blood
occurs, it is termed in vitro hemolysis. Common causes
of in vivo and in vitro hemolysis are shown in
Table 5.1.

In Vivo Hemolysis

In vivo hemolysis can be categorized on the basis
of where red cell destruction occurs. Intravascular
hemolysis occurs when erythrocytes are destroyed
while the cells are still within the vascular system,
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whereas extravascular hemolysis is due to destruc-
tion of red cells by the phagocytic system in the
liver, spleen, or bone marrow. It is important to rec-
ognize and differentiate between in vivo and in vitro
hemolysis because analytes such as potassium or
LDH that might not be reported in samples showing
in vitro hemolysis should be reported in samples
with in vivo hemolysis. For example, increased potas-
sium in a sample with in vitro hemolysis can be
assumed to be artifactual and not representative of
the patient’s true potassium concentration. However,
increased potassium measured in a patient with
in vivo hemolysis represents the true intravascular
potassium in the patient.

In vivo intravascular hemolysis is typically charac-
terized by increased LDH, decreased haptoglobin, and
increased urine hemoglobin concentration. The
increased LDH is the result of release of the enzyme

from erythrocytes, whereas the decreased haptoglobin
is the result of binding of haptoglobin to free hemoglo-
bin. Hemoglobin, which is a tetramer, is rapidly bro-
ken down in plasma to dimers, with the resultant
hemoglobin�haptoglobin complex being rapidly
cleared. The half-life of the hemoglobin�haptoglobin
complex is approximately 10�30 min due to rapid
elimination by the monocyte�macrophage system,
whereas the half-life of free haptoglobin is 5 days [11].
Haptoglobin becomes saturated when free hemoglobin
concentrations exceed approximately 150 mg/dL.
Plasma hemoglobin not bound to haptoglobin is read-
ily filtered through the glomerulus and will be
excreted in the urine, resulting in hemoglobinuria.
Note that low haptoglobin concentrations without
in vivo hemolysis may be seen in newborns and young
children and in those individuals with haptoglobin
deficiency [12].

The free hemoglobin will produce a positive reac-
tion for heme protein when measured using a urine
dipstick. The free hemoglobin dimers that remain in
circulation are oxidized to form methemoglobin,
which dissociates to produce free heme and globin
chains. The oxidized free heme binds to hemopexin
and is removed from circulation by the liver, spleen,
and bone marrow. Heme is further metabolized to
eventually form unconjugated bilirubin. Measurement
of hemopexin, methemoglobin, and unconjugated bili-
rubin can be helpful in the differentiation of in vivo
intravascular or extravascular hemolysis from in vitro
hemolysis. In vivo hemolysis due to immunohemolytic
causes such as ABO transfusion reactions, paroxysmal
cold hemoglobinuria, and idiopathic autoimmune
hemolytic anemia or due to use of certain drugs can
result in further hemolysis of sensitized erythrocytes
during the process of blood collection, clot formation,
and centrifugation. Thus, the collection of a sample
anticoagulated with heparin can help eliminate fur-
ther hemolysis that might occur in vitro during clot
formation. Recommended criteria have been pub-
lished for helping differentiate in vivo from in vitro
hemolysis [13]:

• Collect both serum and plasma samples.
• Because anticoagulation of blood helps minimize

in vitro hemolysis, perform all tests on plasma
whenever in vivo hemolysis is suspected.

• Measure hemoglobin and potassium concentrations
and LDH activity in the serum and plasma
specimens.

• Specimens with increased LDH activity and
hemoglobin concentrations but normal potassium
concentrations indicate in vivo hemolysis.

• Measure haptoglobin, hemopexin, and the
reticulocyte count to confirm in vivo hemolysis.

TABLE 5.1 Potential Causes of in Vivo and in Vitro Hemolysis

IN VIVO HEMOLYSIS

Extravascular hemolysis

Enzyme deficiencies (e.g., glucose-6-phosphate dehydrogenase
deficiency)

Hemoglobinopathies (e.g., sickle cell, thalassemia)

Erythrocyte membrane defects (e.g., hereditary spherocytosis)

Infection (e.g., Bartonella, Babesia, malaria)

Autoimmune hemolytic anemia

Other (e.g., hypersplenism, liver disease)

Intravascular hemolysis

Microangiopathy (e.g., prosthetic heart valve, thrombotic
thrombocytopenic purpura)

Transfusion reaction

Infection (e.g., sepsis, severe malaria)

Paroxysmal cold hemoglobinuria

Paroxysmal nocturnal hemoglobinuria

IN VITRO HEMOLYSIS

Excessive aspiration force (blood drawn too vigorously, especially
through small or superficial veins)

Catheter partially obstructed

Blood forced into the tube from syringe

Specimen frozen

Mechanical damage (e.g., shaking, excessive force in pneumatic
tubes)

Delay in analysis

Source: Data from Garby and Noyes [11].
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CASE REPORT1 A 58-year-old female was admitted
with a diagnosis of paroxysmal nocturnal hemoglobin-
uria (PNH). Results of her physical examination were
normal. Laboratory results obtained on days 1, 4, 5,
and 7 of her admission are as follows:

Test (Reference

Interval)

Specimen Day 1 Day 4 Day 5 Day 7

Potassium
(3.2�4.6
mmol/L)

P 4.6 3.9

S 4.9 5.5 5.7 4.6

Lactate
dehydrogenase
(133�248 U/L)

P 2830 3020

S 2630 3170 3000 3305

Hemoglobin
(0�50 mg/L)

P 52 162 132

S 297 301 221 210

Haptoglobin
(410�2100
mg/L)

S ,150 ,150 ,150 ,150

Reticulocytes
(0.5�1.5%)

10.6 9.5

P, plasma; S, serum.

Results for the plasma samples collected from this
patient demonstrated increased plasma LDH and
hemoglobin and a normal potassium concentration.
These findings, along with low serum haptoglobin and
increased reticulocyte count, strongly suggest in vivo
hemolysis. Of interest was the finding of higher serum
potassium and hemoglobin concentrations and LDH
activity compared with plasma. These findings suggest
that further lysis of erythrocytes occurred during the
process of clotting of serum samples, with subsequent
release of potassium, LDH, and hemoglobin into the
serum. Thus, this patient had in vivo hemolysis due to
PNH. In addition, there is concomitant in vitro hemoly-
sis following the collection of blood into tubes not con-
taining anticoagulant, with further lysis of erythrocytes
occurring during the process of clot formation. It may
be advantageous to collect blood from patients with
immunohemolytic anemia into tubes containing an anti-
coagulant such as heparin in order to prevent further
hemolysis of cells that might occur during clotting.

In Vitro Hemolysis

Poor specimen quality is recognized as the most fre-
quent source of errors in the pre-analytical phase of

testing. Among samples submitted to the clinical labo-
ratory for testing and that are deemed unsuitable for
analysis, in vitro hemolysis accounts for approximately
40�70% of the cases [1,14,15]. In vitro hemolysis can
occur at a variety of stages, including during phlebot-
omy, sample handling and processing, and storage. In
addition, red cell fragility may be more pronounced in
some patients, resulting in a higher likelihood of
in vitro hemolysis. Table 5.2 lists the various causes of
in vitro hemolysis.

In vitro hemolysis can cause a positive or negative
bias in an analyte. The mechanisms causing bias with
in vitro hemolysis include proteolysis of analytes due
to release of intracellular compounds, release of throm-
boplastic substances, dilution of the analyte due to
release of cytoplasmic contents, release of the analyte
from erythrocytes, and analytical interference due to
hemoglobin and other intracellular substances [15].
Analytes such as potassium, LDH, and AST that are

TABLE 5.2 Common Causes of in Vitro Hemolysis and the
Various Stages in which They Occur

Phlebotomy

Collection from catheter

Collection of capillary blood (finger stick or heel stick)

Needle gauge

Length of time that tourniquet is used

Fist clenching by patient

Tube underfilled

Vigorous mixing of sample following collection

Lack of mixing following collection

Transfer from syringe into Vacutainer tube

Specimen transport

Transport via pneumatic tube

Significant time delay in specimen transport to laboratory

Transport of specimen at inappropriate temperature

Specimen processing

Significant time delay between receipt of specimen and
centrifugation

Centrifuge temperature extremes

Speed of centrifugation

Re-centrifugation of previous centrifuged specimen

Poor barrier separation if gel barrier tubes used

Specimen storage

Improper storage temperature following analysis

Length of time that specimen is stored following analysis
1Adapted from Blank et al. [13].
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present within erythrocytes at concentrations greater
than approximately 10 times those seen in extracellular
fluids will cause an increase following hemolysis.
Also, the greater concentration for some analytes, such
as potassium, neuron-specific enolase, and acid phos-
phatase, observed in serum compared with plasma is
due to release of these compounds from platelets dur-
ing fibrin clot formation [16]. Interference from hemo-
globin may be due to the spectral properties of this
compound, which has an absorbance peak at 420 nm
and shows significant absorbance between 340 and
440 nm and between 540 and 580 nm. In addition to
the spectral interference effects of hemoglobin, this
compound may interfere due to the reactivity of its
iron atoms, which can participate in oxidation-
reduction reactions or in reactions that involve hydro-
gen peroxide (see Chapter 8 for examples of tests using
hydrogen peroxide and peroxidase assays). Although
many analytes are subject to interference effects from
in vitro hemolysis, the influence of in vitro hemolysis
on measured potassium concentrations is probably the
most widely recognized. Based on the frequency at
which potassium is measured in the clinical laboratory,
along with the serious consequences of misdiagnosis
of hypokalemia or hyperkalemia, this analyte is widely
recognized as being affected by in vitro hemolysis.

The prevalence of in vitro hemolysis can vary
widely depending on the patient population being
tested; whether trained phlebotomists or inexperienced
individuals are collecting the sample; and whether the
sample is processed on-site or is sent to a remote site
for processing, with significant time delays between
collections and processing. With respect to the type of
patient population that is being tested, the prevalence
of in vitro hemolysis in outpatients has been found to
be approximately 90 times less than that of samples
collected from patients in the emergency department,
in which studies often show in vitro hemolysis to be
present in approximately 10% of samples [17]. Other
hospital locations associated with a high prevalence of
in vitro hemolysis include pediatric and neonatal
wards, in which finger stick and heel stick samples are
often collected and which are associated with high
rates of in vitro hemolysis.

Poor blood collection practices contribute to in vitro
hemolysis. A study that evaluated the root causes of
in vitro hemolysis found that approximately 80% of the
samples with in vitro hemolysis were attributed to
aspirating blood too vigorously through a needle into
a syringe (31%), collecting blood from a butterfly nee-
dle into a syringe (20%), collecting from an intrave-
nous catheter into a syringe (17%), or collecting from
an infusion port into a syringe (12%) [14]. Of interest,
errors in handling, including freezing of specimens,
accounted for 1% of the causes of in vitro hemolysis.

The use of automated analyzers for measuring
plasma hemoglobin in patient blood samples has
proven to be a reliable means of identifying in vitro
hemolysis. Some instruments report in vitro hemolysis
using a semiquantitative scale, whereas others report
the actual plasma hemoglobin concentration. However,
once identified, laboratories utilize a variety of differ-
ent mechanisms for dealing with specimens that are
hemolyzed, including outright rejection of hemolyzed
samples, analysis of hemolyzed samples and reporting
of results with a disclaimer stating that those analytes
affected by in vitro hemolysis may be incorrect, or
correction or adjustment of the measured analyte con-
centration using a correction factor based on the mag-
nitude of hemolysis. The vast majority of laboratories
either reject samples with in vitro hemolysis or analyze
the samples and report the results with a comment
stating that the results may not be accurate.

Reporting a result that has been corrected or adjusted
based on the magnitude of in vitro hemolysis is not a
recommended approach [18]. The wide range of correc-
tion factors that have been proposed for correcting mea-
sured potassium for in vitro hemolysis demonstrates
how problematic the use of correction factors can be. For
example, correction factors that have been proposed for
adjusting potassium in samples with in vitro hemolysis
range from an increase of 0.20 mmol/L of potassium per
100 mg/dL of plasma hemoglobin to an increase of
0.51 mmol/L per 100 mg/dL of plasma hemoglobin
[18,19]. The wide range of correction factors that have
been proposed highlights the fact that factors influenc-
ing hemolysis are not as simplistic as they seem. Factors
such as interindividual variability in erythrocyte hemo-
globin concentrations or in the concentration of erythro-
cytes, the effect of erythrocyte age on intracellular
concentrations of various analytes, and differences in
red cell membrane fragility likely contribute to the dif-
ferences that are seen in recommended correction factors
[19�21]. For example, decreased erythrocyte concentra-
tions may lead to faster flow of cells through the needle
during phlebotomy, resulting in increased shear forces
and cell membrane rupture [22]. Also, variability in
erythrocyte membrane permeability as a result of dis-
ease can impact the effects of in vitro hemolysis. Older
erythrocytes have greater permeability to cations com-
pared to younger cells, and they contain approximately
half the potassium content of younger cells [23,24].
Hemolysis that occurs as a result of mechanical trauma
to cells during blood collection is likely to cause lysis of
older cells containing different concentrations of certain
analytes, whereas hemolysis induced by lysis of all
cells—due, for example, to freezing and thawing of
blood—will induce lysis of all cells. In addition, condi-
tions such as chronic lymphocytic leukemia have been
associated with increased fragility of leukocyte
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membranes, with release of intracellular contents from
these cells during the collection of blood [25].

The mechanisms causing in vitro hemolysis during
collection of blood from a patient may be very different
from the mechanisms that have been employed in stud-
ies designed to investigate the effect of in vitro hemoly-
sis. Mechanisms used to simulate in vitro hemolysis
include osmotic lysis of cells, freeze�thaw cycles, phys-
ical disruption of cells by forcing through a small-bore
needle, physical disruption of clotted blood with a
wooden applicator stick, and homogenization of
whole blood in a blender [19,22,24,26�29]. In addition,
some studies remove platelets and leukocytes prior to
inducing hemolysis, whereas other studies do not.
The use of these different methods to simulate in vitro
hemolysis probably accounts for the wide variability
in results that is sometimes reported regarding the
effects of in vitro hemolysis on measured analyte
concentrations.

Evaluation of the effects of hemolysis on laboratory
test results using paired blood samples collected dur-
ing the same phlebotomy draw, in which one sample
is hemolyzed and the other sample is free of hemoly-
sis, shows that the effects of in vitro hemolysis can be
very different from those in studies in which hemoly-
sis is introduced by artificial means [18]. Methods
used to mimic in vitro hemolysis, such as the addition
of a whole blood lysate prepared by the freezing and
thawing of whole blood or osmotic lysis of cells fol-
lowing the addition of distilled water to packed cells,
typically result in the lysis of all cells, including reticu-
locytes, mature erythrocytes, platelets, and leukocytes.
However, in vitro hemolysis due to mechanical disrup-
tion of cells during blood collection typically does not
result in lysis of all cells. Older erythrocytes are more
prone to shear stresses that occur during sample col-
lection compared with younger cells [30]. Shear stress
that occurs during phlebotomy can result in the forma-
tion of erythrocyte membrane pores that allow the leak
of small ions such as potassium but block passage of
larger molecules such as LDH, AST, and hemoglobin
[31]. Thus, the use of plasma hemoglobin as a marker
of in vitro hemolysis may not show a direct relation-
ship with the loss of small ions, such as potassium,
from cells due to shear stress forces.

CASE REPORT A 74-year-old male was seen by his
physician for a routine physical. A general chemistry
screen consisting of electrolytes and liver and renal
function tests was ordered, and a blood sample was
collected into a plain evacuated tube. The phlebotomist
mentioned to the physician that she had a difficult
time collecting blood from the patient due to the lack
of “good veins,” and she needed to use a 23-gauge
needle to collect the sample because she was out of

21-gauge needles. After collecting the sample, the phle-
botomist placed the tube of blood in a rack and took
her lunch break. She returned 1 hr later, and she cen-
trifuged the sample and removed the serum from the
cells. The technologist who analyzed the sample
observed that the serum had a pink to red color but
failed to note this observation on the report that was
sent to the physician. The following are laboratory
results obtained on serum:

Test (Reference Interval) Result

Glucose (#99 mg/dL) 55

Potassium (3.2�4.6 mmol/L) 5.8

Lactate dehydrogenase (133�248 U/L) 322

Aspartate transaminase (#48 U/L) 62

Alanine aminotransferase (#55 U/L) 18

Creatinine kinase (#200 U/L) 93

The results obtained from this patient were consis-
tent for a sample that had been delayed in processing
to remove the serum from cells and that was also
hemolyzed. The relatively low glucose suggested some
delay in processing, with metabolism of glucose by
cells. The rate of disappearance of glucose in the pres-
ence of blood cells has been reported to be approxi-
mately 10 mg/dL per hour, but the rate increases with
glucose concentration, temperature, and white blood
cell count. The increased AST and LDH could be indic-
ative of liver or skeletal muscle injury, but the normal
alanine aminotransferase and normal creatinine kinase
values suggested that liver or skeletal muscle injury
was not present in this patient and that AST and LDH
were likely increased due to in vitro hemolysis. The
increased potassium was also consistent with in vitro
hemolysis. In addition, the lengthy delay in processing
of the sample could have led to leakage of potassium
out of cells into the serum. The use of small-bore nee-
dles like the one used for collection of blood from this
patient is discouraged because needles larger than 21
gauge have been found to be associated with increased
rates of in vitro hemolysis. Small-bore needles can
cause a larger vacuum force being applied to the
blood, causing increased shear stress on cells and thus
causing them to rupture.

LIPEMIA

Unlike in vitro hemolysis, lipemia is something not
easy to avoid. The following are frequently associated
with lipemia: ethanol use; diabetes mellitus; hypothy-
roidism; chronic renal failure; pancreatitis; primary
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biliary cirrhosis; total parenteral nutrition; and the use
of medications such as steroids, estrogen, and protease
inhibitors. Interference from lipemia is due to the abil-
ity of lipoprotein particles to scatter light and displace
plasma water in the sample. The scattering of light due
to the turbidity caused by triglycerides can increase
the absorbance values of solutions, thereby decreasing
the operating scale for colorimetric methods. The inter-
ference effects due to lipemia can cause either
increased or decreased values depending on whether a
sample blank is used. If the turbidity is too great, no
measurement may be possible due to limits on the lin-
ear range of the assay [32]. Methods based on nephe-
lometry can be adversely affected as a result of light
scatter.

The displacement of plasma water by high triglycer-
ide concentrations can interfere with methods that are
based on measurement in the aqueous portion of the
sample and assume that all samples contain approxi-
mately 93% plasma water. Samples containing very
high concentrations of triglycerides can contain much
less plasma water per unit volume of sample due to
the volume displacement effects of triglycerides.
Pseudohyponatremia, caused by increased triglyceride
concentrations in samples in which sodium is mea-
sured using an indirect method involving dilution of
the sample prior to analysis, is one common example
of interference encountered with lipemic samples (see
Chapter 8 for more details on the water exclusion
effect). Following centrifugation of a lipemic sample,
or if the sample is allowed to stand for a period of
time prior to analysis, the lipids in the sample are not
evenly distributed but tend to concentrate within the
upper portion of the sample. Thus, analytes dissolved
in the aqueous phase of the sample will be at much
lower concentrations in the upper layer, which is pre-
dominantly occupied by lipid. The converse is true for
lipids and lipid-soluble components such as drugs that
are present in higher concentrations in the upper layer
consisting primarily of lipid.

In addition to the interference effects of lipemia
caused by interference in spectrophotometric analysis
and by displacement of plasma water, lipids can also
cause interference by physical�chemical mechanisms.
An analyte that is located primarily in the lipid layer
may not be as accessible to reagents used in the mea-
surement of the analyte or may not be accessible to an
antibody used in immunoassay methods. Also, lipids
may affect electrophoretic and chromatographic sepa-
ration of analytes [33].

Lipemia causing test interference can be the result
of recent food intake, altered or deranged lipid metab-
olism, or infusion of lipid-containing solutions. Plasma
triglyceride concentrations, primarily in the form of
chylomicrons, increase substantially between 1 and

4 hr after eating, and the chylomicrons and chylomi-
cron remnants remain elevated for 6�12 hr afterwards.
Patients should be fasted for at least 12 hr before blood
samples are collected. For patients who are receiving
parenteral infusion of lipids, the treatment should be
stopped for at least 8 hr prior to collection of blood.

In whole blood, it is difficult to visually detect lipe-
mia unless the triglyceride concentration is greater
than 1000 mg/dL. In serum or plasma, visual detection
is usually observed when triglyceride concentrations
are greater than 300 mg/dL, although the ability of tri-
glycerides to cause turbidity is dependent on whether
the triglycerides are present primarily in the form of
chylomicrons, very low-density lipoprotein (VLDL), or
low-density lipoprotein (LDL) particles. Most analy-
zers are able to evaluate samples for lipemia by mea-
suring at wavelengths above 600 nm.

A variety of methods have been proposed for
removing lipids from serum or plasma. High-speed
centrifugation is often performed because this proce-
dure produces a clear infranatant. Other methods used
include the extraction of lipids with organic solvents
and the precipitation of lipids using various com-
pounds. Some manufacturers add detergents or
enzymes to their reagent in order to remove turbidity.
Use of centrifugation to separate lipids depends on the
type of lipids contributing to the interference. If lipe-
mia is due to chylomicrons, centrifugation at 12,000 g
can help separate chylomicrons. However, if the lipids
present consist primarily of VLDL or LDL particles,
much higher centrifugation is required. Lipemia can
be removed from EDTA samples used for hematology
by centrifugation. However, the cell-free supernatant
that is removed must be replaced by an equal volume
of saline.

The investigation of interference due to lipemia is
difficult because the light scattering properties of chy-
lomicrons and VLDL particles are dependent on the
size of the particles present. VLDL is broken into three
size categories referred to as small VLDL (27�35 nm),
intermediate VLDL (35�60 nm), and large VLDL
(60�200 nm). Only the intermediate and large VLDL
particles are effective at scattering light. Chylomicrons
are a heterogeneous mixture of particles that range in
size from 70 to 1000 nm. Because VLDL particles and
chylomicrons vary greatly in size and triglyceride con-
tent, measured triglyceride concentrations correlate
poorly with sample turbidity [34].

The use of artificial fat emulsions such as Intralipid
to mimic lipemia is often employed to establish the
effect of lipemia on assay interference. Particles in
Intralipid range in size from 200 to 600 nm. Thus,
Intralipid misses the range of values for large VLDL
particles and misses the lower and upper ranges seen
with chylomicrons [35]. Therefore, extreme care should
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be exercised when interpreting the results of interfer-
ence studies that use samples with Intralipid or other
synthetic emulsions added to mimic lipemia [9]. Such
artificially derived samples may not behave in the
same manner as true lipemic samples obtained from
patients.

CASE REPORT A 20-year-old female with a history
of diabetes presented to the emergency department 7
months following discontinuation of her insulin therapy.
She was diagnosed with diabetic ketoacidosis, acute
pancreatitis, and severe hypertriglyceridemia. Values
obtained upon admission and 24 hr later are as follows:

Test (Reference Interval) Result, Admission Result, 24 hr

Glucose (# 99 mg/dL) 312 158

Triglycerides (,150 mg/dL) 15,300 13,500

Sodium (134�143 mmol/L) 125 122

Lipase (, 85 U/L) 458 616

Amylase (, 200) 154 955

The sodium in this patient was measured using indi-
rect potentiometry, in which the sample is diluted prior
to analysis by the ion-selective electrode. This method
of sodium analysis is known to be adversely affected
by the presence of compounds such as lipids, which
displace the aqueous portion of the sample. Use of an
alternate method for measuring sodium would be
appropriate in this case. This patient presented with
severe abdominal pain and was diagnosed with pancre-
atitis. The elevated lipase measured upon admission is
consistent with pancreatitis. However, the normal amy-
lase measured in this same sample was an unexpected
finding. Centrifugation of the sample to remove the
lipemia and re-analysis of the sample showed the amy-
lase in the sample collected 24 hr following admission
to be 955 U/L. The laboratory director confirmed that
the method used for analysis of amylase is affected by
lipemia, which causes falsely decreased values [36].

ICTERUS

Increased concentrations of bilirubin are another
source of endogenous interference. Bilirubin has high
absorbance between wavelengths of 340 and 500 nm.
Thus, methods that rely on measurement at these wave-
lengths are prone to interference effects from bilirubin.
In addition to the spectral properties of bilirubin, this
compound can also react chemically with reagents. For
example, bilirubin can react in oxidase/peroxidase-
based assays such as those used for measurement of
glucose, cholesterol, triglycerides, creatinine, and uric

acid [37]. Bilirubin reacts with hydrogen peroxide
formed in the test system, resulting in lower than
expected test results. Also, bilirubin can interfere with
dyes that bind to albumin. The reduction in absorption
of bilirubin due to oxidation in an alkaline environment
is the main cause for bilirubin interference in some ver-
sions of the Jaffe method for creatinine. In a strongly
acidic environment, the absorption of conjugated biliru-
bin shifts to the ultraviolet wavelengths that can result
in interference with phosphate when the phospho-
molybdate method is used [38].

Visual inspection of samples for the detection of
hyperbilirubinemia is not very sensitive. Samples con-
taining hemolysis make detection even more difficult.
Automated detection of bilirubin by analyzers that
assess the presence of common interfering substances
is the recommended method for identifying samples
that are icteric. Spectral interference from bilirubin can
be eliminated by the use of blanking procedures.
However, chemical interference caused by bilirubin
cannot be eliminated by blanking. The addition of
potassium ferrocyanide or bilirubin oxidase to the
reagent can eliminate interference from bilirubin in
methods based on formation of hydrogen peroxide
(see Chapter 8).

METHODS FOR EVALUATING THE
EFFECT OF ENDOGENOUS INTERFERING
SUBSTANCES ON LABORATORY TESTS

Guidelines have been established for the assessment
of interference effects, and various experimental
designs have been advocated by others [4,39�41]. One
common method used to evaluate the effect of an
interfering substance is to measure the analyte of inter-
est by use of an alternate method known to not be
affected by the interfering substance. The most com-
mon approach used to assess interference effects is to
add serially higher concentrations of the interfering
substance to aliquots of the same matrix and then mea-
sure the substance of interest in each aliquot. The effect
of the interfering substances can be assessed by use of
regression analysis by plotting measured analyte con-
centration versus the concentration of interfering sub-
stances. If the slope obtained from the regression
analysis differs by some predetermined value (i.e.,
6 10%), then interference is determined to be present.
Unfortunately, most of the experimental models used
to assess the effect of interfering substances make the
assumption that interference is not related to the con-
centration of the analyte being measured [39�41]. For
example, a 0.5-mg/dL positive bias caused by 150 mg/
dL of plasma hemoglobin observed in a sample with a
baseline total bilirubin concentration of 0.5 mg/dL
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would represent a 100% increase in total bilirubin.
This finding would be extrapolated to infer that a sam-
ple with a baseline total bilirubin concentration of
10.0 mg/dL would show a measured concentration of
20 mg/dL if in vitro hemolysis of 150 mg/dL of plasma
hemoglobin was present. Unfortunately, this type of
analysis may be inappropriate and misleading when
applied to analytes where the effect of interfering sub-
stances is dependent on analyte concentration.

At least three types of interference have been dem-
onstrated to contribute to the effect of interfering sub-
stances [42]: analyte-dependent, where the magnitude
of the interference effect is dependent on the concen-
tration of the analyte of interest; analyte-independent,
where the magnitude of the interference effect is con-
stant regardless of the analyte concentration; and a
combination of the previous two, where the effect of
an interfering substance is dependent on both the con-
centration of the analyte and the concentration of the
interfering substance. A model for assessing the rela-
tive contribution of each of these three types of inter-
ference effects has been described [42]. Briefly, this
model involves the creation of a series of aliquots con-
taining the analyte of interest at various concentra-
tions. Each aliquot is then subdivided, and various
concentrations of suspected interfering substance are
added. This results in a matrix containing the analyte
of interest at several different concentrations, with
each concentration containing the suspected interfering
substance at various concentrations.

CONCLUSIONS

The effects of endogenous interfering substances on
laboratory test results have been widely studied, often
with conflicting or inconclusive results. Endogenous
interfering substances can cause erroneous test results
and lead to inappropriate patient care if acted upon.
Collection of another sample not containing the inter-
fering substance, or providing an alert that the test
result may be inaccurate due to the presence of an
interfering substance, is recommended. Many instru-
ments now evaluate and report the level of endoge-
nous interfering substances that may be present.
Utilization of these automated methods for assessing
endogenous interfering substances should help iden-
tify samples that may be inappropriate for analysis.
Manufacturers’ information on the effects of endoge-
nous interfering substances on specific test methods is
often a useful guide as to which analytes are subject to
these effects. In addition to the information provided
by manufacturers, a number of guidelines are available
that can help laboratorians evaluate the effects of inter-
fering substances.
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Immunoassay Design and
Mechanisms of Interferences

Pradip Datta
Siemens Healthcare Diagnostics, Tarrytown, New York

INTRODUCTION

Immunoassays are used in clinical laboratories for
analysis of a variety of analytes, including hormones,
serum proteins, antibodies to infectious or allergic
agents, therapeutic drug monitoring, and drugs of
abuse testing. These immunoassays exhibit high sensi-
tivity and a broad analytical range. In the early days of
immunoassays, the methods were laborious, requiring
skilled labor. However, revolutionary developments in
immunoassay automation during the past 20 years
resulted in fast and effective ways of analyzing many
analytes, and currently more than 100 immunoassays
are commercially available. Most immunoassay meth-
ods use specimens without any pretreatment; are easy
to use; and are run on fully automated, continuous,
high-throughput, random access systems. These assays
use very small amounts of sample volumes (10-
100 μL); reagents may be stored in the analyzer; most
have stored calibration curves on the automated ana-
lyzer system, often stable for 1 or 2 months; and results
can be reported in 10�30 min. Immunoassays offer fast
throughput, automated rerun, autoflagging (to alert for
poor specimen quality such as hemolysis), and high
sensitivity and specificity. Results can be reported
directly into laboratory information systems.
Immunoassays measure the analyte concentration in a
specimen by forming a complex with a specific bind-
ing molecule, which in most cases is an analyte-
specific antibody (or a pair of specific antibodies). The
complex generates signal (e.g., sandwich immunoas-
say), which is then converted into the analyte concen-
tration via a “calibration curve.” The immunoreaction
is further utilized in various formats and labels, giving
a whole series of immunoassay technologies, systems,

and options. However, like every analytical method,
immunoassays suffer from interferences that are
described later in this chapter.

IMMUNOASSAY METHODS
AND ASSAY PRINCIPLES

Immunoassays are homogeneous or heterogeneous
in design, and they have different assay formats and
different types of signal generation (Table 6.1).
Immunoassays are classified by assay format as either
competition or immunometric (commonly referred to
as “sandwich”) assays. Competition immunoassays
work best for analysis of small molecules, requiring a
limited amount of a single analyte-specific antibody
and labeled analyte. In competition immunoassays, the
analyte in the specimen competes with the labeled ana-
lyte for limited antibody binding sites, and the signal
is measured either without separation of bound
labeled antigen�antibody complexes from free labeled
antigen�antibody complexes (homogenous format) or
after separation of bound from free labeled anti-
gen�antibody complexes (heterogeneous format). On
the other hand, sandwich immunoassays are used
mostly for large molecules, such as proteins or pep-
tides, and utilize two different specific antibodies in
the assay design. In sandwich immunoassays, the ana-
lyte in the specimen binds to two different antibodies
that recognize two separate binding sites in the antigen
molecule (different epitopes); one antibody may be
conjugated to a solid phase and the other to a label.
The bound complex is separated from other assay
components by a proper washing protocol, and the rel-
evant amount of label produces the signal. The signal
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in sandwich assays is directly proportional to the ana-
lyte concentration; with low background noise, this
type of immunoassay can be highly sensitive, capable
of detecting very low concentrations of the analyte.
The signals generated are mostly optical—absorbance,
fluorescence, or chemiluminescence.

Depending on the need of separation between the
bound labels (labeled antigen�antibody complex) ver-
sus free labels, the immunoassays may be homoge-
neous or heterogeneous. In the former, the bound label
has different properties than the free label, and no
physical separation between the two is needed. For
example, in fluorescent polarization immunoassay
(FPIA), the free label (which is a relatively small mole-
cule—a few hundred daltons) has different Brownian

motion than when label is complexed to a large anti-
body ($140 kDa). This difference in the fluorescence
polarization properties of the label is utilized to quan-
tify the analyte from the signal generated [1]. In another
type of homogeneous immunoassay, an enzyme is the
label, and the activity of the enzyme may be lost if the
labeled antigen is complexed with an antibody. This
format is the basis of the enzyme multiplied immunoas-
say technique (EMIT) and cloned enzyme donor immu-
noassay (CEDIA) methods [2,3]. In the EMIT method,
the label enzyme, glucose-6-phosphate dehydrogenase,
is active unless the labeled antigen is bound to the anti-
body. The active enzyme reduces nicotinamide adenine
dinucleotide (NAD) to NADH, and the absorbance is
monitored at 340 nm. Similarly, in the CEDIA method,
two genetically engineered inactive fragments of the
enzyme β-galactosidase are coupled to the antigen and
the antibody reagents. When they combine, the active
enzyme is produced, and the substrate—a chromogenic
galactoside derivative—produces the assay signal. In a
third commonly used format of homogeneous immuno-
assay (turbidimetric immunoassay (TIA)), analytes
(antigen) or their analogs are coupled to colloidal parti-
cles made of latex, for example [4]. Because antibodies
are bivalent, the latex particles agglutinate in the pres-
ence of the antibody. However, in the presence of free
analyte in the specimen, there is less agglutination and
the resulting turbidity can be monitored as end point or
as rate. Another example of homogeneous chemilumi-
nescent immunoassay technology is the luminescent
oxygen channeling immunoassay (LOCI), in which
the immunoassay reaction is irradiated with light gen-
erating singlet oxygen molecules in microbeads
(Sensibeads) coupled to the analyte. When bound to the
respective antibody molecule, also coupled to another
type of bead (Chemibead), Chemibeads react with
singlet oxygen and chemiluminescence signals are
generated, proportional to the concentration of the
analyte�antibody complex. This technology is used in
the Siemens Dimension Vista automated assay system
[5]. In the kinetic interaction of microparticle in solution
(KIMS) assay, in the absence of antigen molecules, free
antibodies bind to drug microparticle conjugates form-
ing particle aggregates that result in an increase in
absorption, which is optically measured at various visi-
ble wavelengths (500�650 nm). When antigen mole-
cules are present in the specimen, they bind with free
antibody molecules and prevent formation of particle
aggregates, resulting in diminished absorbance in pro-
portion to the drug concentration. The On-Line Drugs
of Abuse Testings immunoassays marketed by Roche
Diagnostics are based on the KIMS format.

In heterogeneous immunoassays, on the other hand,
the bound label is physically separated from the
unbound label, and the generated signal is measured.

TABLE 6.1 Examples of Various Types of Commercially
Available Immunoassays

Immunoassay
Types

Example Assay Signal

Competition
Immunoassays
(for small
molecules:

FPIA* Fluorescence
polarization

Molecular
weight,1000
Dalton)

(Abbott)
Therapeutic drugs
Abused drugs

EMITs* (Siemens)
Therapeutic drugs
Abused drugs

Absorbance at
340 nm (Enzyme
Modulation)

CEDIAs* (Thermo
Fisher)
Therapeutic drugs
Abused drugs

Colorimetry
(Enzyme
Modulation)

KIMSs* (Roche)
Abused drugs

Optical detection in
the visible
wavelength region

LOCI* (Siemens)
Various analytes

Chemiluminescence

Sandwich TIA*
(Siemens, Roche)

Turbidimetry, latex

(Analytes, MW.

1000 D).
Serum Proteins

CLIA (Siemens)
Hormones, proteins

Chemiluminescence

CLIA (Abbott)
Hormones, proteins

Chemiluminescence

CLIA (Beckman)
Hormones, proteins

Chemiluminescence

CLIA (Roche)
Hormones, proteins

Electro-
chemiluminescence

CLIA- ELISA (Siemens)
Hormones, proteins

Chemiluminescent

*Homogeneous assays.
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The separation is often done magnetically, where the
reagent analyte (or its analog) is provided coupled to
paramagnetic particles (PMPs), and the antibody is
labeled. Conversely, the antibody may also be pro-
vided conjugated to the PMPs, and the reagent analyte
may carry the label. After separation and washing, the
bound label is reacted with other reagents to generate
the signal. This is the mechanism in many chemilumi-
nescent immunoassays (CLIA), in which the label may
be a small molecule that generates a chemiluminescent
signal. Examples of immunoassay systems in which
the chemiluminescent labels generate signals by chemi-
cal reaction are the ADVIA Centaur from Siemens and
the Architect from Abbott [6]. An example in which
the small label is activated electrochemically is the
ELECSYS automated immunoassay system from Roche
Diagnostics [7].

The label may also be an enzyme (enzyme-linked
immunosorbent assay (ELISA)) that generates chemilu-
minescent, fluorometric, or colorimetric signal depend-
ing on the enzyme substrates used. Examples of
commercial automated assay systems using ELISA tech-
nology and chemiluminescent labels are Immulite from
Siemens and ACCESS from Beckman-Coulter [8,9].
Another type of heterogeneous immunoassay uses
polystyrene particles. If these particles are micro-sizes,
the type of assay is called microparticle enhanced
immunoassay [10]. In older immunoassay formats, the
labels were radioactive: radioimmunoassay or RIA.
Today, RIA is rarely used due to safety and waste dis-
posal issues involving radioactive materials.

The main reagent in the immunoassay is the binding
molecule, which is most commonly an analyte-specific
antibody or its fragment. Several types of antibodies or
their fragments are used in immunoassays, including
polyclonal antibodies, which are raised in animals after
the analyte (as antigen) along with an adjuvant are
injected into the animals. Small-molecular-weight ana-
lytes are most commonly injected as conjugates to a
large protein. The animal’s sera is monitored for the
appearance of analyte-specific antibodies, and when a
sufficient concentration of the antibody is reached, the
animal is bled. The serum can be used as the analyte-
specific binder in an immunoassay; however, in most
cases, antibodies are purified from serum and used in
clinically available assays. Because there are many
clones of the antibodies specific for the analyte, these
antibodies are called polyclonal. In newer technologies,
a plasma cell of the animal can be selected to produce
the optimum antibody and then can be fused to an
immortal cell. The resulting tumor cell grows uncon-
trollably, producing only the single clone of the desired
antibody. Such antibodies, called monoclonal antibo-
dies, may be grown in live animals or cell culture.
There are several benefits of monoclonal antibodies

over polyclonal ones. First, the characteristics of poly-
clonal antibodies are dependent on the animal produc-
ing the antibodies; if the source individual animal must
be changed, the resultant antibody may be quite differ-
ent. Second, because polyclonal antibodies constitute
many antibody clones, polyclonal antibodies may have
less specificity than monoclonal antibodies [11�13].
Sometimes, instead of using the whole antibody, frag-
ments of the antibody, generated by digestion of the
antibody by peptidases (e.g., Fab, Fab’, or their dimeric
complexes), are also used as reagents.

The other main reagent component of the immuno-
assay is the label. There are many different kinds of
labels, generating different kinds of signals. For exam-
ple, use of acridinium ester labels, when treated with
peroxide, produces chemiluminescent signals. As
described previously, an enzyme may be used as the
label, which can generate different types of signals
depending on the substrate used for the enzyme.

Although the immunoassay methods are now widely
used, there are limitations and drawbacks to these
methods. One of them is the limitation of the binding
molecule (i.e., the antibody) in terms of its specificity.
Many of the endogenous metabolites of the analyte,
especially if it is a drug molecule, may have structural
recognition motifs that are very similar to that of the
analyte. There are also other molecules different from
the analyte but that produce comparable recognition
motifs as the analyte. These molecules are generally
called cross-reactants. When present in the sample,
these molecules produce falsely elevated (or, in some
instances, falsely lower) results in the relevant immuno-
assay [11�13]. Because monoclonal antibodies are more
specific, immunoassays employing such antibodies in
reagents suffer less from cross-reactivity than do poly-
clonal antibody-based assays, although this may not be
the case for all analytes. Other components in a speci-
men (e.g., bilirubin, hemoglobin, protein, or lipid) may
interfere in the immunoassay by interfering with the
assay signal and thus produce incorrect assay results.
A third type of immunoassay interference involves
endogenous human antibodies in the specimen, which
may interfere with the assay reagent components, assay
antibodies, or the antigen labels. Such interference may
be due to the presence of heterophilic antibodies or var-
ious human anti-animal antibodies in the specimen.

SPECIMEN TYPES USED IN
IMMUNOASSAYS

Serum and plasma are the most common types of spe-
cimens used in immunoassays. Whole blood specimens
must be used for some analytes, such as the immunosup-
pressant drugs (cyclosporine, tacrolimus, sirolimus, and
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everolimus), although the immunosuppressant drug
mycophenolic acid can be monitored in serum or
plasma. Urine is the most commonly used specimen in
drugs of abuse testing. Urine samples are less frequently
affected by hemoglobin or icterus. Turbidity interference
is possible in urine, but the cause is most likely bacterial
growth or urate precipitation. Preservatives in urine,
such as acetic acid, boric acid, or alkali, may interfere in
some urine assays. Cerebrospinal fluid (CSF) specimens
are used for monitoring the integrity of the blood�brain
barrier (by analyzing plasma proteins) or infection in
CSF. The most common CSF interfering substance is
blood contamination with hemolysis. Interference from
turbidity is also possible in such specimens. Other types
of specimens used for immunoassays are saliva, sweat,
tears, ascitic and stomach fluids, and bronchial secre-
tions. Hair and nail specimens have been used to pro-
vide evidence of a longer term history of drug abuse
[14,15]. Amniotic fluid, cord blood, meconium, and
breast milk have been used to determine fetal and peri-
natal exposure to drugs [16].

EXAMPLES OF IMMUNOASSAYS

Immunoassays are commercially available for a
variety of analytes: proteins, hormones, tumor mar-
kers, rheumatoid factor, troponin, small peptides, ster-
oids, and drugs, including the following:

• Anemia markers: ferritin, folate, vitamin B12

• Autoantibodies: to diagnose and monitor
autoimmune diseases

• Cardiovascular disease markers: troponin,
B-natriuretic peptide, myoglobin, etc.

• Diabetes markers: insulin, C-peptide, HbA1c
• Drugs of abuse
• Hormones: reproductive, gastrointestinal, metabolic,

etc.
• Infectious diseases: antibodies to and antigens from

infectious micro-organisms
• Liver disease markers
• Therapeutic drug monitoring: antibiotics,

anticoagulation, anticonvulsant, antidepression,
anti-inflammation, cardioactive, or neoplastic drugs

• Thyroid markers: T4, T3, thyroid-stimulating
hormone (TSH), etc.

• Tumor markers: cancers of breast, colon, prostate,
lung, ovary, etc.

PITFALLS IN IMMUNOASSAYS

Although immunoassays are widely used in the
clinical laboratory, they suffer from the following types

of interferences, rendering false-positive or false-
negative results:

1. Endogenous interfering components that interfere
nonspecifically via “matrix effects” or in signal
generation; for examples, bilirubin, hemoglobin,
lipids, and paraproteins may interfere with
immunoassays using serum or plasma specimens.

2. Interferences from the endogenous and exogenous
components, which cross-react with the antibodies
used to detect the analyte.

3. System or method-related errors, such as pipetting
probe contamination and carryover.

4. Prozone (or “hook”) effect: Depending on the
concentrations of reagent antibodies used in the
assay, very high levels of antigen may reduce the
concentrations of “sandwich” (antibody
1�antigen�antibody 2) complexes (which generate
the assay signal), instead forming mostly single
antibody�antigen complexes. The hook effect
causes significant false-negative results.

5. Heterophilic interference is caused by endogenous
human antibodies in the sample. These antibodies
bind to assay components, generating false results.
These interferences may also be caused by
autoantibodies, macro-analytes (endogenous
conjugates of analyte and antibody), macro-
enzymes, and rheumatoid factors.

It is important to recognize the sources of such dis-
cordant results and conduct follow-up studies to pro-
vide clinically meaningful results. In Chapter 5,
interference of endogenous bilirubin and lipemia was
discussed along with the effect of hemolysis on clinical
laboratory test results. Many drug metabolites cross-
react with the antibody against the parent drug—for
example, the cross-reactivity of carbamazepine-10,11-
epoxide, an active metabolite of carbamazepine, with
various carbamazepine immunoassays. Digoxin immu-
noassays suffer from interferences from endogenous
digoxin-like immunoreactive substances as well as
from a variety of drugs (spironolactone, potassium
canrenoate, and their common metabolite canrenone)
and certain herbal supplements. See Chapter 13 for an
in-depth discussion of interferences in therapeutic
drug monitoring assays. In this chapter, the interfer-
ence of heterophilic antibodies with various immu-
noassays is discussed in detail because this topic is not
addressed in-depth in other chapters.

Interference from Heterophilic Antibodies

Heterophilic antibodies are human antibodies that
interact with assay antibodies, causing false-positive or
false-negative results. The heterophilic antibodies are
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polyclonal and heterogeneous in nature, and they com-
prise the following types: (1) heterophilic antibodies,
which interact poorly and nonspecifically with the
assay antibodies; (2) anti-animal antibodies, which
interact strongly and specifically with the assay antibo-
dies; (3) autoantibodies, which are endogenous human
antibodies that interfere with an assay; (4) therapeutic
antibodies, which are antibodies given therapeutically
that interfere with an assay; (5) macro-analytes or
macro-enzymes, which are oligomeric or polymeric
conjugates of an analyte and/or conjugated with
endogenous antibody; and (6) rheumatoid factors.
Heterophilic antibodies may arise in a patient in
response to exposure to certain animals or animal pro-
ducts, due to infection by bacterial or viral agents, or
nonspecifically.

Although many of the immunoglobulin (Ig) clones
in normal human serum may display anti-animal anti-
body properties, only those antibodies with sufficient
titer and affinity toward the reagent antibody used in
assay may cause clinically significant interference.
Among the anti-animal antibodies, the most common
are human anti-mouse antibodies (HAMA) because of
the wide use of murine monoclonal antibody products
in therapy or imaging. Heterophilic antibody and anti-
animal antibody interferences are often classified
together as heterophilic antibody interferences. Such
interferences have been mostly found with immuno-
metric sandwich assays and less often with competi-
tion assays. Sample dilution and depletion or removal
of interfering antibodies has been recommended to
remove heterophilic antibody interference. A patient
history of exposure to animals or animal products or
autoimmune diseases alerts laboratory professionals to
the possibility of encountering heterophilic antibody
interference in an assay.

Because heterophilic antibodies are found mainly in
serum, plasma, or whole blood, but not in urine, such
interference is absent in analysis of urine specimen for
the same analyte. This provides an excellent way to
detect the interference for analytes that may be present
in both matrices. For example, many case studies with
false-positive human chorionic gonadotropin (hCG) in
serum/plasma have been described in the literature. In
every case, if β-hCG could have been measured in par-
allel urine samples, the false results and the resulting
dire consequences could have been easily avoided
[17,18].

Heterophilic antibody interference may cause critical
impact and clinical misjudgment, resulting in unneces-
sary follow-up testing and unneeded but potentially
dangerous therapy, leading to significant patient mor-
bidity, especially when due to a false-positive hCG
(also a cancer marker) measurement in serum without
investigating a parallel urine specimen. The fact that

such interferences may not be suspected from the
patient history, or that such an effect may be transient
in nature, complicates the responsibility of the clinical
laboratory to report accurate patient results.

Mechanism of Heterophilic Antibody Interference

The interfering antibodies exert their effect by inter-
acting with the assay antibody/antibodies or the ana-
lyte. In many cases, especially with heterophilic
antibodies, the interactions among interfering antibo-
dies and assay antibodies are nonspecific and with
lower avidity. In such cases, if the assay employs equi-
librium conditions, no interference is found. However,
most immunoassays are performed on automated ana-
lyzers. Because clinicians demand increasingly faster
laboratory results, most autoanalyzers use immunoas-
says under nonequilibrium conditions and thus are
more prone to assay interferences.

In the sandwich-type immunoassays, heterophilic
antibodies can form the “sandwich complex” even in
the absence of the target antigen, generating mostly
false-positive results. However, if the interfering anti-
body binds with only one of the assay reagent antibo-
dies (capture or label), false-negative results are
observed, although less frequently than false-positive
results. In general, competition immunoassays are less
affected by antibody interference. Two-site, immuno-
metric sandwich assays (e.g., cardiac troponin I and
human chorionic gonadotropin) are more affected by
heterophilic antibody interference.

Interference from Heterophilic Antibody

Heterophilic antibodies are poorly defined human
antibodies that cause interference by noncompetitive
binding mostly to the Fc region of assay antibodies;
however, instances of heterophilic antibody binding to
other parts of the assay antibody (e.g., idiotope or the
“hinge” region) have also been reported. Heterophilic
antibodies are found more often in sick and hospital-
ized patients, with reported prevalences of 0.2�15%.
However, during approximately the past decade, most
commercial assays have started incorporating blocking
reagents against heterophilic antibodies in their assay
reagent formulation, reducing interference from het-
erophilic antibodies. Although a 2002 study based on a
literature review concluded that the incidence of false
results arising from interference of heterophilic antibo-
dies in various immunoassays is only 0.05% [19], a
2005 study reported a prevalence of 0.2�3.7% of het-
erophilic antibody interference (measured by assay
responses with and without an interference-blocking
reagent) in eight automated tumor marker immunoas-
says [20]. Heterophilic antibodies may be present in
serum in response to microbial infections in patients
[21]. However, interferences from specific anti-animal
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antibodies and complement proteins may often be
reported together as heterophilic antibody interference.
Because heterophilic antibodies are very heterogeneous
in nature, and their concentrations may differ among
individuals, no blocking-reagent can guarantee 100%
protection against such interference. Thus, it is impor-
tant to note that although the frequency of heterophilic
antibody interference may have been reduced, recently
reported cases have a large magnitude of interference,
affecting the clinical interpretation of test results.
There are many examples of incorrect results caused
by heterophilic antibodies, including calcitonin [22],
thyroid [23], and hormones and tumor markers [24].
Examples of false-negative α-fetoprotein (AFP) concen-
trations in serum, thus causing incorrect diagnoses in
second-trimester Down syndrome screening, have
been documented by Mannings et al. [25]. The authors
used a different AFP assay to identify the incorrect
results. Because the false-negative results were cor-
rected after storage of the samples at 4 %oC for 1 week,
the authors concluded that complement proteins acted
as interfering factors.

Interference from Human Anti-Animal Antibodies

Human anti-animal antibodies (HAAA) arise most
often when the patient is exposed to a specific animal
antigen. In the majority of cases, the exposure is from
diagnostic (e.g., tumor targeted imaging agents) or
therapeutic applications of tumor-specific monoclonal
antibodies. Because these antibodies are mostly murine
in source, the most prevalent examples of HAAA are
HAMA, which interfere with mouse antibody-based
immunoassays [26,27]. Digibind, used in treating life-
threatening digitalis toxicity, is the Fab fragment of
sheep anti-digoxin antibodies. Therapeutic insulin
made from pigs may cause generation of anti-pig anti-
bodies in patients. However, currently, most insulin
preparations used in drug therapy are bioengineered
in order to eliminate this problem. Factor VIII, which
is used in therapy, is also prepared from pigs. Many
vaccines are generated in rabbits or chickens (eggs).
Anti-animal antibodies may also arise from contact
with animals (e.g., animal husbandry or keeping of
animals as pets) [28] and the transfer of dietary anti-
gens across the gut wall in conditions such as celiac
disease [29].

HAAA can belong to the IgG, IgA, IgM, or, rarely,
IgE class. When HAAA are elucidated by animal
immunoglobulins, HAAA can have anti-idiotype or
anti-isotype specificity. Anti-idiotype antibodies are
directed against the hypervariable region of the immu-
noglobulin molecule, which binds the antigen, and
anti-isotype antibodies are directed against the con-
stant regions. The anti-idiotype antibodies may again
generate endogenous anti-anti-idiotype antibodies.

Assuming the “mirror-image” principle of idiotypic
antibodies, the anti-anti-idiotype antibody could recog-
nize the original analyte and may bind to it. However,
in general, most HAAA are anti-isotype antibodies.

The magnitude and duration of HAAA vary widely.
Serum concentrations of HAAA range from micro-
grams to grams per liter. The HAAA may be transient
lasting a few days to months and years [30]. The prev-
alence estimates of HAAA, especially HAMA, vary
widely from ,1% to 80% among different hospitalized
patients or outpatients. Several commercial assay kits
are available for estimation of HAMA in human serum
or plasma [31]. However, due to the heterogeneous
nature of HAMA, a negative HAMA test result does
not confirm the absence of all types of HAMA in a
sample.

HAMA interferes mostly with immunoassays that
use murine antibodies in the assay design. As increas-
ingly more monoclonal antibodies (most common
source is mouse) have been used in commercial immu-
noassays, the impact of HAMA interference has
become a serious clinical issue. Although HAMA con-
centration is usually ,10 μg/mL, HAMA concentra-
tions as high as 1000 μg/mL have been reported.
Because HAMA arise from exposure of patients to
mouse antibodies, cancer patients who may have been
exposed to these antibodies as part of imaging or ther-
apeutic agents have higher prevalences of HAMA
(40�70%) than other patients. HAMA can be IgG
(most common), IgM, IgA, or IgE and can be directed
to any part of the monoclonal antibody used in the
assay (Fc, Fab, idiotope, etc.). HAMA incidences and
concentrations are increasing with the increased use of
diagnostic or therapeutic use of monoclonal murine
antibodies. The current tendency to use therapeutic
humanized antibodies is expected to reverse this
trend.

In addition to mouse, rabbit and goat are also used
to generate assay antibodies. Therefore, like HAMA,
immunoassay interference caused by human anti-
rabbit (HARA) and anti-goat antibodies has also been
described. HARA interference was shown in transthyr-
etin, haptoglobin, and C-reactive protein assays [32].

Interference from Rheumatoid Factors

Rheumatoid factors (RFs) are IgM-type antibodies
that interact with assay antibodies at the Fc area. RFs
are present in serum from more than 70% of patients
with rheumatoid arthritis. RFs are also found in
patients with other autoimmune diseases. RF concen-
tration increases in infection or inflammation. RF inter-
ference follows the same mechanism as interference
from other types of antibodies. Therefore, in two-
antibody immunometric assays, RFs bridge the capture
and label antibodies without involving the antigen and
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generate a false-positive signal, thus spuriously elevat-
ing the value of the analyte. In single antibody
competition-type immunoassays, RFs bind to the assay
antibody, preventing its reaction to the label reagent
through steric hindrance, thus generating false-positive
results. If RFs are suspected to cause interference, the
patient’s history needs to be examined to determine if
the RF concentration is expected to be elevated in the
patient’s serum. RF concentration in the serum or
plasma can also be measured using commercially
available immunoassays. RFs can be removed from the
sample by the many separation steps described later in
this chapter. In a study in which RF interference pro-
duced false-positive cardiac troponin I results in an
immunometric assay, the authors inactivated RFs by
incubating the sample with anti-RF antibody and the
interference was eliminated [33].

Interference from Autoantibodies and Therapeutic
Antibodies

Autoantibodies are endogenous patient antibodies
that bind to either the analyte or one of the reagents
used in the assay. Such antibodies are more commonly
observed in patients suffering from autoimmune dis-
eases. Autoantibodies are often identified by gel filtra-
tion separation or polyethylene glycol precipitation of
immunoreactive components from affected sera.

AUTOANTIBODIES TO THE ANALYTE

The autoantibodies may bind to the analyte-label
conjugate in a competition-type immunoassay, produc-
ing false-positive results. Alternatively, they may bind
to the analyte in a sandwich assay or competition
assay that uses a label containing an analog of the ana-
lyte, giving false-negative results. An example has
been described in a cardiac troponin I assay (a marker
for cardiovascular diseases; see Chapter 9) in which an
autoantibody directed against troponin caused nega-
tive interference [34]. On the other hand, Verhoye et al.
[35] reported three patients with false-positive thyro-
tropin results that were caused by interference from an
autoantibody against thyrotropin. The interfering sub-
stance in the affected specimens was identified as
autoantibody by gel filtration chromatography and
polyethylene glycol precipitation, followed by
immunoreaction.

MACRO-ANALYTES

Often, the analyte may conjugate with autoantibo-
dies to create macro-analytes, which may generate
incorrect immunoassay results. For example, macro-
amylasemia and macroprolactinemia may produce
incorrect results in amylase and prolactin assays,
respectively. In macroprolactinemia, the hormone
prolactin conjugates with itself and/or with its

autoantibody to create macroprolactin in the patient’s
circulation. The macro-analyte is physiologically inactive
but often interferes with many prolactin immunoassays,
generating false-positive prolactin results [36]. Such
interference may be removed by polyethylene glycol pre-
cipitation. Another example of macro-analyte is a false-
positive AxSYM troponin I result in an asymptomatic
patient caused by an autoantibody�troponin complex.
The interference was not observed in four other troponin
I immunoassays. Serial dilution and treatment with
mouse serum failed to resolve the discordance, indicat-
ing the absence of HAMA interference. Gel filtration
chromatography and polyethylene glycol precipitation
studies identified the immunoreactive component as an
IgG�troponin complex [37]. On the other hand, the mea-
surement of a macro-analyte of squamous cell carcinoma
antigen with IgM was used to assess the risk of hepato-
cellular carcinoma in patients with cirrhosis by using an
immunoassay targeted to detect the macro-analytes as
tumor markers [38].

AUTOANTIBODY TO A COMPONENT IN THE

REAGENT

In one example, an endogenous anti-avidin antibody
interfered with a theophylline assay that used the avi-
din�biotin system [39]. In this competition-type immu-
noassay, the autoantibody interacted with avidin in the
reagent, interfering in complex formation and causing
false-positive results. Of course, if the assay were sand-
wich type, the reduced signal would have caused false-
negative results. Autoantibodies to various labeled
enzymes (e.g., alkaline phosphatase and peroxidase)
have been reported, and these antibodies may interact
with the label enzyme in ELISA, thus falsely elevating
the results in a competition-type immunoassay.

Therapeutic antibodies are used to bind and inacti-
vate toxic components from circulation or directed
against tumor antigens or immunologic receptors. For
example, Digibind (Glaxo/Burroughs Wellcome), com-
posed of Fab fragments from ovine anti-digoxin anti-
bodies, is used to treat life-threatening digoxin
overdoses, and it interferes with most digoxin assays.
This interference is removable by ultrafiltration or pro-
tein precipitation [40] (see Chapter 13).

HOW TO DETECT AND CORRECT
HETEROPHILIC ANTIBODY

INTERFERENCES

If a test result does not correlate with the clinical
picture, false-positive or false-negative test results can
be suspected, but when false results are subtle and/or
plausible, the results could be misleading. For exam-
ple, a “normal” result may truly be “abnormal,” and a
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disease state of a patient could be missed due to inter-
ference in an immunoassay by heterophilic antibodies.
Use of Bayesian logic based on the prevalence of a dis-
ease may help identify false results in the diagnosis of
a disease [41]. Various ways of detecting heterophilic
antibody and correcting interferences due to the pres-
ence of heterophilic antibody in the specimen are sum-
marized in Table 6.2.

Assay development scientists incorporate steps such
as sample blanking and robust assay design to mini-
mize interferences, including matrix effects arising
from protein and other nonspecific constituents in the
specimen. Thus, during the development of multi-
plexed cytokine assays, researchers screened for and
added appropriate blockers in the reagents to reduce
heterophilic interference [42]. When suspected, the
interfering substance may be removed from the speci-
men by specific agents, ultrafiltration, gel filtration
chromatography, precipitation, or centrifugation prior
to reanalysis. Alternatively, the specimen may be ana-
lyzed by a different method for the same analyte,
which is known to be free from such interference.

If a discordant result is suspected to be caused by
interference from some endogenous antibody, the best
practices to confirm such interference include (1) dilu-
tion linearity study with the specimen; (2) examination
of the patient history (exposure to immunogenic ani-
mals or animal products and history of hyperactive
immune system); (3) assaying the sample, if possible,
using a different immunoassay utilizing different anti-
bodies/reagents; and (4) treating the sample to block
the interference or remove the interfering antibody,
and repeating the assay. This strategy is exemplified in
a false-positive TSH result leading to thyroxin over-
dose. The incorrect result was traced to RF interference
because the sample showed nonlinear dilution.
The interference was removed by treating the sample
with a heterophile blocking reagent. In addition, a
correct result was also obtained using a different
immunoassay [43]. An example of nonlinear dilution
for specimens with heterophilic antibody interference
is shown in Figure 6.1, which shows the effect of
successive dilutions of a HAMA-containing sample
(spiked with 32 μg/mL of theophylline) versus those

TABLE 6.2 Different Sources of Heterophilic Interference, their Detection, and Reduction

Antibody Detection Reduction

Heterophilic antibody
(Weak Interference)

Serial dilution producing
non-linear results

1. Non-specific animal serum ‘Cocktail’ of animal sera
2. Blocking agent changes result Serial dilution or blocking agent

Heterophilic antibody*
(Strong interference)

Serial dilution producing
non-linear results

1. Serial dilution but preferably by using blocking agent.

Complement Proteins
(Specific, strong interference)

Complement assay 1. Heat inactivation
2. Use Fab or F(ab’) antibodies in assay design

Rheumatoid Factor (RF)* Test for RF Treat with anti-RF antibody

*For small non-protein bound analytes, use ultrafiltration or solid phase conjugated to Protein A or Protein G to remove interfering antibodies.
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FIGURE 6.1 HAMA interference detected by sample serial
dilution.
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of a serum-based calibrator for the assay (60 μg/mL) in
a theophylline immunoassay using a mouse anti-
theophylline antibody. The HAMA sample interferes
with the assay and reads 59 μg/mL when assayed
undiluted (false-positive value). After successive dilu-
tions (1.3-, 2-, 4-, 6-, and 12-fold with the assay dilu-
ent), the interfering antibody is diluted enough so as
not to cause any interference in the assay. The slope of
a line fitted through the lowest three dilutions indi-
cates a theophylline concentration of 31.1 μg/mL, close
to the original spike value (Datta et al., unpublished
data). However, dilutions do not always provide the
correct analyte value in the sample because of
increased imprecision in the low end of the assay and
because of the “matrix effect” between the calibrator
matrix and a patient sample.

As described previously, a patient history of any
exposure to animal antibodies, illness, or exposure to
animals should also alert for heterophilic antibodies or
HAAA as possible sources for inaccurate results. At
that time, the assay insert should be examined for the
types of antibodies and heterophilic antibody blockers
used in the assay.

There are various types of commercial or home-
brew blockers for heterophilic antibody or HAAA
[44,45]. The blocker can be nonimmune animal serum,
polyclonal antibody, polymerized IgG, nonimmune
mouse monoclonals, or a mixture of monoclonal anti-
bodies or fragments of IgG [Fc, Fab, or F(antibody’)2]
preferably from the same species used to raise the
reagent antibodies. As expected, although the nonspe-
cific heterophilic interference can be mitigated by addi-
tion of nonimmune serum to the reagents, purified
IgG, preferably of the same subtype as used in assay,
is better than serum in reducing the more specific and
stronger binding HAAA.

Several blocking agents are commercially available:
Immunoglobulin Inhibiting Reagent (IIR;
Biorecalamation), Heterophilic Blocking Reagent (HBR;
Scantibodies), Heteroblock (Omega Biologicals), and
MAB 33 (monoclonal mouse IgG1) and Poly MAB 33
(polymeric monoclonal IgG1/Fab; Boehringer
Mannheim). IIR is a proprietary formulation of high-
affinity anti-animal antibody, and HBR is monoclonal
mouse anti-human IgM. A suspected discordant sam-
ple (e.g., a sample giving false-positive hCG results)
may be separately incubated with the blocker and then
re-assayed [44]. Reinsberg [45] studied the efficacy of
various blocking reagents in eliminating HAMA inter-
ference. In another example, a clinically discordant
false-positive serum myoglobin result (where another
cardiac marker concentration, such as troponin I, was
negative) was attributed to HAMA interference. The
interference could be removed by the use of HBR [46].
Most commercial assay reagents include such blockers,

but due to the heterogeneous nature of the interfering
antibodies, no blocker can guarantee success in all
samples.

Nonspecific and weaker heterophilic antibody inter-
ferences can even be mitigated by incubating the sam-
ple with any nonimmune animal serum (even one
different from the source of the assay antibody). Use of
a “cocktail of animal sera” to reduce heterophilic inter-
ference has been suggested [31]. Thus, heterophilic
interference in a lutropin immunoassay was reduced
equally by adding mouse, sheep, or goat sera to the
sample [47]. If the interference is complement medi-
ated involving Fc parts of the interfering antibodies,
heat inactivation of the sample (56�C for 30 min) may
remove the interference [48]. A limitation of this
method is that not all analytes can survive such an
antibody denaturing process.

As previously mentioned, a general concept of pru-
dent assay design is to use Fab or F(ab’)2 fragments of
the analyte-specific antibody, thereby reducing inter-
ference from human anti-isotype antibodies [48].
Kuroki et al. [49] used human/mouse chimeric anti-
body in a carcinoembryonic antigen assay to reduce
HAMA interferences. Another interesting concept is to
use chicken antibodies in the assay because to date no
heterophilic antibody interference against assays using
chicken antibodies has been reported in the literature
[50]. By changing the reaction temperature and allow-
ing a longer time to achieve equilibrium, it may be
possible to reduce heterophilic antibody interference
but not HAAA interference [51]. However, with mod-
ern autoanalyzers, changing reaction temperature or
reaction time is mostly not possible.

If the previously described methods to correct the
interference do not work or cannot be applied, the
interference can be resolved by removing the interfer-
ing substance and re-assaying the clean specimen.
A simple solution to remove antibody interference is
selective removal of the antibodies from a sample. This
can be achieved by selective adsorption of human IgG
by a solid phase containing protein A or protein G
[52]. However, this does not work if the majority of the
interfering antibodies are of the IgM type. Alternately,
the antibody fraction in the sample may be precipi-
tated out with a polyethylene glycol reagent (prefera-
bly PEG 6000) [35]. Low-molecular-weight analytes, if
they are not highly protein bound, may be extracted
away from the interfering immunoglobulins by prepa-
ration of protein-free filtrates via ultrafiltration or pro-
tein precipitation (using trichloroacetic acid,
sulfosalicylic acid, or ammonium sulfate). The centrifu-
gal ultrafiltration is a fast and relatively easy method
that uses 10- or 30-kDa cutoff filter membrane ultra-
centrifugal cartridges (e.g., Amicon’s Microcon or
Centricon). For digoxin assays, this step may not only
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remove antibody interference but also remove interfer-
ence from endogenous digoxin-like immunoreactive
substances (B95% protein bound) or Digibind [53]. On
the other hand, the harsh conditions of acid precipita-
tion may damage many analyte molecules.

CONCLUSIONS

Immunoassays on automated systems are widely
used in today’s clinical laboratories. Various types of
immunoassays have been developed to analyze all
types and sizes of antigens. The assays use photomet-
ric, luminometric, or fluorometric signals and homoge-
neous or heterogeneous reaction types. Serum and
plasma are the main specimen types used for immu-
noassays. Other types of specimens have also been
used. Immunoassays are used not only on the central
laboratory analyzers but also on the patient bedside
point-of-care systems. Despite the excellent sensitivity
and specificity of the immunoassays, they suffer from
interferences: serum constituents, cross-reactants, or
endogenous antibodies. There are various ways to
detect such interferences and obtain accurate results.

References

[1] Jolley ME, Stroupe SD, Schwenzer KS, et al. Fluorescence polar-
ization immunoassay: III. An automated system for therapeutic
drug determination. Clin Chem 1981;27:1575�9.

[2] Hawks RL, Chian CN, eds. Urine testing for drugs of abuse.
Rockville, MD: National Institute of Drug Abuse (NIDA).
Department of Health and Human Services; NIDA research
monograph 1986; 73.

[3] Jeon SI, Yang X, Andrade JD. Modeling of homogeneous cloned
enzyme donor immunoassay. Anal Biochem 2004;333:136�47.

[4] Datta P, Dasgupta A. A New turbidimetric digoxin immunoas-
say on the ADVIA 1650 analyzer is free from interference by
spironolactone, potassium canrenoate, and their common
metabolite canrenone. Ther Drug Monit 2003;25:478�82.

[5] Snyder JT, Benson CM, Briggs C, et al. Development of NT-
proBNP, troponin, TSH, and FT4 LOCI(R) assays on the new
dimension (R) EXL with LM clinical chemistry system [Abstract
B135]. Clin Chem 2008;54:A92.

[6] Dai JL, Sokoll LJ, Chan DW. Automated chemiluminescent
immunoassay analyzers. J Clin Ligand Assay 1998;21:377�85.

[7] Forest J-C, Masse J, Lane A. Evaluation of the analytical perfor-
mance of the boehringer mannheim elecsys 2010 immunoanaly-
zer. Clin Biochem 1998;31:81�8.

[8] Babson AL, Olsen DR, Palmieri T, et al. The Immulite assay
tube: a new approach to heterogeneous ligand assay. Clin
Chem 1991;37:1521�2.

[9] Christenson RH, Apple FS, Morgan DL. Cardiac troponin I mea-
surement with the ACCESS immunoassay system: analytical and
clinical performance characteristics. Clin Chem 1998;44:52�60.

[10] Montagne P, Varcin P, Cuilliere ML, Duheille J. Microparticle-
enhanced nephelometric immunoassay with microsphere-
antigen conjugate. Bioconjug Chem 1992;3:187�93.

[11] Datta P, Larsen F. Specificity of digoxin immunoassays toward
digoxin metabolites. Clin Chem 1994;40:1348�9.

[12] Datta P. Oxaprozin and 5-(p-hydroxyphenyl)-5-phenylhydan-
toin interference in phenytoin immunoassays. Clin Chem
1997;43:1468�9.

[13] Datta P, Dasgupta P. Bidirectional (positive/negative) interfer-
ence in a digoxin immunoassay: importance of antibody speci-
ficity. Ther Drug Monit 1998;20:352�7.

[14] Pichini S, Pacifici R, Altieri I, Pellegrini M, Zuccaro P.
Determination of opiates and cocaine in hair as trimethylsilyl
derivatives using gas chromatography-tandem mass spectrome-
try. J Anal Toxicol 1999;5:343�8.

[15] Palmeri A, Pichini S, Pacifici R, Zuccaro P, Lopez A. Drugs in
nails: physiology, pharmacokinetics and forensic toxicology.
Clin Pharmacokinet 2000;38:95�110.

[16] Dickson PH, Lind A, Studts P, Nipper HC, Makoid M, et al.
The routine analysis of breast milk for drugs of abuse in a
clinical toxicology laboratory. J Forensic Sci 1994;39:2341�5.

[17] Albersen A, Kemper-Proper E, Thelen MHM, et al. A case of
consistent discrepancies between urine and blood human chori-
onic gonadotropin measurements. Clin Chem Lab Med
2011;49:1029�32.

[18] Braunstein G. False positive serum human chorionic gonadotro-
pin results: causes, characteristics, and recognition. Am J Obstet
Gynecol 2002;187:217�24.

[19] Levinson S, Miller J. Towards a better understanding of hetero-
phile (and the like) antibody interference with modern immu-
noassays. Clin Chim Acta 2002;325:1�15.

[20] Preissner CM, Dodge LA, O’Kane DJ, et al. Prevalence of het-
erophilic antibody interference in eight automated tumor
marker immunoassays. Clin Chem 2005;51:208�10.

[21] Covinsky M, Laterza O, Pfeifer JD, Farkas-Szallasi T, Scott MG.
An IgM antibody to Escherichia coli produces false-positive
results in multiple immunometric assays. Clin. Chem
2000;46:1157�61.

[22] Papapetron PD, Polymeris A, Karga H, et al. Heterophilic anti-
body causing falsely high serum calcitonin values. J Endocrinol
Invest 2006;29:919�23.

[23] Chin KP, Pin YC. Heterophilic antibody interference in thyroid
assay. Intern Med 2008;47:2033�7.

[24] Tate J, Ward G. Interferences in immunoassay. Clin Biochem
Rev 2004;25:105�20.

[25] Mannings L, Trow S, Newman J, et al. Interferences in the
autoDELFIA hAFP immunoassay and effect on second-
trimester down’s syndrome screening. Ann Clin Biochem
2011;48:438�40.

[26] Miller RA, Maloney DG, McKillop J, Levy R. In vivo effects of
murine hybridoma monoclonal antibody in a patient with
T-cell leukemia. Blood 1981;58:78�86.

[27] Grossman H. Clinical applications of monoclonal antibody tech-
nology. Urol Clin N Am 1986;13:465�74.

[28] Berglund L, Holmberg NG. Heterophilic antibodies against rab-
bit serum causing falsely elevated gonadotropin levels. Acta
Obstet Gynecol Scand 1989;68:377�8.

[29] Falchuck KR, Iselbacher KJ. Circulating antibodies to bovine
albumin in ulcerative colitis and crohn’s disease: characteriza-
tion of the antibody response. Gastroenterol 1976;70:5�8.

[30] Kazmierczak SC, Catrou PG, Briley KP. Transient nature of
interference effects from heterophilic antibodies: examples of
interference with cardiac marker measurements. Clin Chem
Lab Med 2000;38:33�9.

[31] Kricka LJl. Human anti-animal antibody interferences in immu-
nological assays. Clin Chem 1999;45:942�56.

[32] Benoist JF, Orbach D, Biou D. False increase in C-reactive pro-
tein attributable to heterophilic antibodies in two renal trans-
plant patients treated with rabbit antilymphocyte globulin. Clin
Chem 1999;45(5):616�18.

72 6. IMMUNOASSAY DESIGN AND MECHANISMS OF INTERFERENCES

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



[33] Dasgupta A, Banerjee SK, Datta P. False positive troponin I in
the MEIA due to the presence of rheumatoid factors in serum.
Am J Clin Pathol 1999;112:753�6.

[34] Eriksson S, Halenius H, Pulkki K, et al. Negative interference in
cardiac troponin I immunoassays by circulating troponin auto-
antibodies. Clin. Chem 2005;51:839�47.

[35] Verhoye E, Avd Bruel, Delanghe JR, et al. Spuriously high thy-
rotropin values due to anti-thyrotropin antibody in adult
patients. Clin Chem Lab Med 2009;47:604�6.

[36] Kavanagh L, McKenna TJ, Fahie-Wilson MN, et al. Specificity
and clinical utility of methods for determination of macro-
prolactin. Clin Chem 2006;52:1366�72.

[37] Michielsen ECHJ, Bisschops PGT, Janssen MJW. False positive
troponin result caused by a true macro-troponin. Clin Chem
Lab Med 2011;49:923�5.

[38] Zulin J, Veggiani GL, Pengo P, et al. Experimental values of
specificity of squamous cell carcinoma antigen-IgM assay in
patients with cirrhosis. Clin Chem Lab Med 2010;48:217�33.

[39] Banfi G, Pontillo M, Sidoli A, et al. Interference from antiavidin
antibodies in thyroid testing in a woman with multiendocrine
neoplasia syndrome type 2B. J Clin Ligand Assay
1995;18:248�51.

[40] Dasgupta A, Wells A, Datta P. Effect of digoxin fab-antibody
on the measurement of total and free digitoxin by fluorescence
polarization and a new chemiluminescent immunoassay. Ther
Drug Monit 1999;21:251�5.

[41] Ismail AAA, Ismail AA, Ismail Y. Probabilistic bayesian reason-
ing can help identifying potentially wrong immunoassays
results in clinical practice: even when they appear “not-unrea-
sonable”. Ann Clin Biochem 2011;48:65�71.

[42] Martins T, Pasi B, Litwin C, Hill H. Heterophile antibody inter-
ference in a multiplexed fluorescent microsphere immunoassay
for quantitation of cytokines in human serum. Clin Vaccine
Immunol 2004;11:325�9.

[43] Georges A, Charrie A, Raynaud S, et al. Thyroxine overdose
due to rheumatoid factor interference in thyroid stimulating
hormone assay. Clin Chem Lab Med 2011;49:873�5.

[44] Butler SA, Cole LA. Use of heterophilic antibody blocking agent
(HBT) in reducing false-positive hCG results. Clin Chem
2001;47:1332�3.

[45] Reinsberg. Different efficacy of various blocking reagents to
eliminate interferences by HAMA in a 2-site immunoassay.
Clin Biochem 1996;29:145�8.

[46] Bonetti A, Monica C, Bonaguri C, et al. Interference by hetero-
philic antibodies in immunoassay: wrong increase of myoglobin
values. Acta Biomed 2008;79:140�3.

[47] Sampson M, Ruddel M, Zwig M, Elin RJ. Falsely high concen-
tration of serum lutropin measured with the abbott Mx. Clin
Chem 1994;40:1976.

[48] Vaidya HC, Beatty BJ. Eliminate interference from heterophilic
antibodies in a two-site immunoassay for CKMB by using F
(ab’)2 conjugate and polyclonal mouse IgG. Clin Chem
1992;38:1737.

[49] Kuroki M, Matsumoto Y, Arakawa F, et al. Reducing interfer-
ence from heterophilic antibodies in a two-site immunoassay
for carcinoembryonic antigen (CEA) by using a human/mouse
chimeric antibody to CEA as the tracer. J Immunol Methods
1995;180:81�91.

[50] Span PN, Grebenchtchikov N, Geurts-Moespot J, Sweep CGJ.
Screening for interference in immunoassays. Clin Chem
2003;49:1708�9.

[51] Miller JJ, Valdez R. Approaches to minimizing interference by
cross-reacting molecules in immunoassays. Clin Chem
1991;37:144�53.

[52] Liendo C, Ghali JK, Graves SW. A new interference in some
digoxin assays: anti-murine heterophilic antibodies. Clin
Pharmacol Ther 1996;60:593�8.

[53] Dasgupta A, Biddle DA, Wells A, Datta P. Positive and
negative interference of the Chinese medicine Chan Su in
serum digoxin measurement—Elimination of interference by
using a monoclonal chemiluminescent digoxin assay or moni-
toring free digoxin concentration. Am J Clin Pathol 2000;114:
174�9.

73REFERENCES

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



This page intentionally left blank

www.Ketabdownload.com



C H A P T E R

7

Effect of Herbal Remedies on Clinical
Laboratory Tests

Amitava Dasgupta
University of Texas Health Sciences Center at Houston, Houston, Texas

INTRODUCTION

According to the Dietary Supplement Health and
Education Act of 1994, herbal remedies sold in the
United States are classified as food supplements.
Manufacturers of herbal remedies are not allowed by
law to claim any medical benefit from these products,
but at the same time they are not under surveillance of
the U.S. Food and Drug Administration (FDA). In
Germany, however, German Commission E has some
control over marketing of herbal supplements because
the commission publishes monographs prepared by an
interdisciplinary committee using historical informa-
tion; chemical, pharmacological, clinical, and toxicolo-
gical study findings; case reports; epidemiological
data; and unpublished manufacturers’ data. If an herbal
supplement has an approved monograph, it can be
marketed. European Directive 2004/24/EC, released in
2004 by the European Parliament and also by the
Council of Europe, provides the basis for regulation of
herbal supplements in the European market. This direc-
tive requires that authorization be obtained from the
national regulatory authorities of each European coun-
try in which herbal medicines are to be released in the
market and that these products must be safe. The safety
of a supplement is established based on published sci-
entific literature, and when the data on safety are not
sufficient, this is communicated to consumers. In
Europe, there will be two kinds of herbal supplements
in the future: (1) herbal supplements with well-
established safety and efficacy and (2) traditional herbal
supplements that do not have a recognized level of effi-
cacy but are relatively safe [1]. The Australian govern-
ment also created a Complementary Medicine
Evaluation Committee in 1997 to address regulatory

issues regarding herbal remedies. In Canada, the fed-
eral government implemented a policy in 2004 to regu-
late natural health products and naturopaths; many
traditional Chinese medicine practitioners, homeopaths,
and Western herbalists are concerned that this policy
will eventually affect their access to the products they
need to practice effectively [2].

In the United States, the sale of herbal remedies sig-
nificantly increased from $200 million in 1988 to more
than $3.3 billion in 1997. Within the European commu-
nity, sales of herbal remedies are also widespread, with
estimated annual sales of $7 billion in 2001 [3]. Sales of
herbal supplements were estimated to be $15.7 billion
in 2000, and in 2003 sales increased to an estimated
$18.8 billion [4]. Currently, the global annual sales of
herbal remedies are estimated to be $60 billion, repre-
senting almost 20% of the overall pharmaceutical mar-
ket [5]. The popularity of herbal supplements is steadily
increasing among the general population in the United
States. It is estimated that approximately 20,000 herbal
products are available in the United States, and in one
survey, approximately one out of five adults reported
using an herbal supplement within the past year. The
10 most commonly used herbal supplements are echi-
nacea, ginseng, ginkgo biloba, garlic, St. John’s wort,
peppermint, ginger, soy, chamomile, and kava [6]. In
general, higher use of herbal supplements is found
among more educated, higher-income, white, and older
females [7]. Use of herbal supplements can affect labo-
ratory test results by various mechanisms:

• Physiological effects: When an herbal remedy alters
normal physiological functions of the body or
causes organ damage, the unexpected laboratory
test may provide the first indication of toxicity of
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the herb. An example is elevated liver enzymes due
to use of kava.

• Drug�herb interactions may lead to unexpected
levels of a therapeutic drug causing either treatment
failure or drug toxicity. Therapeutic drug
monitoring is very useful in identifying such
clinically important drug�herb interactions. An
example is the finding of unexpectedly low levels of
cyclosporine due to interaction of the herbal
antidepressant St. John’s wort with cyclosporine in a
patient who previously showed therapeutic levels.

• A component of an herbal remedy may be mistaken
as a drug by the antibody used in the immunoassay
for that particular drug.

• If an herbal remedy is contaminated with a heavy
metal (lead, mercury, or arsenic) or a Western drug,
the unexpected presence of that drug in the blood of
the patient may confuse the doctor. In addition,
heavy metal toxicity may result from taking herbal
supplements.

ELEVATED LIVER FUNCTION TEST DUE
TO USE OF HERBAL SUPPLEMENTS

The liver is the largest organ in the body and is
responsible for many important physiological func-
tions, including metabolism of drugs and toxin for
elimination from the body. Many potentially toxic
compounds enter the body through the gastrointestinal
tract and are immediately transported via the portal
vein to the liver. Therefore, the liver sustains the high-
est exposure to some toxins and is susceptible to dam-
age. Liver function tests are used for diagnosis of
adequate liver function as well as to identify any
potential injury. Liver function tests include enzymes,
bilirubin, proteins, and coagulation factors. These ana-
lytes are chosen because they are readily released in
large quantities following cellular injury. Measurement
of the serum or plasma activities of the enzymes aspar-
tate aminotransferase (AST), alanine aminotransferase
(ALT), γ-glutamyl transferase (GGT), and alkaline
phosphatase (ALP) are routinely performed to detect
liver injury. These intracellular enzymes are released
when hepatocytes are damaged, but none of these are
specific to liver. GGT, along with ALP, also reflects
injury to biliary cells. Total bilirubin and its conjugated
and unconjugated forms are useful in differentiating
cases of jaundice. Various herbal products, such as
kava, chaparral, comfrey, pennyroyal, black cohosh,
mistletoe, and green tea extract, can cause liver dam-
age. Despite known toxicity and warnings from
authorities, these herbal supplements are still available
in health food stores.

Kava

Kava is the most commonly cited herb related to
liver toxicity. Kava, an herbal sedative with antianxiety
or calming effects, is prepared by extracting the rhi-
zomes of Piper methysticum, a South Pacific plant. The
active ingredients of the plant, known as kavalactones,
are found mostly in the rhizomes [8]. Early scientific
research indicated that kava was as efficacious as anti-
depressant drugs and tranquilizers in treating anxiety
disorders [9]. In fact, kava extracts were considered safe
alternatives to drug therapy for treating anxiety disor-
ders before 1998. However, by 2003, 11 cases of hepatic
failure had been reported related to the use of kava,
including 7 patients requiring liver transplantation and
4 deaths. In 2003, kava was banned in the European
Union and Canada, and the FDA issued another warn-
ing. By 2009, more than 100 cases of hepatotoxicity had
been linked to kava exposure. Many have followed co-
ingestion with alcohol, which appears to potentiate the
hepatoxicity [10]. It has been proposed that kava hepa-
totoxicity is not observed after consumption of tradi-
tional aqueous extract of kava as consumed by native
people of the Pacific Islands during ceremonies, but
hepatotoxicity is observed after consumption of com-
mercially prepared kava extracts that may employ etha-
nol or acetone during the extraction process. Teschke
et al. [11] reported that subsequent cases analyzed by
the World Health Organization and published reports
revealed that traditional aqueous extracts used in New
Caledonia, Australia, the United States, and Germany
may also cause hepatotoxicity. The authors further com-
mented that the primary cause of hepatotoxicity is pos-
sibly attributed to poor quality of raw material as well
as mold hepatotoxins present in kava roots [11].
Pipermethysticine, a toxic alkaloid present in kava
leaves and stems, may contaminate kava products dur-
ing production if quality control is poor and only kava
roots are used to prepare extract. Flavokavin, another
toxic alkaloid present in kava roots, may also cause tox-
icity. Hepatocellular toxicity results from mitogen-
activated protein kinase signaling leading to oxidative
stress and apoptosis. The chemical content of kava pro-
ducts and therefore their potential for toxicity vary
according to plant age, parts used, cultivating condi-
tions, geographic location, and growth conditions of the
plant [12].

Hepatotoxicity associated with kava consumption is
usually reflected by increases in the serum activities of
ALT, AST, and GGT. A 50-year-old male who
exceeded the maximum recommended dose of three
capsules daily for 2 months was found to have AST
and ALT levels 60- to 70-fold higher than the reference
ranges. Hepatitis serology for this patient was nega-
tive, and kava use was determined to be the cause of
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liver damage. This patient eventually received a liver
transplant [13]. Ingestion of kava may cause temporary
yellowing of the skin, hair, and nails. A 70-year-old
male who took kava products for anxiety for 2 or 3
weeks experienced itching several hours after sun
exposure and developed plaques on his face, chest,
and back. A similar case involved a 52-year-old female
who presented with papules and plaques on her face,
arms, back, and chest after taking kava products for 3
weeks. In both cases, a skin biopsy revealed lympho-
cytic infiltration of the dermis with destruction of the
sebaceous glands [14]. Although liver damage is the
most widely documented toxicity of kava, several
cases involving central nervous system depression
have been reported when the herbal is combined with
other sedatives and hypnotics. One such case report
described a 54-year-old male who became comatose
after 3 days of kava ingestion while taking alprazolam,
cimetidine, and terazosin. It was thought that the
adverse reaction was related to a pharmacodynamic
interaction between kava and alprazolam [15].

CASE REPORT A 42-year-old healthy white male
presented to the hospital with weakness, loss of appe-
tite, and jaundice. He admitted alcohol consumption of
no more than one drink per day but denied use of any
medication or abuse of any drug. However, he reported
that he returned from a 20-day honeymoon vacation in
the Samoan Islands 3 weeks before going to the hos-
pital. The patient showed signs of scleral and skin
jaundice and also had abnormal liver function tests,
including AST of 1602 U/L, ALT of 2841 U/L, GGT of
121 U/L, ALP of 285 U/L, and lactate dehydrogenase
of 460 U/L. His total bilirubin was 9.3 mg/dL.
Serological tests for hepatitis, cytomegalovirus, and
Epstein�Barr virus were negative. Abdominal ultra-
sound showed a hyperechoic liver structure with nor-
mal biliary ducts. Because the available information did
not provide any satisfactory cause of his disease, the
patient was interviewed again and he admitted that
during his trip to the Samoa Islands he had repeatedly
participated in a kava ceremony and consumed a total
of 2 or 3 L of traditional kava extract. The patient was
discharged 19 days after admission, and after 36 days
he completely recovered based on repeated ultrasound
scan and laboratory test results [16].

CASE REPORT A 52-year-old female presented to
her local doctor with a 2-week history of fatigue, nau-
sea, and increasing jaundice. For the past 3 months,
she had taken an herbal supplement (Kava 1800 Plus)
prescribed by a naturopath for anxiety. She took one
tablet three times daily labeled as containing 60 mg
kavalactones, 50 mg Passiflora incarnata, and 100 mg
Scutellaria laterifloria. She was then referred to the

author’s hospital, and on admission her serum ALP
was 190 U/L, ALT 4539 U/L, serum albumin 3.4 g/dL,
and bilirubin 12.2 mg/dL. All tests for hepatitis A�C,
Epstein�Barr virus, and cytomegalovirus were nega-
tive. Over subsequent weeks, her condition deterio-
rated, and on day 17 of admission to the hospital she
underwent liver transplant. Unfortunately, the proce-
dure was complicated by excessive bleeding and the
patient died. It was determined that her liver failure
was due to use of kava [17].

Comfrey and Coltsfoot

Comfrey is a perennial plant whose leaves and roots
are traditionally used for wound healing; repairing
broken bones; and in the treatment of arthritis, gout,
and psoriasis. However, there is no scientific evidence
to support these claims. Comfrey contains pyrrolizi-
dine alkaloids, which are well-known hepatotoxins,
and Russian comfrey is even more toxic than
European and Asian comfrey due to a higher content
of toxic alkaloids. Yeong et al. [18] described a case
involving a 23-year-old male presenting with severe
veno-occlusive disease and hypertension, who subse-
quently died from liver failure. The patient was a veg-
etarian who had used comfrey leaves as a dietary
supplement.

Pyrrolizidine alkaloids and their N-oxides are found
in comfrey as well as in a variety of related herbs.
Coltsfoot (Tussilago farfara) is another herb closely
related to comfrey that also contains a pyrrolizidine
alkaloid (senecionine). Veno-occlusive disease has
been reported in a newborn infant of a woman who
ingested coltsfoot-containing tea.

CASE REPORT A female infant was referred to a
neonatal intensive care unit 5 days after birth due to
jaundice, massive hepatomegaly, and ascites. The infant
was delivered by cesarean section at 36 weeks of gesta-
tion due to an unconfirmed suspicion of premature sep-
aration of placenta. Initial biochemical tests showed
AST was 3725 U/L, ALT 760 U/L, and bilirubin
9.6 mg/dL; however, all tests for hepatitis,
Epstein�Barr virus, and cytomegalovirus were nega-
tive. When no cause of liver failure in the infant was
found, the mother admitted that she had used an herbal
tea daily throughout her entire pregnancy. Toxicological
analysis of the herbal tea using thin-layer chromatogra-
phy revealed the presence of senecionine, a pyrrolizi-
dine alkaloid. The herbal tea was found to contain 10
different plants, of which coltsfoot was 9% of the prepa-
ration by weight. Although the mother did not experi-
ence any adverse effects, the immature liver of the fetus
was unable to detoxify the alkaloids, leading to the
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development of the veno-occlusive disease.
Unfortunately, the infant died 38 days after birth [19].

Germander

Germander (Teucrium chamaedrys) is an aromatic
plant in the “mint family” belonging to the genus
Teucrium. Its blossoms are used as a folk medicine to
treat dyspepsia, diabetes, and gout. However, chronic
use of germander may cause hepatotoxicity. In general,
the toxic effects of germander are first seen within
9 weeks of use and are manifested by jaundice and ele-
vated liver enzymes (ALT and AST). After discontinu-
ation of the herbal, recovery may take 6 weeks to
6 months. The mechanism of toxicity is thought to be
related to diterpenoid compounds that are metabolized
to more potent toxins within the liver [20]. The major
hepatotoxic diterpene found in germander is teucrin A,
which is bioactivated by the cytochrome P450 enzymes
in the liver [21]. Another hepatotoxic ingredient of ger-
mander is teuchmaedryn A. More than 45 cases of
hepatotoxicity following germander use have been
reported in France, including one fatality [22].

TWO CASE REPORTS In the first case, a 55-year-old
female became ill after taking 1600 mg/day of german-
der for 6 months in an effort to reduce her cholesterol.
Her laboratory findings included total bilirubin
13.9 mg/dL, direct bilirubin 8.4 mg/dL, AST 1180 U/L,
ALT 1500 U/L, and ALP 164 U/L; however, all serolog-
ical tests for hepatitis (A�C) were negative. Her hepati-
tis resolved within 2 months of discontinuing the
germander. In the second case, a 45-year-old female
took germander (260 mg/day) for weight loss. Her labo-
ratory studies also suggested hepatotoxicity: total biliru-
bin 3.5 mg/dL, direct bilirubin 2.2 mg/dL, AST 417 U/L,
ALT 451 U/L, and ALP 79 U/L. She discontinued the
herbal and her health condition improved. After 4
months, she felt much better and resumed the german-
der. Within the week, she again developed indications of
liver toxicity: total bilirubin 17.0 mg/dL, direct bilirubin
13.2 mg/dL, AST 1245 U/L, ALT 784 U/L, and ALP
89 U/L. Hepatitis tests were again negative. The patient
stopped using germander again, and her liver function
tests improved over 3 months [23].

Chaparral and Pennyroyal

Chaparral is a plant that grows in the southwestern
United States and northern Mexico, and its leaves are
used as an herbal therapy in the treatment of a wide
variety of symptoms from cold sores to muscle pain.

Unfortunately, chaparral has been associated
with severe hepatotoxicity as documented by

several reports of chaparral-associated hepatitis.
Sheikh et al. [24] reviewed 18 cases of suspected chap-
arral toxicity reported to the FDA and confirmed 13
cases of hepatotoxicity related to the herbal. Clinical
presentation included significant elevations in liver
enzyme activities and other biochemical markers of
hepatic injury 3�52 weeks after ingestion of chaparral.
In most cases, liver function tests return to the refer-
ence range after cessation of use, but at least 2 cases in
which fulminate hepatitis resulted suggest irreversible
injury can occur.

Pennyroyal (Mentha pulegium) is a plant in the mint
genus whose leaves release a spearmint-like fragrance
when crushed. Because of the strong fragrance, it is
often found as an additive to bath products and in aro-
matherapy. Traditionally, pennyroyal has been brewed
as a tea to be ingested in small amounts as an abortifa-
cient and emmenagogue. The plant and oil contain
several components including pulegone, which is
metabolized by the liver to a more toxic compound,
methofuran, and depletes the hepatic glutathione stores
(similar to that induced by overdose of acetaminophen).
A review of 18 cases of toxicity found that ingestion of
as little as 10 mL of pennyroyal oil can cause severe tox-
icity [25]. Interestingly, the antidote used in acetamino-
phen overdose, N-acetylcysteine, has been used
successfully in treating pennyroyal toxicity [26].

Other Supplements That Cause Liver Damage

The most dangerous Oriental weight loss product is
ma huang, which contains ephedra alkaloids. Ma
huang may cause severe cardiotoxicity, hepatotoxicity,
and even death. Ephedrine found in ma huang and
related weight loss products may be responsible for
the toxic effects observed. Oriental weight loss pro-
ducts Chaso and Onshido contain N-nitrosofenflura-
mine and should be avoided. Other Oriental herbal
supplements containing multiple herbs and several
kampo medicines (notably Dai-saiko-to and Sho-saiko-
to) are known to cause liver injuries. Jin-bu-huan, a
sedative analgesic, is also known to cause liver dam-
age. Shou-wu-pian, a proprietary Chinese medicine
used for treating dizziness, back pain, and constipa-
tion, may also cause hepatitis. Shen-min, another
Chinese medicine, has also been associated with drug-
induced hepatitis [20].

LipoKinetix is a weight loss aid that contains phenyl-
propanolamine, caffeine, yohimbine, diiodothyronine,
and sodium usniate. In 2002, seven patients who were
using LipoKinetix developed acute hepatitis [27].
Sodium usniate found in LipoKinetix is derived from
usnic acid, which has known liver toxicity. Usnic acid
is also present in kombucha tea (also known as
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Manchurian mushroom or Manchurian fungus tea),
which is prepared by brewing kombucha mushrooms
in sweet black tea. Although kombucha tea is consid-
ered a healthy elixir, the limited evidence currently
available raises safety concerns, especially regarding
potential hepatotoxicity and the possibility of life-
threatening lactic acidosis. A 22-year-old male newly
diagnosed with HIV experienced shortness of breath
and was febrile to 103�F within 15 hr of drinking kom-
bucha tea and was admitted to the hospital. His serum
creatinine was 2.1 mg/dL, and he experienced life-
threatening lactic acidosis (lactate 1.9 mmol/L
(116.2 mg/dL); upper limit of normal: 19.8 mg/dL) [28].

Many other herbs may cause some liver damage.
For example, skullcap is used as a sedative, calming
agent, and also recommended for nervous tension, epi-
lepsy, and hysteria. There are several cases of hepato-
toxicity involving skullcap in combination with
another herbal. One case involved skullcap in combi-
nation with valerian, whereas another involved skull-
cap in combination with gingko biloba [29]. Gotu kola
(Sanskrit: Mandukaparni; Centella asiatica) has been
used in Indian Ayurvedic medicine for a long time for
the treatment of hypertension and wound healing.
This preparation contains the pentacyclic triterpenic
saponosides, asiaticoside and madecassoside, which
may cause liver damage. In one study, the authors pre-
sented three cases of women ages 61, 52, and 49 years
who presented with high ALT (1193, 1694, and 324 U/L,
respectively), ALP (503, 472, and 484 U/L, respe-
ctively), and bilirubin (4.23, 19.89, and 3.9 mg/dL,
respectively). All patients improved after discontinua-
tion of C. asiatica [30].

HERBAL SUPPLEMENTS CAUSING
KIDNEY DAMAGE

In 1993, rapidly progressing kidney damage was
reported in a group of young women who were taking
pills containing Chinese herbs while attending a
weight loss clinic in Belgium. It was discovered that
one prescription Chinese herb had been replaced by
another Chinese herb containing aristolochic acid, a
known toxin to kidney [31]. This was the first compre-
hensive document of nephropathy associated with the
use of aristolochic acid, which is now referred to as
“Chinese herbal nephropathy” characterized by pro-
gressive fibrosing interstitial nephritis leading to renal
failure and severe anemia. Later, there were many
reports of kidney damage due to the use of herbal sup-
plements containing aristolochic acid. In most of the
reported cases, when a patient discontinued the use of
herbal supplement containing aristolochic acid, renal
disease may proceed to end-stage renal disease [32].

Aristolochic acid is also a known carcinogen, and
despite FDA warning, it is still sold in the United
States [33]. Kong et al. [34] reported a case of a married
couple in which the husband developed Fanconi’s syn-
drome and his wife developed end-stage renal failure
and anemia after using Chinese herbs containing aris-
tolochic acid. However, none of their five children, who
never used the herbal product, showed renal insuffi-
ciency, indicating that the renal failure was not related
to any genetic factor but was due to use of the herbal
supplements containing aristolochic acid. Today, aristo-
lochic-acid-containing herbal supplements are the
major cause of herb-induced renal failure, although sev-
eral other herbs may also have nephrotoxicity.

Use of other herbal supplements has also been asso-
ciated with nephrotoxicity. Although licorice is rela-
tively safe if used as a flavoring agent in candies, its
chronic use as a supplement may cause hypokalemia,
which can lead to rhabdomyolysis and eventually
acute kidney injury. Yohimbine may cause lupus-like
syndrome and proteinuria. Willow bark contains sali-
cin, which is metabolized to salicylate. Chronic use of
willow bark product may cause nephrotoxicity.
Bladderwrack is a large brown alga that is a common
food in Japan. Long-term use of bladderwrack tablets
may cause chronic kidney disease [5]. The National
Kidney Foundation stated that wormwood plant, sas-
safras, Chinese herbal medicine tung shueh, and horse
chestnut may be toxic to kidney. In addition, people
suffering from chronic renal disease should not take
alfalfa, aloe, bayberry, blue cohosh, broom, buckthorn,
capsicum, cascara, coltsfoot, dandelion, ginger, gin-
seng, horsetail, licorice, mate, nettle, noni juice, rhu-
barb, senna, and vervain. According to the National
Kidney Foundation, herbals such as chaparral, com-
frey, ephedra (ma huang), lobelia, mandrake, penny-
royal, pokeroot, sassafras, senna, and yohimbe are
unsafe for all people, and these herbal products should
be avoided (http://www.kidney.org/atoz/atozItem.
cfm?id5123). Several herbal supplements are known to
cause hematuria and loss of protein in urine (protein-
uria). Examples of these herbs are aloe juice from leaf,
kava, saffron, etc. Many other herbs, such as calamus,
chaparral, horse chestnut seed, and wormwood oil, may
cause nephrotoxicity [35,36]. In addition, several herbs
also have diuretic effects and may cause irritation to
cells of kidney (renal epithelial cells). These herbs—
including asparagus roots, lovage root, parsley herb and
root, watercress, and white sandalwood—should be
avoided in people with any kidney problems [37]. Herbs
that may cause kidney damage are shown in Table 7.1.

CASE REPORT A 75-year-old male presented with
a 2-month history of lethargy, poor appetite, and nau-
sea. He used Chinese herbal supplements (“long dan
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xie gan wan,” “lei gong teng,” and “ke yin wan”) to
treat his psoriasis for 3 years and observed significant
improvement. Laboratory investigation revealed renal
failure with a serum creatinine level of 965 μmol/L
(10.9 mg/dL; upper limit of normal: 1.2 mg/dL) and
urea nitrogen of 43.1 mmol/L (259.6 mg/dL; upper
limit of normal: 18 mg/dL). Renal ultrasound demon-
strated unobstructed, small kidneys with cortical thin-
ning bilaterally. A renal biopsy showed severe
tubulointerstitial fibrosis and atrophy. These findings
were consistent with chronic exposure to a nephro-
toxin. The patient’s Chinese remedies were sent for
further analysis by high-performance liquid chroma-
tography, which revealed the presence of aristolochic
acid in the Chinese medicine “long de xie gan wan.”
Hemodialysis was initiated and later converted into
ambulatory peritoneal dialysis. The patient died 4
years after initial presentation following withdrawal
from dialysis [38].

CASE REPORT A 41-year-old Chinese man with a
history of urinary tract infection purchased four boxes
of Chinese herbal preparations “fen qing wu lin wan,”
with each box containing 40 small packets. The pre-
parations were taken twice daily (one small packet
each time), and after 2 days he had loose stools four or
five times a day daily and abdominal pain. On day 23,
his abdominal pain was so severe that he went to the

hospital. His serum creatinine was 484 μmol/L
(5.5 mg/dL) and urea nitrogen was 16.8 mmol/L
(101.2 mg/dL). He also had oliguria (200 mL urine
per day) and died from multiple organ failure 11/2

months after initiation of taking herbal supplement.
Pathological examination during autopsy revealed
acute tubular necrosis with significant protein cast,
acute hemorrhagic necrotic enteritis with hematoceles
in the ileum, severe bilateral pulmonary hemorrhage
with blood accumulation in the bronchi, mild cardiac
hypertrophy, mild edema and congestion in the brain,
mild fatty degeneration of the liver, and anemic
spleen. The product “fen qing wu lin wan” contains
the Chinese herb “guan mu tong,” which is the dried
stem of Aristolochia manshuriensis containing aristo-
lochic acid. If such herb is consumed in excessive dos-
age or for a long period, aristolochic acid may cause
acute necrosis of the renal tubules as well as chronic
interstitial nephritis [39].

HERBAL REMEDIES AND
HYPOGLYCEMIA

In humans, glucose is the primary fuel for the brain
and muscles; the normal range of glucose is
70�99 mg/dL after overnight fasting, whereas fasting
glucose greater than 126 mg/dL measured on two dif-
ferent occasions may indicate diabetes mellitus. Yeh
et al. [40] reviewed data from 108 clinical trials examin-
ing 36 herbs (single or combination) and nine vitamin/
mineral supplements. They determined that there are
still insufficient data to draw definitive conclusions
regarding the efficacy of herbal supplements in con-
trolling diabetes, but the best evidence of efficacy for
controlling blood glucose is for Coccinia indica and
American ginseng. Other supplements that show
promise are Gymnema sylvestre, Aloe vera, vanadium,
Momordica charantia, and nopal. Chromium is the most
widely studied supplement for controlling blood glu-
cose [40]. Coccinia indica (ivy ground) is a creeping
plant that grows wildly in many areas of India, and it
is used in Ayurvedic medicine for treating diabetes.
Many formulations containing Coccinia indica are avail-
able in India and in the United States. Cinnamon-6
herbal formulation (Herbal Pride) contains this herb as
one of its many components. However, the FDA has
not evaluated the efficacy of this product in controlling
type 2 diabetes.

Several different plant species are referred to as gin-
seng, including Asian ginseng, Korean ginseng,
Siberian ginseng, Japanese ginseng, and American gin-
seng. Two long-term trials administering American
ginseng for 8 weeks reported decreases in fasting
blood glucose in subjects. Glycosylated hemoglobin,

TABLE 7.1 Herbal Supplements Causing Unexpected Laboratory
Test Results

Laboratory Test Results Herbal Supplement

Elevated liver enzymes/bilirubin
and other tests showing liver
damage

Kava, chaparral, comfrey,
germander, pennyroyal,
lipokinetic, skullcap, valerian, ma
huang

Elevated creatinine, BUN, and
other tests indicating kidney
damage

Aristolochic acid containing
Chinese herbs, wormwood oil,
sassafras, horse chestnut,
calamus, bladderwrack, white
sandalwood oil, juniper berry,
yohimbine, willow bark, licorice

Hypoglycemia Ginsengs (Asian, Korean,
American), Coccinia indica, bitter
melon (Momordica charantia),
fenugreek seeds, Gymnema
sylvestre, aloe vera, prickly pear
cactus, fig leaf, Milk Thistle, Holy
basil (Ocimum sanctum), nopal
(Opunita streptacantha),
chromium, Asian herbal
supplements contaminated with
oral hypoglycemic agents

Abnormal thyroid profile Kelp
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another marker of long-term glucose control, was also
decreased in subjects taking American ginseng [40].
Various studies also indicate reduction in blood glu-
cose after taking Korean or Asian ginseng. The use of
garlic in lowering blood sugar is controversial,
although a few studies have shown positive effects.
Fenugreek may also be effective in reducing blood
sugars, but studies reported in the literature were not
always well designed [40]. Fig leaves (Ficus carica)
ingested during breakfast may be effective in lowering
blood sugar [41]. Although not an herbal supplement,
chromium, a trace element, is required for the mainte-
nance of normal metabolism of glucose. Chromium
deficiency may cause glucose intolerance, although
most diabetic patients are not chromium deficient.
Chromium picolinate may be effective in lowering
blood glucose, although some studies have shown no
benefit of chromium in reducing blood sugar.

CASE REPORT A 46 year-old female was diagnosed
with non-insulin-dependent diabetes 10 months ago,
and her serum glucose was stabilized with diet, exer-
cise, and glipizide. She reported to the clinic with a
3-day episode of low glucose levels in serum ranging
from 60 to 85 mg/dL using a home glucose monitoring
device. In the clinic, her nonfasting glucose using fin-
ger stick was only 55 mg/dL. She was not taking any
other medication, and there was no change in her life-
style. The doctor treated her with glucagon to increase
her serum glucose level, and when her serum glucose
concentration reached 110 mg/dL, she felt much bet-
ter. At that point, she admitted taking several herbal
supplements: ginseng for lowering blood glucose and
cholesterol, garlic to prevent heart disease, astragalus
for lowering blood glucose, and juniper berry tea for
aiding in digestion. Such herbal supplements were
responsible for her abnormally low serum glucose and
her symptoms [42].

CASE REPORT A 58-year-old male with type 2 dia-
betes mellitus was treated with metformin 1000 mg
twice daily and extended-release glipizide 10 mg
daily and showed good glycemic control because his
fasting glucose ranged from 113 to 132 mg/dL and his
two hemoglobin A (1c) values were 6.8 and 6.7%,
respectively, obtained during a 1-year period. He
denied using any herbal supplement. One month
later, he reported four hypoglycemic events, with glu-
cose readings between 49 and 68 mg/dL. At that
point, glipizide was discontinued. One month later,
he reported no hypoglycemic events, but during rec-
onciliation he admitted consuming crude prickly pear
cactus pads daily for 2 months for glucose control.
Patients with type 2 diabetes mellitus receiving hypo-
glycemic agents should be routinely counseled about

the use of herbal supplements in order to avoid hypo-
glycemic events [43].

Adulteration of herbal antidiabetic products with
pharmaceuticals is a significant problem. This is partic-
ularly associated with herbal supplements manu-
factured in some Asian countries. In one report from
Hong Kong, the authors found undisclosed pharma-
ceuticals in several herbal supplements, including glib-
enclamide in 22 products, phenformin in 18 products,
metformin in 6 products, rosiglitazone in 6
products, gliclazide in 2 products, glimepiride in 2
products, nateglinide in 1 product, and repaglinide in
1 product [44]. Other pharmaceuticals (nonhypoglyce-
mic agents) were also detected in some products.
Some products also contained up to four pharmaceuti-
cals. The authors concluded that patients taking such
adulterated herbal supplements could be at risk for
serious adverse events and even fatality [44].

CASE REPORT A 56-year-old Indonesian tourist
from Jakarta presented to the emergency department
of Royal Perth Hospital, Australia, 3 days after his
arrival to Australia with flu-like symptoms. On arrival
of the ambulance, his capillary blood glucose level was
2.1 mmol/L (37.8 mg/dL), and he received 1 mg of
glucagon intramuscularly. During transfer to the hos-
pital, he was also given aspirin (300 mg) and isosor-
bide mononitrate (10 mg, sublingually). On arrival at
the hospital, his capillary blood glucose level was
4.3 mmol/L (77.4 mg/dL). On admission to the hospi-
tal, he reported having diet-controlled type 2 diabetes
mellitus, ischemic heart disease (with coronary artery
bypass surgery 12 years previously), hypertension, and
hypercholesterolemia. He was taking amlodipine, aspi-
rin, and atorvastatin, but he denied taking any medica-
tions for his diabetes. He was given a meal containing
a sandwich but soon after his venous glucose concentra-
tion was reported by the laboratory to be 2.9 mmol/L
(52.2 mg/dL), indicating persistent hypoglycemia des-
pite being given sugary drinks and then increasing
dextrose infusions and intermittent boluses of dextrose.
Finally, a 50 mL per hour infusion of 50% dextrose was
required to prevent his hypoglycemia. At that point, the
patient admitted that although he was not taking any
hypoglycemic agents for diabetes, he was taken a tradi-
tional Chinese medicine for diabetes called “ZhenQi”
that he had purchased in Malaysia. He had been taking
this medication for the past 5 years, initially taking five
capsules per day but then increasing the dose to three
capsules three times daily for the past 2 years. The label
on the bottle of this preparation listed the ingredients as
ginseng, pearl, ram’s horn, bark, and “frog extract.” He
had started a new bottle of the preparation recently and
felt lethargic, cold and tremor. Serum taken during the
period of hypoglycemia (when his glucose level was
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52.2 mg/dL) had elevated levels of C-peptide
(3.80 nmol/L; normal range, 0.20�0.90 nmol/L) and
insulin (50 mU/L; normal range, 3�26 mU/L).
Analysis of the herbal medication capsules by gas chro-
matography and mass spectrometry revealed the pres-
ence of glibenclamide, a known hypoglycemic agent.
Fortunately, the patient responded to the treatment and
was discharged from the hospital on day 3. This case
report indicates an episode of severe hypoglycemia due
to adulteration of a Chinese herbal formula with a phar-
maceutical [45].

LICORICE AND HYPOKALEMIA

Licorice prepared from the root of Glycyrrhiza glabra
has a sweet taste and it is used in various candies and
sometimes also in cough suppressant syrup. It is
believed that licorice is effective in treating ulcer, but
licorice has glycyrrhizinic acid, which affects the
endocrine system and may also cause hypertension.
Mechanistically, glycyrrhizinic acid inhibits the
enzyme (11β-hydroxysteroid dehydrogenase) that con-
verts cortisol to cortisone in the kidney, allowing cor-
tisol to act as a mineralocorticoid promoting salt
retention and potassium wastage. Individuals taking
blood pressure medications should not use licorice.
Even in normotensive people, excessive intake of lico-
rice may cause hypertension, hypokalemia, and
related electrolyte imbalance requiring medical atten-
tion. Licorice should not be used by anyone taking
digoxin because licorice-induced electrolyte imbalance
may cause severe digoxin toxicity, especially in the
elderly. An 84-year-old man who was taking digoxin
experienced severe toxicity from using licorice requir-
ing hospitalization [46]. Long-term licorice ingestion
is a well-known cause of secondary hypertension and
hypokalemia. Lin et al. [47] reported a case of an
Asian man who ingested tea flavored with 100 g of
natural licorice root containing 2.3% glycyrrhizic acid
daily for 3 years and presented to the hospital with
paralysis, metabolic alkalosis, and severe hypokalemia
(serum potassium, 1.8 mmol/L). His renal potassium
wasting continued for 2 weeks after discontinuation
of licorice and therapy with spironolactone and potas-
sium chloride supplement. Meltem et al. [48] reported
a case of a 21-year-old man who ingested the powder-
ized over-the-counter product “Tekumut” for 2 weeks
to quit smoking and presented to the hospital with
muscle weakness. The product contained licorice.
Although licorice usually induces hypokalemia that is
mild in nature, licorice use may rarely cause paralysis,
rhabdomyolysis, or ventricular fibrillation leading to
death if untreated [48].

CASE REPORT A 31-year-old, previously healthy
Caucasian male was admitted to the hospital due to
progressive weakness of the legs and muscle cramping
that developed over a few hours. His clinical examina-
tion revealed paraparesis without sensory loss, but the
laboratory report revealed severe hypokalemia
(1.5 mmol/L; normal range, 3.6�4.5 mmol/L), hypo-
phosphatemia (0.42 mmol/L; normal range,
0.87�1.45 mmol/L), and mild hypomagnesemia
(0.65 mmol/L; normal range, 0.7�1.1 mmol/L). His
creatine kinase level was elevated (3425 U/L; normal,
,190 U/L), indicating rhabdomyolysis. His creatinine
was 1.2 mg/dL. The patient admitted consuming
approximately 11/2 packets of original Fisherman’s
Friend menthol eucalyptus lozenges daily for the past
3 months. These lozenges contained licorice, and his
consumption of glycyrrhizinic acid, the active ingredi-
ent in licorice, was approximately 60�90 mg/day.
Despite discontinuation of these lozenges, his
potassium level remained low. The patient was ini-
tially treated with parenteral and enteral potassium as
well as spironolactone. Within 24 hr, his potassium
level began to rise, and his neurological symptoms dis-
appeared. After 3 days, the patient was asymptomatic;
at this point, his potassium level had increased to
2.9 mmol/L and the diagnosis was hypokalemia and
secondary hyperaldosteronism suggestive of Gitelman
syndrome. Although he was discharged from the hos-
pital at that point, he was later readmitted to the hos-
pital for recurring symptoms despite treatment with
aldosterone antagonist and supplement of potassium
and magnesium. The trigger for the exacerbations
could be his consumption of alcohol, lemon juice, and
iced tea in excessive amounts. Finally, vomiting and
failure to replace salt led to a serum potassium level of
1.0 mmol/L, and the patient was temporarily placed
on mechanical ventilation. This case demonstrates the
serious consequences of ingesting excessive amount of
licorice and of dietary choices [49].

KELP AND ABNORMALTHYROID
FUNCTION TESTS

Kelp is prepared from seaweed and contains a very
high amount of iodine. Seaweed or kelp is a part of the
regular diet in some Asian countries, especially Japan.
In addition, kelp is used as an ingredient in many
Oriental medicines. Teas et al. [50] studied the iodine
content in commonly available seaweeds from com-
mercial sources in the United States and observed that
the iodine content varied widely from 16 to more than
8165 micrograms in one uncooked serving. Iodine is
water soluble and cooking makes the iodine content of
cooked seaweed difficult to estimate, but the authors
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commented that it is possible that in some Asian
seaweed dishes the iodine content may exceed
1100 micrograms/day, the upper tolerable iodine level
in humans.

Eating kelp supplements, especially kelp containing
Oriental medicines, may be problematic because excess
iodine may cause thyroid malfunction, especially in
people taking thyroxin supplements. In healthy indivi-
duals, the thyroid gland has an intrinsic autoregulatory
mechanism to handle excess iodine intake. The oxida-
tion of iodine, which is essential for synthesis of thyroid
hormone, is inhibited in the presence of high iodine
concentration in blood. This acute inhibitory effect,
known as the Wolff�Chaikoff effect, lasts approxi-
mately 48 hr, followed by normalization of normal thy-
roid hormone synthesis. However, patients with
underlying thyroid disorders may not be able to adopt
excessive iodine in circulation. These patients may
develop either hypothyroidism or hyperthyroidism.
Individuals with elevated sensitivity, such as patients
with Grave’s disease or chronic autoimmune thyroid-
itis, may develop hypothyroidism after intake of excess
iodine. In contrast, patients with low sensitivity, such
as those with endemic goiter or iodine deficiency, may
develop hyperthyroidism [51]. A 72-year-old woman
with normal thyroid gland developed hyperthyroidism
after ingesting kelp tablets. The thyroid functions
returned to normal 6 months after discontinuation of
kelp [52]. In another case report, a 32-year-old woman
with goiter presented to the hospital with symptoms of
hyperthyroidism. Her problem developed 4 weeks after
taking kelp-containing herbal tea following the recom-
mendation of a Chinese herbal practitioner [51].

DRUG�HERB INTERACTION AND
UNEXPECTED DRUG LEVELS IN
ROUTINE DRUG MONITORING

For optimal therapeutic benefit of a drug, a certain
blood level of the drug known as the therapeutic range
must be maintained in an individual. If the drug con-
centration is less than the therapeutic level, treatment
failure may result, whereas drug concentrations higher
than the therapeutic range may cause unwanted drug
toxicity. This is particularly problematic for drugs with
a narrow therapeutic range that require routine moni-
toring for optimal patient management. Several herbal
supplements are known to cause significant interac-
tions with many drugs, causing either treatment failure
or drug toxicity. The most documented drug�herb
interaction is that of St. John’s wort with many drugs
causing treatment failure. Most drug�herb interactions
are pharmacokinetic in nature, where the herbal sup-
plement affects the metabolism of a drug. For example,

St. John’s wort increases the hepatic metabolism of
many drugs, resulting in subtherapeutic drug levels.
Drug�herb interactions may also be pharma-
codynamic in nature, where one herbal product may
stimulate the pharmacological response to a drug.
Fortunately, only a fraction of over-the-counter medi-
cations and prescription medications account for
most of the interactions with herbal supplements. Sood
et al. [53] surveyed 1818 patients and identified 107
drug�herb interactions that had clinical significance.
The five most common herbal supplements (St. John’s
wort, ginkgo, garlic, valerian, and kava) accounted for
68% of such interactions, and four different classes of
prescription drugs (antidepressants, antidiabetic, seda-
tives, and anticoagulation medications) accounted for
94% of all clinically significant interactions. In one
report, the authors identified 32 drugs that interact
with herbal supplements [54]. These drugs, including
drugs that are routinely monitored, are listed in
Table 7.2. Therapeutic drug monitoring is useful for
identifying certain clinically significant drug�herb
interactions because a patient may not disclose the
use of herbal supplements to the physician. Shi and
Klotz [55] commented that drug�herb interaction cer-
tainly increases the risk of therapy with drugs that have
narrow therapeutic ranges, such as warfarin, cyclospor-
ine, and digoxin. Fortunately, therapy with warfarin is
monitored routinely using the international normaliza-
tion ratio (INR), whereas digoxin and cyclosporine are
subjected to routine therapeutic drug monitoring.

Interactions of St. John’s Wort with
Various Drugs

St. John’s wort, an herbal antidepressant, is sold in
the United States as an alcoholic or dried extract of
hypericum, a perennial aromatic shrub with bright yel-
low flowers that bloom from June to September. The
flowers are believed to be most abundant and brightest
on approximately June 24, the day traditionally
believed to be the birthday of St. John the Baptist,
hence the name St. John’s wort. Hypericin, hyperforin,
and quercetin are major constituents in St. John’s wort
that mediate reduction of intestinal absorption as well
as bioavailability of many drugs by induction of intes-
tinal P-glycoprotein drug efflux pump (MDR1: multi-
drug resistant 1 expression) and induction of activities
of both intestinal and liver cytochrome P450 mixed
function oxidase (CYP) enzymes responsible for the
metabolism of many drugs. Hyperforin appears to
play a major role in activating pregnane X receptor,
leading to the transcriptional activation of genes that
regulate the activities of CYP3A4 and other cyto-
chrome subtype enzymes responsible for drug metabo-
lism. Therefore, St. John’s wort preparations with low
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hyperforin content (,1%) may not cause any clinically
significant interactions with any drugs [56]. In general,
it is considered that St. John’s wort induces
CYP3A4, CYP2E1, and CYP2C19, with no effect on
CYP1A2, CYP2D6, and CYP2C9. However, St. John’s
wort also induces clearance of drugs that are not
metabolized via liver enzymes, such as digoxin, fexofe-
nadine, and talinolol, which are well-known P-glyco-
protein substrates [57]. Although most drug�herb
interactions involving St. John’s wort are pharmacoki-
netic in nature, pharmacodynamic interactions of cer-
tain antidepressants with St. John’s wort have also
been reported. Important interactions of St. John’s
wort with various drugs are summarized in Table 7.3.

Most important clinically pharmacokinetic drug
interactions with St. John’s wort involve immunosup-
pressants, warfarin, and antiretrovirals because treat-
ment failure may have serious consequences for these
patients. Transplant recipients taking cyclosporine or
tacrolimus may face acute organ rejection due to self-
medication with St. John’s wort because St. John’s wort
induces the metabolism of both drugs, thus reducing
whole blood concentrations of these drugs, sometimes
by more than 50%. Ernst [58] reported that St. John’s
wort can endanger the success of organ transplantation
due to its interaction with cyclosporine, which has led
to several cases of organ rejection. Alscher and Klotz
[59] reported a case study in which a 57-year-old kidney

TABLE 7.2 Drugs (Including Drugs that are Subjected to Routine Monitoring) that are Known to Interact with Herbal Supplements

Class of Medication Drug Routine Monitoring?

Analgesic including NSAIDs Acetaminophen, salicylate, ibuprofen, naproxen No, except salicylate and acetaminophen in overdose

Tolmetin, indometacin No

Anticancer Imatinib, irinotecan No

Anticoagulant Warfarin, phenprocoumon INR monitoring

Antifungal Voriconazole, erythromycin No

Antiasthmatic Theophylline Yes

Antihistamine Fexofenadine No

Antiepileptic Phenytoin, phenobarbital Yes (both drugs)

Antidepressants Amitriptyline, imipramine, lithium Yes (all three drugs)

Mirtazapine, venlafaxine fluoxetinea No

Sertraline,a paroxetine,a alprazolam No

Midazolam, haloperidol, phenelzine No

Nefazodone No

Antiretroviral Indinavir,a ritonavir,a saquinavira No

Atazanavir, lamivudine, nevirapinea No

Anti-parkinson Levo-dopa No

Cardioactive drugs Digoxin, propranolol Yes (both drugs)

Verapamil,a nifedipine No

Cough suppressant Dextromethorphan No

Cholesterol-lowering drugs Pravastatin, atorvastatin, simvastatin No

Hypoglycemic agents Tolbutamide, gliclazide, metformin, tolbutamide No

Diuretics Hydrochlorothiazide No

Immunosuppressants Cyclosporine, tacrolimus Yes (both drugs)

Oral contraceptives Ethinyl estradiol/desogestrel No

Synthetic opioid Methadone Yes

aNot monitored routinely but may be monitored for selected patient populations.
INR, international normalization ratio; NSAIDs, nonsteroidal anti-inflammatory drugs.
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transplant patient taking cyclosporine (125�150 mg/day)
and prednisolone (5 mg/day) showed therapeutic cyclo-
sporine trough levels (100�130 ng/mL) in the past 2
years. This patient suddenly demonstrated a subthera-
peutic cyclosporine concentration of 70 ng/mL despite
increasing the daily cyclosporine dose to 250 mg. The
patient admitted to taking an herbal tea mixture for
depression that contained St. John’s wort. Five days
after discontinuing the herbal tea, his cyclosporine level

had increased to 170 ng/mL. Then the dose was
reduced to 175 mg/day to readjust his cyclosporine
whole blood concentration, and his trough cyclosporine
level was 130 ng/mL. Mai et al. [60] reported that
the hyperforin content of St. John’s wort determines the
magnitude of interaction between St. John’s wort
and cyclosporine. Patients who received low hyperforin-
containing St. John’s wort showed minimal changes in
pharmacokinetic parameters and needed no dose

TABLE 7.3 Important Pharmacokinetic and Pharmacodynamic Drug Interaction with St. John’s Wort

Class of Drug Name of Drug Comment

PHARMACOKINETIC INTERACTIONS

Immunosuppressants Cyclosporine, tacrolimus Reduced level due to induction of CYP3A4 but
both drugs are routinely monitored by TDM

Protease inhibitors Atazanavir, lopinavir, indinavir Reduced level due to induction of CYP3A4

NNRTI Nevirapine Reduced level due to induction of CYP3A4

Anticoagulants Warfarin, phenprocoumon Increased metabolism and reduced efficacy

Cardioactive Digoxin, verapamil Reduced level for both drugs but only digoxin is
subjected to TDM

Calcium channel blocker nifedipine Reduced level due to induction of CYP3A4

β-Blocker talinolol Reduced level due to induction of P-glycoprotein

Management of angina ivabradine Reduced level due to induction of CYP3A4

Anticonvulsant Mephenytoin Increased urinary excretion of metabolites due to
induction of CYP2C19

Antihistamine fexofenadine Decreased level due to induction of P-
glycoprotein

Benzodiazepines Alprazolam, midazolam, quazepam Reduced blood level due to induction of CYP3A4

Anticancer Irinotecan, imatinib Reduced level due to induction of CYP3A4

Tricyclic antidepressant Amitriptyline Reduced level due to CYP3A4 induction by this
drug is routinely monitored by TDM

Cholesterol-lowering drugs Atorvastatin, simvastatin Reduced efficacy but lipid profile determination
can identify such drug�herb interaction

Synthetic opioid Methadone Reduced level due to induction of CYP3A4

Oral contraceptives Norethindrone, ethinyl estradiol Reduced level may lead to failure of
contraception

Proton pump inhibitor Omeprazole Reduced level due to induction of CYP2C19

Antidiabetic Gliclazide Reduced efficacy but routine glucose monitoring
can identify the interaction

PHARMACODYNAMIC INTERACTION

SSRIs Fluoxetine, sertraline, paroxetine Possibility of serotonin syndrome

SNRI Venlafaxine Possibility of serotonin syndrome

Antidepressants Bupropion, buspirone, nefazodone Possibility of serotonin syndrome

Anti-migraine agent Eletriptan Possibility of serotonin syndrome

NNRTI, non-nucleoside reverse-transcriptase inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitor; SSRIs, selective serotonin reuptake inhibitors;

TDM, therapeutic drug monitoring.
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adjustment. In contrast, patients who received high
amounts of hyperforin-containing St. John’s wort
needed dose increases within 3 days in order to main-
tain the trough therapeutic concentration of cyclospor-
ine. Significant reduction in area under the curve (AUC)
for tacrolimus was also observed in 10 stable renal trans-
plant patients receiving St. John’s wort. The maximum
concentration of tacrolimus was also reduced from a
mean of 29.0 ng/mL to 22.4 ng/mL following co-
administration of St. John’s wort [61]. Interestingly, the
pharmacokinetic parameters of mycophenolic
acid, another immunosuppressant, were not affected by
co-administration of St. John’s wort [62].

Warfarin (Coumadin) is an anticoagulant drug used
in the treatment of a variety of conditions including
heart disease such as atrial fibrillation, preventing
blood clots in lower extremities (deep vein throm-
bosis), preventing stroke, and pulmonary embolism.
Warfarin therapy should be carefully controlled by
measuring the clotting capacity of blood (using INR).
A patient attending a Coumadin clinic must avoid St.
John’s wort because of potential failure of warfarin
therapy due to increased clearance of warfarin. Jiang
et al. [63] studied the interaction of warfarin and St.
John’s wort using 12 healthy subjects and concluded
that St. John’s wort significantly induced clearance of
both S- and R-warfarin, which in turn resulted in a sig-
nificant reduction in the pharmacological effect of race-
mic warfarin.

CASE REPORT A 85-year-old male with a history of
hypertension, previous anterior wall myocardial
infarction, and atrial fibrillation had been receiving
warfarin (5 mg daily) for 1 year. After watching a tele-
vision program on herbal remedies, he decided to start
taking St. John’s wort. One month later, he presented
to the emergency room with upper gastrointestinal
bleeding. His hemoglobin was 7.9 g/dL, hematocrit
23%, and INR 6.2. He was treated with fresh frozen
plasma and blood transfusion, and his bleeding was
controlled. The patient was instructed not to use any
herbal supplement. Although St. John’s wort reduces
the efficacy of warfarin by increasing its hepatic
metabolism, this rare case indicates the opposite effect
in which the patient developed a bleeding episode due
to interaction of St. John’s wort with warfarin. The
ingredients in St. John’s wort may potentiate the anti-
coagulant effect of warfarin in sensitive individuals
instead of reducing its efficacy [64].

Patients suffering from AIDS and receiving highly
active antiretroviral therapy (HAART) must not con-
sume St. John’s wort or other herbal supplements
due to the possibility of treatment failure from
drug�herb interactions. Clinically significant interac-
tions of antiretroviral agents with St. John’s wort have

been documented. Therefore, patients with AIDS tak-
ing amprenavir, atazanavir, zidovudine, efavirenz,
indinavir, lopinavir, nelfinavir, nevirapine, ritonavir,
and saquinavir must avoid concomitant use of
St. John’s wort [65]. St. John’s wort was shown to
reduce the AUC of the HIV-1 protease inhibitor indina-
vir by a mean of 57% [66]. Reduced concentration of
nevirapine due to administration of St. John’s wort has
also been reported [67].

The interaction between St. John’s wort and digoxin
is of clinical significance. Johne et al. [68] reported that
use of St. John’s wort for 10 days resulted in a 33%
decrease in peak and 26% decrease in trough serum
digoxinconcentrations.Themeanpeakdigoxinconcentra-
tionwas1.9 ng/mLintheplacebogroupand1.4 ng/mL in
the group taking St. John’s wort. Clearance of imatinib
mesylate, an anticancer drug, is also increased due to
administration of St. John’s wort, resulting in reduced
clinical efficacy of the drug. In a study of 10 healthy
volunteers, 2 weeks of treatment with St. John’s wort
significantly reduced maximum plasma concentration
by 29% and the AUC by 32%. The half-life of the
drug was reduced by 21% [69]. St. John’s wort also
showed significant interaction with another anticancer
drug, irinotecan. In one study of 5 patients, ingestion
of St. John’s wort (900 mg/day) for 18 days resulted
in an average 42% reduction in the concentration of
SN-38, the active metabolite of irinotecan. This reduc-
tion also caused decreased myelosuppression [70].
Many benzodiazepines are metabolized by CYP3A4
and, as expected, St. John’s wort reduces plasma con-
centrations of alprazolam, midazolam, and quazepam.
St. John’s wort also reduces the plasma concentration
of the antiepileptic drug mephenytoin, but it does not
interact with the antiepileptic drug carbamazepine.

Theophylline is metabolized by CYP1A2, CYP2E1,
and CYP3A4. Reduced plasma concentrations of the-
ophylline due to intake of St. John’s wort have also
been reported [57]. Fortunately, theophylline is sub-
jected to routine therapeutic drug monitoring, and
such interaction can be suspected from observing
reduced theophylline levels in a patient who previ-
ously showed therapeutic theophylline levels. Reduced
plasma levels of methadone were also observed in the
presence of St. John’s wort. Long-term treatment with
St. John’s wort (900 mg/day) for a median period of 31
days (range, 14�47 days) decreased the trough concen-
trations of methadone by an average of 47% in four
patients. Two patients experienced withdrawal symp-
toms due to reduced plasma levels of methadone [71].

St. John’s wort has significant interaction with oral
contraceptives. Murphy et al. [72] studied the interac-
tion between St. John’s wort and oral contraceptives by
investigating pharmacokinetics of norethindrone and
ethinyl estradiol using 16 healthy women. Treatment
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with St. John’s wort (300 mg three times a day for 28
days) resulted in a 13�15% reduction in dose exposure
from oral contraceptives. Breakthrough bleeding
increased in the treatment cycle, as did evidence of fol-
licle growth and probable ovulation. The authors con-
cluded that St. John’s wort increased metabolism of
norethindrone and ethinyl estradiol and thus inter-
fered with contraceptive effectiveness. St. John’s wort
also induces both CYP3A4-catalyzed sulfoxidation and
2C19-dependent hydroxylation of omeprazole [73].
Tannergren et al. [74] reported that repeated adminis-
tration of St. John’s wort significantly decreased the
bioavailability of R- and S-verapamil. This effect is
caused by induction of first-pass metabolism by
CYP3A4 most likely in the gut. Xu et al. [75] reported
that treatment with St. John’s wort significantly
increased the apparent clearance of gliclazide, a drug
used in the treatment of patients with type 2 diabetes
mellitus. Sugimoto et al. [76] reported interactions of
St. John’s wort with cholesterol-lowering drugs simva-
statin and pravastatin. In a double-blind, cross-over
study using 16 healthy male volunteers, the authors
demonstrated that use of St. John’s wort (900 mg/day)
for 14 days decreased peak serum concentrations of
simvastatin hydroxyl acid, the active metabolite of
simvastatin, from an average of 2.3 ng/mL in the pla-
cebo group to 1.1 ng/mL in the group taking St. John’s
wort. On the other hand, St. John’s wort did not influ-
ence plasma pravastatin concentration.

CASE REPORT A 59-year-old black male presenting
to the physician with hyperlipidemia was initially trea-
ted with pravastatin but was later changed to rosuvas-
tatin 10 mg/day dosage and marked improvement
was observed in his lipid profile. However, a lipid pro-
file 6 months later showed markedly increased choles-
terol (165 mg/dL in April 2007 but 237 mg/dL in
October 2007) and low-density lipoprotein (LDL) cho-
lesterol (99 mg/dL in April 2007 but 162 mg/dL in
October 2007). The patient admitted to taking St.
John’s wort capsules (two capsules per day containing
300 mg St. John’s wort, 80 mg rosemary, and 40 mg spi-
rulina) daily for insomnia starting in June 2007. He was
asked to stop taking St. John’s wort immediately, and
4 months later he showed significantly reduced choles-
terol (163 mg/dL) and LDL cholesterol (95 mg/dL).
Although simvastatin and atorvastatin are metabolized
by CYP3A4 and St. John’s wort reduces efficacy of both
drugs, rosuvastatin is primarily eliminated through bil-
iary excretion. However, 10% of the drug is metabo-
lized by CYP2C9 and CYP2C19, and most likely St.
John’s wort induces CYP2C9- and CYP2C19-mediated
clearance of rosuvastatin. The authors speculated that
it was unlikely that rosemary or spirulina affected
metabolism of rosuvastatin [77].

Although pharmacokinetic interactions of drugs
with St. John’s wort are more common, there are also
clinically significant pharmacodynamic interactions of
certain antidepressants with St. John’s wort, which
exerts its antidepressant effect by inhibiting uptake of
neurotransmitter serotonin, norepinephrine, and dopa-
mine. Hyperforin, an active component of St. John’s
wort, is responsible for its effect. Many antidepressant
drugs also exert their pharmacological effects by a
similar mechanism. Therefore, if a patient takes antide-
pressant medication such as fluoxetine, sertraline, par-
oxetine, or venlafaxine along with St. John’s wort, the
serotonin syndrome may occur [78]. Taking St. John’s
wort along with buspirone may also cause serotonin
syndrome [79]. Important drug�herb interactions
involving St. John’s wort are listed in Table 7.3.

CASE REPORT A 50-year-old female with asthma
and chronic depression was taking paroxetine 40 mg/
day. She was a nondrinker and did not use any tranquili-
zers. She stopped taking paroxetine 10 days prior to her
clinic visit and was switched to St. John’s wort 600 mg
powder each day. The night after her clinic visit, she
slept poorly and then took 20 mg paroxetine along with
St. John’s wort in order to sleep better. Approximately
noon the next day, her sister visited her and found her
incoherent, groggy, slow-moving, and almost unable to
get out of her bed. When the author examined her at
2p.m., her physical examination and laboratory reports
were unremarkable but she was groggy and lethargic.
The patient presented with a clinical syndrome resem-
bling sedative/hypnotic intoxication after taking both
St. John’s wort and paroxetine [80].

Herbal Supplements That Interact with Warfarin

Warfarin therapy must be critically monitored by
measuring INR because warfarin is known to interact
with many Western drugs and herbal supplements.
Although potential interaction between a Western
drug and warfarin can be easily avoided because clini-
cians are well aware of such interactions, interaction of
warfarin with an herbal supplement can be dangerous
because patients may often take herbal supplements
without realizing that that combination of the supple-
ment with warfarin may cause harm. Important inter-
actions of warfarin with various herbal supplements
are summarized in Table 7.4.

Warfarin acts by antagonizing the co-factor function
of vitamin K. Although the clinical efficacy of warfarin
varies with intake of vitamin K and genetic poly-
morphisms that modulate expression of CYP2C9, the
isoform responsible for clearance of S-warfarin and
several herbal supplements also have significant effects
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on the metabolism of warfarin. As mentioned previ-
ously, St. John’s wort has a clinically significant inter-
action with warfarin. Herbal supplements that may
potentiate the effect of warfarin and thus increase the
risk of bleeding include angelica root, arnica flower,
anise, borage seed oil, bromelain, chamomile, fenu-
greek, feverfew, garlic, ginger, horse chestnut, licorice
root, lovage root, meadowsweet, passionflower herb,
poplar, and willow bark [81]. The anticoagulant effect
of warfarin also increases if combined with antiplatelet
herbs such as danshen and ginkgo biloba. Conversely,
vitamin-K-containing supplements such as green tea
extract may antagonize the anticoagulant effect of war-
farin. The INR was increased in a patient treated with
warfarin for atrial fibrillation when he started taking
the coumarin-containing herbal products boldo and
fenugreek. His INR returned to normal 1 week after
discontinuation of herbal supplements [82,83].
Increased anticoagulation due to interaction between
warfarin and danshen has been reported [84]. There is
a case report of an 87-year-old African American man
receiving warfarin therapy who was admitted to the
hospital with an INR of 6.88. The INR was increased to
7.29 during the hospital stay, whereas his previous
INR values ranged from 1.9 to 2.4 (therapeutic range:
2�3). The patient admitted taking an herbal supple-
ment called royal jelly 1 week prior to his hospital
admission, and the elevated INR in this patient was
probably related to the use of royal jelly [85].
Consumption of coenzyme Q10 and ginger also
appears to increase the risk of bleeding with warfarin
therapy [86]. Chan et al. [87] observed that patients
with nonvalvular atrial fibrillation who received
warfarin had little knowledge about the potential inter-
action of herbal supplements and food with warfarin,
and patients who consumed herbal supplements at
least four times per week had suboptimal anticoagula-
tion control with warfarin.

CASE REPORT A 46-year-old female receiving a
total weekly dosage of 56 mg of warfarin had an INR

between 1.6 and 2.2 during the past 4 months. While
taking the same dosage of warfarin, her INR increased
to 4.6 after she drank approximately 1.5 quarts
(1420 mL) of cranberry juice for 2 days. Two weeks
after she discontinued drinking cranberry juice, her
INR was reduced to 2.3, and it varied between 1.4 and
2.5 in the following 3 months while she took 56 mg of
warfarin per week. At a subsequent visit after drinking
2 quarts of cranberry juice (1893 mL) for 3 days, her
INT was again elevated to 6.5. At that time, warfarin
was discontinued. Her INR was reduced to 1.86 after
3 days. Seven days later, her INR was again elevated
to 3.2 with 56 mg of warfarin per week. Her two epi-
sodes of highly elevated INR were most likely due to
interaction of cranberry juice with warfarin [88].

Other Clinically Important Drug�Herb
Interactions

Although the literature regarding drug�herb interac-
tions is growing at a rapid pace, many reported interac-
tions are of limited clinical significance and many
herbal supplements, such as black cohosh, saw pal-
metto, echinacea, hawthorn, and valerian, seem to cause
minor risk to patients receiving pharmacotherapy.
However, a few herbs, notably St. John’s wort, may
cause adverse events sufficiently serious to endanger
patients’ health [89]. There are also many significant
drug�herb interactions involving warfarin. Fortunately,
INR determination for warfarin can identify such clini-
cally significant drug�herb interactions. Ginkgo biloba
may cause bleeding episodes in patients taking nonste-
roidal anti-inflammatory drugs such as aspirin and ibu-
profen, and it may reduce the effects of the antiepileptic
drugs valproic acid and phenytoin. Garlic may reduce
the efficacy of the antiretroviral drug saquinavir. Kava
should not be taken with benzodiazepines due to the
possibility of serious adverse effects, including coma
[57]. Significant interactions of various herbs with other
drugs are summarized in Table 7.5.

TABLE 7.4 Herbal Products and Food that Interact with Warfarin Therapy

Effect on Warfarin Herbal Supplement

Potentiates effect of warfarin and increases risk of
bleeding with warfarin therapy. Increased INR may be
an indication of such warfarin�herb interaction

Angelica root, arnica flower, anise, bogbean, borage seed oil, bromelain, boldo,
borage, chamomile, coenzyme Q10, danshen, dong quai, devil’s claw, fenugreek,
feverfew, garlic, ginger, grape seed, ginkgo biloba, horse chestnut, licorice, lovage
root, meadowsweet, passionflower herb, papaya, fish oil supplements, evening
primrose oil, royal jelly, saw palmetto, willow bark

Decreases effect of warfarin St. John’s wort, Green tea

Reduced INR may be an indication of such
warfarin�herb interaction

Milk thistle, goldenseal
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ADULTERATION OF HERBAL
SUPPLEMENTS WITH WESTERN DRUGS

Although uncommon for herbal supplements pre-
pared in the United States, herbal supplements from
Asia and Indian Ayurvedic medicine may be contami-
nated with Western drugs. In this case, drug overdose
may occur in an unsuspecting person taking such
herbal supplements because the presence of such
Western drugs is not disclosed in package inserts. Some
Chinese herbal supplements intended for diabetic
patients may be contaminated with hypoglycemic
agents, and taking such products may cause severe
hypoglycemia. This topic was discussed previously.
However, Asian herbal supplements intended to treat
other symptoms may also be contaminated with
Western drugs. In one report, the authors analyzed
2069 samples of traditional Chinese medicines collected
from eight hospitals in Taiwan, and in 618 samples
(23.7%) they found undeclared Western pharmaceuti-
cals, most commonly caffeine, acetaminophen, indome-
tacin, hydrochlorothiazide, and prednisolone [90,91].
Most of these herbal supplements were used to allevi-
ate pain, inflammation, or symptoms of arthritis.
Pharmaceuticals such as acetaminophen, indometacin,
and prednisolone can achieve these therapeutic effects.
However, contaminated herbal supplements can also
cause severe drug overdoses due to adulteration of the
supplement with a drug.

CASE REPORT A 33-year-old female with an 8-year
history of epilepsy was managed with valproate, carba-
mazepine, and phenobarbital but was never prescribed
phenytoin. One month before admission, she started

consuming three proprietary Chinese medicines in
addition to her prescription medicines. She followed
instructions for taking Chinese medicines for almost 1
month and then became comatose and was admitted to
the hospital. Serum drug level assays on the second
day of admission surprisingly showed a toxic phenytoin
level of 48.5 μg/mL (therapeutic range, 10�20 μg/mL).
She was treated conservatively, and after 10 days her
clinical signs of phenytoin toxicity disappeared and she
did not suffer any neurological damage. Analyses of
three Chinese proprietary medicines showed the pres-
ence of 41 mg of phenytoin in jue dian shen ying wan
(orange capsule), whereas the other two Chinese medi-
cines were adulterated with carbamazepine and valpro-
ate. The patient consumed six orange capsules for
almost 1 month, causing her severe phenytoin toxicity.
Unfortunately, the manufacturer’s information stated
that these preparations only contained Chinese medi-
cines for controlling epilepsy [92].

Savaliya et al. [93] reported that Indian Ayurvedic
medicines may be contaminated with both steroidal and
nonsteroidal anti-inflammatory drugs. Dexamethasone
and diclofenac were detected in 10 Ayurvedic products
out of 58 preparations analyzed. In addition, piroxicam
was detected in 1 product, and dexamethasone alone
was detected in 1 product. Many Indian Ayurvedic med-
icines are also contaminated with heavy metals such as
lead, arsenic, or mercury either due to the manufactur-
ing process or because the heavy metal (known as bhas-
ma in Sanskrit) is a component of Ayurvedic medicine.

CASE REPORT A 58-year-old female from India
who was residing in the United States presented to the
emergency department with a 10-day history of pro-
gressively worsening postprandial lower abdominal
pain and nausea accompanied by vomiting. She was
healthy but suffered from well-controlled non-insulin-
dependent diabetes mellitus and hypertension. On
admission, her physical exam was unremarkable except
for abdominal tenderness in the lower quadrants.
Laboratory tests indicated a normochromic normocytic
anemia with hemoglobin of 7.7 g/dL, hematocrit of
22.6%, and mean corpuscular volume (MCV) of 87 fL
with normal iron status. A computed tomography scan
of the abdomen and pelvis showed no specific abnor-
malities and the patient was discharged; however, she
returned to the hospital 5 days later with worsening
abdominal pain, nausea, and bilious vomiting. Physical
exam was remarkable for diffuse abdominal tenderness
and pale conjunctivae. The laboratory evaluation was
notable for anemia with hemoglobin of 8.8 g/dL,
hematocrit of 23.5%, MCV of 87 fL, and corrected retic-
ulocyte count of 7%. The patient was admitted, and
review of her peripheral blood smear demonstrated
normochromic, normocytic anemia with extensive

TABLE 7.5 Other Clinically Significant Drug�Herb Interactions

Herb Interacting Drugs Effect

Ginkgo biloba Aspirin, ibuprofen Bleeding

Omeprazole Reduced plasma level

Ritonavir Reduced plasma level

Trazodone Coma

Phenytoin, valproic acid Reduced concentration

Garlic Saquinavir Reduced effect

Chlorpropamide Hypoglycemia

Ibuprofen Bleeding

Ginseng Phenelzine Insomnia, headache,
irritability

Kava Alprazolam, paroxetine Lethargic state

Levodopa Reduced effect
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coarse basophilic stippling of the erythrocytes. Her
heavy metal screening tests showed an elevated blood
lead level of 102 μg/dL (normal, ,10 μg/dL). Zinc pro-
toporphyrin was subsequently found to be elevated at
912 μg/dL (normal, ,35 μg/dL). Her diagnosis was
severe lead poisoning. At that point, the patient dis-
closed that she had been taking an Indian Ayurvedic
medicine called Jambrulin obtained from Unjha phar-
macy through a family member in India. She had been
taking two pills daily over a period of 5 or 6 weeks in
an effort to enhance control of her diabetes. She
stopped taking the medication approximately 2 weeks
prior to admission because of the abdominal pain. The
patient was instructed not to take Jambrulin and
received dimercaptosuccinic acid, an oral lead chelator,
at a dose of 10 mg/kg three times a day for 5 days fol-
lowed by 10 mg/kg twice a day for 2 weeks. At the end
of chelation therapy, her blood lead level was signifi-
cantly decreased to 46 μg/dL and her symptoms were
resolved. When Ayurvedic medicine pills were tested,
they showed approximately 21.5 mg of lead per pill.
The pills were also sent to the Connecticut Department
of Public Health Adult Blood Lead Epidemiology and
Surveillance Program and Public Health Laboratory
and were found to contain approximately 3.5% lead by
weight or 35,000 μg/g [94].

Heavy metals and pesticides are also frequently
present as contaminants in commonly prescribed raw
Chinese herbal medicines. Harris et al. [95] reported
that out of 334 samples representing 126 different
Chinese herbal medicines analyzed, all 334 samples
contained at least one heavy metal (lead, arsenic, chro-
mium, mercury, or cadmium), whereas 115 samples
(34%) had detectable levels of all five heavy metals
tested. In addition, 42 different pesticides were detected
in 108 samples (36.7%). It is also possible that poisoning
after consuming raw herbal supplement may occur due
to mistaken identity of the plant. Lin et al. [96] reported
an outbreak of foxglove leaf poisoning when nine peo-
ple mistakenly drank tea prepared from foxglove leaves
instead of drinking tea made from comfrey leaves
because comfrey leaves resemble foxglove leaves.
Significant cardiac toxicity developed in three indivi-
duals, and digoxin concentrations varied from 4.4 to
135.9 ng/mL in these nine individuals. Patients were
also treated with Digibind, and all patients recovered.

CONCLUSIONS

The popularity of herbal remedies among the gen-
eral population is on the rise, and such practice also
increases the risk of herbal supplement-induced liver
damage, other organ damage, as well as drug�herb
interactions. Because of the perception that herbal

supplements are safe, the majority of people do not
disclose their use of herbal supplements to their health
care professionals. Mehta et al. [97] reported that over-
all, only 33% of herbal and dietary supplement users
reported disclosing their use of herbal supplements to
their conventional health care providers. Therefore, the
clinical laboratory may play an important role in help-
ing clinicians to identify a potential drug�herb interac-
tion. For example, abnormal liver function tests in a
healthy individual during a routine physical examina-
tion may indicate use of kava or other herbal supple-
ments known to cause liver damage. In addition, an
elevated cholesterol level in a patient taking statin,
which controlled his or her cholesterol level in the
past, may be indicative of lower efficacy of the statin
drug due to its lower serum levels secondary to a
drug�herb interaction. Similarly, hypoglycemia in a
patient receiving a hypoglycemic agent may also be
related to a drug�herb interaction. If during routine
drug monitoring, the observed drug level is signifi-
cantly lower than the previous measurements and if
noncompliance can be ruled out, it may be an indica-
tion of a potential drug�herb interaction. The most
probable cause is use of St. John’s wort, and on discon-
tinuation of St. John’s wort, the drug level usually
returns to pre-herbal supplement use levels within 2
weeks. Similarly, observing an unusual INR during
routine monitoring of a patient taking warfarin is also
indicative of a potential interaction between warfarin
and an herbal supplement [98].

In addition, many drugs that are not routinely mon-
itored also interact with herbal supplements, and these
herb�drug interactions are more difficult to detect by
laboratory test. Because of the serious consequences of
treatment failure from drug�herb interactions, trans-
plant recipients, patients receiving HAART for AIDS
treatment, as well as patients receiving warfarin or any
related anticoagulants must refrain from using any
herbal supplements.
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Challenges in Routine Clinical Chemistry
Testing

Analysis of Small Molecules

Jorge Sepulveda
Columbia University Medical Center, New York, New York

INTRODUCTION

General or routine chemistry is the area of laboratory
medicine dealing with measuring commonly ordered
analytes, usually in serum or plasma, and is responsible
for the highest volume of testing in clinical laboratories.
In the author’s medical center (Philadelphia Veterans
Affairs Medical Center), routine clinical chemistry tests
account for 85% of the test volume in the clinical labora-
tory, with the top nine tests (creatinine, glucose, urea, cal-
cium, potassium, chloride, sodium, carbon dioxide, and
thyroid-stimulating hormone) adding to 34% of the total
test volume. The ability to handle large volumes of testing
is due to the availability of highly automated, high-
throughput analyzers, often linked to a robotic laboratory
automation system that identifies, processes, and distri-
butes specimens to the analyzers with high efficiency.

The analytical methods used in routine chemistry
include the following assay types:

1. Chemical methods use chemical reactions to produce
a measurable product, most commonly yielding
changes in color or optical absorbance proportional
to the analyte levels. An example is the Jaffe reaction
to measure creatinine, in which creatinine reacts
with a chromogen to form a colored product.

2. Electrochemical reactions result in changes in redox
potential or in exchange of electrons at electrodes
with consequent current generation proportional to
the analyte concentration. An example is an oxygen-
sensitive electrode used to measure O2 consumed in
a glucose oxidase reaction, which is proportional to
the glucose concentration.

3. Enzymatic assays use enzymes to measure analyte
concentrations or substrates to measure enzyme
levels. The action of the enzyme on the substrate
generates a product that can be measured by a
chemical method. Sometimes a cascade of enzymes is
necessary to generate a measurable product. An
example of an enzymatically measured analyte is
creatinine, assayed by a cascade of creatininase,
creatinase, sarcosine oxidase, and peroxidase
enzymes. Examples of clinically useful enzyme
analytes are alanine and aspartate aminotransferases,
alkaline phosphatase, creatinine kinase, lactate
dehydrogenase (LDH), lipase, and amylase.

4. Ligand assays use proteins with high affinity for the
analyte to measure its concentration. Most often,
these assays are immunoassays, in which antibodies
or antibody fragments are used to bind the ligand,
although in a few cases, other specific-binding
proteins are used. Examples of immunoassays
include drug testing and monitoring assays,
measurements of cardiac biomarkers such as cardiac
troponins and B-type natriuretic peptides, and
assays for hormones and tumor biomarkers.
Examples of ligand assays using non-antibody high-
affinity binding proteins include assays for folates
and vitamin B12. Whereas many of the low-volume
ligand assays are part of “specialized chemistry”
often handled in separate areas of the clinical
laboratory, with the advent of multifunctional high-
throughput analyzers able to handle a multitude of
assay methodologies, many of the high-volume
immunoassays have migrated to the highly
automated routine chemistry area.
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Some methods use combinations of these categories.
For example, a glucose assay may use glucose oxidase to
generate O2, which is then measured by an oxygen-
specific electrode in an electrochemical reaction. In this
chapter, frequent sources of inaccurate results in com-
monly ordered small molecule analytes, focusing on
common pre-analytical variables (Table 8.1) and analyti-
cal interferences (Table 8.2), are addressed. In Chapter 9,
common errors in enzymes and other protein assays are
reviewed and in Chapter 10, sources of inaccuracy in
biochemical genetics are discussed. Chapters 11 and 12
focus on challenges in endocrinology testing and tumor
markers testing, respectively. In many laboratories, com-
mon therapeutic drugs, as well as initial toxicology
screens, are done in routine chemistry by high-
throughput analyzers and immunoassays, and these are
reviewed in Chapters 13�15. Comprehensive listings of
pre-analytical variables and interferences in laboratory
testing are available in reference books [1�3].

The most commonly ordered tests in clinical chemis-
try are often ordered as panels. The Centers for
Medicare and Medicaid Services, formerly called Health
Care Financing Administration (HCFA), recognizes six
panels of tests delineated by the American Medical
Association CPT editorial board (Table 8.3), of which the
Basic Metabolic Panel (BMP) comprising five electrolytes
(sodium, potassium, chloride, carbon dioxide, and cal-
cium) and three small organic analytes (glucose, urea,
and creatinine) is the most commonly ordered panel of
tests. Note that all the test components of a panel need
to be medically justified for the panel to be reimbursed.

CREATININE ANALYSIS

The small molecule creatinine is a product of the
catabolism of creatine phosphate, a major source of rap-
idly available reserve energy, particularly in striated
muscle and brain. Creatine phosphate can donate a
phosphate group to adenosine diphosphate (ADP) to
form adenosine triphosphate (ATP), a reaction catalyzed
by creatine phosphokinase (CPK). Both creatine phos-
phate and creatine are converted nonenzymatically to
creatinine at an almost steady rate of 2% per day [4].

Striated muscle and neural tissues have the highest
requirements for quickly available energy and, there-
fore, the highest concentrations of creatine. Given the
much larger volume of skeletal muscle, this tissue is
the source of up to 94% of creatinine [4], and in
healthy individuals the blood levels of both creatinine
and CPK are proportional to skeletal muscle mass.

Creatinine is widely used as a marker of renal func-
tion—specifically as a surrogate for the glomerular fil-
tration rate (GFR). The GFR is the volume of urine
filtered by the glomeruli per unit of time. Clearance of

a substance is defined as the amount of plasma cleared
of that substance per minute, and it can be calculated
by the following formula:

Clearance5
U3V

P

where U is the urinary concentration, P is the plasma
concentration, and V is the flow of urine in milliliters
per minute. Clearance equals the GFR if the following
assumptions are correct for the substance:

1. Production and plasma concentrations are constant.
2. There is no metabolism of the substance.
3. Excretion is exclusively by renal filtration, without

secretion or reabsorption.

Whereas these assumptions are mostly correct for
creatinine in healthy individuals, they may become
less valid in patients with impaired renal function,
leading to lower than expected plasma creatinine
levels and overestimation of the GFR. It has been esti-
mated that 16�66% of the creatinine formed in
patients with chronic renal failure is subject to metabo-
lism, mostly by reconversion to creatine [4]. Tubular
secretion accounts for only 7�10% of the creatinine
excretion in healthy individuals, but it increases pro-
portionally to the degree of creatinine levels. Likewise,
extrarenal excretion, particularly by degradation medi-
ated by fecal bacteria, is increased in patients with
chronic renal failure. Conversely, creatinine production
decreases with higher blood levels of creatinine, possi-
bly due to feedback inhibition of creatine synthesis.
Despite these limitations, creatinine measurement in
the plasma is one of the most widely used tests in clin-
ical chemistry and a cost-effective approach to screen-
ing and evaluating kidney disease.

Creatinine clearance can be calculated by measuring
both plasma and urine creatinine concentrations
together with an assessment of urinary flow, usually
by measuring the volume of urine excreted per 24 hr.
Although directly measuring creatinine clearance
should be a more accurate estimation of the GFR, in
practice it suffers from inaccuracy resulting from com-
pounding the errors of three measurements and from
difficulties in properly timing urine collection.

Interestingly, estimation of the GFR based on mea-
surement of plasma creatinine alone has generally
shown better reproducibility and more accurate estima-
tion of GFR than creatinine clearance. A widely used
formula recommended by the National Kidney
Foundation is the Modification of Diet in Kidney
Disease (MDRD) equation that takes into consideration,
in addition to plasma creatinine, age, sex, and race
(Caucasian vs. African American) [5]. The use of age,
sex, and race accounts for the influence of these factors
in creatinine production, mainly through varying
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TABLE 8.1 Common Pre-Analytical Sources of Variation in Small Molecule Analytesa

Na K Mg iCa Ca Cl CO2 Phos Glu Bili Lac NH4 Trig Chol LDL-C HDL-C UA BUN CR

Elderly 5 5 5 k/5 5 5 5 5/k 5/m 5 5 5 5/m 5/k 5/m 5/m m

Female/male 5 5/k 5 5/m k m k k k k m 5/k k k

Meals 5 0�5 5 5 5 5 4 15 50 16 78 5 5 5 0�3 5 0�50

Starvation/malnutrition 5 5/k 5 k k 240 17 k35 k10 5�20 k20 0�20

Obesity 5 5 5 5 k 5/k 5/m m m 5/m 5 k m

Exercise 0�3 Var Var 5/m Var 5/m 5/k Var Var m m 300 Var Var Var m m Var 5/m

Caffeine k m k m 5 5 5

Smoking 5 5 m m 5/m Var Var k 5 k 5

Alcoholism 5/m k Var k k k Var m m 20 10 k40 m 5/m k

Pregnancy 5 5 k10 k k10 5 k Var 5/k 5/k 5 m m m m Var k 5/k

Menstruation k 5 m k k 5 m 5

Anxiety m m m m 5 m 5

Supine to upright 5 5 4 5 5�10 5 5 5 5 5 12 10 10 10 5 5 5

Tourniquet 3 m m 5/m 3 k4 k3 k4 8 m m 7 5�20

Serum/plasma 5 5 5 k 5 5 5 2�8 5 5 5�20 30 5 5 5 5 5 5 5

Storage of whole blood at room temperature 5 m 10 Var k3 k k 5/m k 5 m m 5/k 5 5 5 5 5 5

aNumbers represent typical percentage increase (m) or decrease (k) due to the pre-analytical variable. Var, variable effect, depending on the study. For details, see references [2,3].
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average muscle mass. The estimated GFR (eGFR) is cal-
culated by the following formula, where serum creati-
nine (SCr) is reported in milligrams per deciliter:

eGFR ðmL=min=1:73 m2Þ5 1753 ðsCrÞ�1:154

3 ðAgeÞ�0:203 3 ð0:742 if femaleÞ
3 ð1:212 if African AmericanÞ

This formula is valid for individuals 18 years or
older. For children, an alternative formula should be
used to calculate eGFR—most commonly the revised
Schwartz equation [6]:

eGFR ðmL=min=1:73 m2Þ5 ð0:413height in cmÞ=sCr

TABLE 8.2 Common Interferents in Small Molecule Chemistry Assaysa

Strong redox agents

Acetaminophen
Acetoacetate
Ascorbic acid
Azide
Bilirubin
Bromide
Catecholamines
Cysteine
Diatrizoate X-ray contrast agents
Dopamine
Gentisic acid
Glutathione
Guanidine
Hydralazine
Hydroxyurea
Iodide
Isoniazid
Lactate
Methylene blue
N-acetylcysteine
Nitrates
Procainamide
Sulfasalazine
Tetracycline
Thiocyanate
Uric acid

Glucose assay

Bilirubin
Fructose
Galactose
Hemoglobin
Hemolysis
Icodextrine
Lipemia
Maltose
Mannitol
Mannose
Oxygen levels
pH levels
Strong redox agents
Xylose

L-Lactate assay

Citrate
D-Lactate
Glycolate
Glyoxylate
Oxalate

Urea assay

Ammonium
Fluoride
Hemolysis
Levodopa
Methylbenzethonium

Uric acid assay
Bilirubin
Borate
Hemolysis
Strong redox agents
Theophylline metabolites
Xanthine

Ammonia assay

Alanine aminotransferase
Glucose .600 mg/dL
Hemolysis

Bilirubin assay
Amphotericin B
Levodopa
Methotrexate
Nitrofurantoin
Naproxen
Sulfasalazine
Hemoglobin
Light
Strong redox agents
Paraproteins
Lipemia

Cholesterol assay

Strong redox agents

HDL cholesterol assay
Strong redox agents
Paraproteins
Triglycerides

Triglycerides assay

Strong redox agents
Heparin
Glycerol

Sodium, potassium assay

Strong redox agents

Chloride assay
β-Hydroxybutyrate
Bicarbonate
Bromide

Heparin
Iodide
Lactate
Salicylates
Strong redox agents
Thiocyanate

Total CO2 assay

Hemoglobin .800 mg/dL
Bilirubin .30 mg/dL
Paraproteins

Total calcium assay

Bilirubin
Calcium contaminants
Citrate
EDTA
Hemolysis
Lipemia
Oxalate

Total magnesium assay
Calcium
Heparin

Phosphate assay

Alteplase
Bilirubin
Fluoride
Hemolysis
Heparin
Lipemia
Liposomal amphotericin B
Mannitol
Paraproteins
Tissue plasminogen activator

aCreatinine interferents are shown in Table 8.4. For details, see text.
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To avoid rounding errors, creatinine results should
be reported to two decimal places (e.g., 1.25 mg/dL).
Note that these formulas use only one laboratory mea-
surement, sCr, and are normalized to the average adult
body surface area (BSA) of 1.73 m2. Although increased
BSA is typically associated with larger muscle mass,
and therefore higher creatinine production, it also cor-
relates with larger kidney size and thus increased GFR.
These two factors tend to cancel each other out, result-
ing in a relatively linear inverse correlation of serum
creatinine levels and BSA-normalized GFR.

This MDRD formula is applicable to isotope dilution
mass spectrometry (IDMS)-traceable creatinine assays.
IDMS methods are considered the gold standard for
creatinine measurement and suffer from less interfer-
ence than other methods, but they are available only in
a few laboratories. However, the use of IDMS assayed
calibrators based on an international standard (SRM
967: Creatinine in Frozen Human Serum), created by
the National Institute for Standards and Technology,
allows different methods to be “traceable” to the gold
standard method, thus improving accuracy and

TABLE 8.3 Automated Multichannel Chemistry Panels Recognized by HCFA/CMS

Test Test

Abbreviation

Basic

Metabolic
Panel

Comprehensive

Metabolic Panel

Electrolyte

Panel

Renal

Function
Panel

Hepatic (Liver)

Function Panel

Lipid

Panel

Panel abbreviation BMP CMP Lytes RFP LFP, LFT

Creatinine Cr X X X

Urea nitrogen BUN X X X

Glucose GLU X X X

Sodium Na X X X X

Potassium K X X X X

Chloride Cl X X X X

Carbon dioxide CO2 X X X X

Anion gap AG a a a a

Calcium Ca X X X

Phosphate P X

Albumin Alb X X X

Total protein TP X X

Alkaline phosphatase ALP X X

Alanine
aminotransferase

ALT X X

Aspartate
aminotransferase

AST X X

Total bilirubin TBili X X

Direct bilirubin DBili X

Triglycerides TG X

Total cholesterol TC X

High-density
lipoprotein cholesterol

HDL-C X

Low-density lipoprotein
cholesterol

LDL-C a

Non-HDL cholesterol
(calculated)

Non-HDL-C a

CPT code 80048 80053 80051 80069 80076 80061

*Calculated parameters. LDL-C may also be determined by a direct measurement.
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standardization of the various creatinine assays. In
general, compared to non-IDMS-traceable methods,
IDMS-traceable methods show lower results, as
expected from higher specificity of mass spectrometry
for creatinine. The coefficient of the MDRD formula
was changed from 186, which was based on non-
IDMS-traceable creatine assays, to 175 to account
for the lower creatinine levels measured with IDMS-
traceable methods. Because the GFR is inversely
proportional to sCr, the revised formula results in
comparable eGFR. Currently, most, if not all, laborato-
ries in the United States use IDMS-traceable calibrators
and the revised MDRD formula.

Limitations of the MDRD Equation

There are certain limitations of the MDRD equation:

1. The formula underestimates the true GFR in the
normal and near normal range. If the eGFR is
greater than 60 mL/min/1.73 m2, laboratories
should not report the numeric calculated
measurement; instead, they should report eGFR as
“. 60 mL/min/1.73 m2.” Note that all creatinine-
based screening methods miss patients with mild
degrees of renal damage (chronic kidney disease
category 2; GFR5 60�89 mL/min/1.73 m2). In this
range, large changes in GFR result in small
changes in creatinine, usually within the reference
range. In contrast, with severe renal failure, small
changes in GFR result in large changes in
creatinine levels.

2. As previously stated, this equation applies only to
individuals 18 years or older. Although the original
study did not include patients older than 70 years,
the formula is considered useful in older
individuals as a screen for renal disease.

3. In general, the MDRD equation is a more accurate
estimation of GFR than directly measured creatinine
clearance. However, carefully measured creatinine
clearance or an alternative method of GFR
estimation, such as inulin clearance, is preferable in
patients with the following:
a. Unusual dietary intake (vegetarian, low-meat

diet, Atkins diet, and creatine supplements).
Meat creatine is converted to creatinine by
cooking.

b. Unusual creatinine production due to advanced
liver insufficiency or in individuals with
extreme body size or muscle mass, including
body builders, severe obesity, and muscle
wasting or loss (e.g., severe malnutrition,
cachexia, frailty, amputation, paraplegia,
rhabdomyolysis, muscle dystrophy, and other
neuromuscular disorders).

c. Treatment with drugs that inhibit creatinine
secretion, such as cimetidine, trimethoprim,
pyrimethamine, dapsone, and possibly
phenacemide, salicylates, and vitamin D
derivatives [7]. Normally, tubular secretion
accounts for approximately 10% of creatinine
excretion, and the use of drugs that inhibit
secretion can cause small increases in serum
creatinine without an actual decrease in GFR.
Note that the MDRD equation was derived in
chronic renal failure patients with presumably
higher degrees of tubular secretion of creatinine;
therefore, the underestimation of GFR may be
larger than 10%. Tubular secretion of creatinine
is particularly elevated in recipients of kidney
transplantation, leading to poor performance of
the MDRD equation in estimating GFR in these
patients [8].

d. The MDRD equation, like all creatinine-based
estimates of GFR, is applicable only to
individuals with stable creatinine levels. It does
not apply to patients with rapidly changing
creatinine levels, including pregnant women and
acutely ill patients, particularly those with acute
renal failure.

4. Most currently available drug dosage guidelines are
based on GFR estimations using older approaches,
such as creatinine clearance or the Cockcroft�Gault
formula, which is based on non-IDMS-traceable
methods. However, a large study concluded that
there is little difference between drug dosages
calculated with the various methods of GFR
estimation [9], leading the National Kidney Disease
Education Program to recommend that for most
patients, the eGFR based on the MDRD (or based
on the Cockcroft�Gault equation) should be used.
If using the MDRD-based eGFR in very large or
very small patients, the eGFR (reported in mL/
min/1.73 m2) should be multiplied by the patient’s
BSA (in m2) to obtain the patient’s individual
estimated GFR (in mL/min).

Creatinine Assay Methods

Creatinine assays can be classified as chemical,
based on the Jaffe reaction, or enzymatic methods.

Jaffe-Based Methods

In the Jaffe reaction, first described in 1886, picrate
ions react with creatinine under alkaline conditions to
yield an orange-red product absorbing in the 490- to
520-nm wavelength range. This reaction is not specific
to creatinine, and more than 50 compounds have been
described that can produce a similar chromogen with
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alkaline picrate ions. These substances, called non-
creatinine chromogens, include proteins, ketoacids
such as pyruvate, acetoacetate, ascorbic acid, glucose,
cephalosporins, and other reducing substances, and
they can account for up to 20% of the apparent creati-
nine concentration in the plasma of healthy indivi-
duals. Some of these compounds are increased in the
blood of patients with chronic renal and liver disease,
adding to the difficulties of accurately measuring cre-
atinine and eGFR in these patients. Possibly the
most clinically significant interferences with the Jaffe
reaction occur in patients with diabetic or starvation-
associated ketoacidosis, but the exact amount of inter-
ference varies with the particular creatinine assay
used.

To reduce interference from non-creatinine chromo-
gens, most modern assays in automated analyzers use
a kinetic approach. Some non-creatinine chromogens,
such as proteins, react quickly (within 20 sec) with the
picrate ions, whereas others, such as acetoacetate, react
slowly and do not form significant amounts of chro-
mogen until 60�100 sec after the reaction is initiated.
Chromogen formation measured between 20 and
60 sec is mostly derived from creatinine; therefore, the
rate of chromogen formation in this time period is
used for measuring creatinine levels in current Jaffe-
based assays. Further minimization of non-creatine
chromogen interferences is achieved by careful optimi-
zation of reagent concentration, temperature, and mea-
surement wavelengths. Another approach, the
“compensated” Jaffe assay, automatically subtracts a
fixed number (e.g., 0.20 mg/dL) from the final result
to account for the average contribution of non-
creatinine chromogens. However, this approach
assumes that this contribution is constant and does not
account for changes in the concentration of non-
creatinine chromogen or sample matrix, such as in
elderly individuals with lower protein concentrations
and lower creatinine production. Because non-
creatinine chromogens do not appear to interfere
significantly when creatinine is assayed in urine, the
compensation approaches should not be used when
assaying creatinine in urine, at the risk of causing sig-
nificant negative biases in urine creatinine and creati-
nine clearance calculations.

TABLE 8.4 Substances Interfering with Modern Creatinine
Assaysa

Interferent Jaffe Creatininase

5-Flurocytosine Yes

Acetaminophen Yes

Acetoacetate Yes

Acetone Yes

Acetylcysteine Yes

Albumin (.4 g/dL) Yes

Ascorbate Yes Minimal

Bilirubin (.20 mg/dL) Yes Yes

Bromide (from halothane) Yes

Catecholamines Yes

Cefaclor Yes

Cefoxitin Yes

Cefpirome Yes

Cephalothin Yes

Cephazolin Yes

Creatine Yes Yes

Dipyrone (methimazole) Yes

Dobesilate Yes

Dobutamine Yes

Dopamine Yes

Fluorescein Yes

Glucose (.300 mg/dL) Yes

Glutamine Yes

Glutathione Yes

Hemoglobin (.500 mg/dL) Yes Yes (Hgb .900 mg/dL)

Hemoglobin F Yes

Hydroxyurea Yes

Intralipid (1000 mg/dL) ,10% ,10%

L-Dopa Yes Yes

Lidocaine Yes

Methyldopa Yes

Paraprotein Yes Yes

pCO2 Yesb

Proline Yes Yes

Protein (.12 g/dL or ,3 g/dL) ,20%

Pyruvate Yes

Rifampicin Yes

(Continued)

TABLE 8.4 (Continued)

Interferent Jaffe Creatininase

Uric acid Yes

aThe various methods are grouped based on the Jaffe reaction or creatininase, and
interferences are variable, depending on the specific method used. For complete
information, consult the manufacturer’s package insert, as well as reference books

[1�3].
biSTAT only; approximately 5% for each 10-mmHg deviation from 40 mmHg.
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An often overlooked interference with Jaffe-type
creatinine assays is the presence of hemoglobin F
in the plasma/serum [10]. Most methods are insensi-
tive to even significant degrees of hemolysis (e.g.,
500 mg/dL of plasma-free hemoglobin) because hemo-
globin A quickly converts to a brown pigment under
alkaline conditions, which is blanked out of the reac-
tion rate measurement. However, hemoglobin F is
alkali-resistant and slowly changes color in a Jaffe
reaction. Individuals with high amounts of hemoglobin
F, such as newborns and patients with thalassemias or
hereditary persistence of hemoglobin F, can have sig-
nificant interference in Jaffe-based creatinine assays
when a hemolyzed sample is assayed.

Another major source of interference in the Jaffe
reaction is bilirubin, in both the conjugated and the
unconjugated form, which inhibits the reaction
between picrate and creatinine and results in falsely
low creatinine measurements. Attempts to minimize
the effect of this interference include deproteinization,
which also removes bilirubin; blanked kinetic mea-
surements; and the addition of buffering ions, surfac-
tants, and ferrocyanide or bilirubin oxidase to convert
bilirubin to biliverdin, which does not significantly
interfere. With these modifications, modern Jaffe-based
creatinine assays do not show significant interference
from bilirubin levels less than 20�25 mg/dL.

Table 8.4 lists many of the substances reported to
interfere with modern Jaffe-based creatinine assays. A
complete medication list and consultation with the
particular laboratory performing the assay is important
to determine the occurrence and magnitude of possible
interferences. Note that many of the interfering drugs
are accumulated in the urine to levels much higher
than in plasma, and therefore urine creatinine determi-
nations may be more susceptible to error from a vari-
ety of interferents.

CASE REPORTS A 40-year-old woman with insulin-
dependent diabetes mellitus was admitted for ketoaci-
dosis [11]. On admission, her blood pressure was low
(100/60 mmHg), heart rate was elevated (124 beats per
minute), and respirations were fast (20/min) and deep,
suggesting metabolic acidosis with respiratory com-
pensation. Laboratory values at admission included
hyperglycemia (592 mg/dL), hyponatremia (134 mM),
hypochloridria (90 mM), low serum bicarbonate
(6 mM), and an elevated anion gap of 36 mM, consis-
tent with ketoacidosis. Blood urea nitrogen (BUN) was
18 mg/dL and creatinine was 3.2 mg/dL, resulting in
an unusual BUN:creatinine ratio of 5.6. The normal
BUN:creatinine ratio is between 10 and 20 and may be
increased in cases of prerenal causes of acute renal
injury, including gastrointestinal bleeding and dehy-
dration, whereas intrarenal damage, such as acute

tubular necrosis, may reduce urea reabsorption, thus
lowering the BUN:creatinine ratio to less than 10. This
patient had signs of dehydration, with decreased tur-
gor and dry mucous membranes, and the BUN:crea-
tinine ratio did not appear consistent with the clinical
presentation. Absorption of creatinine with an
exchange resin to purify it from interfering chromogens
yielded a true creatinine concentration of 1.0 mg/dL at
admission, in contrast with 3.2 mg/dL by an auto-
mated Jaffe method. Addition of acetoacetate, but not
β-hydroxybutyrate, to normal serum in concentrations
exceeding 2 mM resulted in a linear increase in creati-
nine levels with the automated Jaffe method, implicat-
ing acetoacetate in the falsely high creatinine results. In
addition, it is possible that high glucose and acetone
levels associated with ketoacidosis further contributed
to spuriously high creatinine levels.

In addition to diabetes, ketoacidosis can be associ-
ated with fasting. A study of five individuals who
fasted for 96 hr showed an increase in mean serum cre-
atinine levels from 1.0 to 1.7 mg/dL, corresponding to
an average increase in acetoacetate levels of 0.03 to
1.39 mM [12]. The correlation between acetoacetate
and creatinine measured by a Jaffe method was very
high, with a coefficient of 0.95. No such correlation
was seen with an enzymatic creatinine method, which
was unaffected by acetoacetate.

Since these cases were reported in the 1980s,
improvements have been made in the Jaffe reaction to
minimize interference by acetoacetate, mainly by
restricting the kinetic measurement to an optimal time
range. Current Jaffe-based methods do not show sig-
nificant interference with acetoacetate levels below
20 mM, although some rapid creatinine methods
designed for STAT use, such as the Beckman modular
creatinine assay (CREAm), can show a positive bias of
approximately 0.07 mg/dL for each 1 mM of acetoace-
tate elevation [13]. Notably, the Jaffe-based creatinine
assay performed in the cuvette side of the Beckman
DxC analyzer shows no interference with acetoacetate
levels below 20 mM. Because acetoacetate levels in dia-
betic ketoacidosis range from 1.2 to 9 mM, averaging
3.561.4 mM [11,14], this interference remains a prob-
lem with some creatinine assays.

A 6-year-old female had bone marrow transplant
for acute myelogenous leukemia and developed severe
graft-versus-host disease and severe hyperbilirubine-
mia, with plasma bilirubin reaching 55.3 mg/dL [15].
She was treated with hemodialysis for renal insuffi-
ciency secondary to a large bladder hematoma with
obstructive uropathy. As part of assessing the effi-
ciency of hemodialysis, the sieving coefficient, calcu-
lated from creatinine concentration in dialysate of
0.7 mg/dL divided by plasma creatinine of 0.3 mg/dL,
equaled 2.33, which is clearly abnormal because 100%
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efficiency will result in a coefficient of 1.0. When the
same calculation was applied to plasma and dialysate
urea, the sieving coefficient was 1.0. The creatinine
was initially measured with a Jaffe-based method, and
a repeat measurement using an enzymatic method
resulted in both plasma and dialysate creatinine levels
of 0.7 mg/dL and therefore a sieving coefficient of 1.0.
This case highlights the susceptibility of the Jaffe-
based assays to negative interference by high levels of
bilirubin, and the potential for overestimation of hemo-
dialysis efficiency, because the measurement in the
plasma, but not the dialysate, is susceptible to this
interference. It is not clear why bilirubin does not cross
the dialysis membrane, although binding of bilirubin
to albumin and electrostatic repellence between nega-
tive charges in both conjugated bilirubin and mem-
brane are possible explanations.

Enzymatic Creatinine Assays

To obviate the problems with the Jaffe-based meth-
ods and increase specificity for creatinine, several
assays use enzymatic reactions to obtain a measurable
product. Two enzymes can act on creatinine: creatini-
nase, which converts creatinine to creatine, and creati-
nine deiminase, which generates N-methylhydantoin
and NH3. To convert one of these products to a photo-
metrically measurable substance, a cascade of other
enzymes must be used. For example, in the most com-
monly used method, creatininase generates creatine
and creatinase converts creatine to sarcosine, which in
turn generates hydrogen peroxide and formaldehyde
after treatment with sarcosine oxidase. Subsequently,
peroxidase catalyzes the oxidation of a chromogen to a
colored product by H2O2.

Whole blood analyzers, such as the Abbott iSTAT,
Radiometer ABL800, and Nova StatSensor, use a simi-
lar creatininase/creatinase/sarcosine oxidase cascade
and electrodes that generate current upon oxidation by
H2O2 to measure creatinine in whole blood. In the case
of the Radiometer, two electrodes are used: One elec-
trode is associated with the full cascade of enzymes
and measures H2O2 generation from creatinine,
whereas a second electrode omits the creatininase
enzyme and measures background H2O2 generation
from creatine and other substances, thus significantly
minimizing interferences [16]. Rapid creatinine mea-
surements in whole blood analyzers have become
increasingly important in the expedite screening of
patients undergoing emergency radiologic procedures
using contrast dyes, as a mechanism to prevent
contrast-induced nephropathy (CIN), because patients
with eGFR less than 60 mL/min/1.73 m2 are at higher
risk of CIN.

Another approach used in automated analyzers to
minimize interference by reaction intermediates is to

measure reaction rates with all enzymes but without
creatininase and then add creatininase to measure
creatinine-dependent chromogen generation. As with
other hydrogen peroxide (H2O2)-based methods, the
results of enzymatic creatinine assays that generate
H2O2 are subject to interference by strong reducers,
such as ascorbic acid and bilirubin, which compete
with the chromogen for H2O2. Interference by ascorbic
acid can be overcome by ascorbate oxidase, whereas
bilirubin oxidase or ferrocyanide can minimize inter-
ference by bilirubin.

Alternatively to using peroxidase and measuring
H2O2 generation, another method uses formaldehyde
dehydrogenase to oxidize formaldehyde to acetic acid
while converting nicotinamide adenine dinucleotide
(NAD1) to NADH, which can be measured by absorp-
tion at 340 nm. In another H2O2-free approach, creati-
nine deiminase converts creatinine to N-
methylhydantoin and ammonia, and either of these
compounds can be converted by subsequent steps into
a chromogen. The simpler methods use glutamate
dehydrogenase to convert ammonia and α-ketogluta-
rate to glutamate while oxidizing NADH to NAD1.
The use of recombinant creatinine deaminase from the
bacterium Tissierella creatinini has improved the speci-
ficity of the assay because this enzyme is highly spe-
cific for creatinine, in contrast to creatinine deiminase
from other sources that can react with cytosine and
related compounds. However, none of these methods
have found widespread routine use in clinical
laboratories.

Most interfering substances reported with the Jaffe
methods do not significantly interfere with enzymatic
creatinine assays at physiologic or therapeutic levels,
with the exception of catecholamines, levodopa,
α-methyldopa, rifampicin, and calcium dobesilate
(Doxium and Dobest), a vasoprotective drug used in
the treatment of diabetic retinopathy and chronic
venous insufficiency (see Table 8.4).

CASE REPORT A 36-year-old male with severe
heart failure and progressive renal failure had initial
creatinine levels of 4.6, 4.4, and 4.3 mg/dL in the first
2 days of admission to the hospital. Given the cardio-
vascular situation, the patient was transferred to the
intensive care unit (ICU) and treated with dopamine to
improve blood flow and kidney function. The creati-
nine values in the next 2 days in the ICU fluctuated
more than 25% with no correlation to the patient’s
unchanged clinical status. When the samples were ana-
lyzed by both the Roche enzymatic assay and a Jaffe-
based method, spurious decreases in creatinine levels
were seen with fresh samples tested with the Roche
method but not with samples stored for more than
24 hr. When dopamine was added at a molar ration of
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0.25:1 to creatinine, the negative bias was 267% with
the Roche enzymatic assay, 213% with the Vitros enzy-
matic assay, and between 23 and 25% with three
Jaffe-based methods [17]. It is well recognized that
strong reducing substances, such as dopamine, dobuta-
mine, and other catecholamines, can interfere with
enzymatic reactions that use H2O2 and peroxidase as
intermediate steps to color generation. This interference
is due to either complex formation with the chromo-
gen, in the case of dopamine and methods using 4-ami-
nophenazone, or reactivity between the catecholamine
and H2O2, with consequent depletion of the peroxide
and falsely low results [18]. Instability of the catechola-
mines explains why samples older than 24 hr showed
no negative interference by these substances [17].

UREA ANALYSIS

Urea is another substance excreted primarily (90%)
by the kidney, and because it was initially measured
as urea nitrogen, it is reported in the United States as
BUN, even though all modern assays measure urea
concentration and not nitrogen. To convert BUN to
urea, in milligrams per deciliter, multiply by 2.14.
Urea is formed by the urea cycle, the end pathway for
disposal of ammonia mostly derived from protein
catabolism. The enzymes of the urea cycle are most
abundant in the liver, and they are present in the kid-
ney and other tissues in much smaller amounts.

In contrast to creatinine, passive tubular reabsorp-
tion of urea is significant, particularly in situations of
impaired urinary flow; such as with dehydration and
reduced blood volume, and therefore urea clearance is
lower than the GFR. In situations of high urine flow,
such as pregnancy, diuretic treatment, and hyperos-
molar loads, urea reabsorption is minimal and urea
clearance approaches the GFR. A similar situation is
seen in advanced renal failure, with high osmotic
diuresis. Despite the superiority of creatinine for esti-
mation of GFR, the measurement of urea has a role in
the following clinical situations:

1. When creatinine measurements are misleading due
to interferences or physiologic situations, such as
extremes of muscle mass, that affect the relationship
of creatinine and GFR.

2. To help determine the mechanism of renal
insufficiency by comparing the elevation in urea
and creatinine, as reflected by the BUN:creatinine
ratio.
a. Increased BUN:creatinine ratio

i. Prerenal disease, with hypovolemia and/or
impaired kidney perfusion, leads to
increased urea reabsorption and elevation of

BUN disproportionally to the decrease in
GFR and increase in creatinine, which often
is in the normal range. Therefore, the BUN:
creatinine ratio is elevated, typically greater
than 20. Examples of systemic conditions
associated with prerenal azotemia include
bleeding, burns, shock, cirrhosis, congestive
heart failure, anaphylaxis, dehydration,
prolonged diarrhea, vomiting, and sweating.
Examples of localized impairment of renal
blood flow include aortic coarctation,
aneurysm, dissection, and renal artery
occlusion by thromboembolism or stenosis.

ii. Conditions that increase urea production
(high-protein diet, high catabolic states such
as fever, infection, burns, hyperthyroidism,
acute myocardial infarction, postsurgery
(especially gastrointestinal surgery), anti-
anabolic drugs such as tetracycline and
corticosteroids, and gastrointestinal bleeding
with absorption and catabolism of blood
proteins) or decrease creatinine production
(e.g., low muscle mass) can also increase the
BUN:creatinine ratio. Due to these
multifactorial effects, the BUN:creatinine
ratio is of low value in discriminating the
cause of renal insufficiency in acutely ill
patients, although a high BUN:creatinine
ratio is associated with worse outcomes in
these patients [19,20].

iii. Postrenal disease, such as obstruction,
stenosis, or reflux in the urinary outflow tract
(ureters, bladder, and urethra), will also lead
to reduced urinary flow and increases in both
BUN and creatinine, with the BUN:creatinine
ratio usually, but not always, greater than 15.

b. Decreased BUN:creatinine ratio (, 10)
i. Conditions that decrease urea reabsorption:

high urinary flow (e.g. pregnancy and
osmotic diuresis), acute tubular necrosis,
interstitial nephritis, and sickle cell disease.

ii. Conditions with decreased urea synthesis
(negative nitrogen balance): severe liver
disease, malnutrition, low protein intake,
protein malabsorption (e.g., celiac disease),
protein loss (nephrotic syndrome), increased
protein synthesis (late pregnancy, childhood,
convalescence, acromegaly, anabolic drugs
such as androgens, growth hormone).

iii. Conditions with increased creatinine production
(bodybuilders, rhabdomyolysis, etc.).

c. Normal BUN:creatinine ratio (10�20)
i. Most cases of renal failure.

3. Urinary urea measurements, in conjunction with an
assessment of protein intake, can be used as a crude
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estimation of proper nitrogen balance for nutritional
purposes. For example, net nitrogen balance can be
calculated by the following formula:

Nitrogen balance5protein intake ðg=dayÞ=6:25
� urea nitrogen ðg=dayÞ1 4

Urea Assay Methods

Virtually all current routine methods for urea mea-
surement use urease to convert urea to ammonium
and bicarbonate ions. The detection of ammonium for-
mation, which is proportional to the concentration of
urea, is achieved by one of the following methods:

1. Change in conductivity: The Beckman modular
assay uses the rate of change in conductivity of the
diluted sample when ammonium (NH4

1),
bicarbonate (HCO3

2), and hydroxyl (OH2) are
generated by urease from non-ionic urea.

2. Ammonium-selective potentiometry: In some whole
blood analyzers, urease is immobilized on a
membrane, and the generation of ammonium is
measured by current generated at the ammonium-
selective electrode.

3. Reaction with quinolinium dye: The Ortho Vitros
dry chemistry method uses an ammonium-
permeable membrane to filter the ammonium
generated by the urease reaction into the color-
forming layer, where it reacts with a quinolinium
chromogen, generating color measured by
reflectance spectrometry at 670 nm.

4. Glutamate dehydrogenase: This enzyme converts
ammonium and α-ketoglutarate to glutamate and in
the process oxidizes NADH to NAD1 with the
consequent decrease in absorption at 340 nm.

In all these methods, an obvious interference to con-
trol for is endogenous or exogenous (anticoagulant)
ammonium, which will cause an increase in urea cor-
responding to the ammonium concentration.
Normally, the concentration of ammonia in plasma
(10�200 μM) is much lower than the concentration of
urea (1�10 mM), but it may become a problem in cer-
tain metabolic disorders, including those associated
with liver dysfunction, and in acidic or bacterially con-
taminated urine. The problem can be solved by taking
a sample blank reading with all reagents except urease.
High amounts of fluoride inhibit urease and may
cause falsely low BUN results, but the amount present
in gray-top tubes (B2.5 mg/mL) does not interfere sig-
nificantly. Likewise, ammonium heparin anticoagulant
at 14 units/mL shows no significant interference with
BUN.

Other interferences reported include levodopa
(23 mg/dL at 40 μg/mL) and methylbenzethonium
chloride (25 mg/dL at 0.5 mg/dL) for the modular
Beckman assay. No significant interference is seen
with hemolysis (at 500�800 mg/dL hemoglobin), bili-
rubin (30�100 mg/dL), and lipemia (500 mg/dL
Intralipid) in various BUN assays. The Vitros assay
shows a bias of 1.1 mg/dL with 500 mg/dL of plasma
hemoglobin.

AMMONIA ASSAY

Ammonia is generated in the body predominantly
from the action of intestinal bacteria, which deaminate
urea and amino acids. In patients with gastric
Helicobacter pylori infections, the urease activity of this
organism can be an important source of circulating
ammonia, particularly in patients with cirrhosis [21].
The ammonia generated in the intestine flows into the
liver through the portal vein and is metabolized in the
urea cycle. In excess, ammonia can be a potent
neurotoxin.

Plasma ammonia levels are measured most com-
monly in two clinical situations: to monitor metabolic
disorders in infants, such as deficiencies in urea cycle
enzyme and related pathways, and in advanced liver
disease to monitor the risk of hepatic encephalopathy.
The latter indication is controversial because the corre-
lation between ammonia levels and encephalopathy is
poor, and routine measurement of plasma ammonia is
not recommended in patients with known liver dis-
ease, although it may be useful in patients with
encephalopathy of unclear etiology [22].

Pre-Analytical Factors

Diets with high protein content may result in
increased ammonia generation, mainly reflected by
increased urinary excretion, whereas starvation will
decrease ammonia by 17% [23]. Exercise increases
ammonia generation approximately threefold [22].
Subjects should abstain from smoking because it
increases ammonia blood levels by approximately
10 μmol/L/hr [22]. Certain drugs, such as ammonium
salts, barbiturates, opioids, valproic acid, and asparagi-
nase, can increase ammonia generation. Patients trea-
ted with fluids containing glutamine, such as for
irrigation post-transurethral prostatectomy, can have
significant increases in ammonemia [22].

Clenching fist, prolonged tourniquet application,
and improper cleaning of the skin during blood collec-
tion can result in spuriously high ammonia. Of partic-
ular concern are capillary samples collected from
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infants, in which sweat contamination and higher fre-
quency of hemolysis and tissue damage can artificially
increase ammonia in the sample [22,24]. Arterial
ammonia levels are higher than venous and correlate
better with liver function; therefore, arterial specimens
are preferable in this condition [22].

Blood samples for ammonia analysis should be col-
lected in tubes containing ethylenediaminetetraacetic
acid (EDTA) or heparin as anticoagulant, and obvi-
ously ammonium heparin or ammonium oxalate
should not be used. Serum is not recommended
because ammonia is produced by platelet lysis during
the clotting process. The tubes containing the blood
samples should be placed immediately on ice slurry
and centrifuged as soon as possible to prevent genera-
tion of ammonia in vitro, 90% of which originates from
red cells, platelets, and leukocytes [22,25]. In healthy
individuals, ammonia accumulates in whole blood at a
rate of approximately 4 μmol/L/hr, compared to 5 and
25 μmol/L/hr at 20� and 37�C, respectively [25].
Analysis should proceed expeditiously because ammo-
nia levels increase in plasma even at 0�C. After cellular
separation, ammonia accumulates in plasma at a rate
of approximately 0.4 μmol/L/hr [26]. Conditions asso-
ciated with elevated levels of γ-glutamyl transferase
(GGT) in the plasma, such as alcoholism and hepato-
biliary diseases, can have up to a 35-fold increase in
the rate of ammonia generated in vitro from glutamine
and peptide deamidation in the plasma, even at 0�C
[26]. The addition of 2 mM borate and 5 mM serine to
inhibit GGT can prevent ammonia generation in
patients with high levels of GGT [26]. The Urea Cycle
Disorders Conference Group issued a consensus state-
ment suggesting that blood should be collected in a
prechilled ammonia-free tube, kept on ice, and centri-
fuged within 15 min of collection [24]. Plasma should
be frozen at 270�C if not assayed immediately.
Collection of capillary samples and delay in processing
the samples were found to be the most common causes
of falsely elevated ammonia results in children, which
occurred in approximately 28% of the patients with
values higher than the reference range [24].

Assay Methodology for Ammonia

The most commonly used methods for ammonia
determination use glutamate dehydrogenase to convert
ammonia and α-ketoglutarate to glutamate while oxi-
dizing NADPH (or NADH) to NADP1 (or NAD1)
with a resulting decrease in absorption at 340 nm.
Alternatively, in the Vitros dry chemistry method,
ammonia is isolated from the rest of the sample
solution with a semipermeable membrane that sub-
sequently reacts with bromophenol blue, causing a
change in reflection density measured at 600 nm.

Atmospheric ammonia may cause an artificial
increase in ammonia levels. Hemolyzed samples are
not recommended because of higher rates of spontane-
ous ammonia generation in vitro. Glucose at 600 mg/
dL (33.3 mM) can cause a decrease of 8�40 μmol/L in
ammonia concentration using the Vitros method. High
levels of alanine aminotransferase have been reported
to cause a positive interference in enzymatic ammonia
assays in patients with liver failure, possibly by catalyz-
ing the conversion of the alanine to pyruvate, which is
then converted by LDH into lactate, consuming NADH
[27]. Sample blanking is recommended to correct for
interference caused by dehydrogenases and other sub-
stances in the plasma able to oxidize NAD(P)H [28].
Interestingly, methods using NADPH are much less
susceptible to nonspecific interferences than those
using NADH [29].

URIC ACID ANALYSIS

Uric acid is the product of nucleic acid catabolism,
as a major breakdown product of purine nucleosides.
Accumulation of uric acid in joints leads to inflamma-
tory arthritis known as gout, whereas excessive uric
acid excretion can lead to urate nephropathy and kid-
ney stones. The final step in uric acid formation is the
conversion of xanthine to uric acid catalyzed by xan-
thine oxidase, and inhibition of this enzyme by allopu-
rinol can be effective in reducing circulating uric acid
levels. Uric acid is excreted by the kidneys by distal
tubular secretion, a process that can be enhanced by
uricosuric drugs such as probenecid, sulfinpyrazone,
azapropazone, tiaprofenate, and several others and
inhibited by diuretics and organic acids.

Causes of hyperuricemia include several congenital
metabolic disorders, such as Lesch�Nyhan syndrome
resulting from deficiency of hypoxanthine-guanine-
phosphoribosyltransferase, excess purine intake
(e.g., red meat, liver, kidney, and sardines), excess
nucleic acid turnover (leukemias, myeloma, tumor lysis
syndrome, trauma, and excessive exercise), or
decreased excretion caused by renal disease or inhibi-
tors of urate secretion (organic acids including lactate
and acetoacetate, salicylates, thiazides, and lead poison-
ing). Interestingly, prolonged starvation and other
ketoacidosis states can lead to more than a 20% increase
in uricemia, due to a combination of decreased intake
and increased catabolism of nucleic acids, and
decreased excretion due to inhibition by ketoacids [30].
In the case of acute alcohol ingestion, the associated
increased purine catabolism, dehydration, and lactic
acidosis further contribute to increased uricemia [31].

Causes of hypouricemia include decreased synthesis
(deficiency or inhibition of xanthine oxidase or its
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molybdenum co-factor, severe liver disease, purine syn-
thesis inhibitors such as 6-mercaptopurine, and azathio-
prine) and decreased renal reabsorption (Fanconi
syndrome, interstitial nephritis, radiologic contrast
nephropathy, and overtreatment with uricosuric drugs).

Analytical Considerations for Urea Analysis

Virtually all routine assays for uric acid use uricase
to convert uric acid to allantoin with generation of
H2O2 and CO2 followed by peroxidase-catalyzed
oxidation of a chromogen by the H2O2. As with other
peroxidase-based methods, interference by ascorbic
acid and bilirubin is common. For example, the
Beckman assay shows a negative bias of 10% with
10 mg/dL of bilirubin and of 0.3 mg/dL with 1.5 mg/dL
of ascorbate. The Vitros dry chemistry method obviates
bilirubin interference (up to 27 mg/dL) by removal of
proteins from the color-forming layer, but it is still
affected by high ascorbate levels (217% bias at
100 mg/dL). In the Roche method, ascorbate oxidase is
used to reduce interference by ascorbic acid. Other
interferants reported with uricase/peroxidase methods
include hemolysis, theophylline metabolites, catechol-
amines, methylene blue, sulfasalazine, gentisic acid,
hydralazine, and other reducing substances (see also
the section on creatinine). Borate preservatives, sodium
azide, and ascorbate in urine interfere with the urease
reaction and are frequent causes of misleading urinary
urate measurements [32]. Urine pH less than 8.0 can
result in urate precipitation and inaccurate urinary
urate measurement.

CASE REPORT A 30-year-old patient with Burkitt’s
lymphoma was hospitalized for dyspnea, night sweats,
fatigue, and early satiety [33]. Tumor staging indicated
the patient was in stage D. The patient’s admission
serum uric acid levels were 14.1 mg/dL, and the
patient was treated for 3 days with allopurinol, result-
ing in a decline of uricemia to 5.1 mg/dL. After a
single dose of cyclophosphamide treatment, resulting
in rapid tumor lysis and disappearance of his chest
masses in 2 days, uric acid levels increased to approxi-
mately 10 mg/dL as measured by a chemical method
but only 6 mg/dL as measured by a uricase method.
The discrepancy correlated with high serum levels of
xanthine, an inhibitor of the uricase reaction, which
increased from a prechemotherapy level of 10 mg/dL
to a peak of 140 mg/dL. Normally, xanthine is rapidly
cleared by the kidney, but in cases of rapid tumor lysis
in which conversion to uric acid is inhibited by allopu-
rinol, it can reach higher levels, especially if associated
with renal insufficiency, and cause falsely low uric
acid measurements with uricase methods.

GLUCOSE ANALYSIS

When point-of-care (POC) and home testing assays
are included, glucose represents the most frequently
measured analyte in clinical settings. As the most
important source of energy for most tissues, including
the brain, levels of glucose in the blood are highly reg-
ulated and deviations from normality have severe con-
sequences. Hypoglycemia is defined as blood glucose
levels less than 45 mg/dL or by the Whipple’s triad of
low glycemia (,70 mg/dL) with symptoms of hypo-
glycemia (palpitations, sweating, tremors, weakness,
headache, fainting, etc.) and disappearance of the
symptoms when glucose is normalized. Hypoglycemia
can have many causes:

1. Hyperinsulinic hypoglycemia, characterized by low
ketones and free fatty acids
a. High-insulin secretion (associated with

high levels of C-peptide), which includes
drugs (sulfonylurea, meglitides, quinine,
and pentamidine), insulinoma, islet cell
dysplasia, and very rarely β cell-stimulating
autoantibodies.

b. Low-insulin secretion (low C-peptide): excessive
exogenous insulin administration, anti-insulin
antibodies, insulinomimetic antibodies, and
ectopic insulin-like growth factor production by
tumors.

2. Non-hyperinsulinic hypoglycemia
a. With elevated free fatty acids and ketones:

Failure to produce or obtain glucose or excess
consumption of glucose leads to increased fatty
acid oxidation and ketonemia—drugs (ethanol,
salicylates, and propanolol), severe liver
disease, hormone deficiency (growth hormone,
cortisol, thyroid, and pituitary), extrapancreatic
malignancy, and malnutrition, inborn errors of
metabolism (galactosemia, fructosemia, glycogen
storage disorders, gluconeogenesis defects,
various organic acidurias, etc.).

b. Inborn diseases of fatty acid oxidation:
Compensatory increase in glucose consumption
results in hypoglycemia, low ketone levels,
normal to elevated free fatty acids, and low
acylcarnitine levels.

Hyperglycemia is usually a chronic disease caused
by insulin deficiency with pancreatic β cell destruction
(diabetes mellitus type 1) or peripheral insulin resis-
tance, often associated with partial insulin deficiency
(diabetes type 2). Rare inherited forms of diabetes
include defects in pancreatic genesis, insulin secretion,
and glucose sensing in the β cells, termed maturity-
onset diabetes of the young and often involving
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transcription factors such as HNF1, HNF4, KLF1,
PAX4, and IPF1; defects in insulin or its receptor
genes; and as part of complex genetic disorders such
as Down, Klinefelter, Turner, and Prader�Willi
syndromes. Chronic hyperglycemia is also often asso-
ciated with diseases of the exocrine pancreas (hemo-
chromatosis, chronic pancreatitis, and cystic fibrosis),
endocrinopathies (Cushing’s syndrome, acromegaly,
glucagonoma, pheochromocytoma, and hyperthyroid-
ism), infections (congenital rubella or cytomegalovirus,
coxsackievirus B, mumps, sepsis, and meningitis),
drugs (thiazides, steroids, dilantin, statins, etc.), toxins
(streptozotocin and other fungal toxins), and, rarely,
anti-insulin receptor antibodies or the stiff-person syn-
drome with anti-glutamate-decarboxylase autoantibo-
dies [34].

The American Diabetic Association (ADA) has
defined criteria for diagnosis of diabetes mellitus, to
include any of the following [34,35]:

1. Hemoglobin A1c (HbA1c)$ 6.5%.
2. Fasting plasma glucose$ 126 mg/dL (fasting

defined as no caloric intake for $ 8 hr).
3. Oral glucose tolerance test (OGTT), with 75-g load

of glucose, plasma glucose$ 200 mg/dL at 2 hr.
4. Random plasma glucose$ 200 mg/dL with classic

symptoms of hyperglycemia (polyuria, polydipsia,
or unexplained weight loss).

It is important to note that criteria 1�3 should be
confirmed by repeated testing on a different day, unless
the patient has two or more of the criteria or in cases of
obvious diabetes, defined by plasma glucose .500 mg/
dL, HbA1c .7.0%, ketoacidosis, nonketotic coma, and
classic symptoms of hyperglycemia. In most cases, the
OGTT is unnecessary to diagnose or exclude diabetes,
as the combination of fasting glucose, random glucose,
and HbA1c offers sufficient sensitivity and specificity.

Patients with intermediate values between the
upper limit of the reference range and the ADA crite-
ria are at risk for developing diabetes and its
complications:

1. Hemoglobin A1c (HbA1c): 6.0�6.5%. Some experts
advocate an HbA1c of 5.7�6.5% to define
prediabetic risk [34].

2. Impaired fasting glucose: 100�125 mg/dL.
3. Impaired glucose tolerance—random plasma

glucose or 2-hr OGTT: 140�199 mg/dL.

For diagnosing gestational diabetes, more stringent
criteria have been defined [36]:

1. Fasting plasma glucose$ 92 mg/dL.
2. 1-hr plasma glucose (75-g load)$ 180 mg/dL.
3. 2-hr plasma glucose (75-g load)$ 153 mg/dL.

Pre-Analytical Considerations for Glucose
Measurement

The ADA guidelines recommend fasting glucose as
one of the screening tests for diabetes. Patients should
abstain from solid food for at least 8 hr but should
maintain normal liquid intake, otherwise dehydration
and hemoconcentration could artificially increase the
measured glucose level. It is recommended that
patients abstain from alcohol, smoking, caffeine, and
any herbs or medications known to affect glucose
metabolism, and that collection of blood is performed
in the morning to avoid the effects of diurnal variation.
For the OGTT, the patient should consume an unre-
stricted diet containing at least 150 g/day of carbohy-
drates for 3 days and fast for 10�16 hr before the test
is performed [37]. Anxiety, recumbence, inactivity,
acute illness, incomplete ingestion of the glucose solu-
tion, and performance of the test in the afternoon can
cause misleading results with the OGTT.

Perhaps the most common source of error in glucose
measurements in inpatients is contamination by intra-
venous fluids containing a high concentration of glu-
cose [38]. For example, 50% dextrose in water (DW)
contains 50 g/dL of glucose, which is 500-fold higher
than the normal glycemia. Therefore, even a 0.1% con-
tamination with 50% DW could increase apparent glu-
cose levels by 50 mg/dL. Sampling should never be
done proximal to the infusion site and preferably
should be done in the contralateral site. The infusion
should be stopped for 1 or 2 min prior to collection. If it
must be collected from the catheter, it should be
flushed with an isotonic saline volume a minimum of
10 times the intraluminal catheter volume, and the first
5 mL of blood should be discarded or diverted.

Prolonged tourniquet application and fist clenching
and unclenching can result in glucose consumption by
the underperfused tissues, leading to lower glucose
levels. For example, tourniquet application for 6 min
resulted in a drop of plasma glucose by nearly 4% [3].

Serum or plasma should be separated from cells
within 30 min to minimize consumption of glucose by
blood cells, which is a source of variability in glucose
results much higher than analytical imprecision. If sep-
aration cannot be done within 30 min, it is recom-
mended that the sample be placed on ice or an
appropriate glycolysis inhibitor be present [35]. In the
past, sodium fluoride was recommended, usually in
combination with an anticoagulant such as potassium
oxalate (gray-top tubes), to prevent glycolysis because
fluoride is a potent inhibitor of the enolase enzyme in
the glycolytic pathway. However, inhibition does not
occur during the first 1 or 2 hr due to poor permeabil-
ity of the red cell membrane to fluoride, and
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consumption of 2�10 mg/dL per hour of glucose may
be seen for up to 3 or 4 hr. Consensus guidelines for diag-
nosis of diabetes mellitus recommended the use of tubes
containing citrate, EDTA, and fluoride for effective inhi-
bition of glucose consumption at 24�37�C [35]. However,
these tubes are not currently available in the United
States, and one alternative is to keep gray-top tubes on
ice if centrifugation is delayed more than 30 min, particu-
larly in situations associated with increased in vitro glu-
cose consumption, including polycythemia (e.g., in
newborns), leukocytosis (. 60,000/μL), thrombocytosis,
sepsis, and the use of nonsterile blood collection tubes.
Other body fluids, such as cerebrospinal fluid, pleural
fluid, and peritoneal fluid, should be immediately ana-
lyzed for glucose because of glucose consumption by
cells. Urine should be treated with acetic acid, borate,
thymol, or sodium azide and refrigerated to avoid bacte-
rial glucose consumption.

Fasting glucose levels in arterial blood are 2�5 mg/
dL higher than those in capillary blood and 5�10 mg/
dL higher than those in venous blood. However, after
a meal, increased glucose utilization by peripheral tis-
sues stimulated by the postprandial insulin surge can
result in capillary or arterial blood glucose levels
20�70 mg/dL higher than those in venous blood [37].
Low perfusion associated with shock, hypotension,
and vascular disorders can also cause similar discre-
pancies between arterial, capillary, and venous blood
as slow blood flow leads to increased glucose extrac-
tion by the tissues. These discrepancies are frequent
sources of confusion for clinical providers because
glucose can be measured nearly simultaneously in
hospitalized patients as part of an arterial blood gas
profile, with POC glucose meters sampling capillary
blood, and in the central laboratory high-throughput
analyzers using venous blood serum or plasma.

Often, the discrepancy between whole blood analy-
zers, such as the blood gas instruments or the glucose
meters, and plasma or serum glucose is attributed to the
difference between glucose levels in whole blood and in
the plasma fraction. This is true if glucose is measured
in lysed blood. Whereas glucose is freely permeable and
equilibrates at similar concentrations in plasma and the
intracellular water fraction, the water content in red
blood cells is only 71% of the total volume compared to
93% in the plasma, resulting in a 10�15% decrease in
glucose concentration compared to plasma, depending
on hematocrit. However, most meters measure glucose
in unlysed whole blood (i.e., in the water fraction of
plasma); therefore, the glucose concentrations are equiv-
alent to those measured in plasma. In true whole blood
analyzers using lysed blood, a correction factor is typi-
cally applied to report glycemia in terms of milligrams
per deciliter of plasma [39].

Methodology for Glucose Testing

Virtually all glucose assays use enzymatic approaches
to generate a measurable product proportional to the glu-
cose concentration. The following enzymes can act on
glucose and have been utilized to measure glucose levels:

1. Glucose oxidase:
β-D-glucose1O2-gluconate1H2O2

2. Hexokinase: D-glucose (and other hexoses)1
ATP-glucose (hexose)-6-phosphate; usually
coupled with glucose-6-phosphate dehydrogenase:

i. Glucose-6-phosphate1NAD(P)1

-6-phosphogluconolactone1NAD(P)H
3. Glucose dehydrogenase: glucose1NAD(P)1

-gluconolactone1NAD(P)H

As described previously, the change in concentration
of NAD(P)1 versus NAD(P)H can be assayed spectro-
photometrically at 340 nm and can form the basis for
most methods using hexokinase or glucose dehydroge-
nase. Alternatively, NAD(P)H can be used to reduce a
tetrazolium chromogen to a colored product or to
reduce an electron donor, such as flavin adenine dinu-
cleotide or pyrroloquinoline quinone (PQQ), resulting
in measurable current. Careful calibration and quality
control are required because of instability of co-factors,
particularly ATP, NAD1 and NADP1, in solution.

Glucose oxidase methods rely on one of the following
approaches to produce a measurable signal:

1. Measuring oxygen consumption with an O2-specific
electrode: This approach is used in the Beckman
DxC/LX20 modular assay. To minimize
spontaneous O2 generation from H2O2, molybdate,
iodide, and ethanol are included to enhance
catalase-mediated inactivation of the peroxide.

2. Measuring H2O2 formation by using peroxidase to
convert a chromogen to a colored product: Many
chromogens have been used, including o-dianisidine
and 4-aminoantipyrine.

3. Measuring H2O2 formation by oxidation of a
platinum electrode, generating current proportional
to the glucose levels: This method can be used in
whole blood analyzers because it avoids optical
readings as well as issues with oxygen consumption
by blood cells.

Interferences in Glucose Assays

GLUCOSE OXIDASE

Interference by strong redox agents is expected in
glucose oxidase methods using peroxidase, similarly to
other methods (e.g., uric acid methods). These include
endogenous substances such as uric acid, bilirubin,
hemoglobin, glutathione, and acetoacetate and
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exogenous chemicals such as ascorbic acid, acetamino-
phen, tetracycline, and catecholamines.

With glucose oxidase methods relying on oxygen
consumption, high oxygen levels in the blood can
cause falsely low glucose results; conversely, low oxy-
gen levels associated with high altitude can cause
falsely high results. This method should not be used
in whole blood due to highly variable oxygen levels
and consumption by red cells. The reaction is also
dependent on pH levels, with acid pH causing
increased glucose levels and high pH causing low
glucose results.

HEXOKINASE

These methods are more susceptible to interferences
that affect absorption at 340 nm, including turbidity
due to lipemia, hyperbilirubinemia, and hemolysis. In
addition to spectral interference by hemoglobin, hemo-
lysis is associated with the release of several interfering
substances from blood cells, including phosphates that
inhibit hexokinase, glucose-6-phosphate, glucose-1-
phosphate, fructose-6-phosphate, and enzymes com-
peting for glucose-6-phosphate and NADP. High levels
of fructose (e.g., in some OGTT preparations) also
interfere with hexokinase methods: Ingestion of 2 g/kg
body weight of fructose raises glycemia by 10 mg/dL
for 1 or 2 hr [37].

GLUCOSE DEHYDROGENASE

This enzyme is not entirely specific for glucose, and
other sugars, such as maltose, galactose, xylose, and
mannose, can interfere in a manner related to the par-
ticular formulation of the assay.

Tang et al. [40] investigated several POC glucose
meters for possible interference by a list of 30 com-
monly used drugs, and they established that ascorbic
acid (3�9 mg/dL), acetaminophen (2�10 mg/dL),
dopamine (2�4 mg/dL), and mannitol (500 mg/dL)
caused interference with various glucose meters. With
the exception of acetaminophen and mannitol, these
levels are much higher than typical therapeutic con-
centrations. However, in certain situations associated
with rapid drug infusion or decreased excretion, such
as in critically ill patients with renal failure, interfer-
ences by these drugs may become significant.

CASE REPORT An 86-year-old male with a diagno-
sis of diabetes was admitted for rapidly progressive
cellulitis of the foot with necrotizing fasciitis and sepsis
[41]. He was treated with above-the-knee amputation,
dialysis for oliguria and progressive renal insuffi-
ciency, insulin, antibiotics, and intravenous immuno-
globulin (Octagam) for off-label sepsis treatment. The
Octagam was administered over a 7-hr period, during
which a POC device used to measure glucose levels
showed increasing glycemia peaking at 535 mg/dL 4 hr

TABLE 8.5 Pharmaceuticals Containing Sugars That Cause False-Positive Elevations in Glucose Tests with GDH-PQQ Assays

Manufacturer Trade Name Product Interfering

Substance

Interferent Concentration (g/dL) or

Maximum Dose

Talecris Biotherapeutics Gamimune N
5%a

Immune globulin intravenous
(human)

Maltose 9�11

Octapharma Pharmazeutika
Produktionsges m.b.H.

Octagam Immune globulin intravenous
(human)

Maltose 10

Cangene Corporation WinRho SDF
Liquid

Rh (D) immune globulin
intravenous (human)

Maltose 10

Cangene Corporation None Vaccinia immune globulin
intravenous (Human)

Maltose 10

Cangene Corporation HepaGam B Hepatitis immune globulin
(human)

Maltose 10

GlaxoSmithKline Bexxar Tositumomab and 131I-
tositumomab

Maltose 10

Baxter Extraneal Peritoneal dialysis solution Icodextrine 7.5

Baxter Adept Adhesion reduction solution Icodextrine 4

Bristol-Myers Squibb Orencia Abatacept Maltose 2-g dose

NERL Diagnostics D-Xylose USP D-Xylose Xylose 25-g dose

Galactose tolerance test Galactose 40-g dose

aDiscontinued.
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into the infusion. The patient was then treated with 12
units/hr of intravenous insulin, which was titrated
toward 24 units/hr by the next day. The patient then
became increasingly unresponsive, and a POC glucose
level reading was 115 mg/dL, whereas a central labora-
tory assay resulted in a glucose of 12 mg/dL. The
patient remained unresponsive despite 50% dextrose
and insulin administration, and the patient eventually
died due to irreversible neurological brain damage.

Several other similar cases reported to the U.S. Food
and Drug Administration (FDA), including 7 fatalities,
led this agency to issue a safety warning in October
2005 alerting patients and health care providers to the
possibility of falsely elevated glucose results with sev-
eral blood testing devices due to interference from
intravenous products containing maltose, galactose, or
xylose. This problem is unique to devices using glu-
cose dehydrogenase (GDH) coupled with oxidation
of PQQ for production of a colored product.
Subsequently, the FDA reported 13 deaths associated
with GDH�PQQ glucose testing, 10 of which occurred
in patients who received Extraneal (icodextrin) perito-
neal dialysis solution and 3 that occurred in patients
who received maltose infusions, and issued a
public health notification in August 2009 reiterating
the possibility of fatal errors with GDH�PQQ glucose
meters [42]. The problem is particularly severe when
large amounts of interfering sugars are being infused in
the patient; for example, a total dose of 25 g maltose can
result in peak blood maltose levels of approximately
100�150 mg/dL, which decay with a half-life of
approximately 90 min [43]. Table 8.5 shows some phar-
maceuticals containing substances interfering with the
GDH�PQQ glucose assays.

ANALYSIS OF ELECTROLYTES

Electrolytes are substances that form ions in aque-
ous solutions, therefore conducting current. In clinical
biochemistry, this term usually refers to clinically
significant small ions that account for most of the
conductivity of body fluids, and it excludes other
charged substances such as amino acids, peptides,
proteins, and nucleic acids. The most frequently mea-
sured electrolytes have critical physiologic roles and
tightly regulated concentrations. These include the cat-
ionic metals sodium (Na1), potassium (K1), magne-
sium (Mg21), and calcium (Ca21) and the anions
chloride (Cl2), phosphate (HPO4

22), and bicarbonate
(HCO3

2), of which Na1, K1, Cl2, and HCO3
2 are the

most commonly assayed, usually as an “electrolyte
panel” (see Table 8.3). It is beyond the scope of this
chapter to discuss the clinical implications of electro-
lyte measurements, and the reader is referred to

excellent textbooks on the topic [37,44]; However, a
few key concepts are important to understand physio-
pathologic and pre-analytical considerations of rele-
vance to avoid misinterpreting electrolyte levels.

With the exception of calcium and magnesium,
which are albumin-bound, the major electrolytes are
present almost exclusively as free ionized species in
body fluids. Calcium and magnesium can be measured
as the total concentration in the fluid or as the free
ionized fraction. The other electrolytes are measured as
free ions.

Cellular membranes, which are predominantly
hydrophobic bilayers, do not allow for free movement
of electrolytes between the intracellular and extracellular
compartments. As a result, movement of electrolytes
occurs mostly through protein complexes called
pores, which can have open or closed states and can
be subject to regulation. In addition, ions can be
actively moved across pores by active transporters
called pumps to maintain physiologic important gra-
dients that are associated with electric charges critical
for many cellular and organ functions, such as mus-
cle contraction and nerve conduction. For example,
sodium is actively pumped out of cells, whereas
potassium is actively transported into the intracellu-
lar compartment mostly by Na1/K1-ATPases, which
exchange three Na1 for two K1 and therefore create
the membrane resting potential with net negative
charges intracellularly. This process alone is responsi-
ble for approximately one-third of energy consump-
tion in most cells and even higher in neurons.
Interference with this active mechanism can lead to
perturbations in nerve conduction or muscle contrac-
tion, such as when digoxin inhibits the Na1/K1-
ATPase, resulting in decreased membrane potential
and release of calcium from intracellular stores.

Active transporters also play a critical role in the
kidney tubules, where K1 and H1 are actively trans-
ported into the tubular lumen in exchange for Na1, thus
regulating blood levels of sodium and potassium and
acid�base balance. In addition, Cl2 ions move freely
with Na1 to maintain electrical balance. As sodium and
chloride ions move across cell membranes, they carry
water molecules and thus regulate cellular water content
and volume. As the major ions in the extracellular com-
partment, Na1 and Cl2 are responsible for most of the
osmotic pressure across cell membranes, which can be
calculated by the following formula:

Plasma osmolality ðin mOsm=kgÞ5 23Na1

1 glucose=181BUN=2:8

where urea and glucose (expressed in mg/dL) are the
major non-ionic molecules contributing to osmotic
pressure, and 23Na1 represents the combined effect
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of sodium and its partner anions. This formula is use-
ful to calculate the osmolal gap, which is the difference
between measured osmolality (usually assayed by
freezing point depression osmometers) and calculated
osmolality. Differences greater than 10 mOsm/L indi-
cate the presence of unmeasured osmotically active
substances, such as alcohols, ethylene glycol, acetone,
mannitol, hypergammaglobulinemia, and hypertrigly-
ceridemia, or point to a measurement error in sodium,
glucose, BUN, or osmolality.

As with regulation of osmotic pressure in cells,
sodium transport in the kidney is a major factor
in water retention and blood volume. Conversely, the
balance between water and sodium content in the
extracellular compartment determines sodium concen-
tration. Therefore, the kidney transporters are major
targets of hormonal systems that affect plasma sodium
concentration and water content, as well as blood
volume and blood pressure, including antidiuretic hor-
mone (ADH), natriuretic peptides, and the
renin�angiotensin�aldosterone system.

An important factor in interpreting plasma electro-
lyte concentrations is the effect of nonelectrolyte sub-
stances, such as glucose, that do not freely cross
the plasma membrane. Elevated glucose levels in the
plasma can cause increased osmotic pressure in the
extracellular fluids because glucose does not quickly
equilibrate with the intracellular fluid in the absence of
insulin. Therefore, high glycemia can cause a shift of
water from the intracellular to the extracellular fluid,
resulting in dilution of all extracellular solutes.
Particularly in the case of sodium, which has a narrow
range in plasma, it is advisable to correct the plasma
sodium for dilution due to hyperglycemic osmotic
expansion in order to avoid misinterpreting the mea-
sured hyponatremia as either an excess of total body
water or a salt deficiency. The following formula can
be used to correct dilutional hyponatremia due to
hyperglycemia (Na1 in mM and glucose in mg/dL):

Na1ðcorrectedÞ5Na1ðmeasuredÞ10:0163glucose�1:6

In contrast to tight regulation across cellular mem-
branes, electrolyte ions move freely between the intra-
vascular and extravascular compartments. Intercellular
junctions in capillaries can regulate the distribution of
macromolecules, such as proteins, between the extra-
vascular and the intravascular compartments. Usually,
the concentration of proteins in the plasma is higher
than that in the extravascular compartment and contri-
butes to pulling water into the intravascular compart-
ment, forming a pressure gradient called oncotic or
colloid osmotic pressure. If there is a reduction of
plasma protein content or an increase in vascular

permeability, fluid moves out of the intravascular com-
partment and causes edema.

In general, electrolyte concentrations are not signifi-
cantly affected by changes of plasma proteins or intra-
vascular volume, with the exception of total calcium
and magnesium. For example, a shift from the supine
to the upright position with increased intravascular
hydrostatic pressure causes flow of intravascular fluid
to the interstitial space, resulting in a decrease in
plasma volume of approximately 12%. Under normal
endothelial permeability conditions, molecular com-
plexes greater than 4 nm in diameter (e.g., most
proteins, including albumin, with a 7-nm diameter)
will be retained in the intravascular compartment;
therefore, their concentration will be increased propor-
tionally. Most electrolytes are not affected, but calcium,
being approximately 40% protein bound, will increase
by 5�10% (0.2�0.8 mg/dL) when moving from
the supine to the upright position, whereas magnesium,
being less protein bound, will increase by approxi-
mately 4% [3]. A similar situation with shift to intersti-
tial space and hemoconcentration occurs when the
tourniquet is kept for more than 1 min, especially with
repeated fist clenching, during blood collection from
the arm. In this case, in addition to total calcium and
magnesium, potassium will increase as much as 2 mM
due to muscle activity [45], whereas glucose and phos-
phate will decrease due to intracellular consumption.

Free ionized calcium comprises 48�50% of the total
calcium, whereas 40% is protein bound (32% bound to
albumin and 8% to globulins) and 10�12% complexed
with other anions, such as phosphate, bicarbonate, and
lactate. Approximately 25�30% of plasma magnesium
is complexed with albumin, whereas 15�20% is com-
plexed with anions and 50�55% exists in the free form.
Only the free ions are physiologically active. Therefore,
allowances should be made for the albumin concentra-
tion to correctly evaluate measurements of total calcium
and magnesium. Because total levels of divalent cations
linearly correlate with albumin concentrations below
the reference range (,4 mg/dL), several formulas have
been used to estimate the levels of total calcium and
magnesium with albumin in the normal range, such as
follows (electrolytes in mg/dL, albumin in g/dL)[46]:

Calcium ðcorrectedÞ5 total calcium ðmeasuredÞ
� 0:83 albumin1 3:2

MagnesiumðcorrectedÞ5 totalmagnesiumðmeasuredÞ
� 0:1233 albumin1 0:492

However, the reliability of these formulas has been
questioned, particularly in renal failure and critically
ill patients with several factors affecting electrolyte
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levels, including altered pH and anion levels. Excess
H1 causes a decrease in negative charges in calcium-
binding proteins, leading to dissociation of protein-
bound calcium and increased free Ca21. For each
decrease of 0.1 pH units, free Ca21 increases by
0.2 mg/dL. The reverse changes occur in alkalemia.
Other factors affecting the accuracy of these formulas
include the effect of substances that complex with cal-
cium or compete for binding to albumin, such as free
fatty acids, bilirubin, heparin, drugs, and several
organic anions including lactate and ketoacids. In the
case of critically ill patients, calcium correction formu-
las showed very poor sensitivity to detect hypocal-
cemia, and direct free Ca21 measurements should be
done [47]. In the case of renal failure patients, phos-
phate levels showed a significant effect in the propor-
tion of free calcium and should be taken into
consideration [48]. Direct measurement of free Ca21 is
also preferable in cases of liver transplantation, malig-
nancy, and myeloma and in neonates [37].

Some studies indicate a strong correlation of total
and free Mg21, but there is poor correlation between
plasma total magnesium or free Mg21 and total body
magnesium because only 0.3% of total body magne-
sium is present in plasma. Whole body magnesium
may be depleted up to 20% with maintained normal
magnesemia. Because total Mg assays have better spec-
ificity for magnesium and are cheaper, more widely
available, and better standardized, they may be prefer-
able to free Mg21 assays for assessment of plasma
magnesium. The most accurate way to diagnose mag-
nesium deficiency is to perform an Mg tolerance test,
in which 24-hr urine Mg excretion is measured before
and after the patient is injected with 1.2 mmol of Mg/kg
body weight. A recovery of less than 80% of the
injected magnesium in the urine is indicative of mag-
nesium deficiency in the absence of diuretic treat-
ment, renal disease, or drugs, such as cyclosporine
and tacrolimus, that cause urinary Mg wasting [49].

A similar situation occurs with calcium because
plasma calcium correlates poorly with total body cal-
cium—99% of the body calcium is trapped as calcium
phosphate (hydroxyapatite) in the bone. In contrast
with magnesium, intracellular concentrations of
calcium are much lower than plasma concentrations;
therefore, hemolysis does not lead to an increase in cal-
cium levels, although hemoglobin can cause spectral
interference with colorimetric methods.

Physiologic Pre-Analytical Issues

Circadian variation in hormones such as ADH,
corticotrophin (ACTH), cortisol, aldosterone, renin,
and epinephrine along with individual rhythms

associated with meals, exercise, and sleep affect elec-
trolyte excretion, the movement of ions and water
across cell membranes, and the distribution of fluid
between the intra- and extravascular compartments.
For example, potassium levels in the plasma can vary
by more than 0.6 mM, with peaks between 8 a.m. and
4 p.m. and nadirs between 8 p.m. and 1 a.m. [50]. This
variation may have more to do with shifts to the intra-
cellular compartment than rates of excretion because
urinary levels tend to parallel serum K1 concentration
[50]. Circadian variation in the plasma levels of phos-
phate is also observed, with peaks in the afternoon
and evening, immediately after major meals, and the
nadir in the fasting morning specimens.

As major intracellular electrolytes, the levels of both
potassium and phosphate increase after organic food
ingestion, with phosphate levels in plasma increasing
by approximately 15% and potassium by approxi-
mately 5% 2 hr after a standard meal [3]. Standard
meals do not have a significant effect on sodium, chlo-
ride, calcium, or magnesium, although magnesium
levels tend to be higher in vegetarians and vegans.

Exercise stimulates release of potassium mainly from
skeletal muscles, leading to rapid increases in venous
potassium averaging 0.8�1.2 mM and peaking as high
as 8 mM in arterial blood during intense exercise [51].
Well-trained athletes have increased sodium pump den-
sity in their muscles and show lower increases in plasma
K1 during exercise, whereas patients with heart failure
and muscular dystrophies have lower muscle Na1/K1

pump density [51]. Higher catecholamine levels can
induce intracellular potassium influx by stimulating the
Na1/K1-ATPase via β2-adrenergic receptors, causing a
quick drop in serum potassium levels postexercise and
during stress (e.g., in patients with acute myocardial
infarction) [51]. The hypokalemic effect of β-adrenergic
receptors can be attenuatedby caffeine and stimulationof
α-adrenergic receptors in the liver [51]. Similarly, peak
insulin levels after meals or glucose infusion tend to
reduce potassium levels because insulin leads to
increased activity of the Na1/K1 pump and increased
cellular potassium influx. Due to their synergistic
effects in activating the Na1/K1 pump, insulin and β2
agonists are used in the treatment of hyperkalemia.

The levels of plasma phosphate also reflect the net
movement of phosphate ions across cell membranes as
well as dietary intake. For example, phosphate levels
increase immediately after meals and start declining
after 2 or 3 hr as insulin stimulates glucose and phos-
phate intracellular influx. Metabolic or respiratory
acidosis leads to hydrolysis of intracellular organic
phosphates with release into the extracellular fluid. On
the other hand, high intracellular phosphate consump-
tion with associated hypophosphatemia is common in
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states of enhanced cell growth, such as during childhood,
acromegaly, and tumor proliferation. Hypophosphatemia
is frequent in the postoperative phase due to multiple
factors, such as respiratory alkalosis, insulin, and diure-
tics. Catecholamines also cause decreases in phosph-
atemia, which tends to parallel serum K1 during exercise
[52]. Magnesium is released from muscles leading to
mild increases during intense exercise, whereas well-
trained athletes tend to have decreased magnesemia with
endurance exercise. Although total calcium does not
change with exercise, the lactic acidosis associated with
intense exercise can result in increases in free Ca21 as the
lower pH dissociates calcium from proteins.

Several drugs can affect electrolyte levels. For
a comprehensive listing of drug effects on clinical
testing, see Young [1]. For example, angiotensin con-
verting enzyme (ACE) inhibitors, angiotensin receptor
blockers, and potassium-sparing diuretics are associ-
ated with higher risk of hyperkalemia, whereas β2 ago-
nists, theophylline, chloroquine, thiopental, thiazides,
and other loop diuretics can lead to hypokalemia.
Interestingly, consumption of caffeine-containing
sugary sodas has been associated with hypokalemia
due to inhibition of the Na1/K1 pump by the caffeine
metabolite theophylline, insulin secretion, and osmotic
diarrhea [51].

Acute ingestion of ethanol can also have significant
effects on electrolytes. First, ethanol inhibits secretion
of hypothalamic ADH, resulting in increased free
water diuresis, which can lead to dehydration and
hypernatremia; it also significantly increases aldoste-
rone, leading to sodium retention and loss of potas-
sium. Local effects at the kidney level may also lead to
increased reabsorption of sodium and chloride.
Second, alcohol is metabolized to acetate, with result-
ing metabolic acidosis with low plasma bicarbonate,
compounded by ketoacidosis related to inhibition of
glucose utilization. In chronic alcoholics, phosphate
and magnesium deficiencies are common.

Bicarbonate in plasma is in equilibrium with dis-
solved carbon dioxide and hydrogen ion (pH):

CO22HCO3
1 1H1

Situations with acidosis generate an excess of
hydrogen ions and shift the previous equation to the
left with decrease in plasma bicarbonate, whereas alka-
losis has the opposite effect. Similarly, an increase in
carbon dioxide concentrations (e.g., due to respiratory
insufficiency) leads to a shift to the right, with an
increase in bicarbonate levels and compensatory
decrease in pH. The lungs can contribute to acid�base
regulation by controlling the amount of CO2 excretion.
In addition to the short-term buffering and respiratory
mechanisms, acid�base balance is highly regulated by

the kidney, where the excretion of hydrogen ions and
bicarbonate can be modified by several mechanisms,
including alteration of the rate of absorption of Na1 in
exchange for H1 and K1 and production of ammonia
from glutamine to trap H1 for excretion.

In order to maintain ionic balance, the loss of bicar-
bonate in the body leads to an increase in chloride
anions, whereas bicarbonate retention results in loss of
chloride. The exception to this rule is when the loss of
bicarbonate is caused by metabolic acidosis resulting
from accumulation of organic acids such as lactate or
ketoacids. In this case, the organic acids balance the
cations, and the chloride concentration is minimally
affected. Conversely, changes in plasma chloride levels
result in inverse changes in bicarbonate concentration.
For example, loss of chloride by vomiting of gastric
fluid will result in an increase in plasma bicarbonate
concentration and metabolic alkalosis, whereas inges-
tion of chloride will result in metabolic acidosis with
low bicarbonate. Measurement of chloride and bicar-
bonate (or total CO2) even in venous plasma is useful
to identify and classify possible acid�base
disturbances.

In addition to renal regulation, chloride responds to
changes in plasma CO2 in the following manner: As
CO2 accumulates in plasma, it moves freely into the
red cells, where it is rapidly converted into HCO3

2 by
carbonic anhydrase. Because there is no such enzyme
in plasma, the rate of conversion to HCO3

2 is much
lower in plasma, creating a huge gradient that forces
bicarbonate out of the cells. Because the plasma mem-
brane is impermeable to H1 and hydrogen ions
are tightly captured by red cell proteins, particularly
deoxyhemoglobin, chloride, which can move freely
across the membrane, must move intracellularly to
maintain ionic balance (chloride shift). This phenome-
non is relevant to measurement of chloride in blood
samples: With improperly capped blood samples
stored for prolonged periods before cell separation, the
loss of CO2 is followed by conversion of intracellular
bicarbonate to CO2, which diffuses out of the cells; as
intracellular bicarbonate concentration decreases, chlo-
ride shifts intracellularly to maintain ionic balance,
causing artificially low plasma chloride measurements.

The balance between the four major electrolytes is
best illustrated by the anion gap formula:

Na1 1K1 5Cl2 1HCO3
� 1 anion gap

The anion gap is caused by unmeasured anions
such as proteins and organic acids. In a healthy indi-
vidual, unmeasured anions account for approximately
12�15 mEq/L. The anion gap will increase if unmea-
sured anions are in excess, such as with lactic acidosis,
and will decrease if unmeasured cations, such as
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immunoglobulins, are significantly increased. It is
good laboratory practice to monitor the anion gap for
possible analytical errors in the measurement of com-
ponents of the electrolyte panel.

In addition to the changes in HCO3
2 and Cl2, acide-

mia causes intracellular shifts of K1, as H1 and K1

compete for intracellular anions. As H1 moves intra-
cellularly, K1 moves out, and on average, plasma K1

will rise approximately 0.6 mM (range, 0.2�0.7 mM)
for each 0.1 unit of fall in plasma pH [53]. This
increase in K1 is much lower with organic acidemia,
such as in lactic- or ketoacidosis, perhaps because
these anions will buffer H1 intracellularly. The reverse
phenomenon is true because hyperkalemia will cause a
mild metabolic acidosis. On the other hand, metabolic
alkalosis and hypokalemia are similarly intercon-
nected, with a drop of approximately 0.4 mmol K1 per
0.1 unit of pH increase. Also, it is important to note
that in situations associated with peripheral ischemia,
such as in hypothermia, vascular disease, thrombosis,
and shock, a combination of acidosis and hypoxia with
insufficiency of the Na1/K1 pump will result in higher
potassium levels in peripheral vein samples, and a
more physiologic assessment of kalemia should be
done from central vein sampling if available. Phosphate
levels also tend to respond to pH in the same manner
as K1, with acidosis causing hydrolysis of intracellular
phosphates and increased phosphatemia, whereas alka-
losis results in activation of glycolysis and consumption
of phosphate by the cell.

As mentioned previously, pH also has an important
effect on the fraction of free Ca21, with every change
in 0.1 unit of pH resulting in the opposite change in
free Ca21 of approximately 0.2 mg/dL. It is important
to concurrently report the pH of the sample for proper
interpretation of Ca21. The clinician must distinguish
in vivo changes in pH causing true shifts in free Ca21

from spurious changes in free Ca21 resulting from
sample pH adulteration. Most commonly, samples lose
CO2 upon air exposure, with a corresponding increase
in pH and falsely decreased Ca21. Prolonged storage
of uncentrifuged whole blood can also lead to glucose
consumption by blood cells, with corresponding lactic
acid production resulting in pH drop and spurious
Ca21 increase. Every effort should be made to avoid
these sources of misleading results in free Ca21 deter-
mination. Ideally, specimens should entirely fill a min-
imally heparinized and tightly capped plastic blood
gas syringe and be analyzed within 15�30 min.

Specimen Issues

Specimens for electrolyte analysis include whole
blood, plasma, serum, and urine. Sometimes,

assessment of electrolytes in other body fluids is
important. For example, chloride levels in sweat are
used to diagnose cystic fibrosis. Because the levels are
lower than in plasma, the methods have to be vali-
dated for detecting levels as low as 10 mM in sweat.
Likewise, other body fluids, such as gastrointestinal
fluids, may be analyzed to identify electrolyte distur-
bances specific to the organ of interest, but the results
are not as well standardized or comparable, and
matrix effects need to be taken into consideration
when applying different methods to the analysis. For
urinary and fecal fluids, timed collections are indicated
to assess rates of electrolyte excretion.

Arterial and capillary samples differ significantly
from venous blood in calcium (2 2.4 to 4.6%), sodium
(0 to 22.3%), and chloride (2 1.8 to 2.0%) measure-
ments [37]. It is important to avoid contamination by
infusion fluids, one of the most common causes of mis-
leading laboratory results in hospitalized patients. In
particular, contamination with sodium citrate infusions
has a significant effect on free Ca21 and pH measure-
ments, even after discarding the first 9 mL of blood
from the catheter [54]. In addition to binding Ca21,
citrate contamination can also lower Na1 by forming
weak complexes with Na1 [55]. Other less obvious
sources of contamination that interfere with sodium
measurements include sodium or lithium heparin
(which weakly chelates Na1 and reduces Na1 levels),
benzalkonium heparin-coated catheters, benzalkonium
antiseptic cleaning agents, and ticarcillin, which con-
tains a high concentration of sodium [55].

The clotting process leads to release of intracellular
fluid, mostly from platelets, and therefore the serum
contains higher levels of intracellular electrolytes than
plasma, such as potassium (1 0.3 to 0.4 mM or 5 to
15%) and phosphate (1 2 to 8%), whereas other elec-
trolytes are only minimally affected (, 1%) [37]. There
is a linear relationship between the serum�plasma dif-
ference in potassium levels and the platelet count
(B0.15 mM per 100,000/μL) [56]. Similarly, patients
with high leukocytosis, particularly with fragile cells
such as in chronic lymphocytic and chronic myelomo-
nocytic leukemias, commonly have pseudohyperkale-
mia. In patients with high platelet or leukocyte
counts, collection of samples in heparinized tubes with
avoidance of hemolysis is indicated to avoid spurious
hyperkalemia due to the clotting process. However, in
certain cases, heparin-induced lysis of leukemic cells
can result in higher K1 levels in plasma than in serum
(“reverse pseudohyperkalemia”).

Centrifugation at very high speeds or in fixed-angle
rotors can induce cell rupture and cause pseudohyper-
kalemia. Re-centrifugation of blood samples after pro-
longed storage is discouraged because the small
amount of serum remaining below the gel separator is
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rich in potassium and will move to the original serum
layer, falsely increasing K1 [57].

Contamination from intracellular electrolytes is
much magnified if there is hemolysis, leading to a sig-
nificant increase in potassium and phosphate, with
very minor increases in magnesium. Because the potas-
sium concentration in red cells is 105 mM, even a small
amount of hemolysis results in significant increases in
plasma potassium. On average, the amount of potas-
sium released by in vitro hemolysis correlates with free
hemoglobin, increasing approximately 0.2�0.5 mM for
each 0.1 g/dL of plasma hemoglobin [58]. However,
formulas for correcting potassium based on estimation
of free hemoglobin are highly variable and should not
be used. Instead, laboratories should establish a hemo-
lysis threshold, by visual or spectrophotometric ins-
pection, above which the artifactual increase in
potassium is unacceptable, leading to specimen rejec-
tion. Hemoglobin levels of 0.1 g/dL or greater

(corresponding to lysis of 0.7% of the red cells in an
individual with a hemoglobin of 15 g/dL) are usually
associated with clinically significant spurious increases
in potassium. More problematic are whole blood
analyzers, such as blood gas and POC devices, where
hemolysis cannot be easily recognized. Whole blood
potassium levels should be regarded with suspicion if
inconsistent with the clinical situation, and in these
cases centrifugation of the specimen to assess hemoly-
sis is indicated. In particular, in the absence of renal
insufficiency, hyperkalemia is rare, and elevated K1

should prompt a search for causes of spurious hyper-
kalemia [45]. Table 8.6 summarizes the various causes
of pseudohyperkalemia.

In contrast to potassium, the intracellular magne-
sium concentration is only two- or threefold the
plasma levels; therefore, common amounts of hemoly-
sis do not significantly increase magnesium levels in
plasma. Calcium levels are also not significantly

TABLE 8.6 Causes of Pseudohyperkalemiaa

RELEASE FROM CELLS IN VITRO

Prolonged tourniquet time (up to 3 mM)

Forearm exercise and fist clenching (1�2 mM)

Delayed transportation and centrifugation

Cold storage/transportation of uncentrifuged samples

Familial pseudohyperkalemia: Autosomal dominant hereditary stomatocytosis with leakage of K1 at ,37�C; immediate separation is required

Leukocytosis (can also temporarily cause low K1 at 25�30�C)

Thrombocytosis (serum K1 . plasma K1 by B0.15 mmol/100,000 platelets/μL)

Hemodialysis: Up to 50% have serum K1 . plasma K1, even with normal cell counts.

Reverse pseudohyperkalemia: Plasma K1 . serum K1 in leukocyte malignancies fragilized by heparin

IN VITRO HEMOLYSIS (AST AND LDH SHOULD BE ELEVATED)

Ethanol contamination

Difficult venipuncture

Inappropriate needle diameter

Syringe and needle collection

Excessive storage/transport temperature (, 30�C)

Excessive centrifugation speed

Prolonged contact with wooden applicator sticks used to remove fibrin (up to 0.5 mM)

CONTAMINATION

Collection through catheter or above potassium-infusion site

K2-EDTA contamination, wrong tube type or order of tube collection (also low calcium)

DILUTION

Blood sample from arm with infusion lacking K1 (e.g., DW5) causes dilution.

aSuspect if patient has no predisposing factors, signs, or symptoms of hyperkalemia, such as numbness, chronic renal failure, abnormal electrocardiogram, treatment with loop
diuretics, spironolactone, and ACE inhibitors.
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affected by hemolysis, although free Ca21 can be
affected by binding from intracellular proteins and
changes in specimen pH. For colorimetric calcium,
phosphate, and magnesium assays, spectral interfer-
ences with the analytical measurement are possible
with significant hemolysis, hyperbilirubinemia, or
lipemia.

Anticoagulants may significantly affect electrolyte
measurements. Obviously, anticoagulants such as
sodium or potassium heparin, citrate, or oxalate
should not be used for electrolyte measurements.
Likewise, divalent cation chelators such as EDTA,
citrate, and oxalate should not be used for calcium or
magnesium determinations. Collection of blood for
electrolyte determination should precede the use of
anticoagulants containing sodium, potassium, or chela-
tors due to the possibility of contamination of the nee-
dle. Less obviously, heparin may bind calcium and
magnesium unless all binding sites are saturated, and
therefore balanced heparin should be used for mea-
surement of free calcium or magnesium in plasma or
whole blood. While unexpected hypocalcemia is a clue
to contamination by potassium EDTA in cases of
suspected pseudohyperkalemia, the best approach is to
directly assay for serum EDTA in practices where high
rates of EDTA contamination are observed [59,60].

CASE REPORT A primary care physician was called
in the evening because one of her patients was con-
tacted to go urgently to the hospital due to a potas-
sium level of 7.2 mM [45]. This 72-year-old male was
being treated with lisinopril for hypertension, and his
previous potassium levels ranged from 4.5 to 5.0 mM.
A repeat specimen in the hospital showed a level of
4.8 mM and normal BUN and creatinine, an electrocar-
diogram was normal, and the patient was discharged
home. Subsequent investigation indicated that the
primary care practice was sending the uncentrifuged
samples in a metal container to the central laboratory
and exposing the specimens to near freezing tempera-
tures for hours during transportation.

Storage of blood samples before serum or plasma
separation leads to progressive leakage of potassium
from cells. In contrast with the attenuating effect
on glucose consumption, storage at 4�C inhibits the
Na1/K1-ATPase responsible for keeping potassium
inside the cell and magnifies the artificial increase in
blood K1 levels. Plasma kept in contact with blood
cells for 8 hr at 4�C shows an average increase in K1 of
approximately 1 mM, minimal change at 23�C, and a
decrease of approximately 1 mM at approximately
30�C [3]. Exposure to temperatures higher than 30�C
for several hours can lead to consumption of glucose
and cell disruption, with consequent leakage of potas-
sium into the plasma. Samples with high leukocyte

counts can exaggerate these effects, with increased
potassium leakage at low or high temperatures and
increased intracellular shifts at 25�30�C. Because
of the possibility of either pseudohyperkalemia or pseu-
dohypokalemia with changes in ambient temperature,
centrifugation of whole blood samples with a gel sepa-
rator is indicated within 1 hr of collection if prolonged
storage or transportation is expected before analysis.

In addition to potassium, phosphate levels tend to
increase upon unrefrigerated storage of whole blood
due to the action of cellular phosphatases on organic
phosphates. In contrast, levels of HCO3

2 will decrease
as the tubes lose CO2 after being exposed to air (partial
pressure of carbon dioxide (pCO2) decreases
B15�20% per hour at room temperature in de-capped
tubes) [61]. Because CO2 accounts for only 3�10% of
the total CO2 in plasma, this loss of CO2 results in only
moderate decreases in serum HCO3

2 or total CO2

(B0.6�1 mM per hour) [61]. However, in large-
volume laboratories, the loss of HCO3

2 may become
significant because the tubes may sit open for more
than 1 hr. This loss of CO2 is accentuated at tempera-
tures higher than room temperature and attenuated in
refrigerated serum specimens. The loss of CO2 occurs
even in capped tubes if the filling is not complete. A
study of 10-mL Vacutainer tubes showed that for each
extra milliliter of air above the sample in an under-
filled tube, the HCO3

2 will decline by 0.5 or 0.6 mM
and the anion gap will increase by 0.2 or 0.3 mM [62].

Analytical Issues

There are many analytical issues concerning analy-
sis of electrolytes. In this section, such issues are
discussed.

Ion-Specific Electrodes

Virtually all major high-throughput and POC analy-
zers utilize ion-specific electrodes (ISEs) to measure
Na1, K1, and Cl2. Furthermore, free Ca21 and Mg21

are measured with ISEs. A special type of ISE is a pH
meter, which determines the concentration of H1 ions.
In general, ISEs contain an electrolyte-selective mem-
brane that allows only the ion of interest to move
across the membrane, thus creating an electromotive
force proportional to the ion concentration. There are
two main types of ISEs: Indirect ISEs dilute the sample
1:20 to 1:34 before measurement, whereas direct ISEs
use undiluted samples. Whereas direct ISEs measure
the electrolyte concentration in the plasma water frac-
tion, indirect ISEs measure electrolyte concentrations
in the diluted sample and multiply the results by the
dilution factor. In 2011, more than 80% of the laborato-
ries in the United States used indirect ISEs for
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measuring sodium, potassium, and chloride. In sam-
ples with significantly altered plasma water fraction,
results with indirect ISEs can be misleading. POC and
whole blood gas analyzers, as well as the thin-film
electrode technology (Ortho/Vitros) and the Roche
Integra systems, use direct ISEs and can be an alterna-
tive for rare samples with significantly altered plasma
water fraction.

ADJUSTMENT FOR PLASMA WATER WITH INDIRECT

METHODS

In healthy individuals, plasma water occupies
approximately 93% of the plasma volume. When sol-
ute concentrations are measured in plasma water, an
adjustment factor of 93% is applied to report measure-
ments in units of plasma. For example, a measured
sodium concentration in plasma water of 156 mM is
corrected to 145 mM, reported as plasma sodium con-
centration. Methods that measure solute concentration
only in plasma water without dilution (direct methods)
yield the same results independently of the true
plasma water fraction and true plasma concentration
of the solutes. Because the physiological activity of
electrolytes and other solutes is proportional to their
concentration in plasma water, this is an accepted con-
vention and an appropriate approach to measuring the
solutes. The problem occurs with methods that mea-
sure analytes after significant dilution of the plasma
sample because that solute is now diluted in a
much larger volume of water (indirect methods). For
example, a change in plasma water fraction from 93%
to 80% will result in a reduction in sodium levels mea-
sured with indirect methods of 12% relative to the
measurement with direct methods (Figure 8.1). To
calculate the amount of change in plasma water frac-
tion, and consequently in sodium and other solutes,
several formulas are useful.

Plasma water fraction (PWF) can be estimated as
follows [63]:

PWF%5 99:12 0:001

3 ðtriglycerides1 cholesterol in mg=dLÞ
� 0:733 total protein ðg=dLÞ

If both direct and indirect sodium measurements
are available and the diluent volume (in ml/ml of
plasma) is known, PWF can be better estimated by the
following formula [64]:

PWF %5 93:33diluent

3
indirect Na1

direct Na1 3 ð0:9331diluentÞ2 0:9333 indirect Na1

Assuming a normal PWF of 93%, any plasma solute
concentration can be calculated as follows:

True concentration5
measured concentration3 93%

calculated PWF%

Table 8.7 shows different values of calculated PWF
depending on the plasma levels of triglycerides, choles-
terol, and total protein. It can be seen that only extremes of
protein concentrations have a significant water exclusion
effect and that triglycerides and cholesterol even at the
highest pathological levels have a minimal effect on
plasma water and true solute concentrations. The error of
less than 3% caused by plausible plasma lipid concentra-
tions is below the total allowable error for sodium
(64 mM) and therefore only a minor source of inaccuracy.
A rare exception is hypercholesterolemia caused by high
levels of lipoprotein X in patients with severe cholestasis
[65]. In one case report, a sodium level of 145 mM mea-
sured by direct potentiometry was reported as 124 mM by
an indirect method [66]. The patient’s total protein was
5.1 g/dL, triglycerides 208 mg/dL, and cholesterol
1836 mg/dL, resulting in calculated plasma water of 93%.
However, high levels of lipoprotein X appear to occupy a
larger volume than other lipoproteins and result in dispro-
portional water exclusion. Using the direct�indirect mea-
surement difference and a dilution factor of 1/33, plasma
water was calculated as 80%. More common causes of
pseudohyponatremia (or pseudonormonatremia in
patients with true low plasma Na1) are elevated protein
levels, whereas pseudohypernatremia occurs in patients
with hypoproteinemia. A good approach to investigate
hyponatremia is to directly measure serum osmolality: In
the presence of pseudohyponatremia, the measured
plasma osmolality will be normal, resulting in a gap to cal-
culated osmolality; true hyponatremia will have a corre-
sponding decrease in plasma osmolality.

Direct ISEs are more susceptible to protein buildup
and need frequent washing and calibration. In a patient
with extremely high glucose levels (2916 mg/dL), a
positive interference (19 mM) with sodium measure-
ment was seen with a direct sodium ISE but not with
indirect ISE methods [67].

The Cl2 electrodes use an organic polymeric salt-
exchanger membrane to achieve selectivity for Cl2.
However, other lipophylic anions, including the
halides bromide and iodide, thiocyanate (increased in
smokers, consumers of milk and vegetables such as
broccoli, and after nitroprusside treatment), salicylates,
heparin, lactate, bicarbonate, and β-hydroxybutyrate
can also interact with the membrane and cause falsely
elevated Cl2 results [55]. These high-polarity mem-
branes are particularly susceptible to protein precipita-
tion and need careful maintenance.

High levels of ascorbic acid (B12 mM) can interfere
with Na1 (143%), K1 (158%), Ca21 (1103%), and Cl2

(233%) Beckman Synchron LX20 ISEs, possibly by
redox reactivity at the ISE membrane [68]. Other
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strong redox agents, such as N-acetylcysteine, cysteine,
glutathione, guanidine, procainamide, and sodium
azide, show similar interferences.

Total CO2

Two main methods are in use:

Potentiometry: The plasma is diluted, acidified to
convert all HCO3

2 to CO2, and the pCO2 is

measured with a pCO2 electrode. Most instruments
use indirect potentiometry, whereas Vitros analyzers
use direct potentiometry in thin-film electrodes.
These ISE methods are subject to interferences by
strong redox substances (see Table 8.2). Note that
whole blood gas analyzers do not measure HCO3

2

directly; rather, pCO2 and pH are measured by
potentiometry, whereas HCO3

2 is calculated from
the equilibrium equation of Henderson�Hesselbach:
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FIGURE 8.1 Sodium concentrations in the plasma water fraction (PWF) of normal individuals (left) and in patients with high amounts
of plasma solids (right) as measured by direct ISEs (A) or indirect ISEs after 1/10 dilution (B). Note that a PWF of 80% is shown for illustra-
tion purposes because it would need highly unusual lipid concentrations .14,000 mg/dL, total protein .25 mg/dL, or a combination of these
(e.g., triglycerides5 3000 mg/dL with cholesterol5 500 mg/dL and total protein5 12 mg/dL).

TABLE 8.7 Calculated Plasma Water Fraction (PWF) and True Sodium Concentration for a Measured Sodium Concentration of
140.0 mM Assayed with an Indirect Method in Plasma Containing Different Levels of Protein, Triglycerides, or Cholesterol

Protein Level (g/dL) Triglycerides (mg/dL) Cholesterol (mg/dL) Calculated PWF (%) Estimated True Sodium (mM) % Error

7 60 200 93.7 138.9 0.8

20 60 200 84.2 154.6 210.4

10 60 200 91.5 142.2 21.6

4 60 200 95.9 135.7 13.1

7 3000 200 90.8 143.4 22.5

7 60 1000 92.9 140.1 20.1
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CO2 1H2O2HCO3
� 1H1

Enzymatic methods: The plasma is alkalinized to
convert all CO2 to HCO3

2, and the HCO3
2 is used

by phosphoenolpyruvate (PEP) carboxylase to
convert PEP to oxaloacetate, which is then reduced
to malate by malate dehydrogenase, while
generating NAD1 from NADH. The decrease in
NADH concentration, measured by absorbance at
340 nm, is proportional to the amount of HCO3

2.
Interferences are minimal and only seen at very
high levels of hemolysis (free hemoglobin
.800 mg/dL), hyperbilirubinemia (. 30 mg/dL),
or with specimen turbidity caused by paraprotein
precipitation [69].

Calcium Assays

Total calcium is measured by chemical methods in
most analyzers, except in the Beckman Synchron
instruments, which use an indirect ISE to measure ion-
ized calcium after diluting the sample with strong
calcium complexing reagents. These reagents dissoci-
ate Ca21 from proteins and anions, resulting in a stan-
dardized molar ratio of ionized and total calcium in
the solution at equilibrium. The chemical methods use
a colorimetric approach after releasing protein-bound
calcium by acidification followed by complexing cal-
cium with a chromogen. Some methods use an arsenazo
III dye under alkaline conditions, whereas others use o-
cresolphthalein in acidic pH to produce a colored com-
plex with calcium. Reaction conditions and buffers
have been optimized to enhance selectivity for calcium
over magnesium and improve linearity.

Interferences with calcium methods include calcium
chelators in the sample, either as inappropriate anti-
coagulants such as EDTA, citrate, and oxalate, or
in vivo as a result of transfusion with citrate-containing
blood products or apheresis with citrate-anticoagulant
infusion. Heparin reduces free ionized calcium
(B0.01 mM per unit/mL of heparin) but has no signifi-
cant effect on total calcium. The use of balanced or
calcium-titrated lyophilized heparin reduces but does
not eliminate this effect, whereas lithium�zinc heparin
does not show significant interference with free Ca21

determinations [37,55]. Spectral interferences by high
levels of hemolysis, bilirubin, and lipemia are common
with colorimetric methods and minimal with ISE
methods. In case of significant spectral interference, it
is possible to treat the samples with ethyleneglycolte-
traacetic acid (EGTA) to chelate all the calcium and
subtract the results from the initial measurement.
Contamination by calcium compounds can occur in
glass tubes or cork-capped tubes, but these are rarely
used in clinical practice.

Magnesium Assays

As with calcium, total magnesium is commonly
measured by spectrophotometry after forming com-
plexes with dyes, such as arsenazol, calmagite, magon,
or methylthymol blue. Specificity for magnesium is not
absolute, and calcium interference is reduced by chela-
tor such as EGTA. Free Mg21 can be measured by
magnesium-specific electrodes, although these are not
as reliable as calcium ISEs and suffer from interference
from free calcium, heparin, certain tube additives and
silicone lubricants, and thiocyanate. To correct for
calcium interference, Ca21 is simultaneously measured
by a parallel calcium-specific electrode, and the results
are used to adjust the Mg21 measurement. As with
calcium, albeit to a lower extent, changes in pH should
be avoided to minimize disturbing the proportion of
free and total Mg21. For most clinical purposes, assays
for total magnesium are more reliable and cost-
effective than free Mg21 measurements. The new
heparins developed to minimize interferences with
free Ca21, such as zinc or lithium heparin, can cause
spurious increases in total magnesium and should be
avoided.

Phosphate Assays

Inorganic phosphate is commonly assayed by reac-
tion of phosphate ions with ammonium molybdate to
form a phosphomolybdate complex that is then mea-
sured spectrophotometrically, either by direct UV
absorption at 340�363 nm or after reaction with a reduc-
ing agent to increase stability and color formation, mea-
sured at 600�700 nm [37]. Methods using UV
absorption are more susceptible to interference by lipe-
mia, hemolysis, and hyperbilirubinemia. Analyzers that
utilize dry-film slides to remove bilirubin, lipids, hemo-
globin, and other proteins from the analytical layer are
less susceptible to these interferences.

A common cause of interference in phosphate
assays is the presence of monoclonal immunoglobulins
and paraproteins associated with multiple myeloma
and Waldenström macroglobulinemia, which interfere
with the colorimetric reaction and cause spurious
hyperphosphatemia and, rarely, false hypophosphate-
mia [70,71]. Hyperphosphatemia in the presence of
normal calcemia and renal function and in the
absence of other causes of hyperphosphatemia, such
as hypoparathyroidism and acromegaly, should
prompt suspicion for a monoclonal gammopathy
[72]. Other less common interferences include
Alteplase, a catheter flushing solution containing
high phosphorus excipient, liposomal amphotericin
B, heparin, mannitol, fluoride, and tissue plasmino-
gen activator.
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BLOOD GASES ANALYSIS

Whole blood gas analyzers provide rapid assess-
ment of the patient’s acid�base and ventilation status,
which are essential in the treatment and monitoring of
critically ill patients, as well as some patients with
chronic metabolic and respiratory diseases. Typically,
these analyzers offer direct measurements of the par-
tial pressures of oxygen (pO2) and carbon dioxide
(pCO2) in blood, as well as pH and electrolytes (Na1,
K1, Cl2, and Ca21), hemoglobin (with or without
co-oximetry for oxy-, deoxy-, carboxy-, met-, and fetal-
hemoglobin measurement), and a variety of calculated
parameters, including HCO3

2 concentration and
hematocrit. Many blood gas analyzers also offer mea-
surements of other substances of interest in critical
care medicine, including glucose, lactate, creatinine,
urea, and bilirubin. In this section, the methodologies
and sources of error in pH, blood gas, and
co-oxymetry measurements are discussed; electrolytes
and metabolites are reviewed in other sections.

Pre-Analytical Issues

Arterial blood samples are necessary for evaluation
of oxygen status because the pO2 and derived calcu-
lated parameters are significantly different between
arterial and venous blood. In most patients, arterial
pO2 is 60�70 mmHg higher than venous pO2.
However, in many patients, assessing the oxygen
status is not as critical and can be estimated from pulse
oxymetry or transcutaneous monitoring of SaO2,
and venous blood can effectively be used to assess the
acid�base status, avoiding the difficulties and compli-
cations of arterial puncture. Several studies examined
the differences between venous and arterial blood
gases and concluded that in mildly to moderately ill
patients without severe hemodynamic or cardiorespi-
ratory failure, pH, pCO2, and calculated HCO3

2 were
sufficiently accurate to estimate acid�base status
[73�76]. Arterial�venous differences for pH averaged
10.032 (range, 0.009�0.050), whereas pCO2 averaged
24.9 (range, 21.6 to 27.0 mmHg) and calculated
HCO3

2 averaged 11.40 (range, �0.15 to 11.88 mM).
Samples for blood gas analysis should be collected

in gas-impermeable syringes, coated with lyophilized
heparin, and sealed after collection to prevent gas
exchange. Syringes should be held tip up, lightly
tapped, and a drop of blood ejected to remove all air
bubbles before placing a tight cap. Drawing blood
through a butterfly infusion set can increase pO2 by
diffusion through the plastic lines [77]. Liquid heparin,
which equilibrates with ambient air, can have a signifi-
cant effect on blood gas analysis, leading to decreases

in pCO2 and increases in pO2. Likewise, large bubbles
or entrapped air will cause pO2 to equilibrate with
ambient air (with pO25 160 mmHg at sea level) and
pCO2 to decrease (pCO2 of ambient air5 0.25 mmHg).
The change in pCO2 is usually mild because of the
capability of the plasma bicarbonate to buffer any
changes in pCO2. However, even a small bubble com-
prising 0.5% of the blood volume will cause an
increase of 8 mmHg in pO2 [78]. Due to rapid changes
in air pressure and agitation, this problem is exacer-
bated if the samples are transported in pneumatic tube
systems, even when no bubbles are visible [79].
Therefore, samples should be hand-delivered to the
laboratory when accuracy of pO2 is essential.

Samples should be analyzed as soon as possible. If
the analysis is delayed more than 30 min, the samples
should be kept on ice to minimize cellular respiratory
activity. Samples kept at room temperature in gas-
impermeable containers show an average decrease in
pO2 of 2�4 mmHg/hr, whereas pCO2 increases
approximately 1 mmHg/hr and pH decreases 0.02 to
0.03 units [37,80]. These changes are accentuated at
higher temperatures and in patients with markedly
elevated leukocyte, platelet, or erythrocyte counts; for
example, patients with greater than 100,000 leuko-
cytes/μL can have a drop in pO2 of 40 mmHg in 5 min.
When the specimen is placed on ice, these changes are
reduced by more than 50%, except in samples collected
in plastic syringes, which have different degrees of
permeability to oxygen from ambient air and ice water.
Plastic syringes that allow some gas exchange on ice
result in changes in pO2 of 2�15% (either increase or
decrease depending on whether the patient’s pO2 is
lower or higher than ambient) [80,81]. Plastic syringes
should be kept at room temperature and analyzed in
less than 30 min. If delays are unavoidable, gas-
impermeable glass or plastic syringes kept on ice
should be used.

Prolonged application (more than 1 min) of a tourni-
quet for collection of venous blood, especially when
coupled with fist clenching, can lead to oxygen
consumption and lactic acidosis with a drop in pH.
Application of tourniquet for 30 sec followed by
release before collection is recommended [82].

Analytical Issues

Methods for blood gas analysis rely on electrochem-
ical measurements, either by potentiometry, in the case
of the pCO2 and pH electrodes, or by amperometry, in
the case of the pO2 electrode. The pH electrode has a
glass membrane that exchanges metal ions with
protons on both sides of the membrane. A change in
H1 concentration on the sample side of the membrane
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generates a potential difference across the membrane
that is proportional to the pH. The pCO2 electrode has
a membrane permeable only to uncharged molecules
such as CO2, O2, and N2. When CO2 diffuses across
the membrane into the electrolyte solution, it dissoci-
ates into HCO3

2 and H1, which generate a potential
difference across the H1-impermeable membrane that
is proportional to the pCO2. In the pO2 electrode, oxy-
gen diffuses across an oxygen-permeable membrane
and is reduced to water on the cathode (usually a plat-
inum rod), consuming electrons and H1 ions. To com-
plete the current, in the anode silver ions are oxidized
to Ag1 with electron release and subsequently
complexed with Cl2 to form a deposit of AgCl on the
anode. The size of the current generated from the con-
sumption of electrons during oxygen reduction is pro-
portional to the amount of oxygen in the sample (pO2).

Bicarbonate concentration is calculated from the
measurement of pH and pCO2 using the following
Henderson�Hesselbach equation (pCO2 in mmHg and
HCO3

2 in mM):

pH5 pK0 1 log
HCO3

2

α3 pCO2

In most patients, pK0 5 6.103 and α5 0.0306, but
these factors depend on temperature and the ionic
strength of the solution. Marked changes in ionic
strength of the sample, as well as extremes of protein
and lipid concentration, can affect the CO2 solubility
coefficient [37]. Therefore, in some patients, particu-
larly acutely ill children, calculated HCO3

2 based on
pCO2 and pH measurements in blood gas analyzers is
less reliable than total CO2 measured by the routine
chemistry analyzers.

Oxygen parameters are calculated from directly
measured pO2 and hemoglobin parameters; the follow-
ing are examples (Hgb in g/dL and pO2 in mmHg):

• Oxygen saturation

ðSaO2Þ5
oxyhemoglobin

deoxyhemoglobin1 oxyhemoglobin

• Fraction of oxygenated hemoglobin (FO2Hb)5
oxyhemoglobin/total hemoglobin

• Blood oxygen content (ctO2)5
1.363 FO2Hb3Hgb1 0.00313 pO2

It is important to understand the difference between
FO2Hb and SaO2 because they differ significantly in
patients with significant amounts of abnormal hemoglo-
bins, such as carboxy- or methemoglobin, which cannot
carry oxygen. Oxygen saturation is commonly measured
by pulse oxymetry, which simply measures oxyhemo-
globin (O2Hb) and deoxyhemoglobin (HHb) by transder-
mal spectrophotometry at two wavelengths. SaO2 can

also be calculated from empirical formulas using pH,
pO2, and hemoglobin, but these formulas assume normal
oxygen binding by hemoglobin and are unreliable in
patients with changes in the O2�hemoglobin dissocia-
tion curve. In contrast, the more sophisticated co-
oxymeter analyzers scan absorbance of a whole blood
hemolysate at wavelengths between 535 and 670 nm and
calculate the fraction of each hemoglobin fraction by
their characteristic absorption profile.

In most patients, FO2Hb and SaO2 are roughly inter-
changeable. For example, in a patient with 94% O2Hb
and 3% HHb, SaO25 94/975 96.9%. However, in a
patient with 85% O2Hb, 3% HHb, and 12% carboxyhe-
moglobin (COHb), SaO25 85/885 96.6%, which is sig-
nificantly different from FO2Hb of 85%. With pulse
oxymetry alone, this patient may be erroneously
assumed to have normal blood oxygen content,
whereas co-oxymetry would demonstrate the
impairment in oxygen content and therefore the
decreased oxygen delivery to the tissues.

Measurement of blood gases is highly dependent on
atmospheric pressure and ambient temperature, which
can vary during the day. Therefore, frequent calibra-
tion, usually every 30 min, is performed to account for
these fluctuations. In some electrodes, exposure of the
patient to other gases, such as NO and halothane, can
spuriously increase pO2 measurements.

Co-oxymetry depends on photometric scan and
therefore is affected by substances that absorb in the
range of 535�670 nm, such as methylene blue, which
is used in the treatment of methemoglobinemia and
absorbs strongly in the 550- to 700-nm region. A
concentration of 25 mg/L of methylene blue will spuri-
ously increase FO2Hb and reduce methemoglobin
results by approximately 4�8 percent points, which
may lead to misleading interpretation of the efficacy of
methylene blue treatment [83]. Other dyes, such as
Patent Blue V, Evans Blue, and Cardio Green, show
variable amounts of interference with co-oxymetry,
usually less than 1 percentage point. Highly lipemic
samples can also be affected; for example, a 4% con-
centration of Intralipid will increase carboxy- and
methemoglobin by 0.5�0.9%. Some co-oxymeters mea-
sure hemoglobin F fraction, which is more susceptible
to interference by abnormal pH, blue dyes, and lipe-
mia, and at high levels seen in neonates and hereditary
persistence of fetal hemoglobin, it can cause decreases
in HHb and SaO2 results. Other colored substances
causing significant interference with co-oxymetry are
vitamin B12 preparations. For example, a concentration
of 200 μg/mL of cyanocobalamin (more than 10-fold
maximum attainable serum levels) can cause a 2 per-
centage point decrease in FO2Hb measured by the
Radiometer ABL800.
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LACTATE ANALYSIS

Evaluation of lactic acidosis is important in the
assessment of many critically ill patients. Lactic acid
production increases when tissues are subject to anaer-
obic conditions (tissue hypoxia), such as with hemody-
namic impairment or respiratory failure. Lactic
acidosis due to tissue hypoxia is classified as type A,
whereas the rarer type B is due to metabolic diseases
interfering with mitochondrial function (e.g., diabetes,
drugs such as ethanol, methanol, and salicylates, and
several inborn errors of metabolism). Although L-lactate
is the predominant isomer generated by human cells,
intestinal bacteria can produce large amounts of D-lac-
tate, which is slowly metabolized by human tissues. In
certain situations, such as with jejunoileal bypass or
other causes of short bowel syndrome, impaired carbo-
hydrate absorption leads to increased production of D-
lactate by colonic Gram-positive anaerobic bacteria and
accumulation in the systemic circulation with metabolic
acidosis. D-Lactate is not measured by assays using
enzymes specific for L-lactate.

Several studies associate lactic acid levels with mor-
tality. For example, in patients admitted to the ICU,
elevated lactate at admission was associated with a
24% mortality, and patients with persistent lactic aci-
dosis after 24 hr of treatment had 82% mortality [84].
Routine monitoring of lactate is indicated in acutely ill
patients at risk for tissue hypoxia due to either
decreases in oxygen delivery or increases in oxygen
consumption.

Even minor exercise can rapidly increase lactate
levels, and a minimum resting period of 30 min is indi-
cated before sample collection. Hyperventilation, cate-
cholamine stimulation, and infusion of intravenous
glucose or bicarbonate also lead to increased lactate
production.

Lactate measurements are typically available in
whole blood gas analyzers and reported with arterial
blood gas profile. However, if assessment of oxygen
status is not essential, venous blood is preferable for
assessment of lactic acidosis to avoid the complica-
tions of an arterial puncture. Several studies show
that venous lactate levels are slightly higher and cor-
relate strongly with arterial lactate levels. For exam-
ple, a study in emergency department patients
showed a regression R2 for the equation arterial
lactate5 0.9963venous lactate � 0.259 [85]. This
equation can be used to predict arterial lactate, or
clinical cutoff values can be slightly adjusted for
venous lactate. In cases of impaired hemodynamics
(e.g., in shock), the arterial�venous lactate difference
will increase and can actually be used as a measure
of tissue perfusion.

A study in healthy volunteers showed that applica-
tion of a tourniquet for up to 5 min before blood collec-
tion had no effect on lactate levels [86]. The same
study also determined that storage on ice is not neces-
sary if the sample is analyzed within 15 min. However,
prolonged tourniquet application together with
repeated fist clenching will increase lactate and should
be avoided. Samples should be stored on ice if separa-
tion from cells cannot be achieved in less than 15 min.
Alternatively, samples may be collected in gray-top
tubes containing sodium fluoride and potassium
oxalate, which show a minimal increase (averaging
0.3 mM) after 8 hr at room temperature [87].

Analytical Issues

Lactate measurements are typically performed
either in whole blood by amperometry or in serum by
colorimetric methods. The whole blood analyzers and
some high-throughput instruments use an electrode
separated from the sample by a multilayer membrane.
Lactate crosses the outer membrane and is oxidized to
pyruvate by lactate oxidase immobilized between the
outer and inner membranes. The reaction consumes O2

and produces H2O2, which crosses the inner mem-
brane and is oxidized at the platinum anode, whereas
the silver cathode is reduced to produce a current pro-
portional to the amount of lactate. Potent redox agents
such as cysteine, fluoride, bromide, iodide, thiocya-
nate, isoniazid, acetaminophen, and hydroxyurea may
show interference with this method.

The colorimetric methods use either L-lactate
oxidase or L-lactate dehydrogenase. The lactate oxidase
generates H2O2, which then oxidizes a chromogen in a
reaction catalyzed by peroxidase to generate a product
measurable by spectrophotometry. Lactate dehydroge-
nase methods rely on the conversion of lactate to pyru-
vate at high pH, with generation of NADH and
increased absorption at 340 nm. D-Lactate is not mea-
sured by these assays and requires a specific method
using D-lactate dehydrogenase.

Because the lactate oxidase is not entirely
specific for lactate, some methods based on this
enzyme (i.e., the Radiometer ABL) are subject to posi-
tive interference by citrate, oxalate, glycolate, and
glyoxylate [88]. The latter three substances are ethylene
glycol metabolites and may result in spuriously high
lactate levels in patients who ingested ethylene glycol.
For a list of household products containing ethylene
glycol, see the National Institutes of Health reference
[89]. Other lactate oxidase methods (e.g., iSTAT,
Abbott Architect, Ortho Vitros, Siemens Advia, Roche
Modular, and Beckman Synchron) show less interfer-
ence, whereas LDH-based methods (e.g., Siemens
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Dimension) are not subject to interference by these
metabolites. Based on these differences, a “lactate gap”
between the Radiometer measurement and methods
unaffected by glycolate and glyoxylate may be indica-
tive of ethylene glycol poisoning [88,90]. The magni-
tude of the interference may be variably dependent on
the method and the age of the lactate electrode [91];
therefore, it should not be used as a quantitative
approach to estimating amounts of ethylene glycol.

Patients with elevated LDH may show spurious
decreases in lactate concentrations due to its conver-
sion to pyruvate in vitro. To avoid this interference,
plasma or serum samples should be frozen or
analyzed rapidly after collection. Not all assays show
this interference; for example, up to 4000 IU/L of LDH
does not interfere with the Beckman Synchron lactate
assay.

CASE REPORT A 72-year-old male was admitted to
the ICU for cardiac failure and accidental ingestion of
a large amount of propylene glycol. Laboratory results
included an anion gap of 27 mEq/L, metabolic acidosis
with pH5 7.16, and low amounts of propylene glycol
in the blood. An arterial blood gas measurement using
the Radiometer ABL 700 analyzer revealed 39 mM
lactate, whereas a serum sample measured with the
Vitros analyzer showed normal lactate levels.
Measurement with a D-lactate-specific kit resulted in
D-lactate levels greater than 100 mM [92]. This case
highlights that propylene glycol can be metabolized to
D-lactate in the absence of intestinal malabsorption, and
that the Radiometer method is not entirely specific for
L-lactate and shows positive interference by D-lactate.

BILIRUBIN ANALYSIS

Bilirubin is an end product of heme metabolism.
The major source for heme production is hemoglobin;
therefore, bilirubin generation depends on the rates of
hemoglobin synthesis and degradation. Bilirubin origi-
nating from heme metabolism in the various tissues,
predominantly from the phagocytic system and inef-
fective erythropoiesis, binds noncovalently to albumin
and is carried by the circulation to the liver, where it is
further metabolized by conjugation to glucuronic acid,
a reaction catalyzed by the uridine diphosphate glu-
curonyltransferase enzyme coded by the UGT1A1
gene. Excretion of conjugated bilirubin then occurs via
the biliary system into the intestines, where 95% of it
is reabsorbed into the circulation while the remainder
is further metabolized by intestinal bacteria into urobi-
linogen, which can also be reabsorbed (B20%).
Circulating urobilinogen and conjugated bilirubin are

soluble in the plasma and can be excreted by the
kidneys.

Main causes of hyperbilirubinemia include the
following:

1. Defects in conjugation, including severe liver
insufficiency, genetic defects in UGT1A1
(Crigler�Najjar and Gilbert syndromes), and
inhibition of UGT1A1, leading to increased blood
unconjugated bilirubin levels

2. Increased heme catabolism—for example, associated
with severe hemolysis—leading to elevated blood
levels of unconjugated bilirubin

3. Defects in biliary excretion (“cholestasis”), caused
by diseases interfering with liver or biliary
architecture, which cause increases predominantly
in conjugated bilirubinemia.

Accurate measurement of unconjugated bilirubin is
of particular importance in neonates because this sub-
stance penetrates the blood�brain barrier and can
cause severe encephalopathy, known as kernicterus.
Determination of conjugated bilirubin is also critical in
the evaluation of neonatal jaundice because severe dis-
eases such as sepsis, biliary atresia, and hepatitis are
associated with elevated conjugated bilirubin. In
adults, measurement of total bilirubin is a relatively
sensitive test for liver and biliary dysfunction. In hepa-
tobiliary diseases, discrimination between conjugated
and unconjugated hyperbilirubinemia can help distin-
guish pure cholestastic conditions, which elevate con-
jugated bilirubin, from those involving hepatocytes,
which typically lead to increases in both conjugated
and unconjugated bilirubin. However, it is often
unnecessary because other markers of hepatic or bili-
ary disease will be abnormal.

Pre-Analytical Issues

Starvation and caloric malnutrition can be associ-
ated with large increases in unconjugated bilirubin,
especially in patients with Gilbert syndrome. Several
substances affect bilirubin glucuronidation, and uncon-
jugated bilirubin can rise as a result of elevated thyroid
hormones, estrogens, oral contraceptives, fatty acids in
breast milk, antibiotics such as novobiocin or gentami-
cin, or anti-retroviral agents such as indinavir and ata-
zanavir. Other drugs, such as sulfonamides and
ibuprofen, raise unconjugated bilirubin by displacing
it from albumin binding sites. Recent alcohol ingestion,
smoking, meals, and exercise have all been associated
with mild increases in bilirubin [2,3].

Prolonged tourniquet application or standing can
increase unconjugated bilirubin by approximately 10%
due to its binding to albumin [3]. Because bilirubin is
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sensitive to degradation by light, samples should be
shielded from exposure to light during pre-analytical
processing if analysis is delayed. A decrease of as
much as 50% can occur with 1 or 2 hr of exposure to
light [2].

Analytical Issues

Fractionation by chromatography shows that biliru-
bin circulates in four main forms (Figure 8.2) [93]:

1. Unconjugated bilirubin, loosely bound to albumin
(α-bilirubin)

2. Bilirubin monoglucuronide (β-bilirubin)
3. Bilirubin diglucuronide (γ-bilirubin)
4. Bilirubin conjugated to albumin (δ-bilirubin).

Innormal individuals, onlyunconjugatedbilirubin (α)
is present in the serum. The delta fraction occurs by
substitution of albumin for the glucuronide moiety of
conjugated bilirubin and is increased in neonates and
in patients with prolonged hyperbilirubinemia.
Whereas the half-life of fractions α�γ is short
(minutes in normal individuals), δ-bilirubin has the

half-life of albumin (2 or 3 weeks) and complicates
assessment of recovery of jaundice. Bilirubin is deter-
mined most commonly by a colorimetric reaction
between diazotized sulfanilic acid and bilirubin—the
so-called “diazo reaction.” Initially described by
Erlich in 1883, the reaction has been subject to sev-
eral modifications to increase reactivity with unconju-
gated bilirubin. Most current methods are derived
from the diazo method of Jendrassik and Grof (J/G),
in which caffeine benzoate is added to the reaction
to displace unconjugated bilirubin from albumin and
accelerate its reaction with the diazo chromogen.
Other less commonly used accelerators include meth-
anol, dyphylline, and various surfactants. When the
accelerator is present, all of the bilirubin fractions
(α�δ) react quickly with the diazo dye, and the
result is labeled as “total bilirubin.” When the accel-
erator is omitted, unconjugated bilirubin reacts very
slowly, the conjugated fractions (β, γ) react quickly but
incompletely, and δ-bilirubin reacts to a variable
extent; the result is labeled “direct bilirubin”
(Figure 8.2). Direct methods can variably measure
between 1 and 10% of unconjugated bilirubin, so their
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FIGURE 8.2 Distribution of bilirubin fractions measured with diazo assays derived from the Jendrassik and Grof method, from the

Vitros BuBc dry chemistry method, or from the vanadate and bilirubin oxidase methods. Calculated fractions are depicted in italics. The
graph shows that 10�25% of δ-bilirubin may not react with direct methods [109], whereas 1�10% of unconjugated bilirubin may react with
diazo or bilirubin oxidase methods. “Var” refers to a variable portion of conjugated bilirubin that is not measured by diazo direct methods.
The question mark reflects the unknown reactivity of vanadate oxidation methods with α and δ fractions.
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specificity for conjugated fractions is more important
than their accuracy [94] because unconjugated bilirubin
is estimated from “indirect bilirubin,” calculated by
subtracting “direct” from “total” bilirubin.

More recent methods include spectrophotometric
determination of the oxidation of conjugated bilirubin
by vanadate or bilirubin oxidase to biliverdin, with a
resulting decrease in absorbance at 425�460 nm. In
both of these methods, only conjugated bilirubin frac-
tions (β and γ) are oxidized. Manipulation of pH or
addition of detergents allows unconjugated bilirubin
to also be oxidized for total bilirubin determination
(Figure 8.2). In the Ortho “dry chemistry” method
(BuBc slide), the absorbance of conjugated (β and γ)
bilirubin is differentiated from that of unconjugated (α)
bilirubin by spectrophotometric scanning in the pres-
ence of a cationic mordant (Figure 8.2). Because δ-biliru-
bin is not detected in these recent methods, the
conjugated (Bc) and unconjugated (Bc) fractions better
represent the functional status of bilirubin production,
conjugation, and excretion and respond quickly to
changes such as removal of biliary obstruction. One dis-
advantage of spectrophotometric scanning methods is
the susceptibility to spectral interference by substances
such as amphotericin B, levodopa, methotrexate, nitro-
furantoin, sulfasalazine, hemoglobin, and bilirubin iso-
mers originating from light exposure.

The classic diazo method is particularly susceptible
to interferences due to the presence of serum sub-
stances such as hemoglobin, immunoglobulins (para-
proteins), lipemia, acetoacetate, and ascorbic acid
[2,71]. More recent methods using different diazo
reagents with serum blanking, bilirubin oxidase, or
vanadate are less susceptible to such interferences.

CASE REPORT A 37-year-old male was admitted
for a suicide attempt by ingestion of naproxen in com-
bination with ethanol. A liver profile showed only
mild elevation in aspartate aminotransferases (66 U/L)
and γ-glutamyl-transpeptidase (53 U/L), with normal
alanine aminotransferase and alkaline phosphatase,
and a total bilirubin concentration of 20.5 mg/dL [95].
There was no past medical history or physical evi-
dence of liver disease. Naproxen serum levels were
138 μg/mL—well above the therapeutic level.
Measurement of bilirubin with the Vitros BuBc method
shows levels of Bu and Bc below 0.1 mg/dL. Another
similar case showed a naproxen level of 167 μg/mL,
and total bilirubin determinations with two classic J/G
methods were 13.9 and 10.7 mg/dL, whereas an alter-
native diazo method using 2,4-dichlorophenyl diazo-
nium tetrafluoroborate showed only 0.5 μg/mL of total
bilirubin. In both these patients, direct bilirubin was
0.1 mg/dL or less. The interference appears to be

mostly due to the naproxen metabolite O-desmethylna-
proxen reacting with the classic J/G diazotized sulfani-
lic reagent in the presence of caffeine [96].

Methods have been developed to measure free, non-
protein-bound unconjugated bilirubin levels, which
better correlate with the severity of acute bilirubin
encephalopathy in neonates [97]. However, these are
not well standardized or widely used.

LIPID PROFILES ANALYSIS

Lipid profiles are commonly used in the routine
evaluation of cardiovascular risk, given the high corre-
lations of hypercholesterolemia and hypertriglyceride-
mia and cardiovascular risk. A standard lipid profile
includes determination of serum or plasma total
cholesterol (TC), high-density lipoprotein-associated
cholesterol (HDL-C), low-density lipoprotein-associ-
ated cholesterol (LDL-C), and total triglycerides (TG).
In many laboratories, LDL-C is calculated from the
Friedewald equation (LDL-C5TC � HDL-C � TG/5),
which correlates well with gold standard determina-
tions of LDL-C by ultracentrifugation when TG are
less than 400 mg/dL. This calculation is based on the
following assumptions: (1) The vast majority of choles-
terol is transported by LDL, HDL, and very low-
density lipoproteins (VLDL) in fasting plasma;
(2) most TG are associated with VLDL in fasting speci-
mens; and (3) the normal ratio of TG to cholesterol in
VLDL is 5. However, these assumptions are not always
true.

Fasting Versus Nonfasting Lipid Profiles

Cardiovascular risk assessment and monitoring of
lipid-lowering therapy based on LDL-C and TG should
be performed in specimens collected after a period of
12�14 hr of overnight fasting without any dietary
intake except for water and medication because TG
(predominantly in the form of chylomicrons) remain
elevated after meals for several hours. In nonfasting
specimens and other conditions with elevated TG,
non-VLDL particles carrying TG change the ratio of
TG to cholesterol and invalidate the Friedewald for-
mula, usually leading to overestimation of LDL-C. In
these cases, a direct assay for LDL-C can be used,
although direct LDL-C results in nonfasting specimens
may not be as predictive of cardiovascular events in
women [98]. Recently, emphasis has been placed on
non-HDL-C (TC � HDL-C) as a secondary target of
therapy because it includes not only LDL-C but also
other atherogenic lipoproteins, such as intermediate-
density lipoproteins [99]. Importantly, TC, HDL-C, and
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non-HDL-C can be accurately determined in nonfast-
ing specimens. Some studies also indicate that nonfast-
ing TG, which peak approximately 4 or 5 hr
postprandially, may be better predictors of cardiovas-
cular events [100], but the exact cutoffs and postpran-
dial intervals have not been well-defined. Together
with determination of apolipoproteins A1 and B100, it
is possible that in the future, nonfasting lipid profiles
will be acceptable for cardiovascular risk assessment.

Other Pre-Analytical Considerations

Although cholesterol and triglycerides are consid-
ered small molecules, they circulate as components of
large lipoprotein complexes; therefore, plasma levels
are subject to dilutional variation in protein concentra-
tion induced by a change to the upright position
(B7�16% increase) and prolonged tourniquet applica-
tion (5�20% higher). Pregnancy is associated with a
decrease of cholesterol and triglycerides in the first
trimester but a gradual increase afterwards [2]. The
nephrotic syndrome and hypothyroidism are associ-
ated with elevated TC, predominantly due to LDL-C.
Stress, inflammation, infections, and other acute disor-
ders are associated with increases in triglycerides and
cholesterol, whereas acute coronary syndromes result
in decreases of TC and LDL-C and 20�30% increases
in TG within 24�48 hr, leading to the recommendation
that lipid profiles should be avoided after 24 hr of hos-
pitalization or initiation of an acute event [101]. A
study using fasting samples indicated that the magni-
tude of change after an acute myocardial infarction is
small, with a mean decrease in TC and LDL-C of 2% at
24 hr of admission and a subsequent increase of 6% in
the next 2 days, whereas TG and HDL-C showed even
smaller changes [102]. However, other studies showed
larger reductions in TC, non-HDL-C, direct LDL-C,
TG, and apolipoprotein A1 in the first 18�42 hr post-
admission, whereas apolipoprotein B100 and HDL-C
did not change significantly [101,103]. The best recom-
mendation is to perform lipid profiles at admission of
patients with suspected acute coronary syndromes.

Analytical Issues

Virtually all currently available methods for mea-
suring cholesterol rely on the production of hydrogen
peroxide from cholesterol in an enzymatic reaction cat-
alyzed by cholesterol oxidase. Interestingly, this
enzyme is not specific for cholesterol, and plant sterols
can also be reacting. However, even in individuals
ingesting large amounts of plant sterols, the plasma
concentration (μg/dL) is minuscule compared to
cholesterol (mg/dL) [104].

In order to measure both free cholesterol and esteri-
fied cholesterol, samples are treated with cholesteryl
ester hydrolase to release cholesterol from fatty acid
esters. The H2O2 produced by the oxidase reaction is
then typically measured by a peroxidase catalyzed
reaction. Therefore, all previously described interfer-
ences with peroxidase-based methods (e.g., hemo-
globin, bilirubin, ascorbic acid, and uric acid) also
affect cholesterol measurements, although these inter-
ferences are minimized by current approaches, such as
the use of multiple wavelengths, kinetic measure-
ments, and bilirubin oxidase.

For the determination of HDL-C, either HDL is physi-
cally separated from other lipoproteins with precipita-
tion methods or in homogeneous assays the cholesterol
associated with HDL is distinguished from the choles-
terol associated with other lipoproteins by a variety of
different approaches. Separation methods include pre-
cipitation of non-HDL cholesterol with dextran sulfate
or a heparin�manganese complex, followed by centrifu-
gation and analysis of the supernatant. These methods
are labor-intensive and have been largely replaced with
homogeneous methods. Approaches used in homoge-
neous methods, often used in combinations, include
(1) detergent solubilization of the cholesterol in HDL
while inhibiting release from other lipoproteins with
polyanions; (2) steric inhibition of the reaction of non-
HDL cholesterol with the enzymes by the use of antibo-
dies, for example, to apoB100 contained in LDL, VLDL,
and chylomicrons; (3) modification of cholesterol ester-
ase and oxidase by linking polyethylene glycol moieties
to the enzymes, which excludes access to cholesterol in
non-HDL lipoproteins; and (4) selective oxidation of
cholesterol from non-HDL with subsequent destruction
of H2O2 by catalase, followed by addition of a catalase
inhibitor and a detergent releasing cholesterol from
HDL. Similar approaches are used to measure LDL-C by
“direct” homogeneous assays. The main issue with
homogeneous methods is the specificity for HDL-C or
LDL-C and the degree of reactivity with other lipopro-
teins, particularly in patients with abnormal amounts of
unusual lipoproteins (e.g., in patients with type III
hyperlipidemia with excess remnant lipoproteins, chole-
stasis, and chronic liver or kidney disease). These meth-
ods are also subject to varying degrees of interference in
samples with high levels of TG [105,106]. A comparison
of various homogeneous methods for LDL-C and HDL-C
determination showed that most methods met the
acceptable total error goals in healthy individuals, but all
methods failed to attain these goals in patients with car-
diovascular disease, dyslipidemias, and hypertriglyceri-
demia [106].

CASE REPORT A 64-year-old male presented with
anemia (hemoglobin, 11.7�12.0 g/dL) first noted 4
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months earlier [107]. Other abnormal laboratory results
included serum HDL of 10 mg/dL (46 mg/dL 3 years
earlier) and a total protein of 9.5 g/dL with albumin of
3.8 g/dL. Total cholesterol was 98 mg/dL, with
75 mg/dL in the LDL-C fraction. Measurement of
HDL-C in a slide chemistry system showed levels of
44 mg/dL. The patient was diagnosed with
Waldenström’s macroglobulinemia with biclonal
IgM-κ and IgM-λ paraproteins. Interference from para-
proteins in HDL-C has been noted with precipitation,
liquid homogeneous, and also solid-phase homoge-
neous assays [71].

Like cholesterol analysis, triglyceride assays use a mix
of enzymes to produce a measurable product. The first
reaction involves hydrolysis of the triglycerides with
lipase, releasing free fatty acids and glycerol. The next
reaction involves glycerol kinase, which uses ATP to
phosphorylate glycerol to glycerophosphate. The mea-
sureable product can then be produced by several
approaches: (1) measuring ADP produced from ATP
with pyruvate kinase and LDH, with production of
NAD1; (2) using glycerophosphate oxidase to produce
dihydroxyacetone and H2O2, followed by a typical
peroxidase reaction; and (3) using glycerophosphate
dehydrogenase to produce dihydroxyacetone phosphate
and NADH1. The major problem with these methods is
the presence of endogenous glycerol in the sample. In
most patients, particularly outpatients, the amount of
free glycerol in the plasma is negligible, but it can be sig-
nificantly increased in patients with severe hypertrigly-
ceridemia, diabetes, chronic kidney disease, total
parenteric nutrition, heparin treatment, and congenital
deficiency of glycerol kinase, which can be asymptom-
atic in adults [108]. Contamination of the sample with
glycerol from the collection tubes or hand creams and
soaps can also lead to falsely high TG [2]. This problem
can be obviated by use of serum blanks, in which glyc-
erol is measured by omitting the lipase enzyme,
although at the cost of reduced sample throughput. Note
that lipolysis can occur in samples stored at room tem-
perature or contaminated with heparin (which induces
lipase); in these samples, falsely low TG results would
occur with glycerol blanking assays.

CONCLUSIONS

Pre-analytical sources of variation are the most
frequent causes of inaccurate results in clinical chemis-
try. For many analytes, awareness of physiologic varia-
tion, proper patient preparation, and consistent
collection practices—including time of the day, fasting,
posture, tourniquet application, and collection techni-
ques—is essential to obtain reliable results and

correctly interpret any changes observed. Although
good manufacturing practices, availability of reference
standard materials, quality control, and proficiency
testing have minimized errors and inaccuracies in the
analytical phase, many methods remain subject to
interferences, especially in unusual clinical situations.
It is important to question all results that do not fit the
clinical picture; consult laboratory specialists, manufac-
turer’s instructions, and reference literature about pos-
sible sources of interference; and attempt to eliminate
interferents by appropriate sample treatment or by
retesting with another methodology that may not be
subject to the same interferences.
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Challenges in Routine Clinical Chemistry
Analysis

Proteins and Enzymes

Jorge Sepulveda
Columbia University Medical Center, New York, New York

INTRODUCTION

In this chapter, the source of inaccurate results in
commonly ordered enzymes and other protein bio-
marker assays, excluding hormones and tumor mar-
kers, is addressed. See Chapters 11 and 12 for sources
of errors in endocrine tests and measurement of tumor
markers, respectively. In this chapter, issues with albu-
min and total protein measurements, commonly
ordered as part of the liver panel or the comprehensive
metabolic panel, are addressed. In addition, two pro-
tein biomarkers used in the evaluation of cardiovas-
cular disease—cardiac troponin and B-type atrial
natriuretic peptide—are also discussed.

ALBUMIN AND TOTAL PROTEIN

Measurement of total protein and albumin is useful
in several clinical situations, including the following:

1. Diagnosing hypoalbuminemia resulting from acute
or chronic inflammation, liver insufficiency,
renal or gastrointestinal losses, protein
malnutrition, etc.

2. Albumin levels can be of value in calculating free
electrolyte (calcium), drug (phenytoin), and
hormone (testosterone and cortisol) concentrations.

3. Screening for monoclonal gammopathies by
detecting an increase in globulins as measured by
the difference between total protein and albumin.
For more sensitive detection of monoclonal
gammopathies, direct measurement of various

immunoglobulins, serum and urine protein
electrophoresis, and immunofixation techniques are
indicated (see Chapter 18).

4. High albumin, total protein, and hematocrit levels
can suggest acute dehydration, whereas a
proportional decrease of albumin, total protein, and
hematocrit can suggest hemodilution.

Pre-Analytical Issues

As mentioned previously (Chapter 8), recumbency
leads to fluid shifts from the extravascular to the intra-
vascular compartment, resulting in mild hemodilution
and a decrease in protein concentrations up to 10%.
This decrease can be more pronounced in patients
predisposed to edema (e.g., cardiac and liver insuffi-
ciency). Similarly, prolonged application of a tourni-
quet can lead to hemoconcentration with an up to 8%
increase in albumin and total protein. Similar effects
are seen with all the protein biomarkers described in
this chapter. Pregnancy is also associated with hemodi-
lution and a decrease in total protein by as much as
1.3 g/dL in the third trimester.

Analytical Issues and Interferences

Total protein is commonly measured in plasma or
serum by the biuret method, which takes advantage
of the reaction of peptide bonds in proteins with
cupric ions at alkaline pH to form a colored product
that absorbs at 540�560 nm. Therefore, this method
assumes a constant ratio of peptide bonds to mass of
proteins, which is not true for all proteins present in

131
Accurate Results in the Clinical Laboratory.

DOI: http://dx.doi.org/10.1016/B978-0-12-415783-5.00009-8 © 2013 Elsevier Inc. All rights reserved.

www.Ketabdownload.com

http://dx.doi.org/10.1016/B978-0-12-415783-5.00009-8


serum but is sufficiently accurate for clinical use. The
range of measurement is typically from 1 to 10 g/dL;
therefore, it cannot be used to measure low levels of
protein in body fluids such as urine and cerebrospinal
fluid. For these situations, turbidimetric methods using
protein precipitation with trichloroacetic acid, sulfosa-
licylic acid, or benzethonium chloride or dye-binding
methods using Coomassie blue or pyrogallol red-
molybdate are employed.

Dextran, carbenicillin, hemoglobin, and bilirubin
can have mild positive interferences with some total
protein methods, whereas lipemia at high levels
(.31), methylbenzethonium, aminophenazone, sulfa-
salazine, and fluorescein may cause negative inter-
ference. Total protein and albumin measurements
are particularly susceptible to error due to poor
mixing of thawed samples.

Albumin is usually measured in automated ana-
lyzers by its capacity to bind a dye with resulting
change in absorption. Two dyes are commonly used—
bromcresol green (BCG) and bromcresol purple
(BCP). Although generally comparable, albumin values
measured with BCG tend to be falsely elevated (as
much as 1 g/dL) in hypoalbuminemic patients under-
going hemodialysis, compared to an albumin immuno-
assay [1], and falsely low above the normal range due
to nonspecific binding to globulins [2]. On the other
hand, for most patients, BCP results are more compara-
ble to immunoassay. In a few individuals with
advanced renal failure, a uremic toxin (CMPF; 3-car-
boxy-4-methyl-5-propyl-2-furanpropionic acid) can
bind to albumin and compete with BCP [3], thus caus-
ing artificially low results. This interference appears to
be present particularly in patients undergoing hemodi-
alysis and is not observed in patients undergoing peri-
toneal dialysis or patients with renal failure who are not
subjected to dialysis [4]. Similarly, albumin-bound bili-
rubin interferes with the BCP method [5]. Despite these
problems, the BCP method is recommended for general
use because it is more specific for albumin and better
correlates with immunoassay or gold standard nephe-
lometry, even in hemodialysis patients. The following
formula for converting BCP to BCG results works well
in both renal insufficiency and nonrenal patients:

AlbBCG 5 0:551AlbBCPðin g=dLÞ
This formula is applicable even when serum albu-

min is less than 3 g/dL [6]. Formulas for calcium
correction using BCP-measured albumin are different
from the standard formula described in Chapter 7; for
example (calcium in mg/dL, albumin in g/dL) [7,8],

Calcium ðcorrectedÞ5 total calcium ðmeasuredÞ
�0:43 albumin1 1:2

The BCG method, but not BCP, is negatively
affected by the presence of high levels (280 U/mL) of
heparin [9], clofibrate, and phenylbutazone in the sam-
ple. High-dose penicillin-G causes negative interfer-
ence in the BCP method [10]. Some BCP methods
show up to 25% positive interference by 400 mg/dL of
free hemoglobin, whereas others do not show this
interference.

ALANINE AND ASPARTATE
AMINOTRANSFERASES ANALYSIS

Aspartate aminotransferase (AST), also known as
serum glutamate-oxaloacetate transaminase (SGOT),
and alanine aminotransferase (AST), also known as
serum glutamate-pyruvate transaminase (SGPT), are
important enzymes commonly measured to identify
and follow-up liver damage. Aminotransferases are
key enzymes in amino acid metabolism, and they
work by transferring amino groups between the vari-
ous amino acids and 2-oxoglutarate (α-ketoglutarate),
which functions as an acceptor of the amino group to
yield glutamate in a reaction involving pyridoxal-50-
phosphate (P5P), derived from vitamin B6, as a coen-
zyme. The reaction is reversible, and glutamate can
function as an amine donor to various ketoacids to
form amino acids—for example, alanine from pyruvate
with AST and aspartate from oxaloacetate with ALT.

The AST enzyme is coded by two different genes,
GOT1 and GOT2. The GOT1 gene codes for c-AST,
which is present in the cytosol and most abundant in
cardiac and skeletal muscle and red blood cells,
whereas the GOT2 gene codes for m-AST, a mitochon-
drial isoform of AST most abundant in hepatocytes.
The catalytic activities of the two AST isoforms are
similar, but they can be differentiated by immunoas-
says or by modified enzymatic assays because m-AST
is highly susceptible to proteolysis by proteinases K.
The m-AST isoform has a longer half-life in serum
(B87 hr) than does c-AST. Whereas c-AST predomi-
nates in the plasma of healthy individuals (B88�95%
of the AST activity) and patients with mild liver dis-
ease, m-AST is predominant in liver parenchyma
(B80% of total AST) and increases more than c-AST in
acute hepatitis and more severe liver disease [11]. It is
likely that the cytoplasmic location allows c-AST to
leak into the systemic circulation with mild, reversible
cellular damage, whereas the more abundant m-AST
requires injury to the mitochondria (e.g., associated
with liver ischemia or severe necrosis). In alcoholic
hepatitis, the ratio of m-AST to c-AST is also typically
elevated, perhaps indicating a particular susceptibility
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of mitochondria to ethanol-induced damage, whereas
in uncomplicated viral hepatitis the predominant
lesion is in the cell membrane, and therefore c-AST
predominates.

The GPT gene codes for ALT1, the cytosolic isoform
of ALT (c-ALT), whereas the related gene GPT2 codes
for the mitochondrial isoform, ALT2 (m-ALT). ALT1 is
expressed mainly in liver and kidney, and it is weakly
expressed in intestine, heart, skeletal muscle, and sali-
vary glands. It is the predominant isoform in serum
from healthy individuals, whereas ALT2 is the pre-
dominant ALT isoform expressed in skeletal muscle
and heart [12,13]. In rodents, ALT2 appears to be pres-
ent in liver and seems to undergo a more significant
increase than ALT1 after liver damage or steatosis
[14,15], but it does not appear to be expressed
in human liver [12,13,16]. ALT2 is also expressed in
adrenal gland, adipose tissue, neurons, endocrine
pancreas, and prostate, where it is induced by andro-
gens [13]. ALT1, but not ALT2, is inducible in the liver
by peroxisome proliferator-activated receptor (PPAR)
α agonists, such as fenofibrate [17]. A similar induction
of ALT activity is seen in conditions associated with
increased neoglucogenesis, such as fasting, insulin
resistance, type 2 diabetes, and the metabolic syn-
drome [18,19]. Obesity can increase levels of AST and
ALT by approximately 40�50%. It is unclear whether
the available enzymatic assays show any differential
reactivity with ALT1 versus ALT2, although recombi-
nant purified ALT1 had 15-fold higher activity than
ALT2 in one study [20]. The different cellular localiza-
tion, tissue specificity, and inducibility of the two ALT
isoforms raise the possibility that isoform-specific
immunoassays may have better clinical usability than
the currently used enzymatic assay. Despite the pres-
ence in other tissues, isolated elevations of ALT are
rarely seen in the absence of liver disease.

Both AST and ALT are sensitive markers of liver
damage, with ALT being more specific due to its
restricted tissue expression and AST being more sensi-
tive because it is approximately two or three times
more abundant in liver than ALT. The ratio of AST/
ALT (de Ritis ratio) is commonly used to help differen-
tiate various causes of liver damage (Table 9.1).
Various parameters affect the ratio:

1. Extent of extra-liver disease: Because AST is widely
expressed and ALT is predominantly from liver,
any conditions involving systemic injury, especially
involving skeletal muscles, heart, kidney, lung,
pancreas, intestine, or erythrocytes, will increase the
ratio. Hemolysis occurring in vitro will also increase
AST with little effect on ALT.

2. Severity of damage: In normal individuals and
patients with reversible injury involving the cellular

membranes, thought to occur through cytoplasmic
blebbing, c-AST and c-ALT predominate in roughly
equal amounts. Severe injury to mitochondria, such
as in liver necrosis or degeneration due to drug
toxicity or ischemia, leads to a massive release of
the much more abundant m-AST, which increases
the de Ritis ratio.

3. Elimination of ALT compared to AST: In general,
the half-life of ALT is much higher (B2 days) than
that of AST (, 24 hr); therefore, although AST may
predominate during an acute episode of toxic or

TABLE 9.1 Conditions Affecting ASTand ALT Levels

Condition Level of AST AST/ALT

Ratio

Comment

Healthy ,40 U/L 0.7�1.4

Acetaminophen
toxicity

.10,000 U/L .1a Slower increase
in 24�48 hr

Ischemic injury .10,000 U/L .1a Rapid rise in ,24
hr

Alcoholic
hepatitis

,300 U/L .2

Autoimmune
hepatitis

,103ULN ,2

Biliary
obstruction

,53ULN ,2 Return to normal
in 72 hr

Cholangitis ,103ULN ,2

Cirrhosis ,103ULN .1 Levels may be
normal or
decreased

Hemochromatosis ,103ULN ,2

Hepatitis, viral,
acute

.300 U/L,
10�1003ULN

,1 AST remains
elevated for 7�14
days; ALT decays
B10%/day,
remains elevated
276 16 days

Hypo- and
hyperthyroidism

,33ULN ,2

Infectious
mononucleosis

50�800 U/L ,2

Liver metastases ,53ULN .1

Nonalcoholic
steatosis

,103ULN ,2

Primary biliary
cirrhosis

,103ULN .2

Reye’s syndrome .2

Wilson’s disease ,103ULN .2

aAST/ALT. 1 initially, then reverts to ,1.
ULN, upper limit of reference range.
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ischemic liver injury, during the recovery phase the
ratio may become less than 1. Diseases leading to
m-AST release also prolong the elevation of AST
activity because m-AST has a longer half-life than
c-AST.

4. The extent of liver synthetic function affects ALT
more than AST because ALT is more liver-specific.
Situations with reduced liver function, such as in
chronic cirrhosis, tend to have elevated de Ritis
ratios due to lower ALT production. In some cases
of chronic liver disease, as well as in fulminant liver
failure, ALT concentrations may decrease below the
reference range.

5. Any induction of ALT expression—for example,
treatment with PPARα agonists or insulin
resistance: Obese patients and those with the
metabolic syndrome tend to have higher levels of
ALT (40�50%) compared to AST [21].

6. The amount of P5P in circulation: Using assays that
do not supplement the reaction with exogenous
P5P, this becomes a rate-limiting factor, with the
ALT enzyme being more susceptible to low levels of
P5P seen, for example, with chronic alcoholism,
malnutrition, and renal failure, the latter due to P5P
binders in the plasma. Also, m-AST is more
susceptible to loss of P5P than is c-AST, and assays
using P5P supplementation tend to have higher
m-AST/c-AST ratios.

Typically, patients with alcoholic hepatitis or severe
alcohol-induced liver disease such as cirrhosis have a
de Ritis ratio greater than 2 [22], whereas in uncompli-
cated acute or chronic liver disease the ratio is usually
less than 2. Possible mechanisms involved in elevation
of the ratio in severe alcoholic liver disease include
mitochondrial oxidative damage, decreased liver ALT
production, decreased P5P, and extrahepatic damage
such as alcoholic myopathy. The ratio is also helpful in
distinguishing alcoholic from non-alcoholic liver stea-
tosis, especially when coupled with other determina-
tions such as red cell mean corpuscular volume and
γ-glutamyl transferase [23], although the ratio tends to
be high in advanced cases of alcoholic and non-
alcoholic cirrhosis [24]. In contrast, acute viral hepatitis
tends to be associated with de Ritis ratios less than 1
and aminotransferase levels greater than 300 IU/L.
Patients with a de Ritis ratio less than 0.6 in acute viral
hepatitis had better prognoses than those with ratios
greater than 1.2 [25].

Many drugs affect AST and ALT levels, and monitor-
ing of transaminase elevation is routine when evaluat-
ing or following therapy with potentially hepatotoxic
drugs. Some drugs also increase ALT and AST levels by
inducing its expression. Commonly used drugs that
may affect ALT and AST levels include acetaminophen,

aminoglycosides, angiotensin-converting enzyme
(ACE) inhibitors, anticonvulsants, cephalosporins,
clofibrate, fenofibrate, fluconazole, ganciclovir, griseo-
fulvin, isoniazid, isoniazid, macrolides, nicotinic acid,
nonsteroidal anti-inflammatory drugs, omeprazole, opi-
ates, statins, sulfonamides, and sulfonylureas.

The following are additional patient-related factors
to take into consideration when evaluating ALT or
AST measurements:

1. ALT and, more important, AST levels in normal
individuals tend to parallel muscle mass and
therefore are 10�20% higher in males, African
Americans, and athletes.

2. Intense exercise can increase AST and ALT levels,
usually less than threefold, subsiding within 1�7
days [26].

3. Both hypothyroidism and hyperthyroidism tend to
increase AST levels.

4. Levels of AST and ALT increase with age until
approximately 40 years and then decline
approximately 10�20% to the age of 60 years. Both
AST and ALT tend to be higher in elderly
individuals—approximately 10% after age
70 years [27].

5. Circadian variation affects ALT by approximately
45%, peaking in the afternoon and a nadir at night,
whereas AST varies by less than 10%, although
some studies show no significant variation [27].

6. Both AST and ALT are elevated in obese patients
(40�50% higher) and those with
hypertriglyceridemia or high-sugar or high-fat diets
[27,28].

7. Hospitalization by itself and even placebo treatment
may be associated with mild elevations in
transaminases, particularly ALT [29,30].

CASE REPORT A 32-year-old female was referred
to a hepatologist for possible liver biopsy [31]. She had
a history of AST levels between 120 and 500 U/L per-
sisting for more than 7 years without any symptoms,
family history, or significant past medical history of
liver disease, except for a limited acute Epstein�Barr
virus infection at age 14 years, which caused a revers-
ible 10-fold elevation of ALT and AST. Medical exami-
nation was normal, an abdominal ultrasound was
unremarkable, and serum levels of other liver enzymes
including ALT, hepatitis and autoimmune serology,
ferritin, ceruloplasmin, and thyrotropin were normal.
The patient denied taking any medications or herbal
supplements, except for oral contraceptives.
Discontinuation of the contraceptive resulted in
no change in AST levels. Before performing the liver
biopsy, the patient’s serum sample was treated
with protein A Sepharose, which binds immune
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complexes, resulting in a change in AST activity from
459 to 57 U/L, whereas another healthy control sample
showed no change. The elevation in AST was attrib-
uted to macro-AST, and the patient was subject to no
further studies.

Although rarely seen, macro-AST is more common
in patients with liver disease, particularly those with
autoimmune, viral, or neoplastic liver disease, but it
can be found in healthy individuals and persist for
several years [31,32]. Isolated increases in AST without
ALT or creatine kinase elevations suggest macro-AST,
which can be eliminated by polyethylene glycol pre-
cipitation, ultrafiltration, dialysis, and exclusion or
affinity chromatography.

Specimen Processing

Serum or plasma should be separated from cells to
avoid leakage of enzymes from red blood cells, which
increases markedly after 24 hr at room temperature.
The ALT and AST activities tend to decay when speci-
mens are stored at room temperature, particularly in
specimens with low P5P levels, because apoenzymes
are more susceptible to degradation than are holoen-
zymes [33]. Because the enzymes are irreversibly
degraded, lower activities may be seen even with
methods using P5P supplementation. However, several
studies show only minimal decay of the enzymes at
room temperature, when refrigerated, or when frozen
for at least 3 days [27,34�36]. Repeated freezing and
thawing may decrease ALT activity.

Methodology

Transaminase levels are measured by supplying 2-
oxoglutarate and the specific amino acid (L-aspartate
for AST and L-alanine for ALT), which generate glu-
tamate and the respective ketoacids. In some methods
(e.g., Vitros), P5P is supplied to enhance the activity
and remove circulating P5P levels as an analytical vari-
able. A signal is generated by dehydrogenases specific
to the ketoacid generated in the transaminase reaction.
For AST, the oxaloacetate is converted to malate by
malate dehydrogenase, with generation of NAD1,
whereas the pyruvate resulting from the ALT reaction
is converted to lactate by lactate dehydrogenase
(LDH). Because the method uses serum blanking and
all the components are in vast excess to usual plasma
levels of the corresponding endogenous substances,
interference by pyruvate, lactate, and LDH is uncom-
mon. In rare cases with very high levels of LDH
(.12,000 U/L), the preincubation step during serum
blanking may consume all the NADH substrate and
cause a very low result or an analyzer flag. A 20-fold

dilution of the sample will mitigate this problem. In
the Beckman SYNCHRON assay, pyruvate levels of
less than 6 mg/dL (normal levels are, 1 mg/dL)
show minimal interference. However, pyruvate can be
generated from lactate and cause interference with
ALT measurements in samples in which plasma was
in contact with cells for more than 48 hr, especially in
samples with high LDH levels, which converts lactate
to pyruvate [36]. Other interferences include heparin
greater than 50 U/L with the Vitros method [37] and
also significant lipemia, hyperbilirubinemia, and
hemolysis (particularly AST, which is 10�30 times
more abundant in red cells than in plasma) [27].

γ-GLUTAMYLTRANSFERASE AND
ALKALINE PHOSPHATASE ANALYSIS

γ-Glutamyl transferase (GGT) and alkaline phospha-
tase (ALP) are often measured to determine if a patient
has intra- or extrahepatic cholestasis because these
enzymes are abundant in the plasma membrane of
hepatocytes, particularly in the biliary canaliculi and
the basolateral surface of biliary epithelia. ALP is the
product of one of three genes—ALPI, expressed in the
intestine; ALPP, expressed in placenta; and ALPL,
expressed in most tissues, particularly in liver, kidney,
and bone, in which it can be differentially glycosy-
lated, resulting in changes in protein conformation,
stability, and clearance. For example, ALPP is heat
stable at 65�C, the bone form of ALPL, derived from
osteoblasts, is extensively glycosylated and heat labile,
and liver ALP is heat stable at 56�C. Heterogeneity of
glycosylation affects clearance of the various forms of
ALP by the liver galactose receptor [38].

Most plasma ALP activity derives from liver, with
up to 50% from bone and a small amount of intestinal
form. The release of ALP into the circulation during
cholestatic disease may be mediated by increased
phospholipase activity induced by bile acids because
the enzyme is anchored to the membrane by a glycosyl
phosphatidyl inositol (GPI) moiety [39]. The various
isoforms of ALP can be separated by electrophoresis,
isoelectric focusing, wheat germ lectin precipitation,
high-performance liquid chromatography, or specific
immunoassays; however, it is simpler to determine
GGT levels because this enzyme is increased in liver
but not bone disease. The liver form of ALPL is ele-
vated in cholestatic disease (up to 12 times normal),
particularly in extrahepatic obstruction, whereas
parenchymal liver disease, such as viral, alcoholic, or
autoimmune hepatitis, usually increases ALP less than
3-fold. Liver metastases can also result in high levels
of ALP, depending on the extent of the infiltration.
The bone ALPL is elevated in growing children and
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in disorders with osteoblastic activity and bone remo-
deling, such as Paget’s disease (up to 25-fold), rickets
and osteomalacia (2- to 4-fold), and in osteogenic bone
cancer (very high levels). Elevated ALPP is seen in
pregnancy (2- or 3-fold) and some tumors (Regan iso-
enzymes), and ALPI is increased in liver cirrhosis and
blood group O or B secretors.

GGT is abundantly expressed in kidney, liver, pan-
creas, and intestine, but most of the circulating activity
in healthy individuals is of hepatic origin. Like ALP,
GGT is cleared by the liver, and various glycosylation
isoforms are cleared at different rates by the liver asia-
loglycoprotein receptor [40]. Interestingly, GGT is
inducible in the liver by a variety of xenobiotic agents,
most notably microsomal inducers such as the anti-
convulsants phenytoin and phenobarbital, oral contra-
ceptives, cimetidine, furosemide, and methotrexate,
and in patients with chronic ethanol exposure, who
can have hepatic GGT levels approximately 3-fold
higher than normal [41]. Chronic alcoholism may also
be associated with increased release of GGT into the
circulation because serum levels can be as high as
5�30 times the upper limit of normal. In general, it is
thought that GGT levels reflect oxidative stress and
glutathione consumption in the liver, which makes
sense given the role of GGT in the metabolism of glu-
tathione, a key antioxidative agent in the liver. The
same liver and biliary diseases that cause increased
ALP will also cause GGT elevations to a similar extent,
although GGT tends to be more sensitive than ALP to
cholestasis, with elevations averaging 12-fold in
greater than 93% of cases compared to 3-fold for ALP
[42]. Elevations of GGT originating from other organs
can be seen in acute and chronic pancreatitis or pan-
creatic cancer and mildly in chronic kidney disease,
diabetes, acute myocardial infarction, hyperthyroid-
ism, rheumatoid arthritis, and lung disease [42,43].

The following additional pre-analytical factors
should be taken into consideration when interpreting
ALP and GGT measurements [27,34,42]:

• Normal levels of ALP increase in growing children
with a peak approximately fivefold the adult levels
at approximately age 13 years, mostly due to the
bone isoenzyme. The levels then decay until age 25
years when they reach relatively stable levels,
similar in men and women. GGT levels increase
linearly with age until approximately 40�50 years
and are approximately 40�50% higher in men than
in women.

• In African Americans, GGT activity is
approximately twice that of Caucasians, whereas
ALP is 10�15% higher.

• Obesity increases ALP and GGT by approximately
20�30%, and in individuals with a body mass index

greater than 30 m2, levels of GGT may be 50%
higher.

• Diurnal variation of less than 10% in ALP and GGT
levels has been reported with activities highest in
the morning and lowest in the afternoon.

• Ingestion of fatty meals can increase intestinal ALP
as much as 30 U/L for approximately 12 hr,
especially in Lewis-positive secretors of blood types
O or B.

• Starvation can decrease GGT, whereas meals cause
an initial decrease followed by a small increase.

• Smoking increases GGT by 10�50% and ALP by
approximately 10%.

• Oral contraceptives increase GGT and decrease ALP
by approximately 20%, whereas pregnancy
increases ALP 200�300% and decreases GGT by
approximately 20�30%.

• ALP and GGT activities are generally stable in
separated serum or plasma at room temperature,
4C or frozen for at least 7 days. Frozen serum or
plasma should be thawed for at least 18 hours at
room temperature to achieve full ALP enzyme
reactivation.

Analytical Issues

Most commercially available methods for ALP anal-
ysis use the chromogenic substrate 4-nitrophenyl phos-
phate, which upon loss of the phosphate group
catalyzed by ALP under alkaline conditions forms a
yellow product that absorbs at 405�410 nm. Massive
blood transfusion, plasmapheresis, or citrate anticoag-
ulant inhibits ALP activity because citrate chelates the
required zinc and magnesium ion co-factors. Citrate,
oxalate, and fluoride also inhibit GGT activity up to
15% and should be avoided. The GGT assay also uses
a chromogenic substrate such as γ-glutamyl-p-nitroani-
line, which is cleaved by GGT into p-nitroaniline, mea-
sured at 405�120 nm, and a glutamyl group that is
transferred to an acceptor such as glycylglycine.

Hemolysis and heparin may interfere with some
ALP and GGT methods, whereas others show no
such interferences. In patients with hepatobiliary dis-
eases, macro-GGT may occur as complexes with IgA
autoantibodies and apolipoproteins A and B [44].
Binding to lipoproteins may increase GGT half-life
from approximately 9 to 20 hr [40]. IgM paraproteins
in heparinized plasma may also interfere with some
GGT assays [45]. Macro-ALP has also been rarely
observed, without clear clinical significance, although
increased prevalence in patients with inflammatory
bowel disease and chronic peritoneal dialysis has
been suggested [46,47].
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AMYLASE AND LIPASE ANALYSIS

These enzymes are measured to assess pancreatic
disease, and there is considerable debate regarding the
utility of amylase versus lipase for this purpose. In
general, lipase appears more sensitive and specific for
pancreatic disease. Amylase is highly expressed in sali-
vary glands from the AMY1 gene (S-amylase), whereas
pancreatic amylase (P-amylase) originates from the
AMY2A and AMY2B genes. There is high interindivid-
ual variation in the levels of amylase in part due to
copy number variations of the AMY1 gene (from 2 to
15 diploid copies), which may be related to the ability
to adapt to high-starch diets and minimize the risk of
insulin resistance and diabetes [48]. The amylase
enzyme hydrolyzes the α-1,4-glucosidic linkage
between two glucose residues in polysaccharides such
as starch and amylose.

Pancreatic lipase is expressed from the PNLIP gene,
specifically in exocrine pancreas. Other lipase genes
code for enzymes, such as intestinal or hepatic lipase
and lipoprotein lipase, which are not measured appre-
ciably with current pancreatic lipase assays. Pancreatic
lipase hydrolyzes triglycerides, releasing the fatty
acids at positions 1 and 3 and resulting in a 2-mono-
acylglycerol, and it requires activation by bile acids
and the presence of a small protein co-factor secreted
by the pancreas, colipase.

Amylase is also weakly expressed in a variety of
other tissues, and elevations can be seen in a variety of
conditions, including the following:

1. Abdominal lesions, leading to increased absorption
of P-amylase from the intestinal lumen, including
various gastric and intestinal lesions, appendicitis,
peritonitis, abdominal trauma, and abdominal aortic
aneurysm.

2. Ovary and fallopian tubes express S-amylase, and
elevations can be seen in serous and mixed serous
and mucinous ovary cysts and tumors, pelvic
inflammatory disease, and ruptured ectopic
pregnancy.

3. Miscellaneous other conditions can lead to
hyperamylasemia, including pregnancy, head
injury, septic shock, burns, bulimia, anorexia
nervosa, acute alcohol or organophosphate
intoxication, diabetic ketoacidosis, cardiac surgery,
pheochromocytoma, thymoma, and some lung and
colon tumors. Elevations can also be seen in
approximately 20% of patients subjected to a variety
of abdominal or extra-abdominal surgical
interventions.

In healthy individuals, approximately 40�50% of
serum amylase activity is of pancreatic origin, whereas

55�60% derives from salivary glands. Amylase is a
small protein (54�62 kDa) and is partially eliminated
by glomerular filtration; therefore, it is present in nor-
mal urine and elevations can be seen in renal failure.

Peter Wilding and colleagues [49] first described
persistent elevations of amylase due to the formation
of a high-molecular-weight complex with immunoglo-
bulins, thus avoiding glomerular filtration and signifi-
cantly increasing the half-life of plasma amylase
activity. Macroamylase is probably the most common
of the macro-enzymes causing abnormal test results,
often without any subjacent clinical abnormalities, and
it is present in 2�5% of patients with elevated amy-
lase, usually of S-type. One helpful indication for the
presence of macroamylase is calculation of the
amylase-to-creatinine clearance ratio (ACR):

ACR5
urine amylase3 serum creatinine

serum amylase3urine creatinine

An ACR ratio less than 1% suggests macroamylase-
mia. Whereas ratios greater than 5% suggest acute
pancreatitis, renal disease, or diabetic ketoacidosis,
measurement of urinary amylase and calculation of the
ACR ratio is too nonspecific for clinical use and should
be restricted to cases of suspected macroamylasemia.
Although much rarer than macroamylasemia, cases of
macrolipase have also been reported, including com-
plexes with IgG, IgA, and α2-macroglobulin [50].

In contrast, pancreatic lipase measurements offer
increased specificity and sensitivity for pancreatic dis-
ease and in general should replace amylase determina-
tions for the diagnosis and monitoring of pancreatic
disease. At least one prominent institution has discon-
tinued offering amylase for pancreatic disease evalua-
tion [51]. In acute pancreatitis, both amylase and lipase
typically rise 4�8 hr after the onset of the symptoms
and peak at 24�48 hr. Due to its shorter half-life, amy-
lase returns to normal range within 3�5 days, whereas
lipase tends to persist for 1 or 2 weeks. In most stud-
ies, the sensitivity of lipase for pancreatitis varies from
85 to 100%, whereas amylase averages 85�95%. In
cases of chronic pancreatic disease with pancreatic
insufficiency, production of pancreatic enzymes may
be impaired. Because levels of lipase in pancreatic
tissue are approximately four times higher than amy-
lase, normal or decreased levels of amylase are seen
more often than lipase in chronic pancreatic
insufficiency.

Although much less common than with amylase,
nonpancreatic sources of lipase also exist, mainly
related to conditions involving the gastrointestinal and
biliary tracts, such as cholecystitis and gastroenteritis.
Lipase, a 48-kDa protein, is also filtered by the glo-
meruli and may be increased in renal insufficiency, but
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in contrast to amylase, it is fully reabsorbed by the
renal tubules and not normally found in urine.

In general, extensive investigation of elevations of
amylase or lipase less than threefold the upper limit of
normal in patients with nonspecific abdominal pain is
of low diagnostic yield and probably not cost-effective
[52]. Some individuals show levels of amylase and
lipase that range from 1 to 16 times the upper limit of
normal, with marked day-to-day fluctuations, without
any symptoms or evidence of pancreatic disease. This
condition has been termed Gullo’s syndrome and in
some case seems to have a hereditary component [53].
In approximately 50% of cases of asymptomatic hyper-
amylasemia, a significant pathological pancreatic or
extrapancreatic disease can be present; therefore, a
thorough diagnostic workup may be indicated [54].

Analytical Issues

Amylase is usually measured by a variety of meth-
ods. One of the simplest methods, the Ortho Vitros
amylase slide, uses the natural substrate starch cova-
lently linked to a dye, dried in the spreading layer,
which upon addition of the sample is hydrolyzed by
amylase to release the dye into the reagent layers,
where it is measured by reflectance spectrophotome-
try. Some liquid chemistry methods use a series of
enzymatic reactions to convert the product of an amy-
lase reaction (usually one or more maltose residues) to
a measureable product (usually NADH from a
glucose-6-phosphate dehydrogenase reaction). One
problem with these assays is that the stoichiometry of
the reaction may shift depending on the different malt-
ose oligomers present. Other assays use a variety of
chromogenic maltose oligomers to release a measur-
able dye (typically 4-nitrophenyl) upon hydrolysis by
amylase with or without further hydrolysis by α-glyco-
sidases. The International Federation of Clinical
Chemistry (IFCC) reference method uses a heptamal-
tose substrate covalently linked to a protecting ethyli-
dene residue to avoid slow hydrolysis of the intact
substrate by α-glycosidase in the reagent mix.

A variety of substrates and reaction conditions have
also been used for pancreatic lipase measurement. For
example, one Beckman SYNCHRON method uses the
following sequence of reactions leading to formation of
a quinone dye from the oxidative coupling of N-ethyl-
N-(2-hydroxy-3-sulfopropyl)-m-toluidine (TOOS) with
4-aminoantipyrine (4-AAP):

1. Pancreatic lipase: 1,2-Diglyceride
1H2O-2-monoglyceride1 fatty acid

2. Monoglyceride lipase: 2-Monoglyceride
1H2O-glycerol1 fatty acid

3. Glycerol kinase: Glycerol1ATP-
glycerol-3-phosphate1ADP

4. Glycerophosphate oxidase: Glycerol-3-
phosphate1O2-dihyroxyacetone-
phosphate1H2O2

5. Horseradish peroxidase: 2 H2O2

1 4-AAP1TOOS-quinone diimine dye1 4 H2O

The Ortho Vitros method uses a similar sequence of
enzymes, but the substrate is 1-oleoyl-2,3-diacetylgly-
cerol and the final acceptor of H2O2 oxidation is a
leuco dye. The Vitros substrate may be more specific
for intestinal than pancreatic lipase and may be inter-
fered by lipoprotein lipase in heparinized samples
[55], but the addition of colipase and bile salts in the
current assay makes it very specific for pancreatic
lipase. The Panteghini method uses a completely dif-
ferent approach resulting in direct formation of a col-
ored dye (methylresorufin) from a synthetic substrate
(1,2-O-dilauryl-rac-glycero-3-glutaic acid-(60-methylre-
sorufin)-ester) [56].

Few analytical interferences have been reported for
amylase and lipase assays. Icodextrin, a polysaccharide
used in peritoneal dialysis, may inhibit amylase and
interfere with some amylase assays, particularly those
using 4-nitrophenyl substrates. Notably, other assays
unaffected by icodextrin showed true amylase levels to
be reduced in patients undergoing peritoneal dialysis
[57]. An inhibitor present with pancreatitis associated
with severe hypertriglyceridemia interfered with
starch-iodine amylase assays, but most modern assays,
including the starch-based Vitros method, are unaf-
fected by triglyceride levels of at least 800 mg/dL.
Very high levels of glycerol, greater than 160 mg/dL
(normal levels,0.6 mg/dL), can cause interferences in
some lipase methods, particularly those that use
diglyceride substrates [27,58].

LACTATE DEHYDROGENASE ANALYSIS

LDH is a ubiquitously expressed enzyme with lim-
ited clinical sensitivity and specificity for a variety of
diseases involving tissue damage. The main clinical
indications for measuring LDH include monitoring of
disease activity in cases of hemolytic and megaloblastic
anemias, thrombotic thrombocytopenic purpura, lung
disease, and some tumors, particularly lymphomas
and germinal cell cancers. Some clinicians use LDH
elevations as an early indicator of tissue damage.
However, due to its nearly ubiquitous expression,
LDH is elevated in a large number of conditions and
shows poor specificity for any particular clinical situa-
tions. For example, intense exercise can result in eleva-
tions in LDH of 30�50% [27]. LDH fractionation can
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be used to somewhat improve specificity because there
are five isoforms with some tissue specificity: LDH1
predominates in heart, kidneys, and red cells; LDH5
predominates in liver and skeletal muscle; and LDH2,
23, and 25 are present in a variety of different tis-
sues. Fractionation can occasionally be helpful to iden-
tify the source of an LDH elevation, but due to
considerable overlap of tissue expression, it does not
provide sufficient diagnostic accuracy for significant
clinical use. Measuring LDH in other body fluids may
help point to exudates due to infectious, inflammatory,
necrotic, or malignant processes. Because body fluids
typically contain much lower amounts of LDH than
serum, a ratio of body fluid/plasma LDH greater than
0.6 or a fluid LDH level greater than 200 IU/L is more
consistent with severe hemorrhage or an exudate [59].
For example, increased LDH levels in the cerebrospinal
fluid may indicate bacterial or viral meningitis if hem-
orrhage or loss of blood�brain barrier function can be
excluded.

LDH catalyzes the conversion of lactate to pyruvate,
whereas NAD1 is reduced to NADH or vice versa.
Reaction rates are monitored by measuring absorbance
at 340 nm. Either the forward (lactate to pyruvate) or
the reverse reaction (pyruvate to lactate) can be used,
although the IFCC reference assay uses the forward
reaction because it is less susceptible to substrate
exhaustion and loss of linearity.

The most important pre-analytical consideration is
avoidance of hemolysis because red cells contain LDH
levels approximately 50- to 150-fold higher than those
of plasma, and even minor amounts of hemolysis can
significantly increase measured plasma LDH levels.
For this reason, LDH is a sensitive marker of in vivo
hemolysis. Similarly, serum contains up to 40% higher
levels of LDH than plasma due to release from plate-
lets during clotting. However, serum may be a pre-
ferred specimen, especially if platelet-poor plasma
cannot be consistently achieved. Plasma or serum
should be separated from cells in less than 1 hr to
avoid leakage of LDH from cellular elements. The
LDH activity is unstable in refrigerated or 220�C fro-
zen serum; therefore, it is preferable to store specimens
at room temperature, which maintains LDH activity
for up to 3 days. Storage of specimens on heparinized
tubes with gel-based plasma separator results in an
approximately 5% loss of activity [60].

CREATINE KINASE ANALYSIS

Creatine kinase (CK) catalyzes the transfer of phos-
phate between ATP and creatine to generate creatine
phosphate and ADP or vice versa. Creatine phosphate
serves as an important reservoir of high-energy

phosphates in striated muscle, brain, retina, inner
ear, spermatozoa, and, to a lesser degree, smooth mus-
cle, which are tissues that can consume ATP rapidly.
Logically, CK is highly abundant in these tissues, par-
ticularly heart and skeletal muscle, and is used as the
most sensitive marker for skeletal muscle damage, or
rhabdomyolysis. In cases of acute rhabdomyolysis, CK
levels as high as 1000-fold normal can be seen.
Table 9.2 lists causes of rhabdomyolysis and other con-
ditions associated with elevations of CK in plasma,
including pre-analytical variables.

Various forms of CK exist, including the mitochon-
drial enzyme, which predominantly catalyzes the
transfer of phosphate from ATP to creatine, and the
“cytosolic” form, which catalyzes the reverse reaction,
regenerating ATP from phosphocreatine. Three isoen-
zymes of cytosolic CK occur, with different tissue
expression, each composed of a dimer of two sub-
units—either B (brain type), coded by the CKB gene,
or M (muscle type), coded by CKM. The CK-BB homo-
dimer is abundant in brain and at lower levels in a
variety of tissues; the CK-MM homodimer is abundant
(98% of CK activity) in skeletal muscle; and CK-MB
heterodimers are most abundant in heart, in which
they comprise approximately 25�30% of CK activity.
In the past, elevations of CK-MB were used in the
diagnosis of myocardial infarction, but it has been
essentially superseded with the more sensitive and
specific cardiac troponin measurements.

Pre-analytical variables affecting CK measurements
are listed in Table 9.2. Note that most of these cause
relatively minor changes in CK and that acute rhabdo-
myolysis is associated with large increases in plasma
CK. However, they may become relevant when follow-
ing the activity of chronic muscle disease such as poly-
myositis or Duchenne dystrophy.

Methods for CK analysis are based on either the for-
ward reaction (creatine-phosphocreatine) or the
reverse reaction (phosphocreatine-creatine). The cyto-
solic enzyme favors the reverse reaction and therefore
it proceeds approximately sixfold faster. The ATP gen-
erated can be measured by coupling to a pair of reac-
tions, first using hexokinase to phosphorylate glucose
to glucose-6-phosphate and then using glucose-6-
phosphate dehydrogenase to generate NADPH and 6-
phosphoglutonate. Alternatively, in the Vitros dry
chemistry method, ATP produced by CK can be mea-
sured by a series of reactions involving glycerol kinase
catalyzed production of L-α-glycerophosphate, which
is then converted to dihydroxyacetone phosphate by
glycerophosphate oxidase, with production of H2O2.
Subsequently, the H2O2 is measured by oxidation of a
leuco dye. Because adenylate kinase, which is present
in large amounts in erythrocytes, can convert ADP to
ATP in the absence of CK, modern assays include
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AMP and adenosine pentaphosphate as adenylate
kinase inhibitors. Because CK is reversibly inactivated
by oxidation of cysteinyl residues, N-acetylcysteine is

added to reverse any oxidized sulfhydryl groups. In
addition to the reversible oxidation of sulfhydryl
groups, progressive irreversible inactivation of CK can
slowly occur, and samples stored at room temperature
for more than 2 days, or refrigerated for more than 7
days, show significant decreases [27,61]. Although
small degrees of hemolysis (, 500 mg/dL) can be tol-
erated, because the red cells contain no CK and adeny-
late kinase is inactivated, severe hemolysis releases
high enough concentrations of ADP, phosphates, glu-
cose-6-phosphate, and other enzymes that act on the
reagent components to cause significant interferences.

CARDIAC TROPONIN ANALYSIS

Troponins (I and T) are key components of striated
muscle sarcomeres, where they regulate muscle con-
traction in response to calcium levels. Troponin exists
as a trimeric complex: Troponin C senses calcium
levels and induces a conformation change in troponin
I, which in turn induces a change in tropomyosin to
allow actin to interact with myosin for muscle contrac-
tion; troponin T anchors the complex to tropomyosin.
Three genes code for the three isoforms of troponin I:
slow twitch skeletal muscle TNNI1, fast twitch skeletal
muscle TNNI2, and cardiac TNNI3. Similarly, three
genes code for troponin T: the skeletal muscle TNNT1
and TNNT2 and the cardiac TNNT3. Sufficient differ-
ences exist in primary amino acid sequence at the
N-terminus of cardiac troponin I and troponin T to be
able to separate the cardiac isoforms from skeletal tro-
ponins with immunoassays. Cardiac troponin assays
were first used in clinical practice in 1992, when mono-
clonal antibody sandwich immunoassays for cardiac
troponin T (cTnT) and cardiac troponin I (cTnI) appli-
cable to routine clinical detection of myocardial injury
were first described [62,63]. Since then, cardiac tropo-
nin assays (cTnT and cTnI) have become the standard
for detection of acute myocardial infarction, and in
2007 the European Society of Cardiology, American
College of Cardiology Foundation, American Heart
Association, and World Heart Federation Task Force
established elevation of cardiac troponins as one key
defining element in the diagnosis of acute myocardial
infarction (AMI) [64].

Myocardial infarction is defined as loss of cardiac
myocytes (necrosis) caused by prolonged ischemia,
and AMI is a type of myocardial infarction occurring
between 6 hr and 7 days after the ischemic event. An
AMI can be diagnosed by a rise and/or fall in markers
of myocardial damage in the blood, including cardiac
troponins, with at least one measurement above the
99th percentile of normal population and one of the
following criteria:

TABLE 9.2 Causes of CK Elevation

Rhabdomyolysis

Crush syndrome, blunt trauma, extensive surgery, intramuscular
injections, bee stings

Seizures, tetanus, exercise, childbirth, status asthmaticus, intense
coughing

Malignant hyperthermia, prolonged hypothermia

Ischemic injury (compression as a result of a coma, sickle cell
disease, intoxication)

Metabolic, inflammatory, and dystrophic myopathies

Toxins: quails, snake and insect venoms, buffalo fish, tetanus,
toluene, gasoline, carbon monoxide, halothane

Drugs: alcohol, cocaine, heroin, amphetamine, phencyclidine,
colchicines, corticosteroids, fibrates, isoniazide, statins, neuroleptics,
opioids, zidovudine, etc.

Cardiac damage

Myocardial infarction

Other causes (see Table 9.3)

Brain damage

Extensive brain infarction

Acute psychotic reaction

Head injury, subarachnoid hemorrhage

Other tissue damage

Hypoxic shock

Cancer of prostate, bladder, gastrointestinal tract, lung, breast,
uterus, testis

Pulmonary embolism, gastrointestinal ischemic necrosis

Other causes of CK elevation

Hypothyroidism

Reye’s syndrome

Sepsis, typhoid fever

Smoking

CK levels correlate with muscle mass: higher in males and African
Americans, lower in females and elderly individuals

Last trimester of pregnancy

Neonates and infants during first year of life

Pre-analytical factors (for details, see refs. [27,34,96])

Prolonged tourniquet application (B10% increase after 6 min)

Hemolysis

Repeated freeze and thaw

Exposure to 56�C
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1. Clinical: Ischemic symptoms
2. Pathology: Myocardial cell death
3. Electrocardiography

a. Evidence of myocardial ischemia (new ST-
segment changes or new left bundle branch block
(LBBB))

b. Evidence of loss of electrically functioning tissue
(Q waves)

4. Imaging
a. Reduction or loss of tissue perfusion
b. Cardiac wall motion abnormalities.

Acute myocardial infarctions can be classified into
five clinical categories [64]. The criteria listed previ-
ously pertain to the first two clinical types of AMI,
most commonly seen in emergency departments:

Type 1: Spontaneous AMI resulting from ischemia
due to atherosclerotic coronary artery disease
Type 2: AMI secondary to ischemia due to increased
oxygen demand (e.g., arrhythmias and
hypertension) or decreased oxygen supply
(e.g., anemia, coronary spasm, embolism, and
hypotension)

In addition, AMI diagnoses can be made in the
following clinical situations:
Type 3: Sudden, unexpected cardiac death, often
with history of symptoms of ischemia, accompanied
by electrocardiographic evidence of ischemia or
evidence of fresh thrombus by angiography or
autopsy
Type 4: Post percutaneous coronary intervention
increase in biomarker greater than threefold the
99th percentile of the reference population
Type 5: Coronary artery bypass grafting with an
increase in biomarker greater than threefold the

99th percentile of the reference population and new
Q waves or new LBBB, angiographic evidence of
coronary occlusion, or imaging evidence of new loss
of viable myocardium.

The more broad category of acute coronary syn-
drome (ACS; Figure 9.1) is defined as any constellation
of clinical symptoms that are compatible with AMI,
and it includes unstable angina, without elevation of
cardiac biomarkers, and AMI, characterized by eleva-
tion of biomarkers, further classified by the electrocar-
diographic presentation as follows:

1. ST-elevation AMI (STEMI)
2. Non-ST-elevation AMI (NSTEMI)
3. Q-wave AMI, which can be diagnosed only after

24 hr.

In STEMI, rapid electrocardiogram-based diagnosis
is critical for timely percutaneous intervention, and
troponin measurements are not essential. In NSTEMI,
the diagnosis relies on troponin measurements. In
cases in which rapid intervention may be considered,
fast turnaround time for reporting troponin results is
essential. In addition to cardiac ischemia and AMI, any
condition resulting in myocardial injury can poten-
tially elevate cardiac troponin levels. A comprehensive
list of causes of myocardial damage and troponin ele-
vation is presented in Table 9.3.

A common misconception is that renal failure
causes troponin elevation in the absence of myocardial
injury, for example, by decreasing elimination of tro-
ponin or troponin fragments. This does not appear to
be the case, and it is well demonstrated that patients
with renal insufficiency and troponin elevation do
have myocardial damage and increased risk for

Q wave MI

STEMI

Consider Reperfusion

ST Elevation

Non Q Wave MI

NSTEMI

Elevated

UA Non ACS

Normal

Min 6-9h

Cardiac Markers

No ST elevation

ECG

Possible Acute Coronary Syndrome
FIGURE 9.1 Classification of acute coronary syn-
dromes (ACS).
MI, myocardial infarction; NSTEMI, non-ST elevation
MI; STEMI, ST elevation MI; UA, unstable angina.
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adverse cardiovascular events [65�67]. However,
decreased elimination of cTnT in heart failure patients
with renal insufficiency may play a role in the degree
of troponin elevation originating from myocardial
damage [68].

Another misconception is that re-expressed fetal
skeletal troponin T will cause elevations in cardiac tro-
ponin T measurements in skeletal muscle disease.
Although this may have been the case due to nonspeci-
ficity of the antibodies against cTnT, assays have been
optimized to exclude cross-reactivity against all skele-
tal troponins, and expression of cTnT has been
excluded in a variety of muscle diseases [69]. It is pos-
sible that rarely in certain muscle diseases, true re-
expression of cTnT may occur and cause elevation
even with high-sensitivity fourth-generation cTnT
assays [70]. However, high-sensitivity cTnI levels
remain normal in these patients.

In general, troponin elevations originating from
myocardial damage not associated with acute ischemia
do not follow a typical rise and fall observed during
an AMI: With high-sensitivity assays, troponin eleva-
tions can be seen as soon as 2 or 3 hr after initiation of
the ischemic event, peak at approximately 24 hr, and
remain elevated for 7�14 days. The troponin levels at

24�72 hr correlate with infarct size, although this is
better evaluated with imaging studies. Re-infarction
can be detected even in the presence of troponin eleva-
tion by noting an increase in serial troponin levels.

A key concept in measuring troponins is functional
sensitivity, or the minimum concentration of troponin
that can be detected by an assay with imprecision of
10% or less. The consensus definition of AMI requires
that troponin assays have a functional sensitivity
below the upper limit of the reference range, which is
defined as the 99th percentile of a healthy population
[64]. It is important to note that the latest generation
cardiac troponin immunoassays are able to reliably
detect plasma levels of troponins in a majority of nor-
mal individuals—that is, the functional sensitivity is
significantly below the 99th percentile (“high-sensitiv-
ity” assays). It is also important to note that excluding
apparently healthy individuals with cardiovascular
risk factors or increased B-natriuretic peptide in order
to determine the 99th percentile will improve the sen-
sitivity for cardiovascular risk detection in patients
with ACS [71].

It is well-established that patients with troponin ele-
vations above the reference range are at short- and
long-term risk for cardiovascular events and may ben-
efit from therapeutic intervention [64]. It is also possi-
ble that even in apparently healthy individuals,
detectable levels of troponin may indicate minor
cardiac damage and increased risk of adverse cardio-
vascular events in the future [72]. This use of cardiac
troponins for risk assessment should be distinguished
from its diagnostic value for detection of AMI.

The following are helpful criteria to interpret tropo-
nin results and distinguish evolving AMI from non-
ischemic causes of troponin elevation:

1. The pretest probability of ACS and coronary artery
disease (CAD) should be taken into consideration:
In a patient with nonspecific symptoms and low
pretest probability of cardiovascular disease, a
cardiac troponin level in the reference range is
reassuring and may allow the patient to be
discharged from the emergency department.

2. In a patient with a high probability of ACS (typical
chest pain, history of CAD, etc.), if an initial cardiac
troponin is negative or very mildly elevated, an
increase greater than 30% in cTnI levels measured
6 hr later is consistent with AMI [73]. Other criteria
based on delta changes have been proposed; for
example, an absolute change of at least 9.2 ng/L
(0.0092 ng/mL) with a high-sensitivity cTnI assay
had the highest area under the receiver operator
curve for diagnosis of NSTEMI [74]. Importantly,
these delta criteria must be optimized for each
assay, time window, and patient population [75].

TABLE 9.3 Causes of Cardiac Troponin Elevation

Acute myocardial infarction

Direct trauma to the heart

Ablation, angioplasty, cardiac surgery, implantable device
discharges, pacemakers, cardioversion

Myocardial toxins

Adriamycin, 5-fluorouracil, cocaine, amphetamines, Herceptin,
snake venoms

Wall stress and subendocardial hypoperfusion

Pulmonary embolism, severe systemic or pulmonary hypertension,
aortic valve disease, aortic dissection, hypertrophic cardiomyopathy,
acute or chronic heart failure, tachy- or bradyarrhythmias, strenuous
exercise, shock and severe hypotension

Systemic disease with myocardial injury

Severe renal failure, respiratory failure, sepsis, acute central
nervous system damage (stroke, hemorrhage), rhabdomyolysis,
extensive burns (total body surface area. 30%); other critically ill
patients, especially with diabetes, hypothyroidism, transplant
vasculopathy

Other causes of cardiac injury

Cardiac inflammation (pericarditis, myocarditis)

Infiltrative cardiomyopathy (amyloidosis, hemochromatosis,
sarcoidosis, scleroderma)

Coronary vasospasm, including Takotsubo ballooning stress
cardiomyopathy
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3. Most non-ischemic causes of myocardial damage
result in relatively stable, mild elevations of
troponins, whereas rapidly increasing,
significant elevations of cardiac troponin (e.g.,
cTnI. 0.5 ng/mL) are virtually diagnostic of AMI.

4. Increments in troponins may not be seen if patients
present with AMI more than 24 hr after
development of symptoms. In some cases, a
decrease in serial troponin results may indicate that
the patient suffered an AMI one or more days ago.

Reversible ischemia induced by exercise does not
appear to result in significant troponin release,
although there is some controversy regarding whether
minor amounts of intact troponins or degradation pro-
ducts can be released with reversible ischemia or even
tachycardia-induced cardiac myocyte stretching [76].
After heavy exercise, such as in marathon runners, tro-
ponin levels are typically elevated, in some cases
above 0.5 ng/mL, but it is unclear whether they indi-
cate some degree of cardiac damage [77] and may
instead reflect cardiomyocyte membrane leakage asso-
ciated with mild cardiac inflammation [78]. Rapid nor-
malization of troponin levels 24 hr after a race is a
good indicator that the troponin elevation represents a
benign, reversible process [79].

Analytical Issues

Cardiac troponins are released in the circulation in
various forms; including holo-complex of cTnI/cTnT/
cTnC, free intact molecules, and a variety of degrada-
tion products and post-translationally modified forms,
including phosphorylated molecules [80,81]. This
heterogeneity complicates the development of stan-
dardized reference materials and comparability of the
troponin assays because there are differences in the
ability of the various antibodies to recognize the multi-
ple forms [80]. When the classification of patients
according to elevations above the 99th percentile was
compared between four different assays, 3 or 4% were
differently classified between cTnI assays and 15�17%
between cTnI and cTnT assays [82].

Potential pitfalls and interferences in troponin mea-
surements are common with other immunoassays. See
Chapter 6 for an in-depth discussion of immunoassay
design and interferences observed in immunoassays.
For example, heterophilic antibodies, rheumatoid fac-
tors, and anti-animal antibodies in the serum of certain
individuals can cause persistent falsely elevated or
depressed troponin results, which can vary depending
on the specific immunoassay used [83]. Similarly, auto-
antibodies directed against cardiac troponins can cause
falsely decreased (up to 20-fold) measurements [84].

Cardiac troponin I macrocomplexes with immunoglo-
bulins causing persistent elevation in the absence of
cardiac pathology have been described [85].

Severe hemolysis typically interferes with immu-
noassays, particularly those using fluorometric or elec-
trochemiluminescence detection. Some assays are more
susceptible to particles such as fibrin strands or bub-
bles in the sample. Because measurements in serum
and plasma are not always comparable, the same sam-
ple type should be used consistently in serial measure-
ments. Samples should be promptly analyzed or
refrigerated because troponin is relatively unstable at
room temperature and susceptible to in vitro degrada-
tion by proteases. Because the proteolytic fragments
may or may not be detected by a particular assay, the
manufacturer’s instructions for specimen processing
should be followed.

B-TYPE NATRIURETIC
PEPTIDE ANALYSIS

The B-type natriuretic peptide (BNP) is an impor-
tant regulator of renal sodium excretion, as well as car-
diac function, through the action of BNP-receptors
(NPRA and NPRB) coupled to GMP cyclase. Injection
of recombinant BNP (Nasiritide) can be used clinically
to improve cardiac function in patients with heart fail-
ure (HF). In normal hearts, BNP is produced in atrial
but not ventricular myocytes as pro-BNP1�108 (intact
pro-BNP), which is stored in atrial secretory granules.
In situations of atrial dilation or increased wall tension,
intact pro-BNP is cleaved by proteases into an inactive
N-terminal fragment containing amino acid residues
1�76 (NT-pro-BNP1�76) and the bioactive peptide
BNP32, which contains the C-terminal 32 amino acids.
Once secreted in circulation, BNP has a very short
half-life of 13�20 min due to cellular uptake, renal
excretion, and inactivation by endothelial-bound neu-
tral endopeptidases. In contrast, NT-pro-BNP has a
half-life of 25�70 min, mostly determined by renal
excretion; therefore, it is measured at higher levels in
plasma. In the case of renal insufficiency, the levels of
BNP and more extensively NT-pro-BNP are elevated.

BNP can be produced by the ventricular myocytes
in situations of chronic myocardial stress (stretch and
wall tension) and myocardial remodeling associated
with AMI and cardiac failure. Therefore, measure-
ments of BNP or NT-pro-BNP have been used in the
evaluation of patients with AMI and cardiac insuffi-
ciency. A good correlation between the levels of natri-
uretic peptides and the severity of HF (American
Heart Association classes I�IV) can be observed, and
natriuretic peptides can be in the diagnosis and
follow-up of acute and chronic HF. However, these
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assays should be complementary and not replace other
clinical diagnostic tools for HF diagnosis and therapy.
In general, BNP and NT-pro-BNP are best used when
the cause of acute dyspnea is clinically unclear because
in patients with obvious HF or very low probability of
HF, the predictive values of natriuretic peptide mea-
surements are poor [86]. When clinical uncertainty
exists, natriuretic peptide values are most helpful if
levels are markedly elevated—for example,
BNP. 500 pg/mL (suggesting HF) or, 100 pg/mL
(unlikely to be acute HF). Corresponding diagnostic
values for NT-pro-BNP are .450 (in those younger
than 50 years), .900 (in those 50�75 years old), or
.1800 pg/mL (in those older than 75 years) for ruling
in HF versus ,300 pg/mL for exclusion [87].
Intermediate levels have the lowest predictive values,
and the patient may be a candidate for further evalua-
tion with specialist assessment and echocardiography
depending on the clinical assessment.

Because BNP responds to ventricular wall stress, it
can be increased in many other conditions other than
cardiac failure, including the following:

1. Other cardiac diseases
a. Acute coronary syndrome
b. Valvular heart disease
c. Left ventricular hypertrophy with or without

arterial hypertension
d. Atrial fibrillation
e. Inflammatory cardiac disease

2. High-output stress (such as tachycardia, hypoxemia,
anemia, sepsis, hyperthyroidism,
hyperaldosteronism, Cushing’s syndrome, and
advanced liver cirrhosis with ascites)

3. Pulmonary disease and pulmonary vascular
conditions (such as embolism, severe pulmonary
hypertension, chronic obstructive pulmonary
disease, and cor pulmonale)

4. Acute or chronic renal failure (eGFR, 60 mL/min/
1.73 m2)

5. Severe neurological disease, such as subarachnoid
hemorrhage, stroke, and trauma.

Other useful guidelines for the use of BNP or
NT-pro-BNP include the following [88]:

1. Given high physiologic intraindividual variation
(B30�50%) and analytical imprecision (up to 15%),
only changes greater than 40�100% compared to
the previous result are clinically significant [89�91].

2. The test should not be ordered more than once per
week because real changes related to
pathophysiology or therapy require time to occur.

3. Patients with chronic HF may have elevated
natriuretic peptide levels and acute dyspnea of
noncardiac origin.

4. The levels of natriuretic peptide elevations do not
differentiate between HF due to left ventricular
systolic dysfunction and HF with preserved ejection
fraction, although values tend to be lower in
patients with diastolic HF.

5. Cutoffs for the use of NT-pro-BNP have been
published by the International Collaborative for NT-
proBNP Study (ICON) [87]:
a. For monitoring therapy and risk stratification in

HF, it is reasonable to collect a baseline sample
and a second prior to discharge for risk
assessment and monitor therapeutic
effectiveness. Patients are at lower risk with
reductions greater than 50%. These
measurements identify those in need of more
aggressive management. For example, the
threshold with the best balance of sensitivity and
specificity for 1-year mortality is approximately
1000 pg/mL for NT-pro-BNP. An admission NT-
pro-BNP concentration greater than 5180 pg/mL
is strongly predictive of death by 76 days.

b. If estimated glomerular filtration rate is less than
60 mL/min/1.73 m2, a higher threshold (e.g.,
NT-pro-BNP, 1200 pg/mL) is best for exclusion
of HF.

c. For risk stratification in pulmonary embolism,
values below 1000 pg/mL indicate good
prognosis. Persistent elevations of NT-pro-BNP
greater than 7500 pg/mL after 24 hr or less than
50% decrease indicate right ventricular
dysfunction and a poor prognosis.

d. For risk stratification in ACS, values less than
1115 pg/mL indicate a high probability for
recovery of left ventricular function. Values
greater than 1170 pg/mL for men and greater
than 2150 pg/mL for women identify high-risk
patients.

False-negative results—that is, normal natriuretic
peptide levels despite the presence of HF—can be
observed in the following situations:

1. Obesity, diuretics, ACE inhibitors, β-blockers,
aldosterone receptor blockers, and aldosterone
antagonists can reduce levels and decrease
sensitivity for HF.

2. Patients with end-stage HF can have low levels of
circulating natriuretic peptides.

3. Lack of elevation despite acute hemodynamic
compromise and/or severe acute pulmonary
congestion can occur in patients who present within
the first hour of the onset of pulmonary edema
caused by acute mitral regurgitation, in patients
with preserved ejection fractions, and in those with
constrictive pericarditis without intrinsic heart
disease.
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Pre-Analytical Considerations

Due to poor stability in serum, BNP assays should
be performed in EDTA anticoagulated plasma and
samples should not be stored for more than 4 hr at
room temperature. NT-pro-BNP measurements can be
performed in either serum or plasma, and the sample
is stable for at least 72 hr at room temperature.
Serum samples show approximately 10% higher levels
of NT-pro-BNP compared to EDTA-anticoagulated
samples [92].

Analytical Issues

Like troponin, natriuretic peptide measurements are
immunoassays and suffer from the same limitations
discussed in Chapter 6. There is considerable heteroge-
neity in the exact peptides that are measured by the
various BNP and NT-pro-BNP assays [93]. “BNP”
assays typically measure intact pro-BNP1�108 in addi-
tion to BNP32, although it is unclear if this affects the
diagnostic ability of BNP assays. In plasma, BNP32

quickly loses the N-terminal three amino acids to yield
BNP3�32, which may not be fully measured with some
BNP assays. No other proteolytic fragments appear to
circulate in patients with HF [93,94].

All “NT-pro-BNP” assays measure NT-pro-BNP1�76

and pro-BNP1�108. However, intact NT-pro-BNP1�76

has not been detected in circulation; instead, several
other N-proteolytic fragments originating from cleav-
age at both the N-terminus and the C-terminus of NT-
pro-BNP1�108 can be present in plasma and more
extensively in serum. For this reason, the best assays
for pro-BNP should be directed at the central amino
acids. Current U.S. Food and Drug Administration-
licensed assays use a sandwich immunoassay
approach, with the capture antibody directed against
amino acids 1�21 and the detection antibody directed
against amino acids 39�50.

Glycosylation of the central portion of pro-BNP has
been described, which may affect interaction with anti-
bodies directed against amino acids 39�50 and signifi-
cantly increase renal excretion. Oligomerization of pro-
BNP peptides can occur through leucine zipper motifs
at the N-terminus of pro-BNP [95], potentially hiding
or exposing epitopes and changing the half-life and
therefore the levels of measured BNP or NT-pro-BNP.

CONCLUSIONS

Proteins and enzymes are useful biomarkers, and
only the most commonly assayed proteins in clinical
laboratory medicine were discussed in this chapter.
Enzyme assays are subject to a variety of interferences

depending on the particular approach used for prod-
uct detection, whereas immunoassays for biomarkers
suffer from common pitfalls, including interference by
heterophilic antibodies, rheumatoid factors, autoanti-
bodies, hemolysis, lipemia, and fibrin particles and
bubbles. Occasionally, falsely elevated levels of protein
biomarkers or enzymes occur due to complexes with
immunoglobulins, the most common examples being
macroamylase and macro-CK. As with all other tests,
particular attention to each manufacturer’s specifica-
tions for pre-analytical and analytical test characteris-
tics is essential to avoid errors and explain
discrepancies with other clinical parameters.
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Sources of Inaccuracy in Biochemical
Genetics Testing

Michael J. Bennett
University of Pennsylvania Perelman School of Medicine, Philadelphia, Pennsylvania

INTRODUCTION

The mainstay of biochemical genetics analysis
includes measurement of body fluid amino acids, urine
organic acids, and plasma acylcarnitine. These tests are
used initially to diagnose a number of metabolic dis-
eases, some in the newborn period, and subsequently
are used to monitor patient response to treatment
following diagnosis. Typical methods include an initial
chromatographic separation step followed by specific
biomarker analysis that may involve spectrophotometric,
fluorometric, and sometimes mass spectrometric identifi-
cation and subsequent quantification. Interferences may
come from a variety of exogenous or endogenous
sources, including dietary components, drugs, compo-
nents of the metabolism of the gastrointestinal biome,
and xenobiotics. Frequently, the use of separation tech-
nology and specific detection such as mass spectrometry
can identify these components so that they do not
cause interference with targeted biomarkers; occasion-
ally, however, and in a method-dependent manner,
interferences do occur that create interpretive concerns.
This is particularly true in assays of urinary organic
acids that typically are used in an untargeted manner
when investigating patients for a large number of poten-
tial disorders. Inappropriate sample collection or lack
of knowledge of the clinical condition such as prandial
status and knowledge of concurrent therapy despite
having positive identification methodology can also
result in erroneous measurement of some of these
biomarkers. These potential interferences can impact
interpretation of results by indicating a wrong diagnosis
or a positive diagnosis in a normal individual. The issues
of interference are diminished in patients with a known

diagnosis when specific targeted biomarkers are being
used to monitor therapy.

ANALYSIS OF AMINO ACIDS

The traditional method for the measurement of
body fluid amino acids for more than four decades has
been ion-exchange chromatography with postcolumn
derivatization with ninhydrin for detection followed
by spectrophotometric quantification [1,2]. In a College
of American Pathologists (CAP) Biochemical Genetics
proficiency program, 66% of respondents reported use
of this methodology. Other methodologies included
high-pressure liquid chromatography in 22% of the
laboratories in the CAP survey, [3] and increasing
numbers of laboratories are using ultraperformance
liquid chromatography (UPLC) [4] or tandem mass
spectrometric analysis [5]. Plasma or serum represents
the major body fluid that is used for amino acid ana-
lysis. For a few specific metabolic disorders or clinical
indications, urine or cerebrospinal fluid may be the
preferred sample type. Optimizing sample type is very
important for amino acid analysis because interfer-
ences differ for the different body fluids and for the
different methodologies. Urine tends to have the
most interference, particularly when urine analysis
is performed using ninhydrin-based ion-exchange or
high-performance liquid chromatography (HPLC) sys-
tems. Ninhydrin reacts with primary amines, such as
amino acids and ammonium, and also some secondary
amines, such as the imino acids proline and hydroxy-
proline, which form a different color with ninhydrin
but can be detected when dual-wavelength detection
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is applied. A number of ninhydrin-positive interfer-
ences have been identified, [6] including penicillins,
cephalosporins, α-methyldopa, and levodopa. The
degree of interference and the amino acid with which
ninhydrin-positive compounds interfere are very much
dependent on the running conditions used by the
amino acid analyzer and on the make and model of
the analyzer; therefore, they should be evaluated on
an individual laboratory basis. The most commonly
encountered ninhydrin-positive interference comes
from metabolites of penicillin-based antibiotics such as
ampicillin, which generates a number of positively
staining metabolites that create interpretive difficulty
particularly in the measurement of urine amino acids [7].
Figure 10.1 shows a chromatogram of an HPLC ninhy-
drin detection system of urine from a patient taking
ampicillin. The ampicillin peak obliterates tyrosine and
overlaps significantly with phenylalanine in this sys-
tem. Depending on the analytical system being used,
this interference could be elsewhere in the chromato-
gram. Glutathione, which is released from red blood
cells when hydrolyzed, is a major source of potential
interference with sample hydrolysis [8]. Laboratories
should also be aware that new drugs are continually
being developed and that some of them may cause
unique interferences. For example, the novel anticon-
vulsant gabapentin is increasingly being prescribed for
patients with seizure disorders that are refractive to
other anticonvulsants. Gabapentin interferes with the
measurement of histidine in many ninhydrin-based
systems [9]. Table 10.1 lists a number of significant
commonly seen ninhydrin-positive interferences. Data
for interferences with HPLC-based detection systems
other than those using ninhydrin are not readily avail-
able because there are few users and no historical data-
base, but it is likely that there will be similar degrees
of interference from the same classes of compounds.
HPLC� or UPLC�mass spectrometric methodologies
can overcome the effects of many interferences because
the positive identification of true peaks using spectral
analysis can determine the purity of a compound
and the degree of interference when there is co-elution
of interfering peaks [5]. Many mass spectrometric
processes for amino acids based on flow injection
technology, which does not have a chromatographic
component, are unable to distinguish isobaric forms
of the amino acids because the only determinate
of identification is based on a common molecular tran-
sition and mass of the particular amino acids. Thus,
the isobaric amino acids leucine, isoleucine, alloiso-
leucine, and hydroxyproline give a single signal, and
in order to confirm a diagnosis of maple syrup urine
disease (branched-chain 2-ketoacid dehydrogenase
deficiency) through detection and measurement of the
pathognomonic biomarker alloisoleucine, a separate

analysis is required using a form of separation chro-
matography [10].

ANALYSIS OF ORGANIC ACIDS

Organic acid analysis, which is performed on urine
samples, is undertaken using gas chromatography�mass
spectrometry (GC-MS). In the most recent CAP
Biochemical Genetics proficiency report, 99% of reporting
laboratories used GC-MS technology, whereas only one
laboratory used an LC-MS approach. The advantage
of having a mass spectrometric identification system
coupled to a separation step is that there is a very low
probability of true analytical interference. Many com-
pounds in urine are not related to endogenous metabo-
lism, including dietary and drug metabolites, products
of the metabolism of the human biome (bacterial metabo-
lites), and a variety of xenobiotic compounds [11]. The
use of full-scan data analysis coupled to the many mass
spectral library sources allows us to readily distinguish
the most important diagnostic metabolites from metabo-
lites that are derived from other sources, such as bacte-
rial metabolism. In the current climate of human biome
and metabolome discovery, the technology that has been
used for more than 30 years to identify organic acids is
now being adapted to metabolomic discovery and the
identification of new disease biomarkers [12]. The area
in the field of urinary organic acid analysis in which
interference is likely to be an issue is not in the analytical
component but, rather, in the interpretation of the data.
Thus, the presence of C6�C10 medium-chain dicarbox-
ylic acids (adipic, suberic, and sebacic acids) may indi-
cate a possible defect in the oxidation of fatty acids [13]
but may also be an artifact of fasting ketosis, medium-
chain triglyceride feeding, or collection of samples into a
plastic container [14]. Valproic acid, which is frequently
the first-line drug for pediatric seizure disorders, is a C8
branched-chain fatty acid that is metabolized to generate
up to six different organic acid metabolites and their
corresponding glucuronides that can be readily identified
by their mass spectral properties, thus minimizing the
effects of analytical interference (Figure 10.2). However,
valproate also inhibits some mitochondrial metabolic
pathways and may also generate biomarkers that in the
absence of the drug would indicate possible mitochon-
drial metabolic diseases and thus confound sample inter-
pretation and patient diagnosis. Glycerol is frequently
identified in urine organic acid profiles and is mostly
derived artifactually from the use of glycerol-based
skin preparations. However, rarely, glycerol is also an
important biomarker for the diagnosis of glycerol kinase
deficiency, an X-linked genetic defect that presents
with hypoglycemia. Subtle elevations in urine glycerol
excretion may be predicted in females with partial
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FIGURE 10.1 HPLC chromatogram of urinary amino acids from a patient receiving ampicillin. The large peak at approximately 42 min is an ampicillin metabolite that has co-
eluted completely with tyrosine and also overlaps with phenylalanine and leucine, interfering with the measurement of all three amino acids. Source: Courtesy of Dr. Patti Jones,
Children’s Medical Center of Dallas.
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X-chromosome inactivation, and this diagnosis is
severely compromised as a result of the presence
of endogenous glycerol. Thus, there may be multiple
sources for some organic acids that would not be readily
distinguishable on purely analytical terms for which
additional clinical and pre-analytical information would
be required for optimal interpretation. Table 10.2 lists
a number of exogenous compounds that can interfere

with interpretation of organic acid chromatograms
(Figure 10.3).

ANALYSIS OF ACYLCARNITINES

Acylcarnitine analysis is also a process that is
dependent on positive identification of biomarkers
through mass spectrometry. Most clinical laboratories
performing routine acylcarnitine analysis use flow
injection tandem mass spectrometry and multiple
reaction monitoring of parent compounds or specific
fragments for compound detection. This process does
not differentiate isobaric compounds and does have
certain interferences due to the presence of acylcarni-
tines with the same mass and also from a number
of exogenous interfering sources [15�17]. Most
notable interferences due to the presence of isobaric
compounds are shown in Table 10.3 and include the
following:

1. C4 acylcarnitine, which could be derived from
butyrylcarnitine (biomarker for short-chain acyl-
CoA dehydrogenase deficiency), isobutyrylcarnitine
(isobutyryl-CoA dehydrogenase deficiency),

TABLE 10.1 Important Ninhydrin-Positive Interferences
in Amino Acid Analysisa

Penicillin derivatives, particularly ampicillin

Cephalosporins

Gabapentin—in patients with seizure disorders

Glutathione—in hemolyzed blood samples

L-Dopa, methyldopa

Small peptides—may be important for diagnosing dipeptidase
defects

Ammonia

Urea

aInterference will be highly dependent on the separation system used.
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FIGURE 10.2 GC-MS total ion chromatogram of urine organic acids from a patient taking valproic acid.
Peak 1 is free valproic acid, peaks 2�6 are metabolites of valproic acid, and peaks 7�10 are glucuronide conjugates of valproic acid and its
metabolites.
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and formiminoglutamic acid (glutamate
formiminotransferase deficiency)

2. C5 acylcarnitine, which could be derived
from isovalerylcarnitine (isovaleric acidemia),
2-methylbutyrylcarnitine (2-methylbutyryl-CoA

dehydrogenase deficiency), or pivaloylcarnitine
(therapy with pivalate-containing medications)

3. C8 acylcarnitine, which could be derived from
octanoylcarnitine (medium-chain acyl-CoA
dehydrogenase deficiency or medium-chain

TABLE 10.2 Important Interferences in Urine Organic Acid Analysisa

Valproic acid—has multiple metabolites, also interferes with mitochondrial metabolism

Salicylates

Ibuprofen

Phenobarbital

Dopamine—is converted to homovanillic acid, a biomarker for neuroblastoma

Tylenol (acetaminophen)

Carbamazepine

Ethosuccimide

Lactate—may be endogenous (L-lactate) or exogenous (D-lactate); these isomers are not separated

Succinate—may be endogenous (mitochondrial) or exogenous (bacterial)

4-Hydroxyphenylacetic acid—may be endogenous (tyrosinemia) or exogenous (bacterial)

Medium-chain triglycerides—converted to medium-chain dicarboxylic acids-biomarkers for fatty acid oxidation defects

Glycerol—can be derived from glycerol-based skin products or glycerol kinase deficiency

aIdentification of interferences rarely poses a problem in this assay, but the interfering compounds can influence data interpretation.
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FIGURE 10.3 GC-MS total ion chromatogram of urine organic acids from a patient taking acetaminophen, ibuprofen, and phenobarbital.

Peak 1 is free ibuprofen; peak 2 is acetaminophen; peak 3 is phenobarbital, which in this system interferes with the internal standard
(undecanedioic acid); and peak 4 is carboxyibuprofen [19].
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triglyceride therapy) or from valproylcarnitine
(valproic acid therapy)

4. C16:1-hydroxy acylcarnitine, for which there is no
defined metabolic disease as an isolated biomarker
but is interfered by a cefataxime metabolite.

Many of these interferences can be evaluated by
examining alternative disease biomarkers by organic
acid analysis or by including a separation step into the
procedure [18]. Also, many of the disorders described
here have additional acylcarnitine abnormalities that
would help define a true disorder from an artifact due
to interference.

CONCLUSIONS

Analysis of amino acids, organic acids, and acylcar-
nitine is important for detection of inborn errors of
metabolism. In general, amino acid analysis using
conventional HPLC is subject to more interferences
than the other analytes as analysis of organic acids that
utilizes more analytically specific GC-MS and acylcar-
nitine using tandem mass spectrometry have positive
identification. Nevertheless, attention must be paid to
eliminate any issue of interferences in these assays
because clinicians rely on accurate results for proper
diagnosis of inborn errors of metabolism.
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TABLE 10.3 Isobaric Compounds That Cannot Be Isolated
Using Flow-Injection Tandem Mass Spectrometry and Multiple-
Reaction Monitoring for Acylcarnitines and Amino Acids

C4 acylcarnitine—may be butyrylcarnitine, isobutyrylcarnitine,
formiminoglutamic acid

C5 acylcarnitine—may be isovalerylcarnitine,
3-methylbutyrylcarnitine, pivaloylcarnitine

C8 acylcarnitine—may be octanoylcarnitine, valproylcarnitine

C16:1 acylcarnitine—most likely a cefotaxime metabolite

Leucine, isoleucine, alloisoleucine, and hydroxyproline
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INTRODUCTION

The proper interpretation of endocrine hormone
measurements requires consideration of the hor-
mone concentration in the plasma, the sensitivity
of the responding cells and tissues, and the clinical
symptoms of the patient [1]. For example, in states of
thyroid hormone resistance, the concentrations of the
thyroid hormones and thyroid-stimulating hormone
(TSH) are typically elevated, but the affected patients are
usually euthyroid or even possibly hypothyroid [2]. In
another example, in type 2 diabetes, the absolute insulin
concentration may be elevated because of end-organ
resistance. In such a case, hyperinsulinism reflects a lack
of insulin responsiveness and not a primary excess of
insulin secretion [3]. Fortunately, neither insulin nor
connecting peptide (C-peptide) concentrations are used
in the diagnosis of diabetes [4].

A variety of interferences can perturb the results
of endocrine testing [5]. In the introduction to this
chapter, we highlight pre-analytic considerations,
sample collection and processing assay, specificity,
high-dose hook effect, macrocomplexes, human anti-
mouse antibodies, rheumatoid factor, and heterophile
antibodies.

Pre-Analytical Conditions

Similar to any analytical determination, the pre-
analytical status of the sample is crucial [6]. The sample
must be drawn on the right patient, at the right time, in
the correct volume, properly identified, placed into the
correct tube, and properly processed. Some hormones
vary considerably in concentration over the course
of 24 hr but a single reference interval is applied
(e.g., thyrotropin, which is also known as TSH, and
testosterone). For other hormones with a more clearly

evident diurnal variation (e.g., cortisol), reference inter-
vals apply to the time of the day of sampling (e.g., a.m.
vs. p.m.). Some hormones exhibit ultradian variation
(e.g., luteinizing hormone and follicle-stimulating
hormone) or infradian variation (e.g., estradiol and pro-
gesterone in menstruating women). Such variations
must be taken into consideration when the laboratorian
or clinician interprets the significance of a hormone
concentration in an individual.

Even the location of the phlebotomy can affect the
measurement. For example, parathyroid hormone (PTH)
measurements taken downstream of (i.e., proximal to)
a forearm-implanted parathyroid gland can display
higher PTH measurements than when the PTH is drawn
from the contralateral arm [7]. For certain immunoassays
or mass spectroscopy methods, sample preparation
(e.g., extraction) is also a key factor for proper analysis
[8�11].

Sample Collection and Processing

Proper selection of the collection tube and post-
phlebotomy sample handling are very important for
many hormones. For example, glucagon degrades
quickly. To avoid this, plasma is prepared using an
ethylenediaminetetraacetic acid (EDTA) tube con-
taining aprotinin (e.g., 0.04 mL of aprotinin added to
each 1 mL of whole blood), followed by centrifugation
(within 2 hr) and freezing of the plasma. Aprotinin is
a bovine pancreatic trypsin inhibitor that is typically
purified from bovine lung. Vasoactive intestinal poly-
peptide (VIP) is similarly collected. For adrenocorti-
cotropic hormone (ACTH), blood is drawn into
an EDTA tube that must be plastic or siliconized glass.
For antidiuretic hormone (e.g., arginine vasopressin),
the EDTA sample should be centrifuged, separated,
and frozen within 2 hr of collection. Regarding
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TSH, in one study approximately 2% of TSH measure-
ments were elevated in lithium�heparin plasma sepa-
rator tubes compared to rapid serum tubes [12].

The clinical laboratory must inform the medical
and nursing staff of the pre-analytical requirements of
sample acquisition. Currently, most facilities provide
this information online.

Assays for Hormone Analysis

Usually, immunoassays are used in clinical laborato-
ries for analysis of various hormones. Many factors affect
accuracy of results obtained using these immunoassays,
including assay specificity and various other factors that
may interfere with assay technology. These factors are
discussed next.

Assay Specificity

In selecting the proper analytical assay, the labora-
torian should advise the clinician concerning the
specificity of the assay performance. For example,
many steroid immunoassays are not specific for a
single steroid but may identify several members of
a class of related steroids [13]. Estradiol assays detect
a variety of estrogens [14], and cortisol immunoassays
detect a variety of glucocorticoids [15]. In addition,
in the Advia Centaur cortisol immunoassay [16],
the following selected percentage cross-reactivities
are reported: corticosterone, 5.3%; cortisone, 31%;
11-deoxycortisol, 23%; 6β-hydroxycortisol, 6.8%; pred-
nisolone, 109%; 6-methyl-prednisolone, 26%; and
prednisone, 34%. There may also be negative interfer-
ences in immunoassays as reported for unconjugated
estriol lowering the measured estradiol concentration
[17]. In addition to specificity problems, immunoas-
says may lack low-end analytical sensitivity [18].

High-Dose Hook Effect

Laboratorians must be aware of the possibility of
the high-dose hook effect in immunoassays, in which
samples with very high concentrations of an analyte
produce a falsely low result [19]. In competitive
immunoassays, one hypothesis explaining the high-
dose hook effect is that the analyte self-aggregates and
the analyte is thus underdetected. In double-antibody
assays, high-dose hook effect might result from such a
great excess of analyte that there is insufficient capture
antibody and detection antibody to detect the analyte.

The high-dose hook effect is probably of greatest
importance for prolactin (PRL) [20,21]. Prolactinomas
can produce PRL levels (in ng/mL) in the hundreds to
tens of thousands. However, damage to the hypothala-
mus or hypothalamic�pituitary portal system can also
raise PRL at least into the hundreds. The difference

between these two situations is critically important:
Prolactinomas can be treated with dopamine agonists,
whereas other large anterior pituitary adenomas are
treated surgically. Therefore, dilution and re-assay may
be required in certain clinical situations to exclude the
high-dose hook effect where the PRL result is falsely
low or not as high as it is in vivo (Table 11.1).

Macrocomplexes

Autoantibodies against hormones can raise the
circulating concentration of the hormone without pro-
ducing clinical symptomatology of hormone excess
because the free (unbound) hormone remains within
the reference interval. The phenomenon of macro-
complexes is most widely observed for amylase [22].
For hormones, this is best appreciated for prolactin.
Treatment of the patient’s serum or plasma with poly-
ethylene glycol (PEG) will precipitate antigen�antibody
complexes, and the resulting supernatant is then
assayed. If the decline in measured analyte is 50% or
more, macroprolactin is present. However, the astute
laboratorian (and clinician) will recognize that macro-
prolactinemia does not exclude true hyperprolactinemia
of any cause. Other causes of hyperprolactinemia
include dopamine, cholinergic, and serotonergic antago-
nists; estrogens and pregnancy; neurogenic stimulation
(nursing, chest wall disease, and spinal cord injury);
hypothyroidism with thyrotropin-releasing hormone
(TRH) releasing PRL; chronic renal disease; and
cirrhosis.

Anti-hormone autoantibodies that raise a hormone’s
concentration have also been reported for TSH [23,24],
estradiol [25], thyroxine (T4) and triiodothyronine (T3)
[26�28], insulin [29], and ACTH [30].

TABLE 11.1 The Differential Diagnosis of Hyperprolactinemia

Central causes: prolactin release-inhibiting hormone (dopamine)
deficiency

Hypothalamic disease
Interruption in the hypothalamic�pituitary portal system

Medications
Dopamine antagonists
Cholinergic antagonists
Serotonergic antagonists

Endocrine causes
Estrogen use
Pregnancy, postpartum
Hypothyroidism (pathologically elevated thyrotropin-releasing
hormone can release prolactin)

Neurogenic
Nursing (nipple stimulation)
Chest wall disease
Spinal cord injury

Other disorders
Cirrhosis
Chronic renal disease
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Human Anti-Mouse Antibodies, Rheumatoid
Factor, and Heterophile Antibodies

Human anti-mouse antibodies (HAMA), rheuma-
toid factor (RF), and heterophile antibodies are respon-
sible for causing false-positive immunoassay results.
Heterophile antibodies represent naturally occurring
antibodies and autoantibodies directed against hetero-
geneous and ill-described antigens [31]. For more
details, see Chapter 6 and also the excellent review by
Tate and Ward [32].

Rheumatoid factor is an IgM antibody that binds to
the Fc portion of an IgG molecule. In a report from
France, heterophile antibodies that raised the measured
TSH concentration led to overtreatment of a patient with
suspected hypothyroidism [33]. Surprisingly, hetero-
phile autoantibodies have even been reported to lower
hormone concentrations [34].

Many noncompetitive immunoassays use capture and
detection monoclonal antibodies that are made in mice.
Even without outright exposure to mice (e.g., somebody
who works in a mouse colony or handles mice), the
general population is exposed to mouse proteins and
immunoglobulins (e.g., exposure of grain products to
mouse urine). Individuals treated with therapeutic
mouse monoclonal antibodies can develop HAMA
(Table 11.2). Responses to mouse immunoglobulins can
therefore produce HAMA. Manufacturers attempt to
minimize the interference from HAMA by adding excess
mouse immunoglobulin to their assay buffers. Thus,
HAMA would bind to the free mouse immunoglobulin
and would not bind to the mouse monoclonal immuno-
globulins used in the assay. Some manufacturers have
replaced mouse antibodies with antibodies from another

species such as rabbit. For a discussion of the effect
of HAMA on immunoassays, see Chapter 6 and the
excellent paper by Kricka et al [35].

The best-known false-positive results from HAMA
involve those in human chorionic gonadotropin
(hCG) testing. This can lead to the errant diagnosis
of choriocarcinoma. In at least one case, a woman
with a false-positive hCG result was treated with
chemotherapy for choriocarcinoma followed by total
bilateral oophorectomy and hysterosalpingectomy.
HAMA interferences have also been reported in the
measurement of B-type natriuretic peptide [36] and
TSH [37�39].

When HAMA interferences are suspected, the
assay should be rerun on an immunoassay platform
of another manufacturer. Serial dilution linearity
should also be sought. With serial dilution, if the
analyte recovery is greater than expected, HAMA is
likely present. However, serial dilutions that yield the
expected recoveries do not exclude HAMA. Failure to
detect hCG in the urine when hCG is elevated in the
plasma is supportive of HAMA. As IgG antibodies,
HAMA do not enter the urine, and thus serum or
plasma immunoassays can be falsely positive but the
urine immunoassays are not interfered with and are
correctly negative. Assays for HAMA are available in
the evaluation of suspected HAMA interferences [40].

HAMA should also be considered in nonhormone
immunoassays. For example, a HAMA interference in
digoxin measurements has been reported [41]. Other
analytes with reported HAMA interferences include
CA-125 [42�44] and hepatitis B surface antigen [45].

Although the release of hormones from plasma
binding proteins is not an issue of interference, total
hormone methods should release all protein-bound
hormones for proper analysis. In addition, significant
variations in binding protein concentrations are not
interferences; however, such aberrations can produce
clinically important changes in the total concentrations
of hormones in the bloodstream. For example, total T4
and total T3 are affected by concentration changes
in thyroxine-binding globulin (TBG) and thyroxine-
binding prealbumin (transthyretin) [46]. Total T3
is also affected by concentration changes in TBG.
Abnormal affinity for T4 raises total T4 in dysalbumi-
nemic hyperthyroxinemia and familial euthyroid
thyroxine excess [47,48]. Nevertheless, free hormone
level measurements are not immune from the effects
of different binding protein concentrations [49].

The recognition and prevention of errors is a major
goal of medicine [50]. Some interferences can develop
that are rare and/or unexplained [51]. The labora-
torian must be able to assist the clinician when the
laboratory findings and the patient’s history and
physical examination findings do not match. In such

TABLE 11.2 Examples of Mouse Monoclonal Autoantibodies
in Therapeutic Use

Monoclonal
Antibody

Activity

Abciximab Anti-GPIIbIIIa

Adalimumab Anti-tumor necrosis factor-α

Bevacizumab Anti-vascular endothelial growth factor (VEGF)

Cetuximab Anti-epidermal growth factor receptor

Daclizumab Anti-CD25

Infliximab Anti-tumor necrosis factor-α

Muromonab-CD3 Anti-CD3 (Orthoclone)

Ofatumumab Anti-CD20 cytolytic

Rituximab Anti-CD20

Situximab Anti-IL-6

Trastuzumab Anti-human epidermal growth factor receptor-2
(HER2)
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circumstances, analytical errors or interferences may
be present, the clinical diagnosis may be incorrect,
or the blood sample may have been misidentified.
As laboratorians, we likely spend much of our time
concerned with the analyte’s measurement; however,
analytical errors may account for only 10% of all
laboratory “mistakes” [52].

CHALLENGES IN TESTING
OF HORMONES SECRETED

BY PITUITARY

The pituitary gland in the human brain is responsi-
ble for secretion of many hormones, and accurate
measurement of these hormones is crucial for diagno-
sis of many illnesses. In this section, assays for these
hormones are discussed, with an emphasis on sources
of errors in their measurement and steps that can be
taken to avoid such errors.

Growth Hormone

The measurement of growth hormone (GH) can be
helpful in the diagnosis of disorders involving either
GH excess or deficiency. Due to the pulsatile nature
of GH release, measurements are typically performed
during dynamic testing in an attempt to assist in
the interpretation of the results. Aside from the pulsa-
tile release of GH, a number of other interferences,
related to both the patient’s lifestyle and the labora-
tory’s ability to measure the analyte, can alter the
measurement.

The release of GH from the pituitary is controlled
and stimulated by a number of processes. GH release
is normally stimulated by growth hormone-releasing
hormone (GHRH) and inhibited by somatotropin
release-inhibitory hormone (SRIH), both of which are
released from the hypothalamus under the control of
a number of different stimuli. SRIH is also known as
somatostatin, which is also secreted by the delta cells
of the islets of Langerhans. It has been well documen-
ted that following the onset of exercise, GH levels
will rise in the plasma [53,54]. GH increases can also
be seen due to stress, hypoglycemia, sleep, and various
pharmacologic agents such as glucagon, clonidine, and
L-dopa; likewise, GH suppression is seen with somato-
statin, cortisol, obesity, and hyperglycemia.

A number of variables can influence the measure-
ment of GH in the laboratory. Much of the difficulty in
measuring GH lies in the inherent heterogeneity of the
analyte (Table 11.3). GH is released primarily from
two different sites, the somatotroph cells of the pitui-
tary gland and the placenta. Placental GH appears

between 15 and 20 weeks of gestation and is present
until term, completely replacing the pituitary GH
such that it is undetectable [55]. Although this form
only appears during pregnancy, to what degree it
cross-reacts with GH immunoassays is uncertain, and
interpretation should be performed with caution.
It would be an extremely unusual clinical case if GH
measurements were required during pregnancy. Due
to alternative splicing of the gene encoding GH, two
isoforms exist—the 22- and 20-kDa forms. The 22-kDa
isoform is known to be the more biologically active
molecule, and it is typically detected in all GH immu-
noassays. Efforts have been made to specifically detect
the 20-kDa form through the development of a “non-
22K assay” in which monoclonal antibodies against the
22-kDa isoform are used to complex and remove
this isoform and the remaining GH is measured using
a polyclonal immunoassay. An alternative method
involves raising monoclonal antibodies specifically
against the 20-kDa isoform [56]. Not only are there
two GH isoforms but also GH can exist as homodimer,
heterodimers, and multimer [57].

Clinical measurement of GH is typically achieved
by the use of an immunoassay, and because of the
heterogeneity of GH, commutability of the assays is
a problem. If monoclonal antibodies are used for
capture, then only a subset of the GH molecules will
be measured. Compared to an assay employing
polyclonal antibodies, the measured concentrations
can be higher due to an increase in the forms of GH
detected. When immunoassays were first introduced
for the detection of GH, commutability was less of a
problem; however, as the assays increasingly utilize
specific monoclonal antibodies, the differences among
assays have become more pronounced. Another problem
with commutability of the assays is the lack of a refer-
ence standard with which to standardize the assays.
Various circulating GHs are listed in Table 11.3.

Indirect interferences in the assay also exist, adding
more layers to the difficulty of GH measurement.
In the body, up to 50% of GH is bound to GH binding
protein. Depending on the epitope that a monoclonal
antibody binds to on GH, steric hindrance (the inabil-
ity of the epitope to be accessed by the antibody) can
occur, thereby falsely decreasing the results. Another
cause of falsely altered results can be a consequence of

TABLE 11.3 Circulating Forms of Growth Hormone (GH)

22-kDa GH

20-kDa GH

GH�GH (dimmer; a.k.a., “big” GH)

GH�GH binding protein (GHBP; “big-big” GH)
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the use of therapeutic GH analogs. This was reported
in the use of pegvisomant, a modified GH analog that
is used as a GH receptor antagonist [58]. Patients
taking this drug had falsely low GH concentrations in
most of the assays tested. Because the concentration
of pegvisomant was 1000-fold that of GH, the authors
hypothesized that the drug was binding the capture
antibody in the assay while blocking the formation of
the sandwich with the second antibody, resulting in
decreased levels.

In athletics, detection of GH abuse can be afforded
by specifically measuring the 20- and 22-kDa GH iso-
forms separately. Both forms should be found in the
plasma of normal individuals. However, the detection
of exclusively the 22-kDa form would suggest the
administration of exogenous GH because recombinant
DNA-derived GH consists of only this isoform and
lacks the 20-kDa isoform.

Adrenocorticotrophic Hormone

The measurement of ACTH can be helpful in deter-
mining the etiology of decreased cortisol. ACTH is
secreted from corticotrophic cells of the anterior pituitary
in pulsatile bursts creating fluctuations in ACTH
blood levels at timescales ranging from minutes to days.
Corticotrophin-releasing hormone (CRH) mediates con-
trol of ACTH secretion based on cortisol levels. A nega-
tive feedback system operates between cortisol and
CRH: As cortisol levels decrease, CRH is increased.
CRH directly stimulates ACTH, and ACTH directly
stimulates cortisol. As cortisol levels increase, CRH
release is decreased. In addition to the feedback loop
mentioned previously, the neurotransmitters serotonin
and acetylcholine are also known to stimulate ACTH,
whereas GABA inhibits its secretion. A number of other
endogenous factors (fever, hypoglycemia, cytokines,
anti-diuretic hormone, etc.) can affect the release of
ACTH.

Aside from the endogenous regulation and varia-
tion, ACTH measurement is very sensitive to pre-
analytical variables. It has been shown that as little as
0.1% hemolysis can cause significant loss of ACTH
immunoreactivity [59]. Storage temperature and time
to centrifugation also play important roles in the stabil-
ity of the ACTH prior to measurement. In evaluation
of blood samples taken from 10 healthy volunteers, the
storage temperature of the blood prior to centrifuga-
tion was found to affect stability [60]. A more recent
study highlighted that the more critical factor affecting
stability is the amount of time expired prior to centri-
fugation [61]. For samples that were kept at room
temperature and stored at variable time periods prior
to centrifugation, the authors saw no relevant change

at 4 hr and a mean decrease of 10% in the ACTH
concentration after 24 hr as measured with a manual
radioactive assay. Based on their study, the authors
recommended that centrifugation be performed within
4hr of the sample being drawn.

The methodology used to measure ACTH in the
clinical laboratory has evolved from highly complex
bioassays [62] and two-site immunoradiometric assays
to automated immunoassays offering high throughput
and fast turnaround times. A number of different
assays are available, and similar to other antibody-
based assays, standardization and agreeability are
problematic. A 2011 publication compared 25 fresh-
frozen plasma samples assayed by seven different
ACTH assays in 35 different laboratories [63]. The
authors reported a wide range of inter- and intra-assay
coefficients of variation across these assays, ranging
from less than 10% to greater than 20%. Not only did
these assays show substantial differences with respect
to imprecision but also they demonstrated variable
agreement among the methods. Although the assays
were able to correctly classify most patients with high
or normal ACTH values, only 60% of measurements of
samples with low ACTH concentrations were correctly
classified. The conclusion from this study is one found
widely across multiple analytes within the endocrine
field: ACTH assays should be standardized.

Thyroid-Stimulating Hormone

With the number of cases of thyroid disease on the
rise, the measurement of TSH continues to be an impor-
tant part of laboratory medicine. TSH measurements
are frequently ordered by primary care physicians and
endocrinologists. In addition, TSH measurements may
be requested on a stat basis by emergency department
physicians for suspected cases of thyroid storm, myx-
edema coma, or myxedematous heart failure. TSH con-
centrations in the serum can vary based on the time of
day, with maximum levels achieved at 2:00�4:00 a.m.
and minimum levels achieved between 6:00 and
10:00 p.m. The minimum level can be decreased by as
much as 50% compared to the maximum level, which
can make interpretation difficult; in euthyroid subjects,
however, the TSH maximum and minimum will remain
within the reference interval. Although TSH is a
routinely measured analyte, it is still prone to many of
the interferences that plague all immunoassays. A num-
ber of endogenous interferences have been reported,
such as rheumatoid factor [33], heterophilic antibodies
[64], and paraproteins [65]. Another confounding factor
is that when exogenous T4 is ingested, the T4 (or free
T4 (FT4)) measurements can become discordant from
the TSH measurements. For example, suppose a patient
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has primary hypothyroidism with a low FT4 level and
an elevated TSH level. With oral administration of thy-
roxine, the FT4 can return to the reference interval far
more quickly than can the TSH, which may not return
to the reference interval for several weeks.

TSH is typically measured by a two-site immuno-
assay, and interference from other endogenous anti-
bodies is an ongoing problem. There have been
reports of macro-TSH, in which TSH has complexed
with an immunoglobulin, which is believed to have
a decreased clearance resulting in the accumulation of
these molecules, falsely increasing the TSH level. This
is typically identified due to an unusually increased
TSH level with normal free T3 and free T4 levels and
no symptoms. Identification can be through the use
of protein A beads to remove IgG-complexed TSH
molecules [23], or it can be a diagnosis of exclusion
due to negative thyroid studies with a persistently
elevated TSH level [66]. There was an interesting case
of macro-TSH in a neonate who was identified with
increased TSH levels, but normal T4 and T3, on neo-
natal screening [24]. Both newborn and mother had
elevated TSH levels that were due to macro-TSH, as
shown by gel filtration chromatography. In the case
of the newborn, the macro-TSH slowly decreased,
only to completely disappear after 8 months of life,
consistent with the rate of elimination of maternal
IgG. TSH is unique in that the identification of an
elevated TSH level in an otherwise euthyroid patient
does not immediately identify a macro-TSH. A persis-
tently elevated TSH in a patient with free T4 and
T3 levels within the reference intervals may indicate
subclinical hypothyroidism [67]. TSH with impaired
biologic activity has a similar presentation to macro-
TSH: an elevated TSH with a normal free T3 and
T4 along with the presence of a higher molecular-
weight TSH by chromatography [68,69]. Mutations
in the TSH β subunit have been reported [70]. A dis-
tinguishing characteristic for patients whose TSH
is inactive is the reduction in TSH after the adminis-
tration of exogenous free T3; if the TSH was elevated
purely because of binding with IgG, exogenous T3
should not be able to influence the rate of clearance
of TSH.

Luteinizing Hormone/Follicle-Stimulating
Hormone

Luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) are both gonadotropins that control
the functional activity of the gonads. The release of
LH and FSH from the anterior pituitary is stimulated
by gonadotropin-releasing hormone. The release
of LH/FSH is episodic. The levels of LH and FSH

vary during the course of the menstrual cycle.
Postmenopausal women have persistent elevations in
LH and particularly FSH.

Initial LH measurements were performed using
radioimmunoassay (RIA), which included the use
of polyclonal antibodies. One limitation of the use of
polyclonal antibodies in the RIA was cross-reactivity
with hCG and an increased nonspecific background
compared to the use of some monoclonal antibodies [71].
As this methodology was replaced by more easily
automated immunoassays, monoclonal antibodies
were incorporated into these assays. Although the per-
formance of these assays was considered to be accept-
able, the results obtained across platforms were not
identical. Studies were initiated in an effort to better
understand the differences among assays and there
were multiple conclusions. For 11 different commer-
cial companies manufacturing LH immunoassays,
there were a total of 55 different monoclonal antibo-
dies used [72]. These antibodies further differed in the
LH epitopes that they recognized, including antibo-
dies specific for the α subunit, the β subunit, and the
holomolecule (anti-αβ). The variety of antibodies used
across differing vendors not only contributes to a lack
of standardization but also can lead to very different
concentrations measured by an assay, based on the
characteristics of the antibodies used. Studies with
these kits were undertaken using an international
standard for LH (IS 80/552), and the authors were able
to determine that the calibration curve differed among
kits, adding to the discrepancy between the kits [73].
Similarly, these same problems were encountered
when the RIA for FSH was converted to an immuno-
metric assay. The immunometric assay gave results
that were an average of 17% higher than the RIA
results, whereas the LH results were 33% lower for
the assays evaluated in this study [71]. This presented
a unique problem in that LH:FSH ratios were used
when evaluating a patient for polycystic ovarian
syndrome (PCOS). In a study of 78 women presenting
with polycystic ovaries on pelvic ultrasound and 59
controls with normal ovaries by ultrasound, by com-
parison of both the RIA and two different monoclonal
immunoassays, the cutoff ratio for PCOS used would
need to be re-established using the new monoclonal
assays. The diagnostic ratio cutoffs determined using
the RIA would not be relevant for these new assays
[74]. Evaluation of different vendor assays in different
patient populations has also further confirmed the
variation seen between assays [75].

Similar to other hormone assay interferences,
a macro-FSH has also been reported in the literature
[76]. In this case, the presence of this macrocomplex
resulted in a false-positive interference in a sandwich
immunoassay. With regard to LH, a patient with a
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macrocomplex was also identified for this hormone
in 2003 [77]. In this case report, the patient showed
a high LH value, whereas other hormone studies were
normal except for high concentrations of thyroperoxi-
dase antibodies. The authors identified a macrocom-
plex through gel filtration and chromatography.

Prolactin

Prolactin is a hormone released from the anterior
pituitary. Its physiologic role is in lactation, where
suckling increases PRL concentrations. Levels of this
hormone are at their lowest at midday and peak at
night just after the onset of deep sleep and can be
stimulated in a number of events such as stress.
Increases in estrogen can also stimulate secretion and
gene transcription of PRL [78]. Multiple drug classes
can have effects on PRL release. Antipsychotics are
the most common drugs to cause increased PRL
levels. Increases can also be seen with morphine and
morphine analog use, whereas lithium can decrease
PRL levels by 40% [79,80]. Very high levels of PRL can
generally fall into two categories, either prolactinoma
or macroprolactin. Prolactinoma describes a tumor
in the anterior pituitary that secretes large amounts
of PRL. Because of the high levels of PRL that are
produced by this tumor, laboratory measurement of
PRL in these patients can be challenging due to the
high-dose hook effect. Frieze et al. [20]. describe a
male patient who initially presented with headaches,
personality changes, and bulging eyes. His initial PRL
levels were slightly elevated at 164.5 ng/mL (reference
interval, 1.6�18.8 ng/mL). A biopsy from a 10-cm
mass in his anterior skull base and cranial fossa
confirmed the presence of a prolactinoma. Due to this
discrepancy in lab values with the clinical diagnosis
of a large tumor, the original serum was retested,
with serial dilutions eventually revealing a PRL of
26,000 ng/mL.

Macroprolactin, also known as big big PRL, has a
molecular weight greater than 100 kDa, typically due
to complex formation with an immunoglobulin. The
characteristics of macroprolactin are similar to those of
other macrocomplexes that result from immunoglobu-
lins, typically IgG, binding to PRL, contributing to the
larger molecular mass and increasing its persistence in
the circulation. Classically, the presence of a macropro-
lactin does not contribute any diagnostic information
because PRL in this form is not biologically active;
however, macroprolactin can pose a serious problem
when interpreting laboratory results. The high PRL
results typically seen in patients with prolactinomas
can also be encountered in patients with macroprolac-
tin, potentially leading to misdiagnosis. In an effort

to correctly classify patients, routine screening of
hyperprolactinemic samples (females .500 mU/L
and males .290 mU/L) for macroprolactin is recom-
mended [81].

According to the literature, macroprolactin can
account for up to 26% of hyperprolactinemia cases
reported, depending on the commercial immunoassay
used [81,82]. Smith et al. [83] identified 10 patient
samples with elevated PRL levels due to macroprolac-
tin. They then analyzed these samples at 18 different
clinical laboratories using a total of nine different assay
systems. Across the range of assay systems evaluated,
they reported differences in PRL ranging from 2.3-
to 7.8-fold, with the Roche Elecsys users reporting the
highest PRL levels. These authors utilized the tech-
nique of gel chromatography to establish the presence
of macroprolactin; however, the more frequently used
technique was complex precipitation using PEG. This
method is not without problems because there are
reported interferences of PEG with the PRL immuno-
assay on a variety of analyzers [83]. In an effort to
circumvent this issue, reference intervals have been
determined for PRL values of PEG-treated samples.
Evaluating samples from 146 healthy volunteers, refer-
ence intervals were established for Abbott Architect,
ADVIA Centaur, Siemens Immulite, Beckman Coulter
Access, Roche Elecsys, and Tosoh A1A [83]. The inter-
vals were evaluated using samples with known macro-
prolactins and non-macroprolactin, as established by
gel filtration chromatography. Another interference of
PRL with PEG precipitation is increased concentrations
of serum globulins, as seen in cases of hypergamma-
globulinemia from IgG myeloma and HIV infection
[84]. In both cases, it was concluded that monomeric
PRL was being precipitated along with the immuno-
globulins, leading to a falsely low level of PRL after
PEG treatment.

CHALLENGES IN MEASURING HUMAN
CHORIONIC GONADOTROPIN

The measurement of hCG is predominantly used in
the determination of pregnancy. Depending on the
assay, the specimen may be either urine or blood and
the measurement either qualitative (as in point-of-
care) or quantitative. One of the major challenges in
the measurement of hCG is the presence of different
biologic forms of hCG. There exist at least six hCG
variations, including intact hCG (nicked and non-
nicked), the free β subunit (hCG-β; nicked and non-
nicked), and the free hCG α subunit (regular and
hyperglycosylated). These different forms can be
released in varied ratios based on disease state, and
assays measuring this hormone can vary widely with
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respect to the different forms that are measured.
Of the six forms listed previously, most assays focus
on measuring either intact hCG alone or hCG-β plus
intact hCG.

Urine pregnancy tests play an important role in
both emergency departments (EDs) and radiology
suites to detect the pregnancy status of patients where
it may be unknown or to rule out pregnancy prior to
radiation. The high-dose hook effect can have a serious
effect on these tests, producing false negatives and
potentially leading the physician in an incorrect direc-
tion. The hook effect has been reported to contribute to
false-negative results in the ED in patients with molar
pregnancies [85,86]. The presence of a hydatidiform
mole can result in hCG concentrations greater than 1
million mIU/mL, and these cases are at high risk of
false negatives due to the hook effect [86]. In these
cases, dilutions of samples and reanalysis for hCG
can help determine if the hook effect is contributing
to a false-negative result. The sensitivity of
a particular assay to the hook effect varies greatly
depending on the immunoassay method used. To
better understand the extent of this variation, a study
evaluated six different commercial assays for hCG
measurement [87]. Using a sample with a total hCG
concentration of approximately 3,600,000 mIU/mL,
the authors measured this sample on the six different
platforms. Out of the six analyzers evaluated, four
demonstrated the hook effect, whereas the remaining
two did not.

In addition to the well-known high-dose hook effect,
another cause of a false-negative result is a “hook-like
effect” due to an increase in hCG-β core fragment
(hCG-βcf). This fragment is formed by proteolytic deg-
radation of hCG in the kidneys and is then excreted.
The amount of hCG-βcf in the urine is first detected in
the later stages of early pregnancy (5�8 weeks of ges-
tation) until term, and it is hypothesized to bind and
saturate the primary antibody in a sandwich immuno-
assay, essentially blocking any binding for other forms
of hCG [88,89]. The second antibody in these methods
does not recognize hCG-βcf because they were
optimized for early pregnancy detection, and the result
is a false negative [90]. This theory was proven by
Gronowski et al. [92] through the evaluation of three
urine samples with apparent false-negative results
using a point-of-care test. In this study, the authors
used specific hCG antibody assays to measure the
different forms of hCG present in the urine samples.
They found that in these false-negative samples, the
hCG-βcf was in molar excess of the intact hCG
(64�78% of all hCG immunoreactivity). They further
showed that this was the fragment causing the false-
negative result by adding 1 million pmol/L hCG-βcf
to urine that had been previously determined to have

a concentration of 17,800 IU/L hCG. The point-of-care
urine hCG result changed from positive prior to the
addition to negative after the hCG-βcf was added in
two of the three point-of-care assays evaluated. This
work was expanded to examine a fourth urine point-
of-care pregnancy device, and it was found that false
negatives due to the addition of hCG-βcf to urine
varied with device lot number [91]. The interference
from hCG-βcf also translated to the serum assay,
where investigators found that in two of the nine
assays evaluated, values with greater than a 50%
reduction were observed in the presence of elevated
hCG-βcf [92]. Although the issues concerning measure-
ment of hCG-βcf are fairly well documented, the hCG
hormone can exist in a number of different forms that
can also make interpretation of hCG assays difficult.
A case describes a discrepancy between results obtained
using urine and plasma samples from the same patient
[93]. A 41-year-old female presented with vaginal blood
loss and was hospitalized. Both qualitative and quanti-
tative assays were used to test two successive urine
samples for hCG, with all results positive, whereas the
corresponding plasma samples resulted in no hCG
present. Through hCG isoform analysis, the authors
were able to identify that the majority of hCG being
produced was a degraded form of the β subunit that
lacked the C-terminal peptide. This variant was thought
to have a fast clearance, as a possible explanation for
why it was undetectable in the plasma but measured
repeatedly in the urine.

Although the occurrence of false-positive results is
less frequent than that of false negatives, false-positive
results are still encountered in the measurement of
hCG. Specific to the hCG assay, false positives can be
classified into two categories: a falsely increased hCG
level or a positive pregnancy test when the patient is
not pregnant. Analytically, the serum/plasma hCG
assay is susceptible to many of the same interferences
as any traditional immunoassay, such as heterophile
antibodies [94]. There is even a report of macro-hCG
involving IgM [95]. However, because these molecules
are too large to be filtered by the glomeruli, the urine
hCG test typically does not encounter these interfer-
ences. There have been cases of a true analytical inter-
ference causing a false-positive urine test [96], although
these appear to be less frequent than false-positive
serum hCG tests. In this particular case, the patient had
a tubo-ovarian abscess from an intrauterine conception
device with a positive enzyme-linked immunosorbent
assay (ELISA)-based urine pregnancy kit. Pathologic
evaluation showed a bacterial colony consistent with
Actinomyces with no notation regarding the presence of
trophoblastic tissue and a negative serum hCG result.
The actual mechanism of interference in this case is still
unresolved.
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CHALLENGES IN THYROID TUMOR
MARKER TESTS

As noted previously, numerous interferences in
thyroid immunoassays have been identified, including
macro-TSH and T4 and T3 autoantibodies [97,98].
These interferences will not be recounted here. However,
interferences in thyroglobulin (Tg) and calcitonin immu-
noassays were not mentioned previously and will be
examined here [99].

Thyroglobulin

Papillary and follicular carcinomas are differenti-
ated thyroid cancers. Tg can be measured as a tumor
marker of such thyroid cancers following surgical
thyroidectomy [100]. Preoperative Tg measurements
have no role in the diagnosis of thyroid cancer.
However, preoperative confirmation that a differenti-
ated thyroid cancer produces Tg would allow Tg to be
used as a tumor marker in such cases postoperatively.
Uncommonly, differentiated thyroid cancers will not
produce Tg and therefore Tg production must be
confirmed before it is used as a tumor marker [101].
Tg measurements do not have a role in the management
of anaplastic thyroid carcinoma or medullary thyroid
carcinoma (in which calcitonin is a tumor marker).

If a patient has had a complete thyroidectomy
and there are no metastases, Tg should not be
detectable several weeks postoperatively [102]. To
ensure that any remaining functional thyroid tissue is
maximally stimulated, thyroxine replacement is dis-
continued until the TSH is clearly elevated (which
takes B2 weeks) or recombinant DNA-produced TSH
(thyrogen-α) is injected. If the Tg remains undetect-
able, the prognosis is good and the patient can be
retested for Tg in the future [103]. Many experts
believe that such Tg measurements have replaced the
need for repeated thyroid scans for the detection of
thyroid tissue and metastases [104].

An important interference in Tg assays is the pres-
ence of thyroglobulin autoantibodies (TGA) [105].
Whereas the frequency of TGA in the general popula-
tion is approximately 5%, for unclear reasons, TGA
can be found in approximately 10% of patients with
differentiated thyroid carcinomas. TGA interferences
can be more significant for double-antibody (sandwich)
assays than competitive immunoassays, but TGA can
interfere in either assay format.

Although it might be expected that TGA would
lower Tg measurements, there is no way to predict
if the TGA interference will be a positive interference
or a negative interference. Therefore, the best practice
is to not report Tg measurements if TGA are present.

This implies that every Tg measurement requires that
TGA also be measured (which is a best practice) [106].
Recovery studies are not reliable to determine the
“true” Tg level when TGA are present.

Although Tg should not be used to assess post-
operative status in the presence of TGA, absolute
TGA levels may substitute as a tumor marker. Here,
the hypothesis is as follows: If TGA are detected in a
postoperative patient with a history of differentiated
thyroid cancer, the TGA would only be present if there
were thyroid tissue remaining (either normal thyroid
or thyroid cancer). Therefore, higher TGA levels would
correlate with a higher postoperative tumor burden
[107,108].

Calcitonin

The tumor marker used in cases of medullary thy-
roid carcinoma (MTC) is calcitonin (CT). Like Tg, the
CT value does not distinguish benign from malignant
tumors. CT is followed postoperatively to monitor the
completeness of surgical removal of the MTC and
the possibility of local tumor recurrence or metastases.
Because basal CT levels may not be detectable in MTC,
CT should be measured after stimulation with intrave-
nous calcium (pentagastrin is not currently available
in the United States) [109,110]. Elevated calcitonin
levels due to the presence of heterophile antibodies
have been reported in approximately 1% of patients
with thyroid nodules [111].

ADRENAL FUNCTION TESTS

Cortisol is probably the most measured analyte for
evaluating adrenal function, although aldosterone and
rennin are also ordered frequently. In this section,
pitfalls in testing these analytes are addressed.

Cortisol

The levels of endogenous cortisol can be very
sensitive to drugs that the patient may be taking. Such
drugs can include various glucocorticoids or drugs
that impair the synthesis of cortisol. Cortisol levels
can be either suppressed or elevated depending on
the specific drug. Ambrogio et al. [114] provide a fairly
comprehensive review of the effects of drugs on the
hypothalamic�pituitary�adrenal axis. In addition,
there have been reports of assay interference in the
patient population taking the drug metyrapone, which
is used in the management of Cushing’s syndrome.
For patients taking this drug, the current guidelines
recommend determining the dose of metyrapone
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based on the serum cortisol concentration. The mecha-
nism of action for this drug is inhibition of the enzyme
11β-hydroxylase, which can lead to the accumulation
of cortisol precursor steroids such as 11-deoxycortisol.
In one study, the authors were able to identify that the
increased cortisol precursor concentrations caused a
positive interference in the cortisol immunoassay in
two patients taking the drug [112]. They were able to
identify the increased results from immunoassay by
simultaneously measuring these samples by liquid
chromatography�tandem mass spectrometry (LC-MS).
Further study compared cortisol measurements made
in three different groups: patients receiving metyra-
pone, patients diagnosed with Cushing not receiving
any treatment, and patients with no adrenal pathology
and no medication known to interfere with the cortisol
immunoassay [113]. In these three different patient
populations, they measured cortisol by both immuno-
assay and LC-MS. The two control groups not receiv-
ing metyrapone showed good agreement between
immunoassay and LC-MS; in contrast, the metyrapone
group showed a positive bias of 23%, and the differ-
ence between the two assays positively correlated with
drug dose and 11-deoxycortisol concentration.

The immunoassay used to measure cortisol can also
be affected by heterophile antibodies [114]. In one case,
the interference led to a falsely low cortisol result,
and the patient was given cortisol replacement for
suspected adrenal insufficiency [115]. Due to the
clinical doubt surrounding the patient’s diagnosis, fur-
ther workup with the samples was performed, which
included measurement of cortisol with a different
immunoassay and incubation with a heterophile anti-
body blocking tube. The authors were able to identify
the source of the problem and stopped the patient’s
glucocorticoid replacement therapy.

Heterophile antibodies are just one contributing
factor to the controversy surrounding the use of immu-
noassays [116]. There has been investigation into other
ways to measure cortisol, aside from the use of immu-
noassays. The use of LC-MS has the potential to avoid
some of the traditional pitfalls of using immunoassays
for analyte measurements, such as interferences caused
by endogenous immunoglobulins or the high-dose
hook effect [117]. The success of an LC-MS assay
relies heavily on the development and validation of
the method. The mechanisms of interference when
using mass spectrometry are very different from
immunoassays. A source of potential interference in
LC-MS is other analytes. These can be isobaric com-
pounds that have the same molecular weight, such as
cortisol and tetrahydro prednisolone, or the A1 2 iso-
topes of their unsaturated analogs, such as cortisone
and cortisol [118]. There is also a report in which
fenofibrate, which is not chemically or structurally

related to cortisol, causes a falsely elevated urine
free cortisol result by an LC-MS method [119]. This
interference overlapped with the major transition of
cortisol; however, a second mass transition was free
from the interference and allowed for accurate quanti-
tation. Another potential source of interference specific
to LC-MS methods includes false elevations/depres-
sions due to ion enhancements/suppression [120]. Ion
suppression affects the amount of analyte that is intro-
duced into the mass spectrometer. This can happen
due to the presence of nonvolatile or less volatile
solutes in the sample matrix, such as salts, ion pairing
agents, and endogenous compounds [121]. This can
also happen if other molecules being ionized have a
higher mass or are more polar, which may decrease
the ability of the analyte of interest to be ionized
[122,123]. The use of tandem mass spectrometry (LC-
MS/MS) and isotopically labeled analogous internal
standards can minimize such interferences.

Measurement of urinary free cortisol (UFC) is a
screening test used in cases of suspected Cushing
syndrome. Although the use of LC-MS is increasing,
traditional measurement techniques have often used
immunoassay. The urine provides a different matrix
with different potential interferences compared to the
serum assay. One problem specific to urine is that
the hydrophobic conjugate derivatives of cortisol are
present in large excess concentrations when compared
to free cortisol, providing an opportunity for cross-
reactivity [124]. A study was performed comparing
cortisol measurements by gas chromatography�mass
spectrometry (GC-MS), LC-MS, and two commercial
immunoassays [11]. The two immunoassays that were
evaluated both overestimated the UFC concentrations
by approximately 1.6- to 1.9-fold compared with
GC-MS. Both ring-A dihydro- and tetrahydrometabo-
lites contributed to this overestimation, and the posi-
tive interference was not seen in the GC-MS or LC-MS
methods. Quantitation of UFC by immunoassay typi-
cally requires an extraction step with a solvent to
release free cortisol from conjugated steroids, but
unconjugated steroids can still be a potential source
of interference [125]. A study evaluated the ability of a
different sample preparation technique—solid phase
extraction—to remove the excess steroids [126]. The
authors were able to show that solid phase extraction
was effective in removal of 6β-hydroxycortisol from
urine samples, thereby eliminating this as a possible
interference in treated urine samples.

Aldosterone and Renin

Primary aldosteronism is being increasingly investi-
gated as a possible secondary cause of hypertension in
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adults. From the laboratory perspective, this usually
involves measuring both aldosterone and renin and
calculating an aldosterone-to-renin ratio (ARR).
Aldosterone is typically measured using either a radio-
immunoassay or chemiluminescence immunoassay;
however, LC-MS applications have also been devel-
oped for the measurement of this analyte [127]. The
renin value in the ARR can be generated by measuring
either the plasma renin activity (PRA) or the direct
renin concentration (DRC). The actual method used to
measure the effect of renin in the ARR can also impact
the results; it has been reported that PRA is preferable
to DRC when calculating the ARR [128]. The PRA is
measured by allowing renin in plasma to convert
endogenous angiotensinogen to angiotensin I and then
measuring angiotensin I by immunoassay. DRC assays
are usually measured using antibody-based testing,
such as radioimmunoassay and chemiluminescent
immunoassays.

Regarding endogenous variables affecting this
assay, a number of factors can affect the ARR, such as
posture, time of day, age, gender, sodium intake,
potassium level, and renal dysfunction. A woman’s
menstrual cycle can also have an effect, and this has
led to a study investigating whether women are more
at risk for false positives in primary aldosteronism
screening [128]. The authors concluded that ARRs gen-
erated using DRC in normal women during the luteal
phase can lead to a higher incidence of false-positive
ARRs in women than in men.

Multiple drugs can change the endogenous levels of
aldosterone and plasma renin activity. Angiotensin-
converting enzyme inhibitors, angiotensin receptor
antagonists, and diuretics can all contribute to poten-
tial false elevations in PRA and should be interpreted
with caution in these individuals [129]. Due to interfer-
ence in the interpretation of the ARR, mineralocorti-
coid receptor antagonists and high-dose amiloride
must be discontinued at least 6 weeks prior to testing.
In the case of the other drugs, a detectable low PRA
level does not exclude primary aldosteronism and an
undetectably low PRA in patients taking these drugs
should be considered highly suspicious. Adrenergic
inhibitors also suppress renin secretion, which can
then lead to suppressed aldosterone secretion in nor-
mal patients [130]. A 2002 study evaluated the bias
introduced by a number of antihypertensive drugs on
the ARR [131]. Measurements were made in samples
from patients taking the drugs and the percentage
changes from the control group were as follows: amlo-
dipine, �176 32%; atenolol, 626 82%; doxazosin,
�56 26%; fosinopril, �306 24%; and irbesartan,
�436 27%. The measurements for PRA and aldoste-
rone concentrations in this work utilized radioimmu-
noassays. Whereas drugs typically act to change

endogenous levels of renin and/or aldosterone, ster-
oids and other metabolites can cause false results due
to cross-reactions with the antibodies used in the
assays. It has been hypothesized that increases in 21-
deoxyaldosterone and other steroids in patients with
congenital adrenal hyperplasia due to 21-hydroxylase
deficiency could be responsible for false increases in
aldosterone measurements when compared with LC-
MS [127]. Another study compared an automated
chemiluminescence immunoassay with a radioimmu-
noassay both with and without extraction steps in
samples obtained after saline infusion [132]. Although
the vendors of the assays used in this study do pro-
vide a list of steroids that interfere with their assays,
the authors speculate that other interfering substances
may be playing a role in their discrepant results.

TESTING OF PARATHYROID
FUNCTION

Usually, parathyroid hormones and 25-hydroxyvitamin
D are tested for evaluation of parathyroid function. In
this section, the challenges in measuring these analytes
are addressed.

Parathyroid Hormone

Parathyroid hormone plays an important role in
mineral and bone metabolism. PTH is secreted from
the four parathyroid glands in response to decreased
ionized calcium levels. The PTH secreted is often
referred to as “intact PTH,” and it refers to the form of
the hormone that is 1�84 amino acids. With secretion,
1�84 amino acid PTH can be rapidly degraded to
7�84 amino acid PTH, which lacks biologic activity.
Due to the existence of various forms of PTH with
varying biological activity, the measurement of PTH
by sandwich immunoassay techniques is not straight-
forward. The majority of assays in use today are either
second- or third-generation assays. Both utilize antibo-
dies directed at the C-terminal end of the hormone,
but the second-generation assay has increased interfer-
ence from the N-terminal truncated fragment (7�84
amino acids) [133] due to the location of binding of the
C-terminal-directed antibody. The ratio of intact PTH
(1�84) and the N-terminal truncated fragment (7�84)
is approximately 1:1 in a healthy population but can
vary based on the presence of disease [134]. In an
effort to circumvent this interference, third-generation
assays were developed so that the N-terminal antibody
recognizes approximately the first 4 N-terminal amino
acids, which are absent in the truncated 7�84 amino
acid fragment. “True-intact,” “whole,” “bio-intact,”
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and “cyclase activating” PTH are terms applied to the
1�84 amino acid PTH assays. There is still debate
regarding whether the third-generation assays offer
any improvement in sensitivity or specificity over the
second-generation assays [135,136].

Similar to many other hormones measured by
immunoassay, heterophile antibodies and rheumatoid
factor interference have been a problem for PTH
assays [137,138]. Tumors can be a source of excess
PTH production, increasing the PTH level and making
interpretation of results difficult. Although adenomas,
hyperplasia, and carcinoma of the parathyroid are all
causes of hyperparathyroidism, there have also been
cases of nonparathyroid tumors producing PTH [139].
Surgery is the usual treatment for parathyroid masses,
and intraoperative measurement of PTH can assist the
surgeon in determining if all of the mass has been
removed.

Exogenous factors can also have an effect on PTH,
producing misleading interpretations of laboratory
results. A study examined the effect of three different
anesthetic techniques on intraoperative PTH levels
[140]. Compared to preinduction levels, the intraopera-
tive PTH levels measured at 3 min postinduction
increased by 28% with monitored anesthetic care, 45%
with general anesthesia with laryngeal mask airway,
and 65% with laryngeal mask airway. Another interfer-
ing substance that can increase levels of PTH was
identified as cinacalcet HCl, a calcimimetic. In vivo,
the release of PTH is regulated by free ionized
calcium in the blood, which interacts with the calcium-
sensing receptor on the parathyroid gland. In the
case of hyperparathyroidism, cinacalcet HCl is used to
increase the sensitivity of the calcium-sensing receptor
to ionized calcium, thereby reducing PTH levels [141].
A case study evaluated the dynamic changes in
PTH and PTH fragments in a patient receiving cina-
calcet HCl for secondary hyperparathyroidism [142].
This study utilized three different immunoassays for
PTH: the intact PTH assay, which detects full-length
PTH (1�84); the intact PTH assay, which detects both
full-length (1�84) and non-full-length fragments; and
an assay using an antibody specific to the C-terminal
region of PTH. The authors found that the relation-
ships between the PTH assays did not remain linear
during therapy and that the PTH response after
therapy was assay dependent.

Assays for 25-Hydroxyvitamin D

The popularity of measuring 25-hydroxyvitamin D
(25-OHD) has vastly increased since the introduction

of the first assay to measure this analyte in 1971. The
first assay was a competitive protein binding assay
using vitamin D binding protein as the binding agent
[143]. Since then, efforts have been made to create new
assays that are easier to incorporate into the clinical
laboratory. Today, multiple different methods are
employed for the measurement of 25-OHD, including
immunoassays, liquid chromatography, and LC-MS
approaches. Immunoassays are currently the dominant
choice among clinical laboratories for the measurement
of 25-OHD, most likely due to their compatibility with
the high volume demands of clinical laboratories.
However, these assays are prone to the same interfer-
ences as all immunoassays, such as heterophile antibo-
dies [144], and they have their own unique issues
as well. In one study, investigators evaluated their
25-OHD assay by retesting stored samples that had
been previously tested for 25-OHD [145]. Using the
DiaSorin Liason for both the initial and repeat testing,
they found that 5% of their results were discrepant
from the original results. They further investigated
the source of the discrepancy by using heterophile
blocking tubes to assess the presence of heterophile
antibodies and found that the samples did not differ
significantly after treatment.

One of the largest interferences reported for immu-
noassay measurement of 25-OHD is vitamin D binding
protein (VDBP). 25-OHD is hydrophobic, and therefore
25-OHD is tightly bound to VDBP in the circulation.
Releasing 25-OHD from VDBP was traditionally done
by using organic extraction protocols, but these
solvents are not compatible with the automated
immunoassays. One study compared five automated
immunoassays, a radioimmunoassay, and two inde-
pendent LC-MS methods [146]. The authors found
excellent concordance across the LC-MS assays and
outstanding performance by the DiaSorin radioimmu-
noassay. The automated immunoassays did not fare
nearly as well, and it is speculated that the extraction
step without aggressive solvents may be a contributing
factor to this lack of comparability. It has also been
discovered that inaccuracies found in immunoassays
are VDBP concentration dependent [147]. The inability
to effectively and reproducibly remove 25-OHD from
VDBP often contributes to a negative bias, thereby
falsely decreasing the total 25-OHD.

One way to resolve the problems encountered when
immunoassays are used to measure 25-OHD is to use
a more direct measurement approach such as LC-MS.
The major analytes contributing to interference using
this technique are from the 25-OHD3 epimer and other
isobaric compounds. The epimer, 3-epi-25-OHD3, is
the most abundant vitamin D metabolite, and it has
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the same molecular weight as vitamin D3; it also forms
the same mass-to-charge parent and product ions
when ionized. There is an inverse relationship between
patient age and epimer percentage, and in 172 children
tested, the epimers contributed 8.7�61.1% of the total
measured 25-OHD [148]. A newer LC-MS method is
able to separate the epimers and other isobaric
compounds, such as 3-epi-25-OHD3, 1-α-OHD3, and
the bile precursor 7-α-hydroxy-4-cholesten-3-one, from
25-OHD2 and 25-OHD3 [149]. Interferences have also
been noted using LC-MS when samples are collected
in serum separator tubes [150]. Further investigation
identified that only 25-OHD2 was falsely increased
upon storage of the samples in the serum separator
tubes, and the authors were able to circumvent this
problem by using an alternative transition for monitor-
ing 25-OHD2.

GONADAL AND REPRODUCTIVE
INTERFERENCES

The most important endocrine immunoassay inter-
ferences in the field of reproductive medicine are false-
positive hCG results, as discussed previously [151].
HAMA, rheumatoid factor, and heterophile antibodies
can affect LH and FSH measurements [71,76,152].
Assay specificity is an important issue for sex steroid
measurements. Many experts in this field are utilizing
tandem mass spectroscopy as the definitive method
for steroid analysis [153].

Prior to immunoassays of the past approximately
20 years, some older LH assays cross-reacted with
TSH. For example, in cases of severe primary hypothy-
roidism with a greatly elevated TSH level, there could
be a false elevation in LH. If a woman of reproductive
age with untreated or undertreated primary hypothy-
roidism had menstrual irregularity, primary hypogo-
nadism might be mistakenly diagnosed on the basis
of an elevated LH that really resulted from cross-
reactivity with a massively elevated TSH.

Specificity of sex steroid measurements is very
important in patient care [154�158], and possibly even
more important in the analysis of sex steroids in
athletes [159�161]. The laboratorian must be aware of
all such possibilities and investigate possible interfer-
ences when an inquiry is made by a clinician [162,163].

Although not interferences, proper interpretation
of sex steroid and gonadotropin results requires that
the proper reference intervals be used. For women of
reproductive age, this can be challenging because the
LH, FSH, estradiol, and progesterone levels are

constantly changing throughout the menstrual cycle.
There is diurnal variation in testosterone, although in
a healthy male these variations do not fall outside
the reference interval [164]. Of interest, testosterone
appears to rise with stress [165].

PROSTATE

Possibly the best tumor marker in widespread clini-
cal use is prostate-specific antigen (PSA) [166]. Total
and free PSA can be measured [167]. Nevertheless, the
use of PSA testing remains controversial [168].

PSA is measured by immunoassay [169]. Rarely (in
0.3% of samples), heterophile antibodies falsely raise
PSA, although in the study reporting this finding, no
adverse clinical consequences were identified [170]. In
another report, heterophile antibodies raised the PSA
concentration, leading to inappropriate therapy [171].
In post-prostatectomy patients treated for prostate
cancer, if PSA rises without any clinical evidence of
metastases or worsening metastases, heterophile anti-
bodies should be considered and tested for [172,173].
PSA assays may be improved using F(ab’)2 antibody
fragments [174].

TESTING FOR INSULIN-LIKE
GROWTH FACTOR 1

Insulin-like growth factor 1 (IGF-1) is often mea-
sured in cases of GH disorders. IGF-1 is often pre-
ferred over GH due to its stability, and it has been
shown to be useful in screening for GH deficiency.
IGF-1 is a small molecule and is carried through the
circulation attached to larger proteins, known as IGF-1
binding proteins, specifically IGF binding protein-3.
Release of IGF-1 from the binding proteins is necessary
for measurement, and incomplete liberation can cause
discrepancies among results. Acid gel filtration chro-
matography is the best method available for accom-
plishing separation of IGF-1 from its binding proteins;
however, this approach is not compatible with the
typical clinical laboratory setting. An alternative
method has been developed that includes dissociation
by low pH, precipitation of the binding proteins by
ethanol, and separation of free IGF-1 with centrifuga-
tion [54]. This method has two main problems: Not all
the binding proteins are precipitated with ethanol, and
precipitation of some of the IGF-1 falsely decreases
the IGF-1 values [175�177]. To circumvent these pro-
blems, excess IGF-2 is introduced into the sample after
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the acid/ethanol precipitation to occupy the binding
protein sites that would still remain [178]. Similar pro-
cedures have been employed when measuring IGF-2,
with the exception of IGF-1 addition to saturate the
binding protein [179]. Sandwich immunoassays have
also been developed for the measurement of IGF-1
[180]. Heterophilic antibodies have also been shown to
interfere and falsely decrease IGF-1 levels measured
by the Immulite 2000 [34]. In this case, the low IGF-1
values suggested GH deficiency, but neither the clini-
cal signs nor the GH stimulation test results supported
this diagnosis. After treatment of the sample with a
heterophile blocking tube, the IGF-1 results were
within the reference interval.

Although IGF-1 is not as variable as GH, there are
still multiple factors that can impact circulating
levels. Age and sex are both related to IGF-1 levels to
the extent that reference intervals change based on
these demographics. A multicenter study evaluated
3961 healthy subjects aged 1 month to 88 years to
describe age- and sex-specific reference intervals [181].
Using an automated chemiluminescence immunoassay
system, it was found that in people younger than
20 years, females had higher serum IGF-1 levels with a
mean peak of 410 μg/L at age 14 years, whereas males
had a mean peak of 382 μg/L at age 16 years. The age
dependence slowed with increasing age, and after
25 years males had higher IGF-1 levels than females.
Diet, lifestyle, and ethnicity have been shown to corre-
late with IGF-1 levels [182,183]. Whereas GH levels
can change significantly in the circulation over short
periods of time, IGF-1 levels are relatively stable dur-
ing the day [54] and the timing of sample collection
generally does not impact IGF-1 results.

MEASUREMENT OF OTHER HORMONES
INCLUDING INSULIN

The normal endocrine products of the islets of
Langerhans include insulin, glucagon, somatostatin,
and pancreatic polypeptide [184]. The only situation
in clinical medicine in which glucagon might be mea-
sured is in cases of suspected glucagonoma [185].
Glucagonoma can present with secretory diarrhea,
glucose intolerance, or frank diabetes and rash (necro-
lytic migratory erythema). In the absence of long-
standing diabetes, glucagon deficiency is rare [186].
The pre-analytical concerns in measuring glucagon
were discussed previously in the Introduction.
A macroglucagon (IgG bound to glucagon) has
been reported to cause hyperglucagonemia [187].
Somatostatinomas may also present with diabetes and
secretory diarrhea as well as cholelithiasis [188].
Somatostatin should be drawn into a prechilled

EDTA tube with separation of the plasma from the
cells within 2 hr of collection. The sample is shipped
frozen. In pathologic circumstances, VIP-secreting
islet tumors develop (i.e., VIPomas) that produce
secretory diarrhea and flushing [189]. The collection
of VIP has been discussed in the Introduction.
Pancreatic polypeptidomas are not endocrinologically
active because they do not secrete pancreatic polypep-
tide nor do they cause symptoms [190].

An important clinical interference in insulin assays is
the common development of insulin antibodies
in insulin-treated patients [191,192]. These antibodies
may raise total insulin concentrations, making such mea-
surements not interpretable in assessing endogenous
insulin secretion in insulin-treated patients. Attempts
have been made to measure “free insulin” after polyeth-
ylene glycol precipitation of the antibody-bound insulin
complexes; however, free insulin has not proven to be a
reliable measure of the biologically active insulin, and
such measurements are not recommended [193].

For each insulin molecule released by the pancreas
into the splenic vein, one molecule of C-peptide will
also be released. Because injected insulin preparations
lack C-peptide, C-peptide antibodies do not develop.
Therefore, C-peptide can be measured as an index
of endogenous insulin production in insulin-treated
patients. An important caveat is that approximately
50% of the insulin secreted from the pancreas is
cleared by the liver on its first pass. This reflects the
fact that hepatocytes are a major target of insulin
action. Because insulin clearance by the liver is greater
than C-peptide clearance by the liver, in peripheral
blood the molar ratio of C-peptide to insulin is greater
than 1. Nevertheless, assuming that the hepatic clear-
ances of insulin and C-peptide are comparable among
individuals, C-peptide concentrations can be used as a
proxy for endogenous insulin secretion.

Insulin autoantibodies can be found in individuals at
increased risk for the development of type 1 diabetes as
well as at the onset of type 1 diabetes [194]. Insulin
autoantibodies arise spontaneously and are not the
consequence of exposure to exogenous insulin injec-
tions. These autoantibodies are usually of very low titer
compared to the insulin antibodies that develop in
response to exogenous insulin administration [29].
Within 7 days of the initiation of insulin treatment of an
insulin-naive individual, insulin antibodies can appear.
Autoantibodies to proinsulin have also been described
[195]. The insulin antibody assays do not discriminate
autoantibodies from antibodies induced by insulin
exposure. Note that insulin antibodies develop in
response to both animal and human insulins.

The analytical specificity of insulin and C-peptide
assays is an important consideration. The insulin
immunoassay should not detect C-peptide, proinsulin,
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or partially cleaved proinsulin. Unfortunately, in both
type 1 and type 2 diabetes, relative elevations in the
secretion of proinsulin occur that likely reflect the fail-
ing nature of the β cell and/or β cells that are
extremely stimulated [196]. Similarly, the C-peptide
assay should not detect insulin, proinsulin, or partially
cleaved proinsulin. Proinsulin-specific immunoassays
have been reported [197,198]. Hyper-
proinsulinopathies are rare inborn errors that result
from incomplete cleavage of the proinsulin to insulin
plus C-peptide [199].

Another issue affecting insulin immunoassays is the
detection of recombinant DNA-derived insulins whose
sequences have been altered compared to human insu-
lin. Laboratorians need to educate clinicians about the
specificity of their insulin immunoassay. For example,
the Roche insulin immunoassay does not detect glargine
[200]. A 1999 publication reported on the development
of an immunoassay specific for lispro insulin [201].

As with other hormone assays, standardization of
insulin measurements across platforms has not been
achieved but is an important goal for laboratory scien-
tists [202,203]. Such work is underway [204�207].
Likewise, C-peptide assays are not standardized across
platforms [208�210].

PRENATALTESTING

A variety of hormones and proteins are measured in
second-trimester maternal serum in screening for neu-
ral tube defects (e.g., anencephaly and spina bifida),
Down syndrome (trisomy 21), and Edward syndrome
(trisomy 18). α-Fetoprotein, hCG, and unconjugated
estriol constitute the triple screen, whereas the quadru-
ple screen is constituted with the addition of dimeric
inhibin B measurements [211,212]. The quadruple
screen has a sensitivity of 80% and specificity of
95% for the detection of Down syndrome [213,214].
First-trimester prenatal screening for Down syndrome
and Edward syndrome includes ultrasound-detected
nuchal translucency and measurements of pregnancy-
associated polypeptide-A (PAPP-A) and hCG [215].

A PubMed search (February 2012) revealed no
analytical interferences for PAPP-A or α-fetoprotein.
Estriol measurements should suffer from similar speci-
ficity problems as estradiol measurements and other
steroids [216]. False-positive hCG measurements
due to HAMA have been discussed. In a patient with
testicular cancer, heterophile antibodies have been
reported to raise hCG [217]. Heterophile antibodies
producing a false elevation in inhibin A have been
described [218]. In an ELISA format assay to measure
inhibin A, a catalase inhibitor was recommended to
prevent a decline in the measured inhibin A level in

cases of delayed separation of serum from the whole
blood [219].

CONCLUSIONS

As discussed throughout this chapter, measuring
hormones by immunoassay in the clinical laboratory
can be technically demanding. Proper pre-analytical
management of the sample is critical, especially for
hormones that are particularly labile. The collection
tubes, position of patient during phlebotomy, patient
preparation, and the time of the day can all alter the
results. Sample processing can also impact the results,
as seen with ACTH, where the timing of centrifugation
and storage of these samples can affect the results.

The analytical challenges in hormone immunoassays
are multiple: hormones are typically present in the
plasma in low concentrations, the biologically active
hormone may only be the free (or unbound) fraction,
hormones often circulate attached to binding proteins,
hormones may exist in a variety of forms (e.g., the 22-
and 20-kDa forms of GH), hormone metabolites
may cross-react with the parent compound, and cross-
reactivity between hormones—especially steroid hor-
mones—may exist. In addition to these challenges are
the analytical interferences discussed previously: even
if the measurement of the hormone by immunoassay is
theoretically straightforward, the opportunity exists for
interference from HAMA or heterophile antibodies.

Even the best-validated assays may encounter some
of the interferences discussed in this chapter. As labor-
atorians, we may not be able to prevent these inter-
ferences, but we can be prepared to recognize the
possibility of such interferences when there is discor-
dance between the laboratory result and clinical find-
ings in the patient. In this way, the laboratorian can
assist the clinician in the proper interpretation of the
result. Further studies may be indicated, for example,
to prove or disprove the possibility of HAMA interfer-
ence. A number of tools for identifying the presence
of interference, such as heterophile blocking tubes or
PEG precipitation, are available. In the field of immu-
noassays, it is wise for both the clinician and the
laboratorian to remember the Latin phrase “Caveat
emptor,” which translates as “Buyer beware.”
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Pitfalls in Tumor Markers Testing
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INTRODUCTION

Tumor markers are molecules that are produced by
cancer cells or by other cells of the body in response to
cancer or under certain benign (noncancerous) condi-
tions. Most tumor markers are produced by normal
cells as well as by cancer cells, but in the process of
developing cancer, concentrations of these markers are
elevated manyfold compared to very low concentra-
tions of these markers observed in blood under non-
cancerous conditions [1]. In addition to blood, these
markers are also found in urine, stool, or bodily fluids
of patients with cancer. More than 20 different tumor
markers have been characterized and are used clini-
cally for diagnosis and monitoring of treatment. Some
tumor markers are elevated with only one type of can-
cer, whereas others are associated with two or more
cancer types. There is no “universal” tumor marker for
detection of a particular type of cancer. Common
tumor markers are summarized in Table 12.1.

Although theoretically any type of biological
molecule can act as a tumor marker, in practice, most
markers are either proteins or glycoproteins. However,
low-molecular-weight substances such as vanillylman-
delic acid and homovanillic acid in neuroblastoma are
also used, and nucleic acids (both DNA and RNA) are
currently being evaluated as possible tumor markers.
Patterns of gene expression and changes to DNA are
also under intense investigation for use as tumor mar-
kers. These types of markers are measured specifically
in tumor tissues [1]. Most of the traditionally used
markers are probably not involved in tumorigenesis
but are likely to be by-products of malignant transfor-
mation. In the future, however, molecules involved in
carcinogenesis or cancer progression are likely to find
increasing use as markers [2].

CLINICAL USES OF TUMOR MARKERS

Tumor markers can be used for one of five
purposes [3]:

1. Screening a healthy population or a high-risk
population for the probable presence of cancer

2. Diagnosis of cancer or of a specific type of cancer
3. Evaluating prognosis in a patient
4. Predicting potential response of a patient to therapy
5. Monitoring recovery of a patient who has

undergone surgery, radiation, or chemotherapy.

Screening and Early Detection of Cancer

Tumor markers were first developed to test for can-
cer in people without symptoms, but very few markers
are effective in achieving this goal. Today, the most
widely used tumor marker in the clinical setting is
prostate-specific antigen (PSA). In addition, only a few
markers that are available have clinically useful pre-
dictive values for cancer at an early stage, when
patients at high risk are tested.

Diagnosing Cancer

Tumor markers are not the gold standard for diag-
nosis of a cancer. In most cases, a suspected cancer can
only be diagnosed by a biopsy. α-Fetoprotein (AFP) is
an example of a tumor marker that can be used to aid
in diagnosis of cancer, especially hepatocellular carci-
noma (HCC). Although the level of AFP can also be
increased in some liver diseases, when it reaches a cer-
tain threshold, it is usually indicative of HCC.
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Determining the Prognosis for Certain Cancers

Some types of cancer grow and spread faster than
others, whereas some cancers also respond well to var-
ious therapies. Sometimes, the level of a tumor marker
can be useful in predicting the behavior and outcome
for certain cancers. For example, in testicular cancer,
very high levels of a tumor marker such as human
chorionic gonadotropin (hCG) or AFP may indicate an
aggressive cancer with poor survival outcome. Patients
with these high levels may require very aggressive
therapy even at the initiation of cancer therapy.

Response to Therapy

Certain markers found in cancer cells can be used to
predict whether a certain treatment is likely to produce
a favorable outcome or not. For example, in breast and
stomach cancer, if the cells have too much of a protein
termed human epidermal growth factor receptor
2 (HER2), drugs such as trastuzumab (Herceptin) can
be helpful if used during chemotherapy. If there is nor-
mal expression of HER2, these drugs may not produce
expected therapeutic benefits. Therefore, expression of
HER2 is routinely ordered prior to chemotherapy.

Detecting Recurrent Cancer

Tumor markers are also used to identify recurrence of
certain tumors after successful therapy. Certain tumor
markers may be useful for further evaluation of a patient
after completion of the treatment when there is no obvi-
ous sign of cancer in the body. The following are com-
monly measured tumor markers in clinical laboratories:

• PSA for prostate cancer
• hCG for gestational trophoblastic tumors and some

germ cell tumors

• AFP for certain germ cell tumors and HCC
• CA-125 (carbohydrate antigen or cancer antigen 125)

for ovarian cancer
• CA-19-9 (carbohydrate antigen 19-9) for pancreatic

and gastrointestinal cancers
• Carcinoembryonic antigen (CEA) for colon and

rectal cancers.

Less commonly monitored tumor markers include
the following:

• CA-15-3 (cancer antigen 15-3), a marker for breast
cancer

• CA-72-4 (cancer antigen 72-4), a marker for
colorectal cancer

• CYFRA 21-1 (cytokeratin fragment), a marker for
lung cancer

• Squamous cell carcinoma antigen, a marker of
squamous cell lung cancer

• Neuron-specific enolase, a marker for lung cancer
• Chromogranin A, a marker for neuroendocrine

tumor.

In this chapter, emphasis is placed on discussion of
common tumor markers, including pitfalls in measur-
ing these markers.

PROSTATE-SPECIFIC ANTIGEN

PSA is a serine protease belonging to the kallikrein
family and is also a single-chain glycoprotein contain-
ing 237 amino acid and four carbohydrate side chains
(molecular weight, 28,430 Da). PSA is expressed by
both normal and neoplastic prostate tissue.

PSA Expression and Processing

Under normal conditions, PSA is produced as a
proantigen (proPSA) by the secretory cells that line the
prostate glands and secreted into the lumen, where the
propeptide moiety is removed to generate active PSA.
The active PSA can then undergo proteolysis to gener-
ate inactive PSA, of which a small portion then enters
the bloodstream and circulates in an unbound state
(free PSA). Alternatively, active PSA can diffuse
directly into the circulation, where it is rapidly bound
to protease inhibitors, including α1-antichymotrypsin
(ACT) and α2-macroglobulin [4].

Although generating less PSA per cell than normal
tissue, prostate cancer tissues lack basal cells, resulting
in the disruption of the basement membrane and nor-
mal lumen architecture. As a result, the secreted
proPSA and several truncated forms can be released
into the circulation directly resulting in more PSA
“leaked” into the blood. In addition, a larger fraction

TABLE 12.1 Commonly Used Tumor Markers

Marker Uses

Prostate-specific antigen (PSA) Prostate carcinoma

CA-125 Ovarian and fallopian carcinoma

α-Fetoprotein Hepatocellular carcinoma and germ
cell tumors

Carcinoembryonic antigen
(CEA)

Colorectal, gastric, pancreatic, lung,
and breast carcinomas

CA-19-9 Pancreatic carcinoma and
cholangiocarcinoma

β2-Microglobin (B2M) Multiple myeloma and lymphoma

β-Human chorionic
gonadotropin (β-hCG)

Choriocarcinoma and testicular
carcinoma
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of the PSA produced by malignant tissue escapes pro-
teolytic processing. The end result is that more PSA is
found in blood in patients with prostate cancer com-
pared to patients with no cancer.

In men with a normal prostate, the majority of free
PSA in the serum reflects the mature protein that has
been inactivated by internal proteolytic cleavage. In
contrast, this cleaved fraction is relatively decreased in
patients with prostate cancer. Thus, the percentage of
free or unbound PSA is lower in the serum of men with
prostate cancer and, conversely, the amount of com-
plexed PSA (PSA complexed to α1-antichymotrypsin)
is higher compared with those of men who have a
normal prostate or benign prostatic hyperplasia (BPH)
[5,6]. This finding has been used in the use of the ratio
of free to total PSA and complexed PSA (cPSA) as a
means of distinguishing between prostate cancer and
BPH as a cause of an elevated PSA. Causes of elevated
PSA include the following:

• BPH
• Prostate cancer
• Prostatic inflammation/infection
• Perineal trauma.

Benign Prostatic Hyperplasia

The most common explanation for an elevated
serum PSA is BPH due to the high prevalence of this
condition in men older than the age of 50 years. Serum
PSA levels overlap considerably in men with BPH and
those with prostate cancer. For example, one published
report retrospectively examined preoperative serum
PSA in 187 men with a histologic diagnosis of BPH on
a transurethral resection of the prostate (TURP) speci-
men and 198 men with organ-confined prostate cancer
as determined by step-section analysis of a radical
prostatectomy specimen [7]. The median serum PSA
concentrations were 3.9 ng/mL (range, 0.2�55 ng/mL)
and 5.9 ng/mL (range, 0.4�58 ng/mL), respectively.
Although this difference was statistically significant,
the distribution of serum PSA values in both groups
overlapped considerably with a clustering of PSA
values below 10.0 ng/mL (90 and 73%, respectively). A
potentially confounding problem is that medical treat-
ment for BPH can also reduce serum PSA
concentrations.

Elevated PSA in Prostate Cancer and Other
Conditions

Studies in the 1980s confirmed that serum total
PSA could be used as a screening tool to identify men
with prostate cancer because elevated serum PSA is
clearly a more sensitive marker than digital rectal

examination. Although the majority of prostate can-
cers express PSA, between 20 and 50% of men with
newly diagnosed prostate cancers in the United States
have serum PSA values below 4.0 ng/mL (upper end
of normal is usually considered as 4.0 ng/mL), indi-
cating that PSA lacks specificity as a tumor marker.
In general, patients with PSA below 4.0 ng/mL are
more likely to have prostate cancer that is confined to
the organ. These patients have a better prognosis than
patients with prostate cancer who show levels above
4.0 ng/mL [8].

Prostatitis with or without active infection is an
important cause of elevated PSA, and levels as high as
75 ng/mL have been reported in the literature. Thus,
many physicians often initially treat a man with an
isolated elevated serum PSA with antibiotics for a pre-
sumed diagnosis of prostatitis and then obtain a repeat
serum PSA for further clinical evaluation. The percent-
age of free PSA may be less affected by the presence of
inflammation, particularly when the total serum PSA
is less than 10 ng/mL. However, at least one study
suggested that the free-to-total ratio of serum PSA is
unable to distinguish chronic inflammation from pros-
tate cancer because both conditions may lower the per-
centage of free PSA. This would be expected because
inflammation leads to elevated serum PSA in a similar
manner as prostate cancer through disruption of the
basal membrane and increased leakage of “immature”
PSA into the bloodstream [9].

Any perineal trauma can also increase the serum
PSA. Prostate massage and digital rectal examination
may cause minor transient elevations that may be clini-
cally insignificant. For example, in one study, 2750
healthy men and patients older than the age of 40 years
undergoing digital rectal examination were divided into
four groups based on their initial serum PSA [10]. The
two groups with the lowest initial serum PSA values
(0.1�4 and 4.1�10 ng/mL) had statistically insignificant
changes in the serum PSA after digital rectal examina-
tion, whereas PSA increased in the group with an initial
serum PSA of 10.1�20 ng/mL, indicating a trend
toward statistical significance. In contrast, patients with
an initial serum PSA greater than 20 ng/mL had statisti-
cally significant increases in PSA after digital rectal
examination. Thus, it is reasonable to perform PSA test-
ing without regard to whether a patient has had a
recent digital rectal examination.

Mechanical manipulation of the prostate by cystos-
copy, prostate biopsy, or TURP can more significantly
affect the serum PSA. Vigorous bicycle riding has been
reported to cause substantial elevations in serum PSA,
but this is not a consistent finding [11]. Sexual activity
can minimally elevate the PSA (usually in the 0.4 to
0.5 ng/mL range) for approximately 48�72 hr after
ejaculation.
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PSA Testing

Emerging concepts regarding PSA testing that may
help refine the interpretation of an elevated concentra-
tion include the following:

• PSA density
• PSA velocity
• Free versus complexed or bound PSA.

These modifications would presumably be most use-
ful for prostate cancer screening when the total PSA is
between 2.5 and 10.0 ng/mL, the range for which deci-
sions regarding further diagnostic testing are most diffi-
cult. To more directly compensate for BPH and prostate
size, transrectal ultrasound (TRUS) has been used to
measure prostate volume. Serum PSA is then divided
by prostate volume to obtain PSA density, with higher
PSA density values (.0.15 ng/mL/cc) being more sug-
gestive of prostate cancer and lower values more
suggestive of BPH. Although an early study suggested
that PSA density was a promising method for distin-
guishing patients with benign and malignant prostate
disease, subsequent reports have found considerable
overlap in PSA densities between these groups. One
multicenter study that compared PSA density versus
PSA for the early detection of prostate cancer found
that almost half of the cancers would have been missed
using 0.15 ng/mL/cc as a cutoff for biopsy. There are
also inherent difficulties in measuring PSA density,
which include errors of prostatic volume measurement
with TRUS and an intrapatient variation of up to 15%
in PSA density with repeated measurements [12].
Furthermore, although PSA density can reliably differ-
entiate between large groups of patients with BPH and
prostate cancer, the ability to extrapolate these data to
the individual patient is quite limited. Most important,
the requirement for TRUS substantially increases cost
and discomfort, and it is impractical for widespread
screening purposes.

Another approach has been to assess the rate of PSA
change over time (the PSA velocity). An elevated serum
PSA that continues to rise over time is more likely to
reflect prostate cancer than one that is consistently sta-
ble. For practical purposes, the clinical usefulness of
PSA velocity is in part limited by intrapatient variability
in the serum PSA; at least three consecutive measure-
ments should be performed [13]. A longer time over
which values are continuously measured can be useful
in reducing the general variation in the PSA measure-
ments. Depending on the magnitude of the abnormal
serum PSA, it is likely that a patient with an initially
abnormal level would undergo prostate biopsy before
waiting for a second measurement to be performed 1
year later. Therefore, a rapid PSA velocity should
quickly result in an abnormal PSA level, which would

be further evaluated due to the PSA elevation alone
even in the absence of a rapid velocity. Furthermore,
men with cancer often have a PSA velocity less than
0.75 ng/mL per year, especially those with lower PSA
levels. Multivariate and receiver operator characteristic
analyses as well as a systematic review suggest that cal-
culation of PSA velocity and PSA doubling time (the
number of months for a certain level of PSA to increase
by a factor of 2) are of limited value in screening,
although some studies suggest that they may be useful
in detecting the most aggressive cancers.

Serum-Free and Bound PSA

Prostate cancer is associated with a lower percent-
age of free PSA in the serum compared to PSA values
observed in benign conditions. The percentage of free
PSA has been used to improve the sensitivity of cancer
detection when total PSA is in the normal range
(,4 ng/mL) and also to increase the specificity of can-
cer detection when total PSA is in the “gray zone”
(4.1�10 ng/mL). In this latter group (PSA between 4.1
and 10 ng/mL), the lower the value of free PSA, the
greater the likelihood that an elevated PSA represents
cancer rather than BPH. For example, in one study
involving men with PSA values in the range of
4.1�10 ng/mL, the probability of cancer with a free-to-
total PSA ratio below 10% was 56%, compared with
only 8% when the ratio was greater than 25% [14]. As
with PSA, there is no absolute free/total cutoff that
can completely differentiate prostate cancer from BPH.
The optimal cutoff value for free PSA is unclear and
depends on whether optimal sensitivity or specificity
is sought. The higher the cutoff value, the greater the
sensitivity but the lower the specificity.

Free PSA could be useful for risk stratification in
men with prostate cancer. A lower percentage of free
to total PSA may be associated with a more aggressive
form of prostate cancer. This was illustrated in a study
that examined banked frozen serum from 20 men with
prostate cancer [15]. Ten years before the diagnosis of
cancer, at a time when the total PSA was not different
between those who ultimately developed aggressive
(defined by clinical stage T3 disease, nodal or bone
metastases, pathologically positive margins, or a
Gleason score of 7 or greater) versus nonaggressive
tumors, there was a statistically significant difference
in the percentage of free PSA between the two groups.
All 8 men with aggressive cancers had a free PSA of
14% or greater compared with only 2 of 6 (33%) with
nonaggressive cancer.

Complexed PSA

Assays for ACT cPSA have been implemented that
could theoretically provide a similar enhanced degree
of specificity compared to free-to-total PSA ratio but
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require measurement of a single analyte. Most, but not
all, reports suggest that cPSA outperforms both total
PSA and the ratio of free to total PSA, with similar sen-
sitivity but a higher specificity [16]. According to one
study, for men with total PSA in the diagnostic gray
zone (4.0�10.0 ng/mL), the use of cPSA alone would
have missed only 1 of the 36 men with cancer who
would be diagnosed with prostate cancer using both
total PSA and biopsies. Interestingly, free-to-total PSA
alone would also have missed one cancer but elimi-
nated biopsy in only 20 men compared to 34 men for
whom biopsy could be eliminated using cPSA assay
alone. The utility of cPSA in men with a lower total
PSA (2�4 ng/mL) is under investigation because there
are conflicting data regarding whether cPSA improves
specificity compared with free-to-total PSA ration [17].
Complexed PSA has been approved for the monitoring
of men with prostatic carcinoma. The utility of com-
plexed PSA for screening is uncertain, and it is not
routinely used for clinical practice on a regular basis.

Percentage [�2]proPSA

PSA is initially produced as proPSA, and this form
can preferentially leak into the bloodstream in men
with prostate cancer. One specific isoform of proPSA is
[�2]proPSA, which is unbound and potentially higher
in concentration in men with prostate cancer. Based on
this observation, there has been growing interest in
using the ratio of [�2]proPSA to free PSA (expressed
as percent [�2]proPSA or %[�2]proPSA) for screening
of prostate cancer. In one multicenter study involving
566 men undergoing biopsy, it was observed that
%[�2]proPSA significantly outperformed both total
PSA and percent free PSA [18]. At 80% sensitivity,
%[�2]proPSA had 52% specificity, compared to 30% for
PSA and 29% for percent free PSA. P%[�2]proPSA is
currently approved by the European Union for prostate
cancer detection and is being evaluated in the United
States by the U.S. Food and Drug Administration.

False-Positive and Unexpected PSA Results

False-positive PSA test results may be encountered,
causing confusion regarding the diagnosis of prostate
cancer. Based on screening of 61,604 men in Europe,
Kilpelainen et al. [19] observed 17.8% false-positive
PSA results. However, men who tested false positive
with one PSA screening test were more prone to be
diagnosed with prostate cancer in the future.
Nevertheless, the major cause of false elevation of PSA
is the presence of heterophilic antibody in the serum
[20]. In fact, the presence of heterophilic antibody in
the specimen may cause not only false elevation of
PSA but also false elevation of other tumor markers.
This important topic is addressed in detail later in this
chapter and also in Chapter 6.

Condoms are commonly submitted for testing in
crime laboratories in cases of sexual assault and rape
because the presence of seminal fluid in the condom
can be used as important evidence of sexual assault.
Although microscopic examination of the seminal fluid
and identification of human spermatozoa is desirable,
sometimes due to degradation and other reasons,
direct microscopic examination of seminal fluid is not
possible. In this case, chemical testing of the seminal
fluid can be conducted, and the presence of PSA can
be indicative of seminal fluid. However, false-positive
tests may be observed using the Seratec PSA
SemiQuant Cassette test or other similar PSA test
mostly due to the presence of spermicide nonoxynol-9,
which is also a strong detergent [21].

Using assays capable of measuring very low levels
of PSA in serum, it has been demonstrated that PSA
may be produced in other sites in addition to prostate
glands. Very low levels of PSA may be present in
breast milk, and detectable PSA levels in the serum
may be observed in women with breast cancer as well
as breast cysts. Elevated PSA may also be observed in
male patients with breast cancer, which is a rare form
of cancer in males [22,23]. In addition, both PSA and
free PSA have been detected in women with pancreati-
tis and pancreatic cancer [24].

CA-125

CA-125, also known as mucin 16 or MUC16, is a
glycoprotein. CA-125 in humans is encoded by the
MUC16 gene. CA-125 is used as a tumor marker
because CA-125 concentrations may be elevated in the
blood of some patients with specific types of cancers
such as ovarian cancer and other benign conditions.
CA-125 levels in serum are elevated in approximately
50% of women with early stage disease and in more
than 80% of women with advanced ovarian cancer
[25]. Monitoring CA-125 serum levels is also useful for
determining response of a patient to ovarian cancer
therapy as well as for predicting a patient’s prognosis
after treatment. In general, persistence of high levels of
CA-125 during therapy is associated with poor sur-
vival rates in patients. Also, an increase in CA-125
levels in a patient during remission is a strong predic-
tor of recurrence of ovarian cancer.

In April 2011, the United Kingdom’s National
Institute for Health and Clinical Excellence recom-
mended that women with symptoms indicative of
ovarian cancer should be offered a CA-125 blood test
[26]. The aim of this guideline is to help diagnose the
disease at an earlier stage when treatment is more
likely to be successful. Women with higher levels of
CA-125 in their blood would then be offered an
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ultrasound scan to determine whether they need any
further testings. However, the specificity of CA-125 is
limited. CA-125 levels are elevated in approximately
1% of healthy women and fluctuate during the men-
strual cycle. CA-125 is also increased in a variety of
benign and malignant conditions, including the
following:

• Endometriosis
• Uterine leiomyoma
• Cirrhosis with or without ascites
• Pelvic inflammatory disease
• Cancers of the endometrium, breast, lung, and

pancreas
• Pleural or peritoneal fluid inflammation due to any

cause.

Monitoring of serum CA-125 levels also has value in
patients with fallopian tube cancer, a relatively rare
disease. The pretreatment serum CA-125 concentration
appears to have prognostic value in patients with fallo-
pian tube cancer, and following initial treatment it is a
sensitive marker for monitoring of recurrence and
response to chemotherapy. This was illustrated in a
series of 53 patients with fallopian tube cancer, of
whom 43 (81%) had an elevated pretreatment serum
CA-125 concentration. In a univariate Cox regression
model, preoperative serum CA-125 was independently
associated with disease-free and overall survival out-
come. The level of CA-125 was also correlated with
response to therapy, decreasing in all 20 patients who
responded to chemotherapy and increasing in both
patients who demonstrated progressive disease.
Postoperatively, in 90% of patients, an increase in
serum CA-125 preceded the clinical or radiologic diag-
nosis of recurrent disease, with a median lead time of
3 months [27].

False-Positive and False-Negative CA-125

Meigs’ syndrome is the association of ovarian
fibroma, pleural effusion, and ascites that may also
cause marked elevation of CA-125. Timmerman et al.
[28] reported two cases of Meigs’ syndrome for which
the authors observed elevated CA-125 and commented
that a pelvic neoplasm in a woman presenting with
hydrothorax ascites and elevated CA-125 levels may
indicate a benign condition that can be rapidly
resolved after surgical correction. Neither ultrasound
nor computed tomography can offer a reliable preop-
erative diagnosis.

CASE REPORT A 46-year-old female with right
pleural effusion and ascites caused by an ovarian
tumor showed an elevated CA-125 level of 1808 U/

mL. Computed tomography showed ascites and a bilo-
bate pelvic tumor approximately 25 cm in size. The
diagnosis of advanced epithelial ovarian cancer was
considered, and the patient was treated with chemo-
therapy. After three cycles of chemotherapy, the
CA-125 level was reduced to 90 U/mL. After that,
surgery was performed on the patient in order to
remove 25 cm of the left ovarian tumor with intact
capsule. Histopathological examination revealed only
fibroma. However, her CA-125 was further reduced to
11 U/mL postoperatively. The authors concluded that
although the association between ovarian tumor, pleu-
ral effusion, and ascites with marked elevation of
CA-125 is highly indicative of epithelial ovarian
cancer, Meigs’ syndrome must also be considered in
these patients, as such minimally invasive surgery or
biopsy collection must be considered [29].

Abnormally high values of both CA-125 and CA-19-9
have been reported in women with benign tumors.
Nagata et al. [30] reported that three patients with endo-
metriosis also showed elevated levels of CA-125 and
two patients with dermoid cyst showed elevated levels
of CA-19-9. Therefore, the authors recommended that
tumor marker values should be considered along with
bimanual examination, ultrasound, and computed
tomography scan for diagnosis of ovarian tumors.
Sometimes, F(ab0)2 fragments of the murine monoclonal
antibody OC-125 are administered to patients with ovar-
ian cancer because OC-125 is directed against the
CA-125 antigen present on the surface of human ovarian
cancers. Exposure to such antibody may lead to devel-
opment of an immune response causing the presence of
human anti-mouse monoclonal antibody (HAMA; also
broadly termed as heterophilic antibody), which may
interfere in an unpredictable manner with the determi-
nation of CA-125 using serum specimens in such
patients [31]. Reinsberg and Nocke [32] reported falsely
low CA-125 values as well as one case of a falsely high
value in patients who developed anti-idiotypic antibo-
dies and nonspecific HAMA after exposure to [131I]
F(ab0)2 fragments of the OC-125 antibody. However,
such interference can be eliminated after removal of
serum immunoglobulins, particularly IgG. Whereas
false-positive results can also be corrected by adding
nonspecific murine IgG to the serum, false-negative
results cannot be corrected by such treatment. The false-
negative results were due to the presence of anti-
idiotypic antibody, whereas the false-positive result was
due to the presence of HAMA [32]. Falsely elevated
CA-125 due to the presence of heterophilic antibodies in
the specimen is a serious concern; for case studies, see
the heterophilic antibody section of this chapter.

Measurable CA-125 concentrations can also be
observed in patients without any cancer. CA-125 con-
centrations are known to rise in patients with severe
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congestive heart failure, and the elevations correlate
with the severity of disease and elevations of a specific
marker of heart failure, B-type natriuretic peptide [33].
In the menstrual phase of the cycle in women, CA-125
values may be elevated, causing false-positive test
results [34]. CA-125 may also increase after abdominal
surgery, chronic obstructive pulmonary disease, active
tuberculosis, and lupus erythematous. During preg-
nancy, CA-125 concentrations increase 10 weeks after
gestation and remain high throughout the pregnancy.
During the terminal phase of pregnancy, the CA-125
concentration may be as high as twice the upper limit
of the reference range [35].

α-FETAL PROTEIN

AFP, sometimes called α1-fetoprotein or α-fetoglobu-
lin, is a protein encoded in humans by the AFP gene,
which is located on the q arm of chromosome 4 (4q25)
[36]. AFP is a major plasma protein produced by the
yolk sac and the liver during fetal development and is
considered as the fetal form of albumin. AFP binds to
copper, nickel, fatty acids, and bilirubin. AFP is found
in monomeric, dimeric, and trimeric forms [36]. The
half-life of AFP is approximately 5�7 days. Following
effective cancer therapy, normalization of the serum
AFP concentration over 25�30 days is indicative of an
appropriate decline. However, it is essentially undetect-
able in the serum in normal men [37]. The upper limit
of normal serum AFP concentration is less than
10�15 μg/L. Many tissues regain the ability to produce
this oncofetal protein while undergoing malignant
degeneration, but serum AFP concentrations above
10,000 μg/L are most commonly observed in patients
with nonseminomatous germ cell tumors (NSGCTs) or
hepatocellular carcinoma.

In men with NSGCTs, AFP is produced by yolk sac
(endodermal sinus) tumors and less often due to
embryonal carcinomas. As with β-hCG, the frequency
of an elevated serum AFP increases with advancing
clinical stage of the tumor, from 10�20% in men with
stage I tumors to 40�60% in those with disseminated
NSGCTs [37].

By definition, pure seminomas do not cause an ele-
vated serum AFP. However, molecular studies have
demonstrated AFP mRNA in minute quantities in pure
seminoma and several case reports have documented
pure seminoma with borderline elevations in serum
AFP (10.4 to 16 ng/mL). Higher serum AFP concentra-
tions are considered diagnostic of a nonseminomatous
component of the tumor (especially yolk sac elements)
or hepatic metastases [38]. If the presence of an ele-
vated serum AFP is confirmed, patients should be trea-
ted as if they had an NSGCT.

Serum AFP is the most commonly used marker for
diagnosis of HCC because it is often elevated in
patients with HCC. Serum levels of AFP do not corre-
late well with other clinical features of HCC, such as
size, stage, or prognosis. Elevated serum AFP may also
be seen in patients without HCC, such as those with
acute or chronic viral hepatitis. AFP may be slightly
elevated in patients with liver cirrhosis due to chronic
hepatitis C infection. A significant rise in serum AFP
in a patient with cirrhosis should raise concern that
HCC may have developed. It is generally accepted that
serum levels greater than 500 μg/L (upper limit of nor-
mal in most laboratories is between 10 and 20 μg/L) in
a high-risk patient is diagnostic of HCC. However,
HCC is often diagnosed at a lower AFP level in
patients undergoing screening.

Not all tumors secrete AFP, and serum AFP concen-
trations could be normal in up to 40% of patients with
small HCCs. Furthermore, an elevated AFP may be
more likely in patients with HCC due to viral hepatitis
compared to alcoholic liver disease. In a study of 357
patients with hepatitis C and without HCC, 23% had an
AFP greater than 10.0 μg/L [39]. Elevated levels were
associated with the presence of stage III or IV fibrosis,
an elevated international normalized ratio, and an ele-
vated serum aspartate aminotransferase level.

However, AFP levels are normal in the majority of
patients with fibrolamellar carcinoma, a variant of HCC
[40]. The sensitivity, specificity, and predictive value for
the serum AFP in the diagnosis of HCC depend on the
characteristics of the population under study, the cutoff
value chosen for establishing the diagnosis, and the gold
standard used to confirm the diagnosis. A number of
studies have described test characteristics in different
settings. The following estimates were based on a cutoff
value greater than 20 μg/L in a systematic review that
included five studies [41]:

• Sensitivity: 41�65%
• Specificity: 80�94%
• Positive likelihood ratio: 3.1�6.8
• Negative likelihood ratio: 0.4�0.6.

At a prevalence of HCC of 5%, a serum AFP of
20 μg/L or greater had a positive and negative predic-
tive value of 25 and 98%, respectively. At a prevalence
of 20%, these percentages were 61 and 90%, respec-
tively. The low positive predictive values indicate the
limitation of using the serum AFP as a screening test
for HCC [42]. Despite the issues inherent in using AFP
for the diagnosis of HCC, it has emerged as an impor-
tant prognostic marker, especially in patients being
considered for liver transplantation. Patients with AFP
levels greater than 1000 μg/L have an extremely high
risk of recurrent disease following the transplant, irre-
spective of the tumor size seen on imaging.
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False-Positive AFP

False-positive elevations of serum AFP can occur
from tumors of the gastrointestinal tract, particularly
hepatocellular carcinoma, or from liver damage
(e.g., cirrhosis, hepatitis, or drug or alcohol abuse) [37].
Lysis of tumor cells during the initiation of chemother-
apy may result in a transient increase in serum
AFP. Elevated serum AFP occurs in pregnancy with
tumors of gonadal origin (both germ cell and non-
germ cell) and in a variety of other malignancies, of
which gastric cancer is the most common [43]. German
et al. [44] commented that elevated α-fetoprotein con-
centrations can also be due to liver damage secondary
to drugs (chemotherapy, anesthetics, or antiepileptics),
virus, or alcoholism without any clinical evidence of
malignant tumor. Johnson et al. [45] reported the case
of a patient with elevated maternal serum α-fetopro-
tein in which an ultrasound scan of the fetus showed a
lemon sign, a banana sign, an effaced cisterna magna,
and splayed lumbar vertebrae. After pregnancy termi-
nation, no spinal abnormality was observed during
autopsy, although X-rays of fetal spine showed
narrowing in the thoracic spine. The sonographic
cranial findings and elevated α-fetoprotein suggestive
of neural tube defect were misleading in this case,
although karyotype of the fetus was 69,XXY [45].

As expected, heterophilic antibodies, if present in the
specimen, can also cause falsely elevated α-fetoprotein
concentration. Values up to 140 times the upper refer-
ence range have been observed in cases of hereditary
tyrosinemia type 1, with 71% of patients showing levels
twice the upper references range [46]. The concentration
of α-fetoprotein may also be increased in pregnant
women with systemic lupus erythematous [47].

CARCINOEMBRYONIC ANTIGEN

CEA is a glycoprotein involved in cell adhesion that
is normally produced during fetal development, but
the production of CEA stops before birth. Therefore, it
is not usually present in the blood of healthy adults,
although levels are raised in heavy smokers. CEA is a
glycosylphosphatidylinositol cell surface anchored gly-
coprotein whose specialized sialofucosylated glyco-
forms serve as functional colon carcinoma L-selectin
and E-selectin ligands, which may be critical to the
metastatic dissemination of colon carcinoma cells [48].
It is found in sera of patients with colorectal carcinoma
(CRC) [49], gastric carcinoma, pancreatic carcinoma,
lung carcinoma, and breast carcinoma. Patients with
medullary thyroid carcinoma also have higher levels of
CEA compared to healthy individuals (.2.5 ng/mL).
However, CEA blood test is not reliable for diagnosing

cancer or as a screening test for early detection of
cancer. Most types of cancer do not produce a high
CEA. Elevated CEA levels should return to normal after
successful surgical resection or within 6 weeks of
starting treatment if cancer treatment is successful.
Because it lacks both sensitivity and specificity, serum
CEA is not a useful screening tool for CRC. However,
in patients with established disease, the absolute level
of the serum CEA correlates with disease burden and is
of prognostic value [50]. Furthermore, elevated preop-
erative levels of CEA should return to baseline after
complete resection; residual disease should be
suspected if they do not.

Serum CEA and Colorectal Carcinoma

Serum levels of the tumor marker CEA should be
routinely measured preoperatively in patients under-
going potentially curative resections for CRC for two
reasons:

• Elevated preoperative CEA levels that do not
normalize following surgical resection imply the
presence of persistent disease and the need for
further evaluation.

• Preoperative CEA values are of prognostic
significance. CEA levels 5.0 ng/mL or greater are
associated with an adverse impact on survival that
is independent of tumor stage [51].

The 2010 TNM staging criteria for malignant tumor
(T describes the size of tumor, N describes the lymph
nodes involved, and M describes the distant meta-
statics) do not include serum CEA in stage assignment
but recommend that the information be collected for
prognostic value [52]. The data also support the view
that decisions regarding adjuvant chemotherapy
should include consideration of preoperative CEA
levels. However, although a patient with node-
negative cancer and a high preoperative CEA could be
considered at higher than average risk for recurrence
after surgery alone, and this might influence the deci-
sion to administer adjuvant chemotherapy, particularly
if other risk factors (e.g., obstruction and perforation)
are present, there are no data that directly support
benefit for adjuvant chemotherapy in this particular
setting based on CEA concentration alone. An expert
panel convened by the American Society of Clinical
Oncology (ASCO) in 2006 concluded that the data
were insufficient to support the use of CEA to deter-
mine whether or not to treat a patient with adjuvant
therapy [53]. Serial measurement of CEA can detect
disease recurrence even among patients with an ini-
tially normal CEA level, although the sensitivity is
lower (between 27 and 50% in four separate studies).
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Thus, a postoperative CEA elevation indicates recur-
rence with high probability, but a normal postopera-
tive CEA level (even if it was initially elevated) is not
useful for excluding a disease recurrence.

Arguments against Serial CEA Testing

• Thirty to forty percent of all cases of CRC
recurrences are not associated with measurable
elevations in serum CEA [54].

• The benefit of CEA monitoring is limited to a small
number of patients with recurrent CRC and is not
cost-effective.

• There are no data showing that CEA testing
improves quality of life.

Frequency of Testing

The optimal timing of CEA measurements is
unclear. Although one study suggests better disease-
free survival in patients who have a CEA level checked
every 1 or 2 months compared to less frequent inter-
vals, these results have not been confirmed by others,
and no study has shown a survival benefit for any
CEA testing frequency. ASCO guidelines suggest that
postoperative serum CEA testing be performed every
3 months for at least 3 years after initial therapy in
patients with stage II or III disease, if the patient is a
potential candidate for surgery or systemic therapy
[55]. Guidelines from the National Comprehensive
Cancer Network differ slightly, suggesting postopera-
tive CEA testing every 3�6 months for 2 years and
then every 6 months for a total of 5 years [45]. These
guidelines suggest that serial testing be limited to
patients who have T2 or higher stage and who would
be considered potential candidates for resection of iso-
lated metastases.

Adjuvant therapy with a 5-fluorouracil-based regi-
men may falsely elevate the serum CEA level, possibly
because of treatment-related changes in liver function.
Thus, waiting until adjuvant treatment is completed to
initiate CEA surveillance is advisable [55].

CEA in Cholangiocarcinoma

As a single analyte, serum levels of CEA are neither
sufficiently sensitive nor specific to diagnose
cholangiocarcinoma. Many conditions other than
cholangiocarcinoma can increase serum levels of CEA.
Non-cancer-related causes of an elevated CEA include
gastritis, peptic ulcer disease, diverticulitis, liver
disease, chronic obstructive pulmonary disease, diabe-
tes, and any acute or chronic inflammatory state. One
large study evaluated serum CEA levels in 333 patients

with primary sclerosing cholangitis (PSC), of whom
44 (13%) were diagnosed with cholangiocarcinoma
either by histologic confirmation or after at least 1 year
of clinical follow-up. A serum CEA level greater than
5.2 ng/mL had a sensitivity and specificity of 68%
(95% confidence interval (CI), 48�84%) and 82%
(95% CI, 74�88%), respectively [56]. Biliary levels of
CEA have also been evaluated. In one report, the
biliary CEA concentration was elevated approximately
fivefold in patients with cholangiocarcinoma compared
to those with benign strictures; patients with PSC
or choledochal cysts without malignancy had interme-
diate values [57].

False-Positive CEA

As expected, false-positive CEA test results can
occur due to the presence of heterophilic antibodies
in the specimen (see discussion on heterophilic anti-
bodies at the end of this chapter and also Chapter 6).
However, CEA concentrations can also be elevated in
non-neoplastic conditions. Renal failure and fulmi-
nant hepatitis can falsely increase CEA values. CEA
concentrations may be also have elevated in patients
receiving hemodialysis. Patients with hypothyroid-
ism may also have elevated levels of CEA, correlated
with the duration of hypothyroidism. CEA levels
may also be raised in some non-neoplastic conditions
like ulcerative colitis, pancreatitis, cirrhosis, chronic
obstructive pulmonary disease (COPD), Crohn’s dis-
ease, as well as in smokers [35].

CASE REPORT A 66-year-old female was admitted
to the hospital for treatment of uterine and rectal pro-
lapse, pleural and pericardial effusion, as well as
ascites. She complained about general fatigue, consti-
pation, and anal pain. Blood testing reveled normocy-
tic anemia (hemoglobin, 9.5 g/dL), and thyroid
function tests showed severe thyroid dysfunction
with a thyroid-stimulating hormone (TSH) concentra-
tion of 47.09 μU/mL (normal, 0.5�3.0 μU/mL), free
thyroxin 0.1 ng/dL (normal, 0.8�1.5 ng/dL), and free
triiodothyronine 0.6 pg/mL (normal, 2.1�3.8 pg/mL).
Her thyroid microsome antibody titer was elevated,
and thyroid ultrasonography demonstrated diffuse
swelling of the thyroid. Therefore, she was diagnosed
with primary hypothyroidism. Interestingly, her
serum CEA was elevated to 16.1 ng/mL (normal,
,5 ng/mL) and her CA-125 was 193 U/mL (normal,
,35 U/mL). These results suggested malignancy, but
further investigations ruled out any malignancy.
After treating the patient with oral levothyroxine,
her CEA and CA-125 levels returned to normal
values [58].
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CA-19-9

CA-19-9, also called cancer antigen 19-9 or sialylated
Lewis (a) antigen, is a tumor marker used primarily in
the management of pancreatic cancer [59]. Guidelines
from ASCO discourage the use of CA-19-9 as a screen-
ing test for cancer, particularly pancreatic cancer. The
reason is that the test may be falsely negative in many
cases or abnormally elevated in people with no cancer
at all (false positive). However, in individuals with
pancreatic masses, CA-19-9 can be useful in distin-
guishing between cancer and other pathology of the
gland [59,60]. The reported sensitivity and specificity
of CA-19-9 for pancreatic cancer are 80 and 90%,
respectively [61]. However, these values are closely
related to tumor size. The accuracy of CA-19-9 to iden-
tify patients with small surgically resectable cancers is
limited [61�63]. The specificity of CA-19-9 is limited
because CA-19-9 is frequently elevated in patients with
cancers other than pancreatic cancer and also in vari-
ous benign pancreaticobiliary disorders [64]. As a
result of all these issues, CA-19-9 is not recommended
as a screening test for pancreatic cancer.

The degree of elevation of CA-19-9 (both at initial
presentation and in the postoperative setting) is associ-
ated with long-term prognosis [65,66]. Furthermore, in
patients who appear to have potentially resectable dis-
ease, the magnitude of the CA-19-9 level can also be use-
ful in predicting the presence of radiographically occult
metastatic disease [66,67]. The rates of unresectable dis-
ease among all patients with a CA-19-9 level$ 130
units/mL versus ,130 units/mL were 26 and 11%,
respectively. Among patients with tumors in the body/
tail of the pancreas, more than one-third of those who
had a CA-19-9 level$ 130 units/mL had unresectable
disease. Although high levels of CA-19-9 may help sur-
geons to better select patients for staging laparoscopy,
an expert panel convened by ASCO recommended
against the use of CA-19-9 alone as an indicator of
operability.

Serial monitoring of CA-19-9 levels (once every 1�3
months) is useful for further monitoring of patients
after potentially curative surgery and for those who
are receiving chemotherapy for advanced disease.
Elevated CA-19-9 levels usually precede the radio-
graphic appearance of recurrent disease, but confirma-
tion of disease progression should be pursued with
imaging studies and/or biopsy.

CA-19-9 can be elevated in many types of gastroin-
testinal cancer, such as colorectal cancer, esophageal
cancer, and hepatocellular carcinoma. Apart from can-
cer, elevated levels may also occur in pancreatitis, cir-
rhosis, and diseases of the bile ducts. It can be elevated
in people with obstruction of the bile duct [60]. In

patients who lack the Lewis antigen (a blood-type pro-
tein on red blood cells), which is approximately 10% of
the Caucasian population; CA-19-9 is not expressed
even in those with large tumors. This is because of a
deficiency of the fucosyltransferase enzyme that is
needed to produce CA-19-9 as well as the Lewis anti-
gen [64,68].

Combined CEA and CA-19-9

The use of a combined index of serum CA-19-9 and
CEA (CA-19-91 (CEA3 40)) has also been proposed
for screening of cholangiocarcinoma. In a study of 72
patients with primary sclerosing cholangitis, the use of
CA-19-9 alone (cutoff value $ 37 U/mL) was 63% sen-
sitive for detecting cholangiocarcinoma, whereas the
sensitivity of the combined CA-19-9/CEA index was
only 33% [69]. Determination of serum levels of CA-
19-9 and CEA may aid in the differentiation of inva-
sive from noninvasive intraductal papillary mucinous
neoplasm of the pancreas. The tests had a sensitivity of
80% and a specificity of 82%.

Pitfalls in Measuring CA-19-9

Interference of heterophilic antibodies causing false-
positive CA-19-9 results has been documented, and
usually treating the specimen with heterophilic
antibody blocking agents eliminates such interference.
Monaghan et al. [70] described a case in which a false-
positive CA-19-9 result obtained by the ADVIA
Centaur CA-19-9 assay (Siemens Diagnostics) was not
resolved after treating the specimen with a heterophilic
antibody blocking agent. By performing a gel filtration
study, the authors speculated that the interfering sub-
stance was a low-molecular-weight (approximately
100 kDa) compound. Interestingly, when the specimen
was reanalyzed using Roche Modular Analytics E170
and Brahms KRYPTOR analyzer, CA-19-9 values were
within reference limits, indicating that the interfering
substance was only affecting the CA-19-9 assay on the
ADVIA Centaur analyzer.

CASE REPORT A 76-year-old female patient with
symptoms of shaking, chills, fever, abdominal pain,
pruritus, fatigue, and dark urine was admitted to the
hospital. Her liver enzymes were elevated, with an
aspartate aminotransferase level of 201 U/L, alanine
aminotransferase level of 228 U/L, γ-glutamyl trans-
peptidase level of 296 U/L, alkaline phosphatase level
of 866 U/L, and total bilirubin level of 10 mg/dL.
Interestingly, her serum CA-19-9 was highly elevated
to 9586 U/mL. Ultrasonographic examination of liver
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and biliary system revealed cholelithiasis, dilation of
common bile duct, and portal hilar lymph nodes.
Abdominal computerized tomography showed a
stone in the common bile duct. Endoscopic examina-
tion demonstrated dilatation of common bile duct,
choledocholithiasis, and multiple stones in the gall
bladder. However, no cancer was detected by any inves-
tigation. She was treated with ceftriaxone 2 g/day.
Sphincterotomy and extraction of biliary stones was
performed, and her symptoms gradually improved over
10 days. Interestingly, not only did her liver enzymes
return to normal values but also her CA-19-9 level was
significantly reduced to 50 U/L [71].

Patients with acute or chronic pancreatitis may also
have elevated levels of CA-19-9. In addition, pulmo-
nary diseases may elevate CA-19-9 levels. Liver cirrho-
sis, Crohn’s disease, and benign gastrointestinal
diseases may also increase CA-19-9 levels [35].

CASE REPORT A 52-year-old female had a history
of epigastric pain and anorexia for 2 months and also
lost weight. She was a nonsmoker and a nondrinker
but reported overconsumption of black tea (1.5�2 L)
every day. Her physical examination was unremark-
able. Her electrolytes, liver function tests, lipid profile,
and fasting blood glucose were all within acceptable
limits, but her serum C-19-9 was significantly elevated
to 1432 U/mL (normal, ,37 U/mL). Abdominal ultra-
sonography and computed tomography showed mild
enlargement of the pancreas, but further investigation
with endoscopic ultrasonography showed no pancreatic
malignancy or biliary abnormality. The patient was
advised to stop tea consumption, and 4 weeks later her
symptoms resolved and her CA-19-9 level had almost
returned to a normal value of 42 U/mL [72].

β2-MICROGLOBULIN

Also known as B2M, β2-microglobulin is a compo-
nent of major histocompatibility complex class I mole-
cules, present on all nucleated cells (excludes red
blood cells). In humans, the β2-microglobulin B2M pro-
tein is encoded by the B2M gene [73,74]. For the diag-
nosis of multiple myeloma, the serum B2M level is one
of the prognostic factors incorporated into the
International Staging System. The serum B2M level is
elevated (i.e., .2.7 mg/L) in 75% of patients at the
time of diagnosis. Patients with high values have infe-
rior survival [75]. The prognostic value of serum B2M
levels in myeloma is probably due to two factors:

• High levels are associated with greater tumor burden.
• High levels are associated with renal failure, which

carries an unfavorable prognosis.

In lymphoma, B2M levels usually correlate with dis-
ease stage and tumor burden in patients with chronic
lymphocytic leukemia (CLL), with increasing levels
associated with a poorer prognosis. B2M may be regu-
lated, at least in part, by exogenous cytokines. The
source of these elevated cytokines in CLL is unclear,
although interleukin-6, which inhibits apoptosis in CLL
cells, may be released from vascular endothelium [76].

However, B2M levels also rise with worsening renal
dysfunction, leading some investigators to suggest a
measure of B2M adjusted for the glomerular filtration
rate (GFR-adjusted B2M) [77]. This GFR-adjusted B2M
requires validation in prospective confirmatory stud-
ies. The plasma B2M concentration is increased in
dialyzed patients, with a level ranging from 30 to 50 mg/
L—much higher than the normal value of 0.8�3.0 mg/L.
Infection with the AIDS virus, hepatitis, and active
tuberculosis may also elevate the level of B2M [35].

HUMAN CHORIONIC GONADOTROPIN

hCG is a hormone composed of α and β subunits,
and the β subunit is specific for hCG (β-hCG) and pro-
vides functional specificity. β-hCG is synthesized in
large amounts by placental trophoblastic tissue and in
much smaller amounts by the hypophysis and other
organs such as testicles, liver, and colon. Therefore,
elevated levels of hCG are observed during pregnancy,
produced by the developing placenta after conception
and later by the placental component syncytiotropho-
blast [78]. Laboratory tests for hCG are essentially very
sensitive and specific for diagnosis of trophoblast-
related conditions including pregnancy and the gesta-
tional trophoblastic diseases. Rarely, very low levels of
hCG are detected in the absence of one of these condi-
tions. However, hCG exists in many forms in serum,
including intact molecule, β-hCG, and hyperglycated
forms, and other forms including C-terminal peptide.
Therefore, an assay capable of measuring all forms of
hCG is desirable to resolve low values and ensure that
they are indeed low values. Although all assays detect
regular hCG, they do not necessarily detect all hCG
variants [79]. For example, many over-the-counter
pregnancy tests do not measure hyperglycosylated
hCG, which accounts for most of the total hCG at the
time of missed menses. Clinical tests for pregnancy
may only detect total hCG levels$ 20 mIU/mL.
Therefore, when following hCG levels to negative
(,1 mIU/mL) in women with gestational trophoblastic
disease, it is important to use a sensitive hCG test that
detects both regular and other forms of hCG.

At levels of hCG above 500,000 mIU/mL, a “hook
effect” can occur resulting in an artifactually low value
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for hCG (i.e., 1�100 mIU/mL) [80]. This is because the
sensitivity of most hCG tests is set to the pregnancy
hCG range (i.e., 27,300�233,000 mIU/mL at 8�11
weeks of gestation); therefore, when an extremely high
hCG concentration is present, both the capture and the
tracer antibodies used in assays become saturated, pre-
venting the binding of the two to create a sandwich
[81]. For this reason, a suspected diagnosis of gesta-
tional trophoblastic disease must be communicated to
the laboratory so that the hCG assay can also be per-
formed at 1:1000 dilution.

Causes and Evaluation of Persistent Low
Level of hCG

Determining the clinical value of a low level of hCG
can be challenging [78]. It is important to determine if the
hCG represents an actual early pregnancy (intrauterine
or ectopic), active gestational trophoblastic disease (com-
plete or partial mole, invasive mole, choriocarcinoma, or
placental site trophoblastic tumor), quiescent gestational
trophoblastic disease, a laboratory false positive (also
called phantom hCG), or a physiologic artifact (pituitary
hCG). For example, a false-positive hCG test result or
pituitary hCG is commonly found in women who also
have a history of gestational trophoblastic disease.
Unless tumor is evident, it is essential to exclude these
possibilities before initiating chemotherapy for assumed
persistence of disease. Persistent low-level positive hCG
results can be defined as hCG levels varying by no more
than twofold over at least a 3-month period in the
absence of tumor on imaging studies. The hCG level is
less than 1000 mIU/mL.

False-Positive hCG

The capture and tracer antibodies used for hCG test-
ing may be goat, sheep, or rabbit polyclonal antibodies
or mouse, goat, or sheep monoclonal antibodies.
Humans extensively exposed to animals or certain ani-
mal by-products can develop human antibodies against
animal antibodies (HAAA). Humans with recent expo-
sure to mononucleosis are prone to develop HAAA;
those with IgA deficiency syndrome also often have
heterophilic antibodies [82]. False-positive hCG test due
to the presence of heterophilic antibody in the serum
specimen has been well documented in the literature.
Such false-positive results in the absence of pregnancy
have led to many men and women being misdiagnosed
with cancer, confusion and misunderstanding, and
needless surgery and chemotherapy [83�85]. There are
two main methods for identifying false-positive hCG:

• The most readily available approach is to show the
absence of hCG in the patient’s urine because large
molecules such as an immobilized capture

antibody�heterophilic antibody/HAAA�tracer
antibody sandwich fail to cross the glomerular
basement membrane. A true hCG elevation should
be present in both serum and urine [86].

• A second useful way of identifying a false-positive
serum hCG result is to send the serum to two
laboratories using different commercial assays. If
the assay results vary greatly or are negative in one
or both alternative tests, then a false-positive hCG
can be presumed.

Patients who have false-positive hCG test results are
at risk for recurrent false-positive hCG assay results
[87]. They are also at risk for other false positives, such
as CA-125 and thyroid antibodies [88]. They should
inform future health care providers of this problem,
and it should be noted in their medical records.

CASE REPORT A 39-year-old male patient under-
went a unilateral orchiectomy due to a right testicular
mass. He showed an elevated serum hCG level of
30 U/L (normal, ,5 U/L). Histological examination
revealed embryonal carcinoma. He underwent three
cycles of chemotherapy with bleomycin, etoposide, and
cisplatin. His serum hCG after 3 weeks of chemother-
apy was undetectable. Two months later, his serum
hCG was increased to 55 U/L, suggesting relapse of
the cancer. However, further investigations revealed
no relapse of cancer, hCG was undetectable in cerebro-
spinal fluid, and examination of lymph node did not
show any malignancy. His serum hCG was increased
further to 280 U/L and after chemotherapy was
reduced to 55 U/L. Unfortunately, serum hCG was
increased again to 341 U/L, and after chemotherapy it
was reduced to 145 U/L. Interestingly, in the following
month, his serum hCG returned to normal level, which
coincided with changing serum hCG assay to Roche
Modular analyzer E170. Previously, the Abbott’s assay
was used on the AxSYM analyzer for measurement of
serum hCG. Retesting high hCG results using the
Roche analyzer showed remarkably low levels, indicat-
ing interference in the Abbott’s serum hCG assay.
However, reanalysis of these samples using Abbott’s
Architect analyzer and Immulite analyzer (Siemens
Diagnostics) also eliminated this interference.
Unfortunately, this male patient with testicular cancer
received two additional unnecessary chemotherapy
cycles due to falsely elevated serum hCG levels as a
result of analytical interference in the assay [89].

CASE REPORT A 44-year-old HIV-positive male
presented with a painless swelling of his left testicle.
He underwent left radical orchiectomy for a pathologi-
cal stage T1 NSGCT. However, after the procedure, his
serum hCG was persistently elevated and he went
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through four cycles of chemotherapy with etoposide
and cisplatin. Despite chemotherapy, his serum hCG
values did not return to normal level. However, fur-
ther investigations revealed that the patient was
cancer-free. Suspecting false-positive serum hCG
levels, the authors reanalyzed the sample after adding
a heterophilic antibody blocking agent and serum hCG
levels became undetectable, indicating the presence of
a heterophilic antibody in the serum specimen causing
false-positive serum hCG values in this patient. Other
tumor markers including α-fetoprotein were not ele-
vated [90].

INTERFERENCE FROM HETEROPHILIC
ANTIBODIES IN LABORATORY
TESTING OF TUMOR MARKERS

Heterophilic antibodies are human antibodies that
interact with assay antibodies causing false-positive or
-negative results. For a complete discussion of hetero-
philic antibodies, see Chapter 6. In this section, case
reports showing interferences from heterophilic antibo-
dies on various tumor marker measurements are pre-
sented. Although among tumor markers, serum hCG
assay is affected most by the presence of heterophilic
antibody, false-positive test results occur with other
tumor markers, including PSA, CA-125, CA-19-9, CEA,
α-fetoprotein, and even B2M. In fact, interference of
heterophilic antibody is the major problem in assays of
various cancer markers. Even IgM-λ antibody to
Escherichia coli can produce false-positive test results
with determination of various tumor markers as well
as troponin I.

CASE REPORT A 56-year-old male presented to the
hospital with a history of benign prostatic hypertrophy
and a urinary tract infection probably related to ure-
thral obstruction. The patient did not improve with
intravenous ampicillin/sulbactam and cefepime ther-
apy, and several days later E. coli was identified in the
blood culture. The patient was managed by intrave-
nous cefepime and oral ciprofloxacin therapy. On the
third day of hospitalization, the patient complained about
jaw pain and his cardiac troponin I was 8.7 ng/mL,
which was further elevated to 12.7 ng/mL 6 hr later, and
the patient was admitted to the coronary care unit.
However, further investigation found no evidence of
myocardial obstruction or damage. The troponin I value
was elevated even further to 220 ng/mL on day 7.
Interestingly, his creatine kinase-MB and myoglobin
were within normal limits, indicating no myocardial
infarction. More strikingly, his CA-125, α-fetoprotein,
and thyrotropin were all elevated, as measured
by the Abbott assays on an AxSYM analyzer.

Suspecting false-positive results for all these analytes,
the authors treated the specimens with protein
A�Sepharose and murine mAB-conjugated Sepharose.
Treating with protein A�Sepharose did not eliminate
the interference, but treatment with mAB-conjugated
Sepharose did eliminate the interference, indicating
that interference was due to heterophilic antibody of
the IgM class. The authors speculated that IgM
antibody production in this patient was induced by
E. coli infection [91].

CASE REPORT A 62-year-old male underwent
radical prostatectomy for localized adenocarcinoma of
the prostate. His preoperative PSA level was 12.2 ng/
mL. Six weeks after the procedure, during a routine
visit, his PSA was 7.48 ng/mL. To rule out specimen
error, the test was repeated 1 week later using a differ-
ent sample, and the PSA was 7.94 ng/mL. In order to
eliminate the possibility of false-positive PSA levels,
the serum specimen was treated with a heterophilic
antibody blocking agent and the PSA value decreased
below detection level, indicating that the false-positive
postoperative PSA in this patient was due to the
presence of a heterophilic antibody [92].

CASE REPORT A 55-year-old female underwent sur-
gical treatment for ovarian cancer in 1995 and was free
from cancer. In July 2001, a blood specimen for CA-125
showed a CA-125 level of 11 U/mL. The test was
repeated 1 month later, and the value was still slightly
elevated to 14 U/mL. When aliquots of the serum
samples were sent to a different laboratory, CA-125
values were 156 and 187 U/mL. Suspecting interference,
specimens were treated with heterophilic antibody
blocking agent, and values were returned to near
normal, indicating falsely elevated CA-125 in sera due to
the presence of interfering heterophilic antibodies [93].

CASE REPORT A 76-year-old male was referred to
the authors’ hospital, complaining of pain in his right
upper quadrant. He had complained about that pain
previously. Ultrasound revealed hepatomegaly and
biliary polyps, whereas computed tomography showed
pancreatic polycysts and a cyst on his left kidney.
Although CA-125, CEA, and α-fetoprotein concentra-
tions were within normal ranges, his CA-19-9 was ele-
vated to 1047.4 U/mL (normal, ,37 U/mL) as
measured by the Abbott’s assay using the AxSYM ana-
lyzer. Interestingly, when CA-19-9 concentration was
measured using a different assay (Roche assay on
Modular E170 analyzer), the value was 11.9 U/mL,
which was within the normal limit. Suspecting high
rheumatoid factor present in the patient as the cause
of interference with the Abbott assay, based on previ-
ous reports of interference of rheumatoid factors in
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CA-19-9 assay, the authors analyzed 18 specimens
with high rheumatoid factors using the Abbott assay
but did not observe any false-positive CA-19-9 results.
Therefore, the authors ruled out a rheumatoid factor as
the interfering agent in this patient. Because the patient
lived on a farm where mice were present, the authors
suspected a heterophilic antibody (HAMA) as the
cause of interference. After incubating the specimen
with 50% mouse serum followed by treatment with
polyethylene glycol 6000, the CA-19-9 value decreased
from 1047.4 to 19.8 U/mL, indicating that the cause of
false-positive CA-19-9 in this patient using the Abbott
assay was HAMA [94].

ANALYSIS OF LESS FREQUENTLY
ASSAYED TUMOR MARKERS

CA-15-3 antigen is a marker for breast cancer,
although in the absence of cancer CA-15-3 concentra-
tion can be significantly elevated in patients with
vitamin B12 deficiency. Increases up to twice the upper
reference range have been observed in some healthy
women during the menstrual cycle. Pancreatitis,
Crohn’s disease, ulcerative colitis, and benign gastro-
intestinal disease may also cause some elevation of
CA-15-3 [35].

CA-72-4 is a marker for colorectal cancer. In general,
approximately 5% women show CA-72-4 values higher
than the reference range. In addition, 3�7% of patients
with pancreatitis show CA-72-4 values higher than the
normal range. Interestingly, approximately 50% of

patients suffering from Mediterranean fever demon-
strate CA-72-4 values higher than the reference range
[35].

CYFRA 21-1, squamous cell carcinoma antigen, and
CEA are the most useful markers for diagnosis of non-
small cell lung cancer, whereas neuron-specific enolase
is a marker for small cell lung cancer [95]. However,
patients with pulmonary disease without cancer may
show elevated levels of CYFRA 21-1 antigen. Patients
receiving dialysis, patients with renal failure, and
patients with liver disease may also show elevated
levels of this antigen [20]. Various dermatological dis-
eases, such as psoriasis, eczema, epidermitis, erythro-
dermia, and atopic dermatitis, may cause false
elevations of squamous cell carcinoma antigen levels.
Patients with chronic renal failure may also show ele-
vation of this marker [35].

Chromogranin A is a marker for various neuroendo-
crine diseases such as gastroenteropancreatic tumor,
endocrine tumors, and bronchial carcinoid. It may also
be useful in the diagnosis of pheochromocytoma along
with urine/plasma metanephrine determination.
However, the assay for chromogranin A may be
affected by the presence of heterophilic antibodies in
the serum [96].

CONCLUSION

Currently, tumor markers are widely used.
However, there are some limitations with the interpre-
tation of tumor marker measurements. All the markers

TABLE 12.2 Common Causes of Elevation of Levels of Various Tumor Markers in the Absence of Neoplasia

Tumor Marker Common Causes of Elevated Levels

Prostate-specific antigen Prostatitis/benign prostatic hyperplasia, breast cancer/cyst, heterophilic antibody

α-Fetoprotein Hepatobiliary disease, pneumonia, pregnancy, autoimmune disease, heterophilic antibody

CA-125 Hepatobiliary disease, pulmonary disease, renal failure, hypothyroidism, endometriosis, pregnancy,
autoimmune disease, skin disease, cardiovascular disease, heterophilic antibody

Carcinoembryonic antigen (CEA) Hepatobiliary disease, renal failure, hypothyroidism, gastrointestinal disease, pancreatitis,
endometriosis, autoimmune disease, heterophilic antibody

CA-19-9 Hepatobiliary disease, renal failure, pulmonary disease, pancreatitis, gastrointestinal disease,
endometriosis, heterophilic antibody

CA-15-3 Vitamin B12 deficiency, effusion, renal failure

β2-Microglobin Renal failure, autoimmune disease, cerebral lesion

hCG or β-hCG Renal failure, pregnancy, autoimmune disease, heterophilic antibody

CA-72-4 Hepatobiliary disease, renal failure, effusion, pancreatitis, gastrointestinal disorder

CYFRA 21-1 Hepatobiliary disease, renal failure, effusion, pulmonary disease

Chromogranin A Cardiovascular disease, viral infection, prostatitis/benign prostatic hyperplasia, gastrointestinal
disease, heterophilic antibody
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in current use can be synthesized by normal tissues,
and levels in serum can be elevated in certain benign
diseases. Frequently, both benign disorder and malig-
nant transformation of the same organ can give rise to
elevations in the same marker; for example, PSA can
be increased in both BPH and prostate carcinoma. In
most situations, however, marker levels are higher in
malignancy (especially when distant metastases are
present) than in benign disease.

Markers are only rarely elevated in serum in
patients with early malignancy or malignancy confined
to the primary site. For example, CEA is present at
high concentrations in less than 10% of patients with
Duke’s A colorectal cancer and is only frequently ele-
vated when distant metastases are present.

Markers are generally elevated in only a proportion
of patients (at most 70�80%) with a particular tumor
type, even in the presence of advanced disease—for
example, CA-125 in ovarian cancer, CA-19-9 in pancre-
atic cancer, and AFP in hepatocellular cancer. In con-
trast, hCG is present at high concentrations in almost
all patients with trophoblastic malignancies.

Apart from PSA, which is almost prostate specific,
no other marker in clinical use is organ specific. Many
markers, such as CEA, CA-125, CA-15-3, CA-19-9, and
tissue polypeptide antigen, can be elevated in serum
with most types of advanced adenocarcinoma. AFP,
however, is relatively specific for hepatocellular
carcinoma and nonseminomatous germ cell tumors,
whereas HCG is relatively specific for trophoblastic
malignancies. Although heterophilic antibodies can
also cause significant interference in tumor marker
immunoassays, various heterophilic blocking reagents,
steps to remove immunoglobulins, and serial dilutions
may correct the problem. There are also various non-
neoplastic conditions that may elevate values of various
tumor markers as discussed throughout the chapter.
Table 12.2 summarizes common non-neoplastic causes
of elevation of various tumor markers.
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Issues of Interferences in
Therapeutic Drug Monitoring

Gwendolyn A. McMillin, Kamisha L. Johnson-Davis
University of Utah School of Medicine and ARUP Laboratories, Salt Lake City, Utah

INTRODUCTION

Therapeutic drug management (TDM) is a corner-
stone of personalized medicine, designed to select and
optimize drug therapy for individual patients. By opti-
mizing therapy, the desirable effects of a drug (effi-
cacy) can be maximized and the undesirable effects of
a drug (toxicity) minimized. TDM is also employed to
evaluate patient compliance, identify drug�drug inter-
actions or other changes in pharmacokinetics, and both
characterize and manage acute intoxications or emer-
gent overdose situations. TDM is most useful when
there is a good correlation between drug concentration
in blood and effect (therapeutic and toxic). It is partic-
ularly useful for drugs that have a narrow therapeutic
window, prodrugs, and drugs that are highly bound to
plasma proteins. TDM is not widely available for most
drugs due in part to limitations in analytical methods.

Inaccuracies in TDM results will impact patient care
by contributing to unnecessary or inappropriate dose
adjustments. Inappropriate increases in dose could
lead to dose-dependent adverse drug reactions
(ADRs). ADRs are reported to account for 41% of all
hospital admissions, due to inappropriate dose or pre-
scription, allergic reactions, and drug�drug interac-
tions. The consequences of ADRs are costly and can be
fatal [1]. Errors in TDM results could also cause unnec-
essary dose reductions and minimize the therapeutic
effect. Therapeutic failure due to inappropriately low
dosing could contribute to unnecessary testing and
procedures, and for time-sensitive conditions such as
organ transplantation, cancer, uncontrolled seizures,
and cardiac disturbances, it could be fatal. The labora-
tory has an important opportunity to promote
clinically useful TDM through involvement in

appropriate specimen collection, sample handling,
sample processing, selection of appropriate analytical
methods, and interpretation of results. As such, the
laboratory must be prepared to consult regarding ther-
apeutic ranges, toxic thresholds, as well as strengths
and limitations of available analytical methods.
Inaccuracies in TDM may be a result of pre-analytical
factors surrounding the specimen and patient or ana-
lytical factors surrounding selection and performance
characteristics of the analytical method (Figure 13.1).
Sources of interference may arise from endogenous or
exogenous sources and may impact specific technolo-
gies in a direct or indirect manner. However, by using
good laboratory practice, interferences can be identi-
fied, managed, and/or prevented.

This chapter describes sources of pre-analytical and
analytical interferences that have been reported to
adversely affect the accuracy of TDM results. Specific
drug, technology, and case examples are provided to
illustrate these sources in more detail and guide
appropriate utilization and interpretation of TDM
from the clinical laboratory perspective.

SOURCES OF PRE-ANALYTICAL
INTERFERENCES IN TDM

Pre-analytical sources of inaccuracy in laboratory
test results are discussed in detail elsewhere in this
book (see Chapters 1�4). However, there are many
pre-analytical factors important to TDM that are
unique from other types of laboratory testing, and
these are briefly emphasized here. In particular, the
coordination of pharmacokinetic factors for the specific
drug formulation(s) of interest, with the clinical status
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and co-medications of the patient, will dictate the most
appropriate specimen to collect, at the most appropri-
ate time. In addition, specimen collection using the
wrong anticoagulant and environmental factors such
as heat and light can affect drug stability and alter the
concentration of therapeutic drugs. TDM measure-
ments are typically collected after a patient is pre-
dicted to have achieved steady-state concentration
from predose (trough) collections, which occur before
the next scheduled dose. Steady state is achieved when
the concentration of drug in the body is in equilib-
rium with the rate of dose administered and the rate
of elimination (after initiation of therapy, the time
equivalent to at least five half-lives of the drug is
needed for establishment of steady state). A random
collection may reflect steady state for some drugs,
particularly those with long elimination half-lives.
Random collections are also important when evaluat-
ing therapeutic failure, toxicity, or overdose situation.
Consideration of inaccuracies and appropriate inter-
pretation of results depends on understanding the
pre-analytical circumstances surrounding a request
for TDM.

Specimen collection containers can alter TDM
results by affecting drug concentration and propor-
tional stability. Failure to separate cells promptly from
serum or plasma may lead to in vitro metabolism, as
has been observed with fosphenytoin and mycopheno-
lic acid acyl glucuronide [2,3]. Serum versus plasma,
variation among tube preservatives, and gel separator
tubes are relevant for accurate recovery of certain

drugs or fractions of drugs. For example, heparin col-
lection tubes can increase the concentration of free (not
bound to proteins) drug concentration by activating
lipoprotein lipase and fatty acid concentration, which
will displace protein-bound drug from albumin and α1

glycoprotein [4]. Free fraction of phenobarbital, phe-
nytoin, and valproic acid was shown to be elevated in
serum versus plasma, whereas the free fraction of car-
bamazepine and theophylline was lower in serum ver-
sus plasma [5]. The proportion of free valproic acid
was found to be time-sensitive, and it decreased signif-
icantly after 96 hr of storage at ambient temperature,
most likely due to degradation of binding proteins.
Blood specimens that are exposed to extreme tempera-
tures can lead to plasma protein degradation as well
and increase the free fraction of drugs that are highly
bound to protein (e.g., phenytoin and valproic acid).
Inappropriate dose adjustments can be made when
based on free drug concentrations determined with
suboptimal specimens. In addition, citrate collection
tubes were associated with a decrease in the total con-
centration of valproic acid [6]. More dramatically, gel
separator tubes have the potential to decrease total
drug recovery through adsorption of the drug to the
gel material. Separator tubes were reported to decrease
the recovery of cardiac drugs, tricyclic antidepressants,
anticonvulsants, and antipsychotics. As such, gel sepa-
rator tubes should not be used as collection tubes for
TDM unless validated to be appropriate [4].

Drug stability can also be influenced by sensitivity
to light or heat and may lead to erroneous TDM

• Sample preparation
• Assay design
• Assay components
• Detection prince

Pre-
Analytical
Factors

Analytical
Factors

Interferences

• Best specimen
• Timing of
 collection
• Quality of
 specimen
• Patient status
• Co-medication

FIGURE 13.1 Factors that affect accuracy of a
TDM result.
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results if specimens are stored under inappropriate
conditions. Amiodarone, methotrexate, chlordiazepox-
ide, carbamazepine, chlorpromazine, haloperidol, and
fluoxetine are examples of light-sensitive drugs. Rapid
in vitro degradation is also recognized for bupropion,
busulfan, carbamazepine, lithium, and olanzapine. The
consequences of in vitro degradation include falsely
low results, which could potentially contribute to inap-
propriate dose adjustments. Specimens containing
unstable drugs should be stored at the appropriate
temperature (i.e., frozen) to preserve integrity and pre-
vent falsely low results. In addition, the impact of
repeat freeze�thaw cycles on drug integrity should be
carefully evaluated [4].

TDM results can also be affected by a patient’s clini-
cal status and lifestyle factors such as diet, smoking,
alcohol use, co-morbidities, pharmacogenetics, and
polydrug therapy. Food and fluid intake can alter the
pharmacokinetics (absorption, distribution, metabo-
lism, and elimination) of a drug by impacting gastric
pH and emptying time, which can affect drug absorp-
tion. Drugs that are administered orally are absorbed
into the bloodstream through the gastrointestinal tract
by passive diffusion if the drugs are lipid soluble or
non-ionized. Factors that affect intestinal motility,
hepatic blood flow, and bile flow will also have an
impact on the pharmacokinetics of a drug. For exam-
ple, protein intake can affect drug�protein binding for
drugs and alter drug clearance. In 1987, Fagan et al.
demonstrated that high-protein diets can increase the
clearance of propranolol and theophylline [7].

Food�drug interactions will influence drug bio-
availability and drug metabolism by inhibiting or
inducing drug-metabolizing enzymes. For example,
grapefruit juice can inhibit the cytochrome P450 iso-
zyme 3A4 (CYP3A4) in the small intestine and increase
bioavailability of several drugs [8]. This isozyme, part
of the superfamily of CYP enzymes associated with
drug metabolism, is involved in metabolism of approx-
imately half of all drugs. Increased drug bioavailability
can lead to enhanced drug activity and possible toxic-
ity. Drug classes that are affected by this food�drug
interaction include calcium channel blockers (e.g.,
nifedipine), antiarrhythmic drugs (e.g., amiodarone),
benzodiazepines (e.g., diazepam), antiepileptic drugs
(e.g., carbamazepine), antibiotics (e.g., erythromycin),
antiretrovirals (e.g., indinavir), immunosuppre-
ssants (e.g., cyclosporine A), and cholesterol-lowering
drugs (e.g., simvastatin). In addition, cruciferous
vegetables such as cabbage and cauliflower and char-
broil foods can induce metabolism of drugs metabo-
lized by the CYP1A2 isozyme. Substrates of CYP1A2
include theophylline, clozapine, and olanzapine.
Alcohol consumption can also induce the CYP2E1
isozyme to increase metabolism of certain drugs, in

addition to the well-recognized synergistic effect with
the pharmacodynamics of depressant drugs. Cigarette
smokers tend to require high doses of many therapeu-
tic drugs to obtain optimal therapy, in part due to the
fact that nicotine induces isozymes CYP1A1, CYP1A2,
and CYP2E1.

Genetic polymorphisms in the genes that code for
drug-metabolizing enzymes can also affect an indivi-
dual’s ability to biotransform drugs for activation or
elimination (pharmacogenetics). For example, genetic
polymorphisms can cause a patient to be a poor or
slow drug metabolizer. However, the overall impact of
induction or inhibition of drug-metabolizing enzymes,
whether due to interacting substances or genetic pre-
dispositions, depends on whether the drug substrate is
activated or inactivated by the affected isozyme(s). For
drugs that are inactivated by metabolism (e.g., tricyclic
antidepressants and warfarin), poor metabolizers are
at risk of accumulating drug and are at risk of drug-
induced toxicity if standard dosing is administered.
Rapid metabolizers are at risk of therapeutic failure
due to suboptimal dosing and will require higher
doses to achieve optimal therapy. The opposite is true
for drugs that are activated by metabolism (e.g., clopi-
dogrel and codeine). Accurate TDM is an important
tool for optimizing dosing under conditions of
unpredictable pharmacokinetics, such as pharmacoge-
netic variants and food�drug and drug�drug
interactions.

Another source of unpredictable pharmacokinetics
that requires TDM to optimize dosing is patients who
are critically ill. Of particular concern are patients with
impaired renal, hepatic, gastrointestinal, or cardiovas-
cular function. Renal disease will reduce the glomeru-
lar filtration rate and reduce the clearance of drugs
that are eliminated via the kidney. Renal disease will
also impact drug�protein binding in patients with ure-
mia, due to uremia toxins competing for drug-binding
sites to albumin, and increase the concentration of
non-protein-bound (free) drug and therapeutic effect.
Liver toxicity or disease will decrease production of
albumin and other proteins that bind to drugs.
Hypoalbuminemia will increase the fraction of
pharmacologically active drugs and may increase the
risk of toxicity. Decreased liver function will reduce
first-pass metabolism and also impact expression of
CYP450 isozymes in general. Gastrointestinal disease
or a history of bariatric surgery, malabsorptive disor-
ders, or intestinal disease may impact absorption of
drugs [9]. Cardiovascular disease will decrease cardiac
output, tissue perfusion, drug disposition, and absorp-
tion. Reduced blood flow to the liver will decrease
drug metabolism.

TDM is also necessary in pregnant or nursing
women to accommodate changes in maternal
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physiology and to protect the fetus or infant from tox-
icity. Pregnant women have increased body fat, total
body water, and plasma volume, which will decrease
plasma protein concentration and drug�protein bind-
ing. Lipophilic drugs will distribute and accumulate in
fat and decrease bioavailability. Drugs that are hydro-
philic will have a lower volume of distribution in the
body and may have increased clearance and decreased
bioavailability in patients with excessive body fat
content. Cardiac output in pregnant women is
increased, resulting in enhanced drug metabolism. A
general recommendation is to carefully monitor
pregnant or nursing women who require drug therapy
to ensure efficacy and safety for both mother and her
unborn child [10].

SOURCES OF ANALYTICAL
INTERFERENCES IN TDM

The vulnerability of an analytical method to inter-
ferences is dependent on the sample matrix, the sam-
ple preparation method, the assay design, assay
components, and detection principle (see Figure 13.1).
Sources of analytical interferences may be endogenous
or exogenous. Laboratories must consider common
sources of interferences, such as hemolysis, during
development and validation of analytical methods,
and they must investigate suspected interferences that
arise with analytical methods in routine use.
Unfortunately, analytical interferences may go unrec-
ognized by laboratories unless TDM results are ques-
tioned by clinicians who have carefully evaluated
results in the context of a specific patient scenario.
Examples of analytical interference sources affecting
common technologies used to support TDM are listed
in Table 13.1.

Endogenous interferences (matrix components)
known to affect TDM include classical biological inter-
ferences such as hemolysis, bilirubinemia, hematocrit,
and lipemia. For example, hemolysis is known to
compromise lithium quantitation due to a dilution
effect. Both hemolysis and bilirubinemia may interfere
with spectral detection methods, particularly for auto-
mated homogeneous immunoassays [11]. Also, the
tacrolimus II MEIA (microparticle enzyme immunoas-
say) has been shown to be affected by hematocrit,
wherein a tacrolimus result is biased if the blood
sample hematocrit falls outside 30�40% [12].
Electrolytes and serum protein affect ion-transfer
voltammetry methods, such as in quantification of
propranolol, or ion-selective electrodes used for lith-
ium quantitation [13]. Heterophilic antibodies, ster-
oids, and other endogenous substances provide

interesting case reports for isolated, patient-specific
interferences with certain technologies. Examples are
provided later in this chapter. It can be stated that
biological samples are very complex and essentially
all endogenous compounds have the potential to
introduce inaccuracies through interferences, depend-
ing on the unique characteristics of an individual
patient specimen, coupled with the analytical method
employed.

Exogenous interferences are introduced from out-
side the patient and add another level of sometimes
unpredictable complexity. Such interferences may be
qualified as direct or indirect. A direct exogenous
interference is related to the drug of interest, including
drug metabolites, or drug impurities. Direct interfer-
ences can and should be carefully evaluated during
assay development and validation. Compounds that
interfere with a TDM technology but are unrelated to
the specific drug of interest could be qualified as indi-
rect exogenous interferences and may be less intuitive.

TABLE 13.1 Example Sites and Sources of Analytical
Interferences

Analytical
Method

Major Vulnerabilities to
Interference

Example Sources
of Interference

Immunoassay Antibodies (species, clone,
epitopes)

Drug metabolites

Assay design (homogeneous
vs. heterogeneous, specific
steps, timing of reactions,
reagents, detection)

Similar drugs in
same drug class

Any structurally
similar compounds
Heterophilic
antibodies
Matrix components

Chromatography Sample preparation
(extraction, dilution, protein
precipitation)

Any co-eluting
compounds
Compounds with
similar detection
characteristics
Matrix
components
Carryover

Assay design (chemistry of
phases, flow rates,
temperature)
Detection technology

Mass
spectrometry

Sample preparation Isobaric or cross-
talking compounds

Assay design (SIM, MRM,
ions detected)

Impurities in
reagents

Instrument (mass resolution,
ionization, voltages, data
collection parameters,
signal/noise)

Matrix components

Carryover

MRM, multiple reaction monitoring; SIM, selected ion monitoring.
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Examples of indirect interferences include co-medica-
tions, herbal medicines, vitamin and mineral
supplements, social drugs (e.g., nicotine and ethanol),
components of the diet, or components of the patient’s
environment (e.g., water and air sources). Indirect
interferences may be predicted and characterized dur-
ing assay development and validation, but they are
more often recognized and described after an assay is
in routine use.

Analytical methods should be designed to detect,
minimize, or compensate for predictable interferences.
Some interfering substances may be minimized
through sample preparation methods such as dilution,
protein precipitation, liquid�liquid or solid-phase
extraction. Physical separation techniques (e.g., chro-
matography, ultrafiltration, and ultracentrifugation)
may also help minimize matrix effects. Most auto-
mated immunoassays do not incorporate any sample
preparation methods and are consequently at higher
risk from interferences. However, if the source of a
potential interference is defined and is measureable
(e.g., hematocrit), patient specimens could be qualified
for testing in advance. Samples that exceed established
thresholds for a known interference could be disquali-
fied for testing. To avoid inaccuracies in TDM results,
alternate methods could be made available for
disqualified specimens.

All TDM results should be interpreted within the
context of the clinical, pre-analytical, and analytical

scenario. Any result that is inconsistent with expecta-
tions should be investigated. Figure 13.2 illustrates a
possible algorithm for investigating a discordant TDM
result, with intent to guide identification or characteri-
zation of the interference. Thus, an investigation
should begin by considering pre-analytical and analyti-
cal variables. If suspicions surround the pre-analytical
components of testing, a new specimen should be col-
lected. If suspicions are aligned better with analytical
components of testing, an alternate method should be
sought. Repeat testing of the original sample with the
original technology is also an important preliminary
step for investigating the possibility of an analytical
interference. Comparing results between technically
distinct analytical approaches is very informative.
Additional tools that may help characterize or resolve
interference include dilution studies, to potentially
reduce the impact of an interference sufficiently to
restore accuracy of results; removing plasma compo-
nents and washing red cells for assays based on detec-
tion of erythrocyte-bound drug; and ultrafiltration or
protein precipitation for physically removing large-
sized or protein-based interfering substances or sample
extraction methods for lipid-based interfering sub-
stances. Solid-phase extraction, liquid�liquid extrac-
tion, or other sample cleanup steps should be aligned
with the specimen type and the drug(s) of interest
[14,15]. Many other approaches to characterizing, elim-
inating, and preventing interferences may be

Discordant
TDM result

Analytical
factor

Pre-analytical
factor

Evaluate
sample timing

and quality

Repeat
testing

Characterize
remove

interference

Protein
precipitation

Dilution
study

Sample
extraction/
cleanup

Analyze by
alternate
method

Collect new
sample

Evaluate
patient PK

Ultrafiltration

FIGURE 13.2 Algorithm for evalu-
ating a discordant TDM result.
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appropriate based on the actual source of interference
and the available analytical technology.

MECHANISMS OF ANALYTICAL
INTERFERENCES IN TDM

Most well-described analytical interferences that
affect TDM are associated with commercially available
immunoassays. Among immunoassay technologies,
the source of the interference may relate to the
antibodies on which the test is built or to the assay
design. Immunoassays are available in homogeneous
and heterogeneous formats (see Chapter 6), which
have unique vulnerabilities to interferences based on
timing or various assay steps (e.g., washes and incuba-
tions), chemistry (e.g., pH), temperatures, reactions
(e.g., read times), and detection technology (e.g., spec-
tral). All immunoassay formats employ a capture
antibody and are typically designed to detect a single
representative chemical structure against which the
capture antibody is raised. Sometimes, immunoassays
employ more than one antibody, and the antibodies
may have originated from several different species
(e.g., mouse and rabbit). Actual performance character-
istics and vulnerabilities to specific sources of analyti-
cal interferences vary tremendously among
commercial products, based in part on the antibodies
that are unique to each product. In general, immunoas-
says that utilize polyclonal antibodies are more
likely to be associated with analytical interferences
than are those that utilize monoclonal antibodies due
to the fact that polyclonal antibodies have a larger
number of epitopes available for binding drug anti-
gens with similar chemical structures. Also, in general,
heterogeneous assay formats are less vulnerable to
nonspecific interferences than are homogeneous assay
formats.

For drug classes that contain many structurally sim-
ilar compounds, cross-reactivity across the drug class
inherently compromises specificity for an individual
drug [16]. For example, immunoassays designed to
detect tricyclic antidepressants generally detect several
common tricyclic antidepressant drugs at similar con-
centrations. Because an acute intoxication with a tricy-
clic antidepressant is likely to be managed based on
the drug class and clinical presentation, rather than
based on the individual drug(s) responsible, analytical
interference across the class of drugs is desirable and
can be useful clinically for drug detection, such as in
the emergency department, or for a psychiatric clinic
that wants to evaluate compliance with therapy.
However, an immunoassay for tricyclic antidepres-
sants is generally not useful clinically for TDM due to
the fact that other tricyclic structures are known to

cross-react with common immunoassays. Such assays
are also not useful for supporting TDM or pharmacoki-
netic evaluations or whenever concentrations of indi-
vidual drugs and drug metabolites are clinically
relevant. In the case of tricyclic antidepressants, the
preferred technology for analysis is liquid chromatog-
raphy or liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS). In any case, review
of the cross-reactivity profile for any immunoassay
product is required to evaluate which drugs and other
compounds are likely to be detected and with what
degree of sensitivity/specificity. See the discussion of
tricyclic antidepressants and other specific drug exam-
ples for more information.

Examples of specific immunoassay designs that are
associated with analytical interferences known to
adversely affect TDM (exemplified later in this chap-
ter) include fluorescent polarization immunoassay
(FPIA), enzyme multiplied immunoassay (EMIT),
microparticle enzyme immunoassay (MEIA), and
chemiluminescence immunoassay (CLIA).

CHROMATOGRAPHY AND
MASS SPECTROMETRY

Chromatography has long been recognized to impart
specificity to TDM because of the inherent ability to
separate components of the matrix and, hence, to sepa-
rate drugs and drug metabolites from one another. As
such, chromatographic techniques physically separate
the sample and are frequently referred to as physical
techniques. Chromatographic methods are typically
developed by individual laboratories and vary tremen-
dously relative to sample preparation methods, chemis-
try of related solid (e.g., column) and mobile (e.g., gas
or liquid) phases, flow rates, temperatures, instrument
platforms and associated capabilities, detection technol-
ogies, methods of data collection, and extent of data
analysis. Chromatographic methods are extremely
vulnerable to interferences from co-eluting compounds
that may or may not be structurally similar to the com-
pounds of interest. The relevance of a co-eluting
substance depends on whether that substance interferes
with the analyte signal that is generated, which is
largely based on the signal-to-noise ratio, and on the
detection method. Common detection methods include
spectral (e.g., ultraviolet and fluorescent), electrochemi-
cal, and mass spectrometry. Despite possible limita-
tions, chromatographic methods, particularly coupled
with mass spectrometric detection, are recognized to
resolve many of the interferences that are encountered
with immunoassay methods and are generally regarded
as gold standard platforms for TDM.
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Mass spectrometry is a highly selective detection
technology that detects mass-to-charge ratios of ion-
ized molecules and fragments. This detection technol-
ogy is frequently coupled to gas or liquid
chromatography. Output of data can be quantitative,
qualitative for targeted masses, compared to a library
of data to identify a particular compound, or used to
determine element composition and structure. Assays
can be designed using selected ion monitoring, which
is a mode that scans a limited mass-to-charge range;
multiple reaction monitoring, in which an ion mass is
selected in the first mass spectrometer and the frag-
ment ion mass is selected in the second mass spec-
trometer; or full mass spectrum, which scans a wide
mass-to-charge ratio range.

Although mass spectrometric methods are very spe-
cific, the technology is not exempt from interferences.
Ion suppression or enhancement, which alters ion
intensity/abundances and signal-to-noise ratios, have
become well recognized in mass spectrometric meth-
ods but may go unrecognized when isolated to a single
patient specimen. For example, by affecting analyte
ionization, ion suppression can occur in the presence
of compounds that are less volatile than the analyte of
interest. Salts, anions, ion-pairing agents (e.g., trifluoro-
acetic acid), drugs/metabolites, uncharacterized sample
matrix components and co-eluting compounds, and
reagent impurities are known to produce ion
suppression or enhancement. In electrospray ionization,
the primary source of ion suppression is due to
changes in spray droplet formation in the presence of
nonvolatile compounds [17,18]. Another source of
interference in mass spectrometry that may be over-
looked includes compounds that are isobaric or isomet-
ric to the analyte of interest. An example of isobaric
interferences was observed with endogenous nucleo-
sides and ribavirin in an LC-MS/MS method [19].
Plasticizers, reagents, lipids, and phospholipids in par-
ticular are well recognized to introduce matrix effects,
manifested as either suppression or enhancement of
analytical response [20]. Consequently, internal stan-
dards, such as stable isotope-labeled compounds, are
used to minimize the effects of ion suppression and
improve the analytical accuracy of mass spectrometry
[21]. Lastly, cross talk can cause interference when dif-
ferent parent ions fragment and have identical product
ion masses [22].

EXAMPLES OF INTERFERENCES
THATAFFECT TDM

In this section, specific examples are given regard-
ing interferences affecting the measurement of various
therapeutic drugs.

Interferences in Digoxin Measurement

Digoxin (Lanoxin) is a cardiac glycoside with posi-
tive inotropic effects that is used to treat cardiac
arrhythmias and congestive heart failure. Effects are
dose-related, and TDM is required because the clinical
symptoms of inadequate and excessive dose are simi-
lar. The traditional therapeutic range for digoxin,
0.5�2.0 ng/mL, is narrow among drugs that require
TDM. It is also noteworthy that the upper limit of the
therapeutic range overlaps somewhat with the thresh-
old for toxicity. In congestive heart failure, an even
more narrow range has been proposed (0.5�0.8 ng/mL),
and patient outcomes begin to decline at concentrations
greater than 0.9 ng/mL. The clinical expectations for
maintaining a very narrow circulating concentration of
digoxin raise questions about whether analytical techni-
ques available for TDM of digoxin can perform with
adequate accuracy and precision [23]. A very narrow
therapeutic range also demands that pre-analytical vari-
ables be recognized and managed.

Pre-Analytical Variables

Digoxin has a high volume of distribution and
requires several hours to distribute after dosing. A
common cause of an unexpectedly high digoxin is
therefore based on inappropriate timing of specimen
collection. Blood for digoxin analysis should be col-
lected at least 8 hr after a dose is administered.

Analytical Variables

Both positive and negative interferences have been
described for immunoassays designed for TDM of
digoxin. It is usually assumed that negative interfer-
ence is most dangerous to the patient management
because it may contribute to inappropriate dose
increases. Sources of analytical interferences that are
recognized include digoxin metabolites; endogenous
digoxin-like immunoreactive factor or substance (DLIF
or DLIS); and exogenous drugs, including anti-digoxin
Fab fragments used to treat digoxin overdose, aldoste-
rone antagonists, other cardiac glycosides, and several
herbal medicines. Some forms of interference can be
effectively removed through physical separation,
accomplished by ultrafiltration or chromatography.
Analysis of ultrafiltrate, chromatographically distinct
fractions, or direct analysis of independent specimen
components such as via mass spectrometric detection,
further reduces the potential for analytical interfer-
ences [24].

Tables 13.2 and 13.3 summarize examples of
interferences described for common immunoassay
technologies in the absence or presence of digoxin,
respectively. The type of interference described (posi-
tive, negative, or none) for FPIA, EMIT, MEIA-II, and
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CLIA is indicated, along with whether or not ultrafil-
tration will resolve the interference. The data presented
in these tables are intended for example purposes and
are inherently simplified. For example, the tables do
not reflect that the presence and magnitude of interfer-
ences is closely related to the concentration of interfer-
ing substances and/or digoxin, and that specific
reagents that utilize these technologies may differ. The
package insert for a specific assay of interest should be
consulted, and independent validation studies should
be performed as needed, to fully characterize any inter-
ference and its potential impact to a unique clinical set-
ting. In the following sections, each major source of
interferences is described in more detail.

DIGOXIN METABOLITES

Digoxin is extensively metabolized. Cross-reactivity
of the metabolites with antibodies used to develop
digoxin immunoassays was historically a source of
analytical interference, such as with radioimmunoas-
says. In particular, the hydrolysis metabolites digoxi-
genin, digoxigenin monodigitoxoside, and digoxigenin
bisdigitoxoside exhibited near equal cross-reactivity
with digoxin in some assays. Because these metabolites
exhibit physiological activity, it was proposed that this
cross-reactivity could represent a total “bioactive”
digoxin concentration [25,26]. Newer assays exhibit little
cross-reactivity to metabolites, suggesting that current
assays are not subject to the same cross-reactivity. The
concentration of active metabolites is also not thought to
be sufficiently high to contribute significantly to the effi-
cacy or toxicity of digoxin in most patients. Nonetheless,
awareness of cross-reactivity to digoxin metabolites may
be relevant for application of immunoassay testing to
patients who exhibit poor elimination kinetics, who may
be at risk for accumulation of clinically relevant drug
metabolites. Because metabolites do accumulate in urine,
the analytical method selected for testing urine for
digoxin should be evaluated carefully.

DIGOXIN-LIKE IMMUNOREACTIVE FACTORS

The chemical structure of digoxin is steroid-like and
therefore exhibits high potential for endogenous coun-
terparts. Indeed, a source of endogenous interferences
in digoxin assays has been recognized in select popula-
tions in the absence of digoxin exposure or administra-
tion. This steroid-like substance was called DLIF and
DLIS in the mid-1980s and was shown to cross-react
with digoxin immunoassays. DLIF has been recog-
nized most for patients with conditions of volume
expansion. Vulnerable populations include infants and
young children, pregnant women, patients with
impaired renal or hepatic function, and persons who
have exercised vigorously. It has also been reported to
be elevated immediately after a myocardial infarction
and in the critically ill [25].

It is now thought that there are at least two classes
of DLIF that may or may not cross-react with digoxin
immunoassays and exert activity at endogenous
sodium�potassium ATPase [27]. The degree and type
of interference may change in the presence of digoxin.
In the absence of digoxin, clinically significant concen-
trations of apparent digoxin (no actual digoxin
present) have been observed in samples collected from
newborns and pregnant women and analyzed by FPIA
[28]. In the presence of digoxin, DLIF may lead to
positive or negative interference, based on the specific
analytical technology. Ultrafiltration or chro-
matographic separation remains the best means of

TABLE 13.2 Interferences with Digoxin Immunoassays in the
Absence of Digoxin

Interferent FPIA EMIT MEIA-II CLIA Resolved by
Ultrafiltration

DLIF 1 1 Yes

Drugs

Digitoxin 1 1 1 1 Partial

Anti-digoxin
Fab

1 1 1 Yes

Aldosterone
antagonists

1 1 1 1 No

Herbals

Chan su 1 1 1 Partial

Danshen 1 Yes

TABLE 13.3 Interferences with Digoxin Immunoassays in the
Presence of Digoxin

Interferent FPIA EMIT MEIA-II CLIA Resolved by

Ultrafiltration

DLIF 1 1 - Yes

Drugs

Digitoxin 1 1/2 Partial

Anti-digoxin
Fab

1/2 1/2 1/2 Yes

Aldosterone
antagonists

1 1 2 1 Partial

Herbals

Chan su 1 1 2 Partial

Danshen 1 2 Yes

CLIA, chemiluminescence immunoassay; EMIT, enzyme multiplied

immunoassay; FPIA, fluorescent polarization immunoassay; MEIA,

microparticle enzyme immunoassay.
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resolving this type of interference, when suspected.
Due to the extensive characterization of DLIF and
improvements in immunoassay design, currently avail-
able immunoassays may exhibit minimal or no clini-
cally significant interference from DLIF [29,30].

ANTI-DIGOXIN IMMUNE FRAGMENTS

Digibind and DigiFab are examples of pharmaceuti-
cal immune (Fab) products that bind digoxin with
high affinity, and they are used as antidotes to treat
digoxin overdose. These Fab products are responsible
for variable amounts of analytical interference
with digoxin assays, both in the absence and in the
presence of digoxin. Technologies such as CLIA,
MEIA, and EMIT demonstrate concentration-
dependent positive interference in the absence of
digoxin, and concentration-dependent negative inter-
ference is observed in the presence of digoxin, to the
point of molar equivalency (neutralization). As might
be expected, the presence of digoxin under conditions
of Fab excess results in positive interference [31].

Patients undergoing Fab-based decontamination
treatment can be monitored by measuring free digoxin
in ultrafiltrate or by incorporating a pre-analytical
protein-precipitation step to measure total digoxin
(e.g., FPIA). Monitoring free digoxin concentrations in
plasma ultrafiltrate is the most accurate and accepted
approach. It is important to employ a method of analy-
sis such as FPIA or MEIA that is free of matrix effects
because ultrafiltrate exhibits different chemical/physi-
cal properties than plasma or serum. Ultrafiltrate is not
an appropriate specimen for methods that depend on
sample fluid dynamics, such as slide technologies (e.g.,
Vitros) [32].

CARDIAC GLYCOSIDES

The digitalis family is composed of several cardiac
glycosides with similar chemical structures, including
the once popular drug digitoxin. Whereas it is not cur-
rently used in the United States, digitoxin is used in
European, Scandinavian, and other countries.
Although it would not be expected that digoxin would
be co-administered with digitoxin, a patient may be
transitioned from one drug to another or may be using
undisclosed medication obtained outside the primary
clinic. The therapeutic dose and corresponding thera-
peutic concentration range of digitoxin is significantly
higher (10- to 15-fold) than that of digoxin. Due to the
higher therapeutic range, and structural similarity,
even low cross-reactivity with a digoxin immunoassay
could produce clinically significant interference. Only
the CLIA digoxin assay has sufficiently low cross-
reactivity with digitoxin to avoid analytical interfer-
ences. FPIA assays are particularly vulnerable to
positive interference from digitoxin in the absence of

digoxin. MEIA assays are moderately susceptible to
positive interference from digitoxin in the absence of
digoxin. Of note, negative interference is observed
with MEIA when digoxin and digitoxin are present.
Other cardiac glycosides, including oleandrin (used in
folk medicines), may exhibit the same patterns of posi-
tive interference in the absence of digoxin and either
positive or negative interference in the presence of
digoxin. Interferences from nondigoxin cardiac glyco-
sides may be at least partially resolved by measuring
free digoxin in ultrafiltrate [33,34].

ALDOSTERONE ANTAGONISTS

Spironolactone and potassium canrenoate are used
to treat hypertension and congestive heart failure, and
they are often co-prescribed with digoxin. These co-
medications, along with their common active metabo-
lite canrenone, are structurally similar to digoxin and
have been described to produce positive interference
in FPIA and CLIA digoxin assays. Negative interfer-
ence has also been described for MEIA digoxin assays
[35]. Newer-generation MEIA III assays that employ
monoclonal antibodies have improved resistance to the
negative analytical interferences described. However,
clinically significant positive analytical interference has
been described for the MEIA III assay in patients
co-medicated with higher-dose spironolactone (e.g.,
100 mg/day). Similar positive interferences are
described with EMIT digoxin assays. The impact of the
analytical interferences on dosing can be significant,
easily exceeding the therapeutic range of digoxin. One
study demonstrated clinically significant differences in
approximately 45% of patients co-medicated with
digoxin and either spironolactone or canrenoate. Such
interferences were not eliminated by measurement of
ultrafiltrate [36]. As such, digoxin monitoring for
patients co-medicated with aldosterone antagonists is
best pursued with chromatographic techniques.

HERBAL MEDICINES

Herbal medicines are a cornerstone of traditional
Eastern medicine and lifestyle, and they are readily
available without prescription. These medicines are
not well controlled in terms of potency or purity, and
they may not be reported by patients who use them.
Several case examples and in vitro studies have
demonstrated that select herbal medicines produce
bidirectional analytical interferences in digoxin immu-
noassays. For example, positive and negative interfer-
ences have been described extensively for Chan su and
Danshen. Thus, Chan su produced concentration-
dependent positive interference in FPIA, EMIT, and
MEIA digoxin immunoassays in the absence of
digoxin. In the presence of digoxin, Chan su produced
positive interference in FPIA and EMIT and negative
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interference in MEIA. Chan su did not affect CLIA
with or without digoxin present. Interferences with
Chan su were only partially resolved by analysis of
ultrafiltrate. Positive interference from Danshen has
been reported in the absence of digoxin when analyzed
by FPIA but not by EMIT, MEIA, or CLIA. As with
Chan su, positive interference has been observed with
FPIA and EMIT, and negative interference with MEIA,
when Danshen is found in the presence of digoxin; no
effect was observed with CLIA. Danshen interferences
were largely resolved by analysis of ultrafiltrate
[37�39].

CASE REPORT1 A 19-year-old Taiwanese female
presented to an emergency department with nausea,
vomiting, dizziness, weakness, and numbness in the
mouth. Noteworthy was her admission to having
ingested cooked toad eggs approximately 1 hr prior.
Vitals and neurological exam were normal, but an elec-
trocardiogram revealed a first-degree atrioventricular
block. Serum digoxin concentration was measured by
immunoassay. Despite no history of digoxin therapy,
the concentration was 1.9 ng/mL; potassium concen-
tration was 7.1 mmol/L. The patient was administered
anti-digoxin Fab and admitted to the intensive care
unit. Both the apparent digoxin concentration and
potassium concentrations declined, and the patient
was released a few days later. The most likely cause of
the digoxin cross-reactivity is that the toad eggs
ingested contained Chan su, a traditional Chinese aph-
rodisiac commonly made from toad venom.

Interferences in Carbamazepine Measurement

Carbamazepine (Tegretol and Carbatrol) is a tricyclic
anticonvulsant drug used for the treatment of partial
and tonic�clonic seizures, trigeminal neuralgia, and
manic depression. The therapeutic range for
carbamazepine is 4�12 μg/mL; signs of toxicity, such as
stupor, seizures, and respiratory depression, may occur
at concentrations exceeding 15 μg/mL. Carbamazepine
is metabolized primarily by cytochrome P450 isozyme
(CYP) 3A4 to the active metabolite, carbamazepine-
10,11-epoxide. The 10,11-epoxide metabolite has similar
activity as the parent drug, and it may contribute signifi-
cantly to efficacy of the drug in populations that
accumulate the metabolite, such as children. The concen-
tration of the metabolite may be higher than the parent
drug concentrations in situations of carbamazepine
overdose and in patients with renal failure (uremia);
therefore, monitoring drug ratios of parent and
metabolite may be useful for evaluating compliance and
drug�drug interactions.

Pre-Analytical Variables

Drug�drug interactions are common with carba-
mazepine due to relatively high protein binding
(65�80%) and involvement of drug-metabolizing
enzymes, including CYP2C19 and CYP3A4.
Carbamazepine is eliminated primarily via the kid-
neys; thus, renal failure or insufficiency can lead to
elevated results and increase the risk for toxicity.

Analytical Variables

Major sources of analytical interference for
carbamazepine include cross-reactivity from the
10,11-epoxide metabolite and structurally similar
drugs. Cross-reactivity of carbamazepine and its
metabolite can vary in commercial immunoassays,
from 0% for the Vitros assay to approximately 93.6%
on the Dade Dimension. Other assays, such as MEIA
(AxSYM), have moderate cross-reactivity (22%) [41].
This cross-reactivity can be utilized to calculate the
total amount of epoxide present, but chromatographic
methods are preferred [42]. Analytical interferences
with carbamazepine immunoassays have been
described for drugs that are structurally similar to
carbamazepine, such as oxcarbazepine, which produce
positive interference in carbamazepine analysis by
EMIT [43]. Cross-reactivity with carbamazepine
analogs that are currently in development, such as esli-
carbazepine, is not yet characterized. Because this new
drug is a purified isomer, it is important to recognize
that nonchiral chromatographic assays would not be
able to distinguish between use of eslicarbazepine and
use of racemic licarbazepine. Noncarbamazepine
analogs may also cross-react with carbamazepine
assays. For example, Parant et al. reported that the
antihistamine drug hydroxyzine and its metabolite,
cetirizine, produced a false-positive result for carba-
mazepine using the particle-enhanced turbidimetric
inhibition immunoassay (PETINIA) but not with EMIT
or turbidimetry (ADVIA Centaur) [44,45].

Interferences in Phenytoin Measurement

Phenytoin (Dilantin) is administered to manage gener-
alized tonic�clonic seizures, partial or complex�partial
seizures, and status epilepticus. There is a good
correlation between plasma concentration of phenytoin
and its clinical effect, and a well-accepted therapeutic
range is 10�20 μg/mL. Fosphenytoin (Cerebyx) is a pro-
drug that is rapidly converted by hydrolysis to phenyt-
oin. Total plasma phenytoin concentrations greater than
20 μg/mL do not enhance seizure control and are associ-
ated with adverse effects such as nystagmus, ataxia,
psychosis, hyperglycemia, nystagmus, and hematological1From Kuo et al. [40].
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disorders; concentrations greater than 35 μg/mL have
been shown to precipitate seizure activity.

Pre-Analytical Variables

Drug�drug interactions are common with phenyt-
oin due to high protein binding (. 90%) and involve-
ment of drug-metabolizing enzymes, including
CYP2C9 and CYP2C19. Phenytoin is primarily elimi-
nated via the kidneys; thus, renal failure or insuffi-
ciency can lead to elevated results and increase the risk
for toxicity due to accumulation of the parent drug.
Samples collected after administration of fosphenytoin
may lead to falsely elevated results due to in vitro
metabolism of fosphenytoin, particularly in patients
with elevated alkaline phosphatase activity [2].

Analytical Variables

A major source of analytical interference for
phenytoin is the primary metabolite 5-(p-hydroxyphe-
nyl)-5-phenylhydantoin (HPPH). Several phenytoin
immunoassays cross-react with the metabolite HPPH,
leading to falsely elevated results [46,47]. The glucuro-
nide form of HPPH is eliminated in urine. Analytical
interference due to HPPH is of particular concern for
uremic patients as well as any patients who have poor
renal function and may thereby accumulate the metab-
olite [48].

Other sources of analytical interference reported for
phenytoin include the nonsteroidal anti-inflammatory
drug oxaprozin (Daypro), which can exhibit cross-
reactivity with TDx phenytoin assays to produce a
falsely elevated result [49,50]. Fosphenytoin cross-
reacts directly with several immunoassay formats,
including FPIA, EMIT, and CLIA, to produce falsely
elevated results. Of interest, the extent of cross-
reactivity increases in the presence of phenytoin for
FPIA (TDx) but is independent of phenytoin concen-
tration for CLIA (ACS:180) [51]. False-negative results
are also possible, as demonstrated by Brauchli et al. in
a patient with monoclonal IgM-λ and testing per-
formed by an automated particle-enhanced turbidimet-
ric inhibition immunoassay (see case report) [52].

CASE REPORT2 A 73-year-old female was admitted
to a hospital due to confusion and recurrent convul-
sive facial contractions. The convulsions increased and
extended to the right side of her body. An EEG identi-
fied epileptic zones in the occipital lobe, and treatment
by phenytoin infusion was initiated. Despite consistent
daily dosing, total serum phenytoin concentration was
undetectable (,0.4 ng/mL) by PETINIA (Dimension
Analyzer, Siemens Diagnostics) in multiple samples.
Other medications administered to the patient were

detected in the same samples, eliminating the possibil-
ity of sample mix-up. The possibility of drug�drug
interactions was also eliminated. Because of the unex-
pected result, testing by alternate methods was pur-
sued. Phenytoin was detected and concentrations were
reasonable when analysis was performed by FPIA or
by chromatographic methods. Testing with PETINIA
was repeated after a protein precipitation step, and
phenytoin was detected as expected. It was therefore
hypothesized that the false-negative results were due
to an interfering protein. A monoclonal IgM-λ was
detected in the patient serum by immunofixation, and
this was likely responsible for the analytical
interference.

Interferences in Measurement of
Immunosuppressant Drugs

Immunosuppressant drugs (cyclosporine A, tacroli-
mus, sirolimus, everolimus, and mycophenolate mofetil)
function to suppress the immune system by inhibiting
T cell activation and proliferation. Immunosuppressant
drugs are used to treat autoimmune disease, allergies,
multiple myeloma, and chronic nephritis and to prevent
rejection after organ transplantation. TDM for immuno-
suppressant drugs is routinely performed in the
transplant setting, and dose adjustments are made
based on results. Blood concentrations below the
therapeutic range can lead to underdosing, which can
put a patient at risk for graft rejection because the
immune system is not suppressed. Blood concentra-
tions that exceed the therapeutic range can lead to
oversuppression of the immune system and increase
the risk of opportunistic infections, malignancy, and
organ toxicity.

Cyclosporine (Sandimmune and Neoral) and tacroli-
mus (Prograf) are both calcineurin inhibitors and have
serious adverse effects, such as renal dysfunction and
toxicity, hypertension, and hyperlipidemia, with excess
exposure. The general therapeutic range is
100�400 ng/mL. The therapeutic range for tacrolimus
is 5�20 ng/mL. Sirolimus (Rapamune) and everolimus
(Zortress and Afinitor) are inhibitors of the mamma-
lian target of rapamycin (mTOR) and function to
inhibit T-lymphocyte activation and proliferation. They
are also associated with serious adverse effects, such
as anemia, leucopenia, thrombocytopenia, hyperlipid-
emia, and gastrointestinal effects. The therapeutic range
for sirolimus is 12�20 ng/mL, and it is 3�8 ng/mL
for everolimus. Mycophenolate mofetil (CellCept) is a
prodrug that is rapidly metabolized to mycophenolic
acid (MPA) in the liver. MPA is a reversible and
noncompetitive inhibitor of inosine monophosphate
dehydrogenase, which is important for guanine2From Brauchli et al. [52].
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nucleotide synthesis for T cell proliferation. MPA is asso-
ciated with adverse effects such as leukopenia, diarrhea,
and vomiting. The therapeutic range for predose MPA is
1.0�3.5 mg/L when combined with cyclosporine.

Pre-Analytical Variables

Cyclosporine, tacrolimus, sirolimus, and everolimus
are highly bound to red blood cells and proteins; there-
fore, TDM is best performed with whole blood. MPA
is not bound to red blood cells but highly bound to
plasma proteins; therefore, TDM is performed with
plasma. Changes in hematocrit may affect accuracy of
whole blood testing results.

Bioavailability is extremely variable with most immu-
nosuppressant drugs. These drugs are extensively
metabolized and eliminated primarily in the urine.
As such, patients with impaired gastrointestinal,
hepatic, or renal function are subject to
unpredictable pharmacokinetics. For example, liver
transplant patients with hyperbilirubinemia will
accumulate tacrolimus metabolites leading to a high pos-
itive bias in tacrolimus results by immunoassay [11].
Drug�drug interactions that lead to elevated or reduced
concentrations of immunosuppressant drugs are also a
significant concern.

Analytical Variables

Immunosuppressant drugs can be monitored by
immunoassays and chromatographic methods (high-
performance liquid chromatography (HPLC) and
LC-MS/MS). LC-MS/MS methods are now commonly
used to create multianalyte panels and to increase
specificity compared to immunoassay methods [53].
These methods are not free of interferences, and they
should be evaluated with the same scrutiny as an
immunoassay or other analytical method [20].
Nonetheless, immunoassays remain a convenient
means of testing, particularly in a hospital setting.
Sources of analytical interferences for immunoassays
include drug metabolites and endogenous factors such
as heterophilic antibodies and hematocrit. In addition,
the structural similarity between sirolimus and everoli-
mus leads to near equivalent cross-reactivity with siro-
limus immunoassays. Everolimus can be monitored by
sirolimus immunoassay, but if a patient is
co-medicated with both drugs, distinguishing everoli-
mus and sirolimus requires a chromatographic
approach [54�56]. Functional assays designed to
monitor and optimize immunosuppressant therapy are
available as well, particularly for MPA, but are not
discussed here [57,58]. See Table 13.4 for a summary of
drugs and drug metabolites that are reported to interfere
with immunoassays for immunosuppressant drugs.

DRUG METABOLITES

Cyclosporine has 31 metabolites; one of the major
metabolites has approximately 10% of the immunosup-
pressive activity of the parent compound, whereas
the rest of the metabolites are inactive. Tacrolimus

TABLE 13.4 Drugs and Drug Metabolites That May Interfere
with Immunoassays for Immunosuppressant Drugs

Drug Metabolites Drugs

Cyclosporine
(Sandimmune)

31 (inactive) Amikacin

Hydroxylated
cyclosporine (10%
activity)

Amphotericin B

Azathioprine

Carbamazepine

Chloramphenicol

Cimetidine

Digoxin

Disopyramide

Erythromycin

Furosemide

Gentamicin

Kanamycin A

Lidocaine

Mycophenolic
acid

Phenobarbital

Phenytoin

Prazosin

Prednisone

Tacrolimus (Prograf) 8 (inactive) Quinidine
31-O-desmethyl
tacrolimus (active)

Rifampin

Sirolimus (Rapamune) Hydroxy-sirolimus
(unknown activity)

Tobramycin

Desmethyl sirolimus
(unknown activity)

Verapamil

Sirolimus (ring-open
form; unknown activity)

Everolimus (Zortress,
Affinitor)

Hydroxy-everolimus
(unknown activity)
Dihydroxy-everolimus
(unknown activity)
Desmethyl everolimus
(unknown activity)
Everolimus (ring-open
form; unknown activity)

Mycophenolate mofetil
(CellCept, Myfortic)

7-O-glucuronide
(MPAG) (inactive)
Acyl-glucuronide
(AcMPAG) (active)
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has 1 active metabolite, 31-O-desmethyl tacrolimus,
and 8 metabolites that are inactive. Sirolimus has 7
inactive metabolites, and everolimus has at least 20
inactive metabolites. The primary metabolite of MPA
is MPA-glucuronide (MPAG), which is pharmacologi-
cally inactive.

Several immunoassay methods are known to cross-
react with inactive metabolites to produce results that
are 20�60% higher than those obtained by chro-
matographic techniques such as HPLC or LC-MS/MS
[59�61]. Immunoassay methodologies that utilize
polyclonal antibodies exhibit the highest degree of pos-
itive bias compared to immunoassays based on mono-
clonal antibodies; however, LC-MS/MS is the
preferred technology. For MPA, immunoassay results
may be overestimated by cross-reactivity with the
MPAG metabolite, as well as the prodrug mycopheno-
late mofetil [62,63].

ENDOGENOUS INTERFERENTS

Heterophilic antibodies may interfere with immunoas-
says of any sort, and they can be identified with various
dilution and pretreatment methods. Falsely elevated
tacrolimus and cyclosporine results were reported in
patients receiving these drugs (see case report), most
likely due to endogenous anti-β-galactosidase antibo-
dies [64]. Hematocrit values have been shown to corre-
late with response in an MEIA assay for tacrolimus as
well. Specifically, low hematocrit values are associated
with overestimated tacrolimus concentrations by MEIA;
the overestimation can be accounted for by correcting for
hematocrit [12].

CASE REPORT3 A 53-year-old male who received a
kidney transplant was treated with tacrolimus and
corticosteroids. Tacrolimus was monitored using
the antibody conjugated magnetic immunoassay
(ACMIA)-tacrolimus (Siemens Dimension). The tacroli-
mus results obtained for the renal transplant patient
were consistent with expectations for the first 3 weeks
post-transplant (, 12 ng/mL). An unexpected tacroli-
mus result of 21.5 ng/mL was then observed, and
dosing was suspended for a few days. During the
period in which tacrolimus was discontinued, blood
tacrolimus concentrations persisted at greater than
10 ng/mL. When tacrolimus was reintroduced, it was
measured by MEIA-tacrolimus (IMx), and results were
consistent with clinical expectations. For comparison,
samples were analyzed in parallel with ACMIA (on
Dimension analyzer: Siemens Diagnostics) and results
were approximately twice the MEIA concentrations. In
the automated ACMIA-tacrolimus method
(Dimension), whole blood is lysed and mixed with

anti-tacrolimus�β-galactosidase antibody conjugate
and magnetic particles to which unlabeled tacrolimus
is bound. Tacrolimus in the patient blood competes
with the tacrolimus bound to particles for binding
with the conjugate. The magnetic particles are sepa-
rated from the reaction mixture, and the tacrolimus-
bound conjugate is detected in the presence of enzyme
substrate. In the case report, a dilution study was per-
formed that showed nonlinearity. In addition, the
interference was resolved completely by treatment
with polyethylene glycol and by testing washed ery-
throcytes, suggesting that the interferent was a plasma
component. Positive interference was observed with
ACMIA-cyclosporine as well, despite the fact that the
patient never received cyclosporine, which further sug-
gests that the cause of the interference was endoge-
nous anti-β-galactosidase antibodies.

Interferences in Measurement of Antidepressant
and Mood-Stabilizer Drugs

Tricyclic Antidepressants

Tricyclic antidepressants (TCAs), such as amitripty-
line (Elavil), clomipramine (Anafranil), doxepin
(Sinequan, Prudoxin, Zonalon, and Silenor), imipra-
mine (Tofranil), trimipramine (Surmontil), nortripty-
line (Pamelor), and desipramine (Norpramin), are
named for their three-ring structure and used to treat
various forms of depression, anxiety disorders, eating
disorders, attention deficit hyperactivity disorder,
enuresis in children, and chronic and neuropathic
pain. Plasma concentrations of TCAs have a positive
correlation with clinical improvement and toxicity.
Serum TCA concentrations greater than 500 ng/mL
can produce adverse anticholinergic symptoms,
including dry mouth, sedation, blurred vision, fever,
urinary retention, agitation, confusion, and seizures.
TCA toxicity from overdose can be life-threatening
and involve cardiovascular complications such as
hypotension, tachycardia, and cardiac arrhythmias.
Serum concentrations greater than 1000 ng/mL can be
fatal. Chronically administered TCAs can contribute to
cardiac toxicity by accumulating in cardiac tissues
[13,65].

Pre-Analytical Variables

Several TCAs have active metabolites that may be
important to identify and quantitate because their con-
centrations contribute to the therapeutic efficacy of
TCAs. Some active metabolites are available as inde-
pendent drugs. For example, nortriptyline is the active
metabolite for amitriptyline, and desipramine is the
active metabolite for imipramine. Drug�drug or
drug�herb interactions involving cytochrome P4503From D’Alessandro et al. [64].
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isozymes, such as CYP2D6 and CYP2C19, commonly
contribute to accumulation of active drug or drug
metabolites that may lead to concentration-related
toxicity [13,66].

Analytical Variables

Immunoassays designed to detect TCAs are prone
to interferences from other TCA drugs and drug meta-
bolites, as well as structurally similar compounds from
different drug classes. Table 13.5 provides a list of
drugs that have been reported to interfere with immu-
noassays designed to detect TCAs. For example, cyclo-
benzaprine, a skeletal muscle relaxant, has a similar
structure to TCA and can cause a false-positive result
for TCA by immunoassay due to antibody cross-
reactivity [67]. Phenothiazine antipsychotic drugs, such
as thioridazine, have three-ring structures and can also
cross-react with TCA antibodies and produce false-
positive results. Other three-ring structured com-
pounds can produce false-positive TCA results via
cross-reactivity with TCA immunoassays, including
phenothiazine antipsychotic drugs such as thioridazine
[68]; antiepileptic drugs such as carbamazepine and
oxcarbazepine [69]; antihistamines such as cetirizine,
hydroxyzine, and diphenhydramine [70]; and the anti-
psychotic drug quetiapine [71].

HPLC methods are well-established for TCA testing;
however, this methodology is prone to interferences in
peak separation and retention time, which can occur in
patients on multidrug therapy. Thioridazine, an anti-
psychotic drug for schizophrenia therapy, can interfere
with imipramine metabolism and analysis by HPLC
[68]. Mass spectrometric methods provide high speci-
ficity and minimize interferences; thus, they are
considered the method of choice for identification,
differentiation, and quantitation of TCA drugs [72].

CASE REPORT4 A 17-year-old female with a history
of bulimia was admitted to an emergency department
after unknown drug ingestion. The patient was drowsy
with dilated, reactive pupils, slurred speech, and
ataxia. Electrolytes and liver function test results were
normal. Urine toxicology testing was negative, but a
serum toxicology screen was positive for TCAs by
FPIA. An electrocardiograph was pursued that
revealed only sinus tachycardia. Targeted chro-
matographic testing failed to identify any specific TCA,
and the patient’s condition improved rapidly. Subsequent
testing revealed carbamazepine at 18.6 μg/mL in a blood
sample collected approximately 12 hr postingestion,
which decreased to 10 μg/mL in a sample collected at
approximately 18 hr postingestion, but no TCAs,

demonstrating that the initial screening result was a false
positive.

Lithium

Lithium carbonate (Eskalith and Lithane) is a mono-
valent cation that is used as a mood-stabilizing agent
for treatment of bipolar disorder, acute manic episode,
and depression. Lithium TDM is recommended
due to its narrow therapeutic range (0.6�1.2 mmol/L),
unpredictable serum concentrations, and concentration-
dependent toxicity. Concentrations of lithium greater
than 1.5 mmol/L are associated with lethargy, muscle
weakness, tremors, and speech difficulties. Lithium con-
centrations greater than 2.5 mmol/L can produce
muscle rigidity, mental confusion, seizures, coma,
cardiac arrhythmias, and death [13].

Pre-Analytical Variables

Patient specimens should not be collected in lithium
heparin tubes because the additive can increase the
concentration of lithium in patient samples, causing a
falsely elevated result. For this reason, serum is pre-
ferred over plasma. In addition, specimens that are
grossly hemolyzed may cause a dilution effect on lithium
concentrations and should not be used for lithium
analysis. Co-administration of diuretics and nonsteroidal
anti-inflammatory agents can cause drug�drug interac-
tions and affect lithium concentrations in serum by alter-
ing lithium excretion. Lithium is excreted primarily in
urine, where it is actively absorbed by the kidneys;
hence, serum concentrations of lithium are affected by
the glomerular filtration rate [13].

Analytical Variables

Lithium is most frequently measured by ion-
selective electrodes (ISE). Automated colorimetric,
photometric, and enzymatic methods, as well as
elemental analysis using flame atomic absorption
spectrometry, flame atomic emission spectrophotome-
try, or inductively coupled plasma mass spectrometry
methods, are also available and could be used to

TABLE 13.5 Drug Analytes That May Interfere with Tricyclic
Antidepressant Immunoassays

Carbamazepine Maprotiline

Carbamazepine-10,11-epoxide Oxcarbazepine

Cetirizine Perphenazine

Chlorpromazine Phencyclidine

Cyclobenzaprine Prochlorperazine

Fluphenazine Quetiapine fumarate

Hydroxyzine Thioridazine

4From Matos et al. [73].
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resolve a suspected interference with ISE [74]. Sources
of analytical interferences are based on the technology.
For ISE, sources of interference include ions originat-
ing from other drugs and elements. Drugs such as
quinidine, procainamide, and its metabolite, N-acetyl-
procainamide, can produce a positive interference with
lithium results by ISE, particularly with the Beckman
analyzer. The interference from the three drugs is
additive. Quinidine can also produce a negative bias in
lithium results by colorimetric methods, and valproic
acid can produce a positive bias in lithium results by
the same method. A positive bias in lithium results is
also caused by drug interferences from the cardiac
drug lidocaine and the anticonvulsant drug carbamaz-
epine by ISE. Calcium concentrations greater than
8.9 mmol/L can cause a positive bias interference on
ISE methods and a negative bias interference by colori-
metric methods. Potassium and sodium can also
produce a negative and positive bias interference,
respectively, by colorimetry [75].

CONCLUSIONS

TDM is a critical tool for optimization of drug
therapy. Accuracy of laboratory testing to support
TDM depends on a deliberate coordination of both
pre-analytical and analytical sources of interferences.
Timing of specimen collection, performance character-
istics of analytical techniques, and patient history
guide interpretation of a TDM result. Any result that is
inconsistent with clinical expectations should be
critically evaluated before dose adjustments are made.
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INTRODUCTION

Substance abuse is a serious public health and
safety issue not only in the United States but also
worldwide. According to the 2010 National Survey on
Drug Use and Health by the Office of Applied Science
of the Substance Abuse and Mental Health Services
Administration (SAMHSA), an estimated 22.6 million
Americans 12 years or older used an illicit drug during
the month prior to the survey interview (Figure 14.1).
This represented 8.9% of the U.S. population aged
12 years or older. Marijuana was the most commonly
used drug, with an estimated 17.4 million people using
it in the month prior to the survey. In addition, there
were 1.5 million cocaine users, and an alarming
7.0 million people abused prescription medications.
Illicit drug abuse was more common among unem-
ployed people (17.5% among unemployed people
vs. 8.4% among employed people). Another alarming
finding was that an estimated 10.6 million people aged
12 years or older reported driving under the influence
of an illicit drug [1]. Thus, December has been desig-
nated National Impaired Driving Prevention Month.

Because of widespread use of drugs and alcohol,
drug testing using urine specimens and blood alcohol
testing are commonly performed in emergency room
patients who are involved in accidents, especially car
accidents, as well as in anyone with clinical symptoms
indicating drug or alcohol overdose or both. In many
hospital laboratories, blood alcohol testing is per-
formed using enzymatic assays that can be easily
adopted on automated analyzers. However, such enzy-
matic methods are subject to interference most notably
from elevated blood lactate and lactate dehydrogenase.
This topic is discussed in Chapter 16. This chapter
focuses on limitations of drugs of abuse testing con-
ducted in clinical laboratories, with a brief discussion

on the challenges of legal drug testing, especially the
issue of urine adulteration.

DRUGS OF ABUSE TESTING:
MEDICALVERSUS LEGAL

Whereas medical drug testing has been practiced
for a long time, especially for patients admitted to
emergency departments, legal drug testing was initi-
ated by President Reagan, who issued Executive Order
12564 on September 15, 1986. This executive order
directed drug testing for all federal employees who
are involved in law enforcement, national security,
protection of life and property, public health, and
other services requiring a high degree of public trust.
Following this executive order, the National Institute
of Drug of Abuse (NIDA) was given the responsibility
of developing guidelines for federal drug testing.
Currently, SAMHSA, an agency under the U.S.
Department of Health and Human Services, is respon-
sible for providing mandatory guidelines for federal
workplace drug testing. Although Reagan’s executive
order was not intended for private employers,
currently a majority of Fortune 500 companies have
policies for workplace drug testing. Drug abuse costs
American industry and the public an estimated $100
billion a year, but workplace drug testing can contrib-
ute to a better work environment, improves morale
of employees, and is very effective in preventing
work-related accidents. Therefore, developing a cost-
effective corporate workplace drug testing program
that meets federal guidelines, capable of standing legal
challenge and also accepted by employees, is the
objective of all workplace drug testing programs [2].
Several publications have established large negative
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correlations between workplace drug testing and
employee substance abuse [3].

In medical drug testing, informed consent may not
be obtained from a patient. An overdosed patient
admitted to the emergency department may not be
able to grant an informed consent anyway. In contrast,
in a workplace or any other legal drug testing pro-
gram, obtaining an informed consent prior to testing is
mandatory. Another major difference between medical
and legal drug testing is that in medical testing, an
initial positive screening result obtained by using
immunoassays may not be confirmed by using gas
chromatography combined with mass spectrometry
(GC-MS), but in legal drug testing, GC-MS confirma-
tion is mandatory. In addition, a chain of custody
must be maintained in legal drug testing indicating all
personnel who have possession of the specimen from
the time of collection to the time of reporting results.
Chain of custody is not usually initiated in medical
drug testing. Therefore, a medical drug testing result
may not stand a legal challenge.

DRUGS TESTED IN DRUGS OF ABUSE
TESTING PROTOCOLS

The fourth edition of the Diagnostic and Statistical
Manual of Mental Disorders distinguishes 11 categories
of abused substances, including amphetamines,
cocaine, marijuana, hallucinogens, inhalants, opioids,
phencyclidine (PCP), sedative hypnotics, anxiolytics,
and alcohol. Despite this guideline, many drugs of abuse
programs may screen only five drugs, also known
as NIDA-5 or SAMHSA-5 drugs. The five SAMHSA-
mandated drugs for federal workplace drug testing are

amphetamine, cocaine (tested as benzoylecgonine,
the inactive metabolite), opiates, PCP, and marijuana
(tested as 11-nor-9-carboxy-Δ-9-tetrahydrocannabinol,
the inactive metabolite). Although these drugs are
more frequently tested, there is no industry standard
and terms such as “routine drug screen” or “comprehen-
sive drug screen” are used by different laboratories, but
the drugs included in each protocol may vary from one
laboratory to another [4]. Some private employers may
test for additional drugs in their workplace drug testing
protocols, and such comprehensive drug panel may
include barbiturates, benzodiazepines, oxycodone, meth-
adone, methaqualone, and propoxyphene.

DRUG TESTING METHODOLOGIES

Immunoassays are widely used as the first step of
drug screening in both medical and workplace drug
testing programs. Immunoassays can be easily auto-
mated, several drugs can be analyzed using one speci-
men, and results can be directly downloaded in the
laboratory information system. The main component
of the immunoassay reagents is the analyte-specific
antibody, which can be either polyclonal or monoclo-
nal in nature. In general, monoclonal antibody-based
immunoassays are more specific to the target analyte
than are the polyclonal antibody-based assays. All
immunoassay methods used for drugs of abuse
screening require no specimen pretreatment. The
assays use very small amounts of sample volumes
(most ,100 μL), reagents are stored in the analyzer,
and most assays employ stored calibration curves in
the automated analyzer. With respect to assay design,
there are two formats of immunoassays: competition
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FIGURE 14.1 Abuse of various illicit drugs and inhalants

in the United States. Illicit drugs include marijuana/hashish,
cocaine (including crack), heroin, hallucinogens, inhalants,
and prescription-type psychotherapeutics used nonmedically.
Source: Data from the 2010 National Survey on Drug Use
and Health: National Findings. U.S. Department of Health and
Human Services, Substance Abuse and Mental Health Services
Administration (SAMHSA), Office of Applied Studies.
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and immunometric (commonly referred to as “sand-
wich”). Competition immunoassays work best for
drugs that are small molecules such as therapeutic
drugs and drugs of abuse requiring a single analyte-
specific antibody. In the competition format, the ana-
lyte molecules in the specimen compete with analyte
(or its analogs), labeled with a suitable tag and
provided in the reagent, for a limited number of bind-
ing sites provided by an analyte-specific antibody
(also provided in the reagent). Thus, in these types
of assays, the higher the analyte concentration in the
sample, the less label can bind to the antibody to form
the conjugate. If the bound label provides the signal,
such as in fluorescence polarization immunoassay
(FPIA), the analyte concentration in the specimen is
inversely proportional to the signal produced. On the
other hand, if the signal is generated by the free label,
then the signal is proportional to the concentration
of the abused drug in the specimen. The signals are
mostly optical, such as absorbance, fluorescence, or
chemiluminescence.

There are several variations in this basic format.
Although the assays can be homogeneous or heteroge-
neous, most drugs of abuse assays use the homogeneous
format, in which the bound label has different properties
than the free label and physical separation between
bound and free label is unnecessary before measuring
the signal. For example, in FPIA, the free label has differ-
ent Brownian motion than when the label is complexed
to a large antibody (146 kDa). This results in differences
in the fluorescence polarization properties of the
label, where the bound label is capable of producing the
signal [5]. In another type of homogeneous immunoas-
say, an enzyme is the label, whose activity is modulated
differently in the free versus the antibody-bound condi-
tions of the label. This principle is used in the enzyme
multiplied immunoassay technique (EMIT) and cloned
enzyme donor immunoassay (CEDIA) technologies [6,7].
In the EMIT method, the label enzyme, glucose 6-
phosphodehydrogenase (G6PDH), is active unless in the
antigen�antibody complex. The active enzyme reduces
nicotinamide adenine dinucleotide (NAD) to NADH,
and the absorbance is monitored at 340 nm (NAD has no
signal at 340 nm, whereas NADH absorbs at 340 nm). To
guard against interference from a specimen’s native
G6PDH, the newer assays use recombinant bacterial
enzymes whose activity conditions are different from
those of the human enzyme. Similarly, in the CEDIA
method, two genetically engineered inactive fragments
of the enzyme β-galactosidase are coupled to the antigen
and the antibody reagents. When they combine, the
active enzyme is produced, and the substrate—a chro-
mogenic galactoside derivative—produces the assay sig-
nal. In a third commonly used format of homogeneous
immunoassay (turbidimetric immunoassay), analyte

(antigen) or its analogs are coupled to colloidal particles
of latex, for example [8]. Because antibodies are bivalent,
the latex particles agglutinate in the presence of the
antibody. However, in the presence of free analytes
in the specimen, there is less agglutination. In a spectro-
photometer, the resulting turbidity can be monitored
as end point or as rate. In the kinetic interaction of micro-
particles in solution (KIMS) assay method, in the absence
of drug molecules, free antibodies bind to drug micro-
particle conjugate forming particle aggregates, and an
increase in absorption is observed. When drug molecules
are present in urine specimen, these molecules bind with
free antibody molecules and thus prevent formation
of particle aggregates and diminish absorbance in pro-
portion to drug concentration. The ONLINE drugs
of abuse testings immunoassays marketed by Roche
Diagnostics (Indianapolis, IN) are based on the KIMS
format.

In the heterogeneous immunoassay format, the
bound label is physically separated from the unbound
labels before signal is measured. The separation is often
done magnetically, where the reagent analyte (or its
analog) is provided as coupled to paramagnetic parti-
cles (PMPs), and the antibody is labeled. Conversely,
the antibody may also be provided as conjugated to the
PMPs, and the reagent analyte may carry the label.
After separation and wash, the bound label is reacted
with other reagents to generate the signal. This is the
mechanism in many chemiluminescent immunoassays,
in which the label may be a small molecule that gener-
ates chemiluminescent signal [9]. The label may also be
an enzyme (enzyme immunoassay (EIA) or enzyme-
linked immunosorbent assay (ELISA)) that generates
chemiluminescent, fluorometric, or colorimetric signal.
Another type of heterogeneous immunoassay uses poly-
styrene particles. If the particles are micro sizes, this
type of assay is called microparticle-enhanced immuno-
assay [10].

Usually, multiple calibrators (four to six levels) are
recommended for accurate measurements of the ana-
lyte across the entire assay range in an immunoassay,
although 2-point calibrations are also used. Most
automated assay systems can store a calibration curve
depending on the assay stability of the systems.
Therefore, when a sample is analyzed during the
period denoted by calibration stability, the assay signal
is automatically converted into analyte concentration
via the stored calibration curve. Drugs of abuse assays
are often used to report “qualitative” results—that is,
positive or negative with respect to a certain analyte
concentration (the “cutoff” level). Thus, many of the
assays are in qualitative or quantitative formats, and in
most cases such formats are defined by assay protocol
and calibration. In qualitative formats, the calibration
can be simplified to only one or two calibrators,
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centering on the cutoff point, thus providing the most
accuracy around that point. The algorithm compares
the signal observed with a sample with that of the
cutoff calibrator and reports the result as positive
or negative. Semiquantitative results can be reported
with a calibration curve containing a minimum of
three calibrator samples; often, the combination of the
zero-calibrator, together with two or more calibrators
at or near cutoff level, is used to generate a calibration
curve. Obviously, such assay formats will have increased
inaccuracy at analyte concentrations much higher than
the cutoff concentration.

Immunoassays used for drugs of abuse testing
have high sensitivity, but specificity may vary widely
between assays designed for individual drugs. In gen-
eral, there are certain cutoff concentrations for immu-
noassays used for drugs of abuse testing. These cutoffs
are set by SAMHSA guidelines. Therefore, if the con-
centration of a target drug or metabolite is below the
cutoff concentration, the immunoassay result should
be negative, and a negative test result may be indica-
tive of no drug present in the specimen or a drug
concentration lower than the cutoff concentration. The
GC-MS confirmation cutoff as proposed by SAMHSA
guidelines may be the same as the cutoff concentration
recommended for immunoassay screening or may
be lower than the immunoassay screening threshold.
Immunoassay and GC-MS cutoff concentrations of
various SAMHSA drugs are summarized in Table 14.1.
Immunoassay and GC-MS confirmation cutoffs of
other commonly abused drugs (in the workplace drug
testing protocols of private employers; non-SAHMSA
drugs) are given in Table 14.2. Drugs or metabolites
can be detected for a limited time in urine after abuse.
Detection windows of various drugs in urine are
summarized in Table 14.3.

In legal drug testing, a person may intentionally
dilute their urine specimen with water in order to
avoid a positive test result. Many investigators have
explored the possibility of detecting abused drugs in
urine specimens using lower cutoff concentrations
than recommended by SAMHSA guidelines in order
to identify more subjects who may be abusing drugs.
Unfortunately, in the United States, such practice
cannot stand legal challenges except for opiates, for
which some private employers are still using the
300 ng/mL cutoff concentration that was proposed
in the original drug testing guidelines by NIDA.
However, the Correctional Services of Canada (CSC)
incorporates lower screening and confirmation cutoff
for drug/metabolites if needed for diluted urine.
These guidelines include the following: all amphet-
amine screening cutoff, 100 ng/mL; confirmation
cutoff, 100 ng/mL; benzodiazepines screening and
confirmation cutoff, 50 ng/mL; benzoylecgonine

screening and confirmation cutoff, 15 ng/mL; opiates
screening and confirmation cutoff, 120 ng/mL; phen-
cyclidine screening and confirmation cutoff, 5 ng/mL;
and cannabinoids screening cutoff, 20 ng/mL, but
confirmation cutoff of 3 ng/mL. Fraser and Zamecnik
[11] reported that between 2000 and 2002, 7912 urine
specimens collected by the CSC were dilute, and 26%
of these screened positive using SAMHSA cutoff
values. When lower values for cutoff and confirma-
tion were adopted, 1100 specimens tested positive for
one or more illicit drugs. The drug most often con-
firmed positive in a diluted specimen was marijuana.
Soldin et al. [12] reported a more than 100% increase

TABLE 14.1 Original Cutoff Values and New Cutoff Values
(Effective October 1, 2010) of SAMHSA-Mandated Drug Testing

Drug or Drug Class Immunoassay
Cutoff (ng/mL)

GC-MS
Confirmation

(ng/mL)

Original Value New Value New Value

Amphetamine/
methamphetamine

1000 500 500

MDMA Not applicable 500 250

Cannabinoids 50 50 15

Cocaine metabolites 300 150 100

Opiates
(codeine/morphine)a

2000 2000 2000

6-Acetylmorphineb 10 10 10

Phencyclidine 25 25 25

aIn the first guidelines, the published cutoff concentration for opiate screening
was 300 ng/mL, but the value was increased to 2000 ng/mL in 1998. Some private
employers may still use immunoassays of opiate with a cutoff concentration
of 300 ng/mL.
bTesting is recommended if opiate test is positive (.2000 ng/mL).

TABLE 14.2 Immunoassay Screening and GC-MS Confirmation
Cutoffs for Non-SAMHSA Drugs

Drug Immunoassay Cutoff

(ng/mL)

GC-MS Confirmation

(ng/mL)

Barbiturates 200 or 300 200

Benzodiazepines 200 or 300 200

Methadone 300 300

Methaqualone 300 300

Propoxyphene 300 300

Oxycodone 100 or 300 100

6-Acetylmorphine 10 10

LSD 0.5 0.5
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in cocaine-positive specimens when the cutoff was
lowered from 300 to 80 ng/mL in a pediatric popula-
tion because neonates are not capable of concentrat-
ing urine to the same extent as adults. Luzzi et al. [13]
investigated the analytic performance criteria of three
immunoassay systems (EMIT, Beckman EIA, and
Abbott FPIA) for detecting abused drugs below estab-
lished cutoff values. The authors concluded that these
drugs can be screened at concentrations much lower
than established SAMHSA cutoff values. For example,
the authors proposed a marijuana metabolite cutoff
of 35 ng/mL using EMIT and 14 ng/mL for the
Beckman EIA and the Abbott FPIA assays. The pro-
posed cutoff values were based on imprecision stud-
ies in which the coefficient of variation was less than
20%. Such lowering of cutoff values increased the
number of positive specimens in the screening tests
by 15.6%. A 7.8% increase was also observed in the
confirmation stage of drugs of abuse testing [13].

In general, immunoassays used for drugs of
abuse testing target a specific drug or a metabolite.
For example, immunoassays designed for detecting
cocaine in urine target benzoylecgonine, the active
metabolite of cocaine. In contrast, an antibody used in
the immunoassay for screening barbiturates may tar-
get secobarbital. Antibody targets of various immu-
noassays used in drugs of abuse testing are listed in
Table 14.4. The major limitation of immunoassays
is that an antibody may cross-react with a structurally
similar drug, causing false-positive test results.
Therefore, initial drug screening should be confirmed
by GC-MS. Most mass spectrometers used for drugs
of abuse testing are operated in electron ionization
mode, although mass spectrometers can also be oper-
ated in chemical ionization mode. Confirmation meth-
ods for drug testing using GC-MS can be found in
books devoted to drugs of abuse testing [14]. Liquid
chromatography combined with mass spectrometry
(LC-MS) and liquid chromatography combined with
tandem mass spectrometry (LC-MS/MS) are gaining
popularity as alternatives to GC-MS for drug confir-
mation [15]. Eichhorst et al. [16] proposed the use
of LC-MS for rapid screening and confirmation of the
presence of abused drugs in urine specimen as an
alternative to immunoassay screening.

TABLE 14.3 Typical Window of Detection of Various Drugs in
Urine Specimens Using SAMSHA Cutoffsa

Drug Window of Detection

Amphetamine 2 days

Methamphetamine 2 days

3,4-Methylenedioxyamphetamine 1�2 days

Short-acting barbiturates 1�2 days

Long-acting barbiturates 14�21 days

Short-acting benzodiazepine 3 days

Long-acting benzodiazepine 14�21 days

Cocaine 2�3 days

Morphine 2 days

Codeine 2 days

Heroin .1 day for detecting
6-acetylmorphine

2 days for detecting morphine

Oxycodone 2�4 days

Methadone 3 days

Propoxyphene 2�14 days

Marijuana 2�3 days after acute use

5�7 days for moderate use

30 days or more in chronic users

Methaqualone 14 days

Phencyclidine 8 days

LSD 2�3 days

aDetectability depends on drug amounts, frequency and chronicity of abuse, and
individual variables related to drug metabolism and excretion.

TABLE 14.4 Antibody Specificity of Various Immunoassays Used
for Drugs of Abuse Testing

Immunoassay for the Drug Antibody Target

Amphetamine/methamphetamine

assays

Methamphetamine or

amphetamine

3,4-

Methylenedioxymethamphetamine

assay

3,4-

Methylenedioxymethamphetamine

Cocaine assay Benzoylecgonine

Opiate assays Morphine

Oxycodone assay Oxycodone

Heroin assay 6-Acetylmorphine

Methadone assay Methadone or EDDP metabolite

Marijuana assay 11-nor-9-carboxy-Δ-9-

tetrahydrocannabinol

PCP assay Phencyclidine

Benzodiazepine assays Commonly oxazepam, but

nordiazepam, nitrazepam, or

lormetazepam may be used

Barbiturates Commonly secobarbital

LSD assay LSD

Methaqualone assay Methaqualone

EDDP, 2-ethyldene-1,5-dimethyl-3,3-diphenpyrrolodide.
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CHALLENGES IN TESTING
FOR AMPHETAMINES

In general, immunoassays for amphetamines, in
addition to detecting the presence of amphetamine and
methamphetamine, can also detect the widely abused
designer drugs 3,4-methylenedioxyamphetamine (MDA)
and 3,4-methylenedioxymethamphetamine (MDMA).
However, certain amphetamine immunoassays may have
lower capability of detecting MDMA and MDA due to
poor cross-reactivity of the methamphetamine-specific
antibody. For example, the Abuscreen ONLINE amphet-
amine assay (Roche Diagnostics) has only 0.1% cross-
reactivity with MDMA and 38% cross-reactivity with
MDA. The Neogen amphetamine assay has only 2.2%
cross-reactivity with MDMA and 0.4% cross-reactivity
with MDA. Kunsman et al. [17] reported that the typical
concentration of MDMA in urine specimens varied
widely from 380 to 96,200 ng/mL (mean, 13,400 ng/mL),
whereas the typical concentration of MDA varied from
150 to 8600 ng/mL (mean, 1600 ng/mL). The presence of
MDA in urine specimens at a concentration of approxi-
mately 10�15% of MDMA concentration is consistent
with MDMA metabolism that may be indicative of
MDMA abuse only [17]. Therefore, an immunoassay for
amphetamine with low cross-reactivity with MDMA and
MDAmay produce false-negative test results if a low con-
centration of MDMA or MDA is present in the urine spec-
imen. However, specific immunoassays for detecting the
presence of MDMA in urine are commercially available.
Stout et al. [18] compared DRI methamphetamine, DRI
ecstasy (MDMA), and Abuscreen ONLINE amphetamine
assays at a cutoff of 500 ng/mL and observed that the
DRI ecstasy assay performed the best, as expected, with a
GC-MS confirmation rate of 90% of the specimens
screened positive. In contrast, the DRI amphetamine
assay had poor capability of detecting the presence of
MDMA in urine because only 6% of specimens were
confirmed positive by GC-MS. Only 20% of specimens
screened positive by Abuscreen ONLINE amphetamine
assay were confirmed by GC-MS. In another study,
the authors commented that DRI and CEDIA
amphetamine assays do not have good sensitivity in
identifying urine specimen containing MDMA [19].
Poklis et al. [20] reported that the EMIT d.a.u. monoclo-
nal amphetamine/methamphetamine immunoassay has
a cutoff concentration of 3000 ng/mL for racemic MDMA
but only 800 ng/mL for MDA. The assay had higher sen-
sitivity for detecting the S(1) isomer of both MDMA
and MDA. The authors found EMIT d.a.u. monoclonal
amphetamine/methamphetamine assay to be vastly
superior to EMIT d.a.u. polyclonal amphetamine/
methamphetamine assay for detecting MDMA andMDA.

The FPIA amphetamine/methamphetamine assay
for application on the AxSYM analyzer is capable of

detecting abuse of paramethoxyamphetamine (PMA)
and paramethoxymethamphetamine if the cutoff
concentration is set at 300 ng/mL [21]. However,
amphetamine/methamphetamine immunoassays are
not suitable for detection of the majority of designer
drugs structurally related to amphetamine/metham-
phetamine. Kerrigan et al. [22] evaluated cross-reactivities
of 11 designer drugs with nine commercially available
immunoassays. The designer drugs included in the study
were 2,5-dimethoxy-4-bromophenylethylamine (2C-B);
2,5-dimethoxyphenethylamine (2C-H); 2,5-dimethoxy-
4-iodophenethylamine (2C-I); 2,5-dimethoxy-4-ethyl-
thiophenethylamine (2C-T-2); 2,5-dimethoxy-4-iso-
propylthiophenethylamine (2C-T-4); 2,5-dimethoxy-4-
propylthiophenethylamine (2C-T-7); 2,5-dimethoxy-
4-bromo-amphetamine (DOB); 2,5-dimethoxy-4-ethylam-
phetamine (DOET); 2,5-dimethoxy-4-iodoamphetamine
(DOI); 2,5-dimethoxy-4-methylamphetamine (DOM); and
4-methylthioamphetamine (4-MTA). Cross-reactivities
of these designer drugs with immunoassays studied
were less than 0.4%, and even at a concentration of
50,000 ng/mL, these designer drugs were insufficient to
produce a positive response, indicating that amphet-
amine/methamphetamine immunoassays are not capa-
ble of detecting the presence of most of these drugs in
urine. However, 4-MTA was the only drug that demon-
strated 5% cross-reactivity with the Neogen amphet-
amine ELISA assay (Lexington, KY) but a significant
200% cross-reactivity with the Immunalysis amphet-
amine ELISA assay (Pomona, CA). Apollonio et al. [23]
reported that 4-MTA had 280% cross-reactivity with
the Bio-Quant Direct ELISA assay for amphetamine.
However, LC-MS or GC-MS methods are capable of
detecting the presence of these drugs or their metabolites
in urine specimens. Kerrigan et al. [24] described a
GC-MS protocol for analysis of 2C-B, 2C-H, 2C-I, 2C-T-2,
2C-T-7, 4-MTA, DOB, DOET, DOI, and DOM in urine
specimens. Ewald et al. [25] analyzed designer drugs
and 2,5-diemethoxy-4-bromo-methamphetamine using
GC-MS. Takahashi et al. [26] created a psychoactive drug
data library by performing analysis using LC with photo-
diode array spectrophotometry as well as GC-MS.
This library has data on 104 drugs with the potential for
abuse.

CASE REPORTS Two men experimented with cap-
sules filled with white powder containing an unknown
substance in order to experience hallucination. Within
15 min of taking such capsules orally, they experienced
intense hallucinations followed by vomiting, and even-
tually they became unconscious. After an unknown
period of time, both men were admitted to the emer-
gency department. The first patient, a 28-year-old, sur-
vived but experienced serious convulsion. The second
patient, a 29-year-old, died in the hospital 6 days

218 14. LIMITATIONS OF DRUGS OF ABUSE TESTING

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



after admission. The initial drug screens of both
patients using CEDIA immunoassays were negative
for amphetamines but positive for cannabinoid metab-
olite for both men. The presence of DOB was con-
firmed in urine specimens using GC-MS. The
concentration of DOB in the serum of the deceased
patient was 19 ng/mL, whereas that of the patient who
survived was 13 ng/mL. Although DOB is structurally
related to amphetamine, the CEDIA amphetamine
immunoassay is unable to detect its presence in the
urine [27].

Immunoassays used for amphetamine/methamphet-
amine usually have good sensitivity but poor specificity
due to cross-reactivity of structurally related drugs
causing false-positive test results. Therefore, GC-MS con-
firmation is essential for many amphetamine-positive
specimens even in a medical drug testing setting, espe-
cially if a patient denies any such drug abuse. In one
report, the authors investigated the sensitivity and speci-
ficity of two immunoassays for detecting amphetamines
and reported that the DRI amphetamine assay (Thermo
Scientific) identified 1104 presumptive positive urine
specimens (out of 27,400 randomly collected specimens),
but the presence of amphetamine, methamphetamine,
MDA, or MDMA was confirmed by GC-MS in
only 1.99% of these presumptive positive specimens.
The presence of ephedrine, pseudoephedrine, or
phenylpropanolamine was confirmed in 833 urine
specimens, which were presumptive positive for
amphetamine using the DRI assay. However, the
Abuscreen ONLINE assay identified only 317 pre-
sumptive positive amphetamine specimens, and the
presence of amphetamine, methamphetamine, MDA,
or MDMA was confirmed in 7.94% of specimens by
GC-MS [28].

Interference of various sympathomimetic amines
found in over-the-counter (OTC) cold medications in
amphetamine immunoassays is well recognized.
However, the GC-MS confirmation test must be able
to identify the sympathomimetic amine causing the
false-positive test result. Ephedrine or pseudoephedrine,
which is present in many OTC cold medications, is
responsible for the majority of false-positive results in
amphetamine immunoassay screening tests. These sym-
pathomimetic amines may be present in large amounts
in urine specimens that are initially tested positive by
amphetamine immunoassays. Commonly encountered
medications that interfere with amphetamine screening
assays are listed in Table 14.5.

Amphetamine and methamphetamine have optical
isomers designated d (or 1) for dextrorotatory and
l (or �) for levorotatory. The d isomers, the more physio-
logically active compounds, are the intended targets
of immunoassays because d isomers are abused.
Ingestion of medications containing the l isomer can

cause false-positive results. For example, Vicks inhaler
contains the active ingredient l-methamphetamine, and
extensive use of this product may cause false-positive
results for immunoassay screening. Specific isomer
resolution procedures must be performed to differentiate
the d and l isomers because routine confirmation by
GC-MS does not determine isomer composition. Poklis
et al. [29] reported relatively high concentrations of
l-methamphetamine observed in two subjects (1390 and
740 ng/mL, respectively) after extensively inhaling Vicks
inhaler every hour for several hours. However, urine
specimens tested negative by the EMIT II amphetamine/
methamphetamine assay (Dade Behring), even after such
extensive use of the Vicks inhaler.

Ranitidine is an H2 receptor blocking agent (antihis-
tamine) that reduces acid production by the stomach
and is available OTC without any prescription.
Dietzen et al. [30] reported that ranitidine, if present
in urine at a concentration greater than 43 μg/mL, may
cause a false-positive amphetamine screen test result
using Beckman Synchron immunoassay reagents
(Beckman Diagnostics, Brea, CA). These concentrations
of ranitidine are expected in patients taking ranitidine
at the recommended dosage. Trazodone interferes
with both amphetamine and MDMA assay. A series
of patients who tested positive for MDMA (using

TABLE 14.5 Drugs that Interfere with Amphetamine
Immunoassays

Structurally similar amines Brompheniramine, benzphetamine,
ephedrine, isometheptene,
mephentermine, methylphenidate,
pseudoephedrine, phentermine,
propylhexedrine, phenylephrine,
phenmetrazine, tyramine

Antidepressant/antipsychotic Chlorpromazine, bupropion,
desipramine, doxepin, fluoxetine,
perazine, thioridazine, trimipramine,
trazodone

Antihistamine Ranitidine

Antimalarial Chloroquine

Antispasmodic Mebeverine

β-Blocker Labetalol

Cardioactive N-acetyl procainamide (metabolite
of procainamide), Mexiletine

Narcotic analgesic Fentanyl

Nonsteroidal
anti-inflammatory

Tolmetin

Tocolytic agent Ritodrine

Antiviral Amantadine

Herbal supplement Dimethylamine
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Ecstasy EMIT II assay) did not show any presence
of MDMA in urine when confirmed by a specific
LC-MS/MS method. However, all specimens
showed the presence of trazodone and its metabo-
lite meta-chlorophenylpiperazine [31]. Baron et al.
[32] demonstrated that the trazodone metabolite
meta-chlorophenylpiperazine is responsible for the
interference.

Labetalol, a β-blocker commonly used for control of
hypertension in pregnancy, can cause false-positive
amphetamine screen results using an immunoassay.
A labetalol metabolite is structurally similar to
amphetamine and methamphetamine, thus causing
interference in the assay [33]. Casey et al. [34] reported
that bupropion, a monocyclic antidepressant and an
aid for smoking cessation, may cause false-positive
screen results using the EMIT II amphetamine immu-
noassay. Vidal and Skripuletz [35] reported the case
of a 50-year-old male who showed positive amphet-
amine and lysergic acid diethylamide (LSD) in his
urine specimen analyzed by the CEDIA immunoassay.
However, GC-MS confirmation failed to confirm either
drug. The authors identified bupropion as the cause of
false-positive immunoassay screening results for both
amphetamine and LSD. The antidepressant desipra-
mine and the antiviral agent amantadine also interfere
with amphetamine immunoassays [36].

Mebeverine, an N-substituted ethylamphetamine,
is an antispasmodic drug that is metabolized to
mebeverine-alcohol, veratric acid, methoxyethylam-
phetamine, hydroxyethylamphetamine, and PMA.
Kraemer et al. [37] reported that an FPIA amphetamine
assay showed positive response in urine specimens fol-
lowing oral ingestion of a 405-mg mebeverine tablet by
volunteers. The authors concluded that positive
amphetamine immunoassay test results were due to
the presence of methoxyethylamphetamine, hydroxy-
ethylamphetamine, and PMA in the urine specimens.
Confirmation of these compounds can be achieved by
using GC-MS [37]. Vorce et al. [38] showed that
dimethylamylamine (DMAA) may cause false-positive
test results with a KIMS amphetamine assay and the
EMIT II Plus amphetamine assay if present at a concen-
tration of 6900 ng/mL due to structural similarity of
DMAA with amphetamine. DMMA is an aliphatic
amine naturally found in geranium flowers but also
used in body building natural supplements such as
Jack3d and OxyELITE Pro. It has been promoted as a
safe alternative to ephedrine. The authors further ana-
lyzed 134 urine specimens that were tested false positive
for amphetamine but confirmed negative by GC-MS and
did not contain any known drugs that may cause false-
positive amphetamine test results. They observed the
presence of DMAA in 92.3% of specimens, with concen-
trations varying from 2500 to 67,000 ng/mL [38].

CHALLENGES IN TESTING OF
COCAINE METABOLITE

Cocaine abuse is usually confirmed by detecting the
presence of benzoylecgonine, an inactive metabolite
of cocaine, in the urine. In general, the antibodies
used in cocaine immunoassays are specific for benzoy-
lecgonine, and these assays, unlike amphetamine
immunoassays, demonstrate good specificity as well as
sensitivity. Armbruster et al. [39] reported that EMIT II
and Abuscreen ONLINE cocaine immunoassays had
good sensitivity and specificity because 99% of speci-
mens screened positive by these assays were con-
firmed for the presence of benzoylecgonine by GC-MS.
However, life-threatening acute cocaine overdose may
not be identified by urine toxicological screen because
sufficient concentration of benzoylecgonine may not
be present in the urine due to the fact that not enough
time has passed after cocaine ingestion for benzoylec-
gonine to accumulate in the urine. In one case report,
in which the person died from cocaine overdose,
the urine drug test was negative for cocaine using the
EMIT assay. Later GC-MS analysis confirmed that the
concentration of benzoylecgonine was only 75 ng/mL,
whereas the concentration of cocaine in the urine
was only 55 ng/mL in the urine specimen. The immu-
noassay cutoff concentration of 300 ng/mL cannot
detect such a low level of benzoylecgonine. Moreover,
cocaine has poor cross-reactivity with the antibody
specific for benzoylecgonine (reported cross-reactivity
of cocaine with the EMIT assay was 25,000 ng/mL).
However, the heart blood concentration of cocaine was
18,330 ng/mL, thus explaining the cause of death as
cocaine overdose [40].

Although fluconazole, an antifungal agent, does
not produce false-negative test results with cocaine
immunoassays, it may cause false-negative results in
the GC-MS confirmation step using trimethylsilyl
derivative because derivatized fluconazole elutes
with derivatized benzoylecgonine. However, such
interference can be eliminated by using a pentafluoro-
propionyl derivative of benzoylecgonine because deri-
vatized benzoylecgonine elutes before derivatized
fluconazole [41].

Importantly, positive cocaine test results, both by
immunoassay screening and by GC-MS confirmation
method, may occur after drinking coca tea, Mazor et al.
[42] reported that when five healthy subjects drank a
cup of coca tea, all urine specimens tested positive for
cocaine (as benzoylecgonine) 2 hr after ingestion, and
three of five participants’ urine specimens remained
positive up to 36 hr postingestion. The reason is that
coca tea may still contain cocaine. Mean urinary ben-
zoylecgonine concentration in all specimens was
1777 ng/mL.
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CHALLENGES IN TESTING
FOR OPIATES

In order to circumvent false-positive test results
due to ingestion of poppy seed-containing food in
opiate assays, the current SAMHSA guideline recom-
mends a cutoff of 2000 ng/mL for opiate screening
tests. However, private employers may still use the
old cutoff concentration of 300 ng/mL for opiate, and
consumption of poppy seed-containing food can eas-
ily results in a positive screening as well as confirma-
tion of codeine and morphine by GC-MS. In contrast,
6-monoacetylmorphine (also known as 6-acetylmor-
phine), which is a specific metabolite of heroin, is not
consistent with ingestion of poppy seed-containing
food. Antibodies used in most immunoassays target
morphine because it is the common metabolite of
both codeine and heroin. In general, antibodies spe-
cific for opiates have poor cross-reactivity with oxyco-
done and other 6-keto opioids such as oxymorphone
and hydrocodone. Smith et al. [43] commented that, in
general, immunoassays for opiates displayed substan-
tially lower sensitivity for detecting 6-keto opioids,
and urine specimens containing low to moderate
amounts of hydromorphone, hydrocodone, oxymor-
phone, and oxycodone will likely be undetected by
opiate immunoassays. Detecting oxycodone is a prac-
tical challenge for opiate immunoassays due to the
low cross-reactivity of oxycodone with opiate immu-
noassays. For example, based on information pro-
vided in package inserts, the Abuscreen ONLINE
opiate assay has only 0.3% cross-reactivity with oxy-
codone, whereas the CEDIA opiate assay has only
3.1% cross-reactivity with oxycodone. To circumvent
such problems, several diagnostic companies have
marketed immunoassays that are specifically capable
of detecting oxycodone. In one report, the authors
analyzed 17,069 urine specimens for the presence of
oxycodone using the DRI oxycodone immunoassay
during a 4-month period. The DRI oxycodone assay
demonstrated 97.7% sensitivity and 100% specificity
at an oxycodone cutoff concentration of 300 ng/mL
[44]. Gingras et al. [45] evaluated the performance of
CEDIA and DRI immunoassays for oxycodone (both
from Microgenics) using the Hitachi 917 analyzer
and concluded that a combination of both assays
provided the best performance (98% sensitivity and
specificity) when results were compared with those
of the GC-MS confirmation method, in contrast to
using only one assay. Opiate immunoassays are also
not capable of detecting fentanyl and methadone,
which also belong to the opioid class. Immunoassays
are commercially available for screening for the
presence of methadone or its metabolites in urine.
A fentanyl homogeneous enzyme immunoassay is

now commercially available from Immunalysis
Corporation. Snyder et al. [46] reported that this assay
has 97% sensitivity and 99% specificity in comparison
to LC-MS/MS assay for fentanyl. The authors con-
cluded that this assay is a rapid way of accurately
detecting fentanyl in urine.

CASE REPORT A 2-year-old female was brought
to the hospital after exhibiting signs of rubbing
mouth and staggering. A urine toxicology screen
performed in the hospital laboratory was negative.
She was eventually discharged, but she was brought
to the hospital the next morning because she was
unresponsive. She experienced severe cardiopulmo-
nary arrest and was pronounced dead on arrival to
the hospital. Toxicological analysis of postmortem
specimens by GC-MS showed the presence of oxy-
codone at a concentration of 1360 ng/mL in heart
blood, 47,230 ng/mL in urine, and 222,340 ng/mL
in the gastric content. The cause of death was oxy-
codone poisoning. This case report indicates the
limitation of hospital urine toxicology screening
tests using opiate immunoassays that do not signifi-
cantly detect oxycodone [47].

Heroin is first metabolized to 6-acetylmorphine
and then further transformed into morphine by a liver
enzyme. The presence of 6-monoacetylmorphine is
considered as confirmation of heroin abuse. Opiate
immunoassays may not be capable of detecting the
presence of 6-monoacetylmorphine in the urine as
effectively as morphine. A specific immunoassay
for detecting 6-acetylmorphine is available from
Microgenics. Holler et al. [48] compared the perfor-
mance of this CEDIA 6-acetylmorphine assay and the
Roche Abuscreen ONLINE opiate assay for detecting
the presence of 6-monoacetylmorphine in the urine.
They observed that out of 37,713 urine specimens
analyzed, 3 specimens screened positive for
6-monoacetylmorphine at a cutoff concentration of
10 ng/mL using the CEDIA assay, whereas the pres-
ence of 6-acetylmorphine was confirmed in only 1
specimen using the GC-MS confirmation method.
However, when 87 urine specimens in which the pres-
ence of 6-acetylmorphine was previously confirmed by
GC-MS were re-analyzed using CEDIA assay, all speci-
mens screened positive. However, 12 specimens con-
taining 6-monoacetylmorphine were screened negative
by the Abuscreen ONLINE opiate assay. The authors
concluded that urine specimens containing predomi-
nately 6-monoacetylmorphine may screen negative
(false negative) using the opiate immunoassay. In
2010, the new SAMHSA guidelines implemented
for drugs of abuse testing recommended screening
6-monoacetylmorphine in urine at the cutoff concentra-
tion of 10 ng/mL.
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CASE REPORT A 3-year-old female was brought
to the medical center after being found shivering
and unattended outside a public shopping center
in winter. An intravenous bolus of naloxone was
administered in the emergency room. However, toxico-
logical analysis of her urine upon arrival to the emer-
gency room was negative. In contrast, when a urine
toxicology screen was ordered the next day, it was
positive for opiates at the 300 ng/mL cutoff concentra-
tion. However, GC-MS confirmation failed to identify
any opioids, including codeine, hydrocodone, oxyco-
done, morphine, hydromorphone, and oxymorphone.
The CEDIA opiate assay used in the hospital labora-
tory cross-reacts with naloxone at a concentration
of 6000 ng/mL, and the cause of the opiate-positive
second specimen was established to be due to the
presence of naloxone in the specimen because the nal-
oxone was administered minutes before the first urine
specimen was collected. It was absent in the first speci-
men, which was negative for opiate and other illicit
drugs [49].

Buprenorphine is a morphine-based semisynthetic
opioid that is a partial antagonist of mu-opioid recep-
tors in the brain. This drug is used in addiction treat-
ment and also has analgesic properties. However, the
morphine antibody used in opiate immunoassay does
not detect the presence of buprenorphine. In order
to monitor compliance of buprenorphine therapy,
a specific immunoassay that is designed for detecting
buprenorphine in urine must be used. Hull et al. [50]
reported that using a 5 ng/mL cutoff concentration,
there was 97.9% agreement between the results obtained
using the CEDIA buprenorphine immunoassay and
those obtained using LC-MS/MS.

Opiate immunoassays, like other immunoassays,
suffer from providing false-positive test results due
to the presence of various cross-reacting substances
other than opioid in urine specimens. Certain quino-
lone antibiotics may cause false-positive test results
with opiate immunoassay screening. Baden et al. [51]
evaluated potential interference of 13 commonly used
quinolones (levofloxacin, ofloxacin, pefloxacin, enoxa-
cin, moxifloxacin, gatifloxacin, trovafloxacin, spar-
floxacin, lomefloxacin, ciprofloxacin, clinafloxacin,
norfloxacin, and nalidixic acid) with various opiate
immunoassays (at 300 ng/mL cutoff concentration)
and observed that levofloxacin and ofloxacin may
cause false-positive opiate test results with Abbot
Laboratories assays manufactured for application on
the AxSYM analyzer, as well as with CEDIA, EMIT II,
and Abuscreen ONLINE assays. In addition, pefloxa-
cin administration may cause false positives with
CEDIA, EMIT II, and Abuscreen ONLINE assays;
gatifloxacin administration may cause false positives
with CEDIA and EMIT II assays; and lomefloxacin,

moxifloxacin, ciprofloxacin, and norfloxacin adminis-
tration may cause false positives with the Abuscreen
ONLINE assay [51]. Straley et al. [52] reported a case
of a 48-year-old male participating in a residential
treatment program who tested positive for opiate dur-
ing a routine urine drug screen but the GC-MS confir-
mation was negative for any opiate. The patient
received gatifloxacin for treating a urinary tract infec-
tion. The authors concluded that the presence of
gatifloxacin in the urine specimen was responsible for
the false-positive opiate test result. Rifampicin is used
in treating tuberculosis and may cause false-positive
test results with opiate immunoassays such as the
KIMS assay on the Cobas Integra analyzer (Roche
Diagnostics). A false-positive result may be observed
even after 18 hr of administration of a single oral dose
of 600 mg of rifampicin [53].

False-positive test results with methadone immu-
noassays due to the presence of interfering substance
in the urine have also been reported. In one report, the
authors observed false-positive methadone test results
using the Cobas Integra Methadone II test kit (Roche
Diagnostics) in three schizophrenia patients treated
with quetiapine monotherapy. The authors used a
300 ng/mL cutoff concentration of methadone in urine
specimens for their screening of urine specimens.
However, no methadone was detected in the plasma
specimen of any patient using LC-MS [54]. Rogers
et al. [55] reported positive methadone urine drug test
results in a patient using the One Step Multi-Drug,
Multi-Line Screen Test Device (ACON Laboratories,
San Diego, CA), a point-of-care device for urine drug
screen. The patient had no history of methadone expo-
sure but ingested diphenhydramine. The GC-MS con-
firmatory test failed to detect any methadone in the
urine specimen, confirming that the presumptive
methadone test result was a false positive. When drug-
free urine specimens were supplemented with diphen-
hydramine, false-positive methadone tests were also
observed using the point-of-care device. Doxylamine
intoxication may cause false-positive results with both
EMIT d.a.u. opiate and methadone assays. The urine
doxylamine concentration needed to cause a positive
test result was 50 μg/mL for methadone and 800 μg/mL
for opiate [56].

CHALLENGES IN TESTING FOR
MARIJUANA METABOLITES

Immunoassays for screening of marijuana in urine usu-
ally target 11-nor-9-carboxy-Δ-9-tetrahydrocannabinol,
the major metabolite of marijuana. In general, marijuana
immunoassays show good sensitivity and specificity.
For example, only 2 or 3% of urine specimens that test
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positive for marijuana metabolite by EMIT d.a.u. mari-
juana assay cannot be confirmed by GC-MS [57]. Passive
inhalation of marijuana, however, cannot be detected
by marijuana immunoassays because the concentration
of the metabolite is substantially lower than the cutoff
concentration of the assay. In one study, after eight
volunteers were exposed to passive inhalation of
marijuana in a coffee shop for 3 hr, none of the urine
specimens collected from the volunteers tested posi-
tive by marijuana immunoassays even at a cut-off
concentration of 25 ng/mL (usual cutoff concentra-
tion, 50 ng/mL) because the concentration of the
metabolite was up to 7.8 ng/mL after hydrolysis of
the conjugated metabolite as determined by GC-MS
[58]. Similarly, use of hemp oil should not produce
positive marijuana test results because hemp seeds
are washed with water prior to extraction of oil,
a procedure that removes traces of marijuana from
the seed hull. However, prescription use of synthetic
marijuana (Marinol) should cause positive marijuana
test results.

A number of new designer drugs have emerged in
the market known as “legal highs” or “herbal highs.”
These drugs include both herbal substances and syn-
thetic designer drugs that can be purchased through
Internet sites and include synthetic cannabinoids
such as JWH-018, JWH-073, JWH-250, HU-210, and
CP-47,497 and its homologs. These compounds are
lipid soluble, typically containing 20�26 carbon atoms,
are more potent than marijuana, and are called
“spice.” JWH-018 was the first compound of this class
reported in 2008, and it is an effective cannabinoid
receptor (CB1) agonist [59]. HU-20 is a synthetic
agonist analog of marijuana [60]. Unfortunately, the
presence of these compounds in urine cannot be
determined using marijuana immunoassays because
these compounds do not cross-react with the antibody.
Therefore, GC-MS or LC-MS/MS must be used for
detecting the presence of these compounds in urine.

Although uncommon, false-positive marijuana test
results may occur during the screening step due to
cross-reactivity from other compounds that are not
illicit drugs. Boucher et al. [61] described a case of a
3-year-old female who was hospitalized because of
behavioral disturbance of unknown cause. The only
remarkable finding in her medication history was sup-
positories of neflumic acid, which was initiated 5 days
before hospitalization. After admission, her urinary
toxicology screen was positive for the presence of
marijuana metabolite, but her parents strongly denied
such exposure. Further analysis of the specimen using
chromatography failed to confirm the presence of
marijuana metabolite, but niflumic acid was detected
in the specimen. The authors concluded that the false-
positive marijuana test result was due to the presence

of niflumic acid in the urine specimen. The antiviral
agent efavirenz is known to cross-react with marijuana
immunoassays. In one study, the authors analyzed
30 urine specimens collected from patients receiving
efavirenz using the Rapid Response Drugs of Abuse
Test Strips, the Synchron marijuana immunoassay
(Beckman Coulter, Brea, CA), and the Cannabinoid II
assay (Roche Diagnostics). Only the Rapid Response
test strips demonstrated positive marijuana test results
in 28 of 30 specimens, whereas the two other immunoas-
says did not show any interference from efavirenz.
As expected, GC-MS confirmation failed to demonstrate
the presence of marijuana metabolite in any of the
30 specimens analyzed [62].

CHALLENGES IN TESTING FOR
PHENCYCLIDINE

False-positive test results may occur in phencycli-
dine (PCP) immunoassays due to cross-reactivity of
several drugs with various commercially available
immunoassays. Dextromethorphan is an antitussive
agent found in many over-the-counter cough and cold
medications. Ingesting large amounts of dextromethor-
phan (.30 mg) may result in positive false-positive
test results with opiate and PCP immunoassays. In one
report, the authors observed three false-positive PCP
tests in pediatric urine specimens using an on-site
testing device (Instant-View multi-test drugs of
abuse panel; Alka Scientific Designs, Poway, CA). The
authors concluded that false-positive PCP tests were
due to the cross-reactivities of ibuprofen, metamizol,
dextromethorphan, and their metabolites with the
PCP assay [63]. Thioridazine is known to cause false-
positive PCP test with both EMIT d.a.u. and EMIT II
phencyclidine immunoassays [64]. In our experience,
most screened positive PCP urine specimens are
false positive because the prevalence of PCP abuse is
currently low in the United States.

CASE REPORT A 13-year-old female taking venla-
faxine regularly for depression was overdosed with
48 tablets of 150 mg venlafaxine. Her other medica-
tions were topical Benzamycin and pyridoxine 50 mg
daily for acne. On admission, her urine drug screen
using Abbott assays on an AxSYM analyzer was
positive for PCP, but GC-MS failed to confirm the
presence of PCP in urine. A serum specimen
obtained 3 hr after overdose showed a venlafaxine
concentration of 3930 ng/mL as measured by
GC-MS. The therapeutic concentration of venlafaxine
along with its O-desmethylvenlafaxine metabolite is
250�750 ng/mL. When a urine specimen was sup-
plemented with venlafaxine and its metabolite, the
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authors observed a positive phencyclidine test using
the same immunoassay, thus confirming the positive
test result due to interference of venlafaxine [65].

CHALLENGES IN TESTING FOR
BENZODIAZEPINES

Currently, more than 14 various benzodiazepines
are approved for use in the United States, and usually
antibodies used in benzodiazepine immunoassays
target oxazepam and have variable cross-reactivity to
other benzodiazepines. However, less commonly, anti-
bodies may target other drugs in the benzodiazepine
class (see Table 14.4). Unfortunately, benzodiazepine
immunoassays suffer from producing false-negative
results for two reasons:

1. The antibody may have poor cross-reactivity with
a particular drug, such as lorazepam.

2. The drug may be present in concentrations lower
than 200 ng/mL, the usual cutoff for
benzodiazepine immunoassays. A drug such as
clonazepam may be present at a concentration
much lower than 200 ng/mL after therapeutic use.

Therefore, benzodiazepine immunoassay may not
be appropriate for monitoring compliance of a patient
with a drug in the benzodiazepine class. Clonazepam
is a common benzodiazepine used in treating panic
disorder and also in controlling seizure. However,
detecting clonazepam in urine after therapeutic use
using benzodiazepine immunoassays is a challenge due
to the low concentration of the drug in urine specimens.
Clonazepam is metabolized to 7-aminoclonazepam.
West et al. [66] reported that when urine specimens
collected from subjects taking clonazepam were
tested using the DRI benzodiazepine immunoassay at
200 ng/mL cutoff, 38 specimens out of 180 tested posi-
tive by the immunoassay (21% positive). However,
using LC-MS/MS, 126 out of 180 specimens tested
positive (70% positive) when the detection limit of the
LC-MS/MS assay was set at 200 ng/mL, the same cutoff
used by the DRI benzodiazepine assay, indicating poor
detection capability of the benzodiazepine immunoassay
for clonazepam and its metabolite in urine. When
the authors used a lower cutoff (40 ng/mL), 157 out of
180 specimens tested positive, indicating that the
200 ng/mL cutoff is too high to monitor compliance of
patients with clonazepam therapy.

Flunitrazepam (Rohypnol) is used in date rape and
is not approved for clinical use in the United States.
However, despite the fact that it is not available in the
United States, patients may have access to the drug,
particularly those living in southern states bordering
Mexico. Although flunitrazepam is a benzodiazepine

drug, some commercial immunoassays for benzodiaze-
pines using an antibody-targeting oxazepam may
have relatively low cross-reactivity with flunitrazepam.
In addition, urine concentration of flunitrazepam may
not be adequate, and it is a challenge for routinely
used benzodiazepine assays to detect the presence
of flunitrazepam in urine. Forsman et al. [67], using a
CEDIA benzodiazepine assay at a cutoff of 300 ng/mL,
failed to obtain a positive result in the urine of volun-
teers after they received a single dose of 0.5 mg fluni-
trazepam. In addition, only 22 of 102 urine specimens
collected from volunteers after receiving the highest
dose of flunitrazepam (2 mg) showed positive screen-
ing test results using the CEDIA benzodiazepine assay.
Kurisaki et al. [68] reported that the Triage benzodiaze-
pine assay has low sensitivity in detecting estazolam,
brotizolam, and clotiazepam. Therefore, a negative
result in a Triage test may not mean the absence of
these drugs in the urine specimen. In another report,
the authors demonstrated that the Abuscreen ONLINE
benzodiazepine assay has 96% specificity but only 36%
sensitivity because all urine specimens containing lor-
azepam and lormetazepam (as confirmed by GC-MS)
tested negative by the immunoassays due to poor
cross-reactivities of these drugs with the antibody used
in the assay [69].

CASE REPORT A 58-year-old divorced white
female with familial manic�depressive disorder who
was socially isolated and unable to cope with her
problem ingested her prescription medication loraze-
pam along with alcohol despite a physician’s warning
that such practice may cause severe respiratory
depression. She was brought to the hospital by her
sister, and it was determined that she had ingested
12 lorazepam tablets (2 mg) in the past 24 hr.
Surprisingly, her urinary toxicology screen was nega-
tive for benzodiazepine using the Cobas Integra
benzodiazepine assay (KIMS assay). Other drugs of
abuse tests were also negative. Another urine speci-
men collected 4 hr after admission was also negative.
However, GC-MS analysis of both urine specimens
showed concentrations of lorazepam greater than
20,000 ng/mL. The author further investigated why
the urine screen using the KIMS benzodiazepine assay
was negative despite such a high concentration of lor-
azepam. On dilution of the original urine specimen
(20 and 403 ), positive benzodiazepine test results
by the immunoassay were observed. The author con-
cluded that the false-negative benzodiazepine test
using immunoassay was either due to antigen excess
(lorazepam level too high) causing immune complex
formation or due to the presence of an inhibitor in the
specimen that may change the expected microparticle
aggregation-generating signal [70].
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In general, benzodiazepine assays have good sensi-
tivity, but specificity may vary widely among various
assays. Lum et al. [71] reported that with the Multigent
benzodiazepine assay for application on the Architect
chemistry analyzer (Abbott Laboratories), 615 urine
specimens out of 2447 screened between June and July
2007 tested positive for the benzodiazepines. However,
the presence of benzodiazepines was confirmed in
457 specimens using high-performance liquid chroma-
tography (HPLC), indicating that 25.1% of the speci-
mens screened positive by the immunoassays were
false positives. The authors randomly selected 50 false-
positive urine specimens (which were tested negative
by HPLC) and determined after reviewing medical
records that 16 false-positive specimens were obtained
from patients receiving sertraline (Zoloft). Of these
50 specimens, 47 screened negative by the Syva EMIT
assay.

Interference of oxaprozin, a nonsteroidal anti-
inflammatory drug (NSAID), in immunoassays for ben-
zodiazepines has been reported. In one study, the authors
investigated potential interference of oxaprozin with
FPIA, CEDIA, and EMIT d.a.u. benzodiazepine immu-
noassays. In their study, 36 urine specimens collected
from 12 subjects after each subject received a single dose
of 1200 mg of oxaprozin were analyzed by all three
immunoassays of benzodiazepines using a cutoff concen-
tration of 200 ng/mL. All 36 urine specimens showed
positive results using both CEDIA and EMIT d.a.u.
assays, but the FPIA assay showed 35 of 36 specimens
positive for benzodiazepines. The authors concluded
that a single dose of oxaprozin may cause false-positive
benzodiazepine test results using immunoassays [72].

CHALLENGES IN DETERMINING OTHER
DRUGS BY IMMUNOASSAYS

Barbiturates that are abused are usually short or inter-
mediate acting, such as amobarbital, pentobarbital,
secobarbital, and butalbital. Long-acting barbiturates
such as phenobarbital, which is also an anticonvulsant,
are rarely abused. In general, the specificity for detecting
individual barbiturates varies with the immunoassays.
Propoxyphene is used for treating mild to severe pain.
Although both propoxyphene and its metabolites are
found in urine, in general, antibodies used in propoxy-
phene immunoassays target the parent drug but may
have variable cross-reactivity with norpropoxyphene,
a metabolite of propoxyphene. McNally et al. [73]
concluded that the ONLINE propoxyphene assay
(Roche Diagnostics) has better sensitivity that the
EMIT propoxyphene assay for detecting the presence
of propoxyphene in urine because the antibody used
in the ONLINE assay has 77% cross-reactivity with

norpropoxyphene, whereas the EMIT assay showed
only 7% cross-reactivity with norpropoxyphene.
Another report indicates that diphenhydramine
(Benadryl) interferes with the EMIT propoxyphene
immunoassay [74].

Methaqualone is metabolized to 20-hydroxy and
30-hydroxy metabolites, which are then conjugated and
excreted in urine as glucuronide. Brenner et al. [75]
reported that both the Roche ONLINE methaqualone
immunoassay and the EMIT II methaqualone immuno-
assay have high cross-reactivity toward both 2- and
3-hydroxy metabolites of methaqualone as well as
their conjugated form and are useful for screening of
methaqualone in urine specimens. When volunteers
received 200 mg of methaqualone, all urine specimens
tested highly positive (300 ng/mL cutoff) for 72 hr.
When the specimens were analyzed by GC-MS
without hydrolysis of glucuronide conjugates, low
levels of methaqualone and metabolites were detected.
However, when urine specimens were hydrolyzed
with β-glucuronidase and then analyzed again by
GC-MS, high concentrations of metabolites were
found. Therefore, authors recommend hydrolysis of
the urine specimen prior to GC-MS analysis.

Studies indicate that NSAIDs may interfere with
results in multiple immunoassays screening for the
presence of drugs of abuse in urine specimens. Joseph
et al. [76] studied 14 NSAIDs for potential interference
with EMIT and FPIA assays for various drugs of
abuse and observed that tolmetin interferes with EMIT
immunoassays at high concentrations (1800 μg/mL
and higher) because of high molar absorptivity at
340 nm, the wavelength used for detection in the
EMIT technology. Samples containing cannabinoid and
benzoylecgonine tested negative in the presence of
tolmetin, but there was no effect on the FPIA assay
because the detection wavelength was 525 nm. Rollins
et al. [77] commented that although the frequency of
false-positive test results with immunoassays is low
with acute or chronic ibuprofen use, chronic use of
naproxen even at therapeutic dosage may cause
false-positive test results using the EMIT d.a.u. mari-
juana assay or the FPIA barbiturate assay (Abbott
Laboratories).

ADULTERANTS AND DRUGS
OF ABUSE TESTING

Adulteration of a specimen is not an issue in medi-
cal drug testing because the specimen is collected by
a heath care professional in an overdosed patient
admitted to the emergency department. However,
adulteration of a urine specimen is possible in work-
place drug testing, in which a drug abuser may want
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to cheat. Many detoxifying agents for beating drug
tests are available through the Internet. However,
contrary to claims, such agents usually contain high
amounts of caffeine or a diuretic such as hydrochloro-
thiazide and cannot flush out a drug from the system.
The manufacturers usually recommend a subject drink
excess water along with these detoxifying agents, and
the end result is production of diluted urine in which
the drug concentration may be reduced. However, in
workplace drug testing, diluted urine can be easily
identified with observation of low creatinine and
specific gravity, and further analysis may not be
conducted. In this case, a person may be denied a job,
or an employee may be fired.

Common household chemicals such as laundry
bleach, table salt, toilet bowl cleaner, hand soap, and
vinegar have been used for many years as adulterants
of urine specimens in an attempt to avoid a positive
drug test. Common adulterants used to invalidate
drug testing include table salt, vinegar, liquid laundry
bleach, lemon juice, and Visine eye drops [78,79].
Household vinegar and concentrated lemon juice make
urine acidic and can be easily detected by checking the
pH of the specimen. Table salt increases specific grav-
ity of urine. However, the presence of Visine eye drops
in urine cannot be detected by the usual specimen
integrity tests. Both the collection site and the labora-
tory have a number of mechanisms to detect poten-
tially invalid specimens. For example, the temperature
should be 90.5-98.9�F. The specific gravity should be
between 1.005 and 1.030, and pH should be between
4.0 and 10.0. The creatinine concentration should be
20�400 mg/dL. However, some drug testing laborato-
ries consider a creatinine concentration of 15 mg/dL as
the lower end of the cutoff concentration. Adulteration
with sodium chloride at a concentration necessary
to produce a false-negative result always produces a
specific gravity greater than 1.035.

However, there are urinary adulterants available
through the Internet that are effective in producing
false-negative test results during immunoassay screen-
ing tests. Because GC-MS confirmation may not be
performed if the screening immunoassay test is nega-
tive, a person might effectively beat drug testing by
adulteration of their urine specimen using these agents.
Unfortunately, the presence of these compounds in
the specimen cannot be determined using routine
specimen integrity testing, and special tests must be
performed during the pre-analytical stage to determine
the presence of these adulterants in the specimen.
Because adulterating a specimen is equivalent to
refusal to test, the person may be denied employment.
In addition, in certain states, adulteration of a urine
specimen submitted for legal drug testing is a violation
of the state law and the person can be prosecuted.

One such adulterant to mask drug screening, Stealth,
is available through the Internet. The reagent pack con-
tains a powdered catalyst, which should be added to a
urine sample cup before voiding. Then a liquid activa-
tor reagent should be added to the specimen. The com-
bination of reagents successfully masks urine drug
screening by both EMIT and FPIA. Unfortunately, the
color of the urine does not change after adding
these reagents. However, these reagents contain some
powerful reducing substances and show a strong posi-
tive glucose urine dipstick result. In addition, Stealth
can be detected in urine by using a simple spot test
utilizing a stock solution containing 2% potassium
dichromate in distilled water and 2N hydrochloric
acid. When a few drops of potassium dichromate
solution were added to five drops of urine in a test
tube followed by addition of two drops of 2N hydro-
chloric acid, an intense blue color developed that
became colorless after approximately 2 min (Dasgupta,
unpublished data). No color change was observed if
no Stealth was present in the urine specimen.

Wu et al. [80] reported that the active ingredient of
another Internet-based urinary adulterant, Urine Luck,
is 200 mmol/L of pyridinium chlorochromate (PCC).
The authors reported a decrease in the response rate
for all EMIT II drug screens and for the Abuscreen
morphine and marijuana assays. In contrast, the
Abuscreen amphetamine assay produced a higher
response rate, whereas no effect was observed on
the results of benzoylecgonine and PCP. This adultera-
tion of urine did not alter GC-MS confirmation of
methamphetamine, benzoylecgonine, and phencycli-
dine. However, apparent concentrations of opiates and
marijuana metabolite were reduced. Wu et al. also
described the protocol for detection of PCC in urine
using spot tests. The indicator solution contains 10 g/L
of 1,5-diphenylcarbazide in methanol. The indicator
detects the presence of chromium ions and is colorless
when prepared. Two drops of indicator solution are
added to 1.0 mL of urine. If a reddish-purple color
develops, the test is positive. In this author’s experi-
ence, addition of a few drops of 3% hydrogen peroxide
causes a dark brown precipitation if PCC is present.
In the absence of PCC, the light yellow color of urine
is bleached to almost colorless.

Glutaraldehyde has also been used as an adulter-
ant to mask urine drug test. This product is available
under the trade name UrinAid. A 10% solution of
glutaraldehyde is available from pharmacies as over-
the-counter medication for the treatment of warts.
Glutaraldehyde at a concentration of 0.75�2% by
volume can lead to false-negative screening results
on EMIT II drugs of abuse screening assays. The
assay for cocaine (as benzoylecgonine) was mostly
affected [81].
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Klear is available through various Internet sites, and
the manufacturer claims that it can mask all positive
drug test results. The Klear product consists of two
microtubes of white crystalline material, with each
tube containing approximately 500 mg. This product
readily dissolves in urine with no change of color or
temperature of urine, and it may cause false-negative
GC-MS confirmation of marijuana metabolite. ElSohly
et al. [82] first reported this product as potassium
nitrite, and they provided evidence that nitrite leads
to decomposition of ions of marijuana metabolite.
The authors further reported that using a bisulfite
treatment step at the beginning of sample preparation
could eliminate this interference. Nitrite in urine may
arise in vivo and is found in urine in low concentrations.
Patients receiving medications such as nitroglycerine,
isosorbide dinitrate, nitroprusside, and ranitidine
may increase nitrite levels in blood. However, concen-
trations of nitrite were below 36 μg/mL in specimens
cultured positive for microorganisms, and nitrite
concentrations were below 6 μg/mL in patients receiv-
ing medications that are metabolized to nitrite.
On the other hand, nitrite concentrations were
1910�12,200 μg/mL in urine specimens adulterated
with nitrite [83]. In our experience, if present in a urine
specimen as an adulterant, nitrite can be detected by
adding a few drops of 2% potassium permanganate
solution to five drops of urine followed by addition of
two drops of 2N hydrochloric acid. The pink color
of the solution immediately becomes colorless if nitrite
is present in the urine [84].

AdultaCheck 4 and AdultaCheck 6 test strips can
be used to detect common adulterants in urine.
AdultaCheck 4 consists of four individual tests,
whereas AdultaCheck 6 detects creatinine, oxidants,
nitrite, glutaraldehyde, pH, and chromate. The
Intect7Check test strip for checking adulteration in
urine is composed of seven different pads to test for
creatinine, nitrite, glutaraldehyde, pH, specific gravity,
bleach, and PCC [85]. SAMSHA guidelines require
additional tests for urine specimens with abnormal
physical characteristics or ones that show characteris-
tics of an adulterated specimen during initial screening
or confirmatory tests (nonrecovery of internal stan-
dard, unusual response, etc.) [86]. A pH less than 3
or greater than 11 and nitrite concentrations greater
than 500 mg/mL indicate the presence of adulterants.
A nitrite colorimetric test or a general oxidant colori-
metric test can be performed to identify nitrite. The
presence of chromium in a urine specimen can be
confirmed by a chromium colorimetric test or a general
test for the presence of oxidant. A confirmatory test
can be performed using multi-wavelength spectropho-
tometry, ion chromatography, atomic absorption spec-
trophotometry, capillary electrophoresis, or inductively

coupled plasma mass spectrometry. Halogens such as
fluorine, chlorine, bromine, and iodine are found in
nature, and these halide salts (e.g., sodium chloride)
are also found in urine. However, elemental halogens
(e.g., pure bromine or iodine) can be used as adulter-
ants. The presence of these elemental halogens should
be confirmed by a halogen colorimetric test or a
general test for the presence of oxidants. The presence
of glutaraldehyde should be detected by a general
aldehyde test or the characteristic immunoassay
response in one or more drug immunoassay tests for
initial screening. The presence of PCC should be
confirmed by using a general test for the presence of
oxidant and a GC-MS confirmatory test. The presence
of a surfactant should be verified by using a surfactant
colorimetric test with a dodecylbenzene sulfonate
equivalent cutoff of 100 mg/mL or greater.

OTHER DRUGS NOT DETECTED BY
ROUTINE TOXICOLOGY SCREENS

Ketamine is used at rave parties, but this drug
is not tested routinely in toxicological screen. As
mentioned previously, designer drugs related to the
structure of amphetamine and marijuana may not be
detected by routine toxicology screens performed in
most hospital laboratories for diagnosis of drug over-
doses. In addition, drugs such as LSD and methaqua-
lone are infrequently abused; therefore, routine testing
may be unnecessary [87]. Nevertheless, immunoassays
are available for both drugs. Wiegand et al. [88]
compared EMIT II, CEDIA, and DPC RIA assays for
detecting LSD in forensic urine specimens and com-
mented that at 500 pg/mL LSD cutoff, of 221 forensic
urine specimens that screened positive by the EMIT II
assay, only 11 tested positive by the CEDIA assay and
3 with the RIA assay, indicating a high false-positive
rate with the EMIT II assay for LSD. However, each
assay correctly identified 23 of 24 urine specimens that
had previously been found to contain LSD by GC-MS
at a cutoff of 200 pg/mL. The authors concluded that
the CEDIA assay demonstrated superior precision,
accuracy, and decreased cross-reactivity to compounds
other than LSD compared with the EMIT II assay and
does not require handling of radioactive compounds.
The chemical structure of ketamine is given in
Figure 14.2.

CASE REPORT A 31-year-old male with severe
end-stage cardiomyopathy secondary to rheumatic
heart disease and crack cocaine use called emergency
medical services for shortness of breath. He was diag-
nosed with cardiogenic shock secondary to sepsis and
was admitted to the hospital. His initial urine drug
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screen was negative. However, his girlfriend, who
visited him regularly, had suspicious behavior, and
the patient became incoherent and began hallucinating.
One urine specimen collected at that time was positive
for LSD using both CEDIA and EMIT assays. Another
specimen collected 3.5 hr later was also positive for
LSD, but LC-MS failed to show the presence of LSD
or its metabolite, 2-oxo-3-hydroxy LSD, in both speci-
mens. Examination of the medical record by the
authors showed that the patient received fentanyl
24 hr prior to each false-positive LSD specimen.
GC-MS analysis revealed the presence of fentanyl in
both urine specimens (0.67 μg/mL in the first specimen
and 0.7 μg/mL in the second specimen). The authors
concluded that fentanyl may cause false-positive test
results with LSD immunoassays [89].

γ-Hydroxybutyric acid (GHB) is often used at rave
parties, and especially in date rape situations, because
this compound is tasteless and colorless and can be
easily mixed with a drink to make the victim uncon-
scious. Currently, there is no immunoassay for routine
screening of GHB in urine or any other biological
matrix. Unfortunately, GHB cannot be detected by
routine drugs of abuse testing protocols. In the case of
suspected overdose of GHB, a more sophisticated ana-
lytical technique such as GC-MS should be employed
for confirming the presence of GHB in blood or urine.
GHB in blood can be determined using GC-MS after
liquid�liquid extraction and di-trimethylsilyl derivati-
zation [90]. The chemical structure of GHB is given in
Figure 14.2.

The active component of peyote cactus is mescaline.
The chemical structure of mescaline is given in Figure
14.2. Native Americans sometimes use peyote cactus for
religious ceremonies. There is no commercially available
immunoassay for determining the presence of mescaline

in urine, and only chromatographic methods are avail-
able for determination of mescaline concentration in
biological fluids after suspected overdose. Although
uncommonly encountered, abuse of peyote cactus may
cause clinically significant symptoms requiring hospitali-
zation. In one study, the authors identified 31 cases of
peyote cactus abuse in the California Poison Control
System database between 1997 and 2008 [91]. Severe
toxicity and even death from mescaline overdose have
been reported. One person who died under the influence
of mescaline showed 9.7 μg/mL of drug in serum and
1163 μg/mL of drug in urine [92].

Magic mushrooms (psychoactive fungi), which
grow in the United States, Mexico, South America, and
many other areas of the world, contain the hallucino-
genic compounds psilocybin and psilocin. Psilocybin
and psilocin, along with other compounds in the
“tryptamine” class of drugs, are classified as Class I
controlled substances with no known medical use but
have a high abuse potential. Chemical structures of
psilocybin and psilocin are given in Figure 14.2.
Unlawful possession of a Class I controlled substance
is a felony by law in the United States. Although not
commonly abused, and not routinely tested due to
lack of availability of immunoassays, magic mushroom
abuse may cause serious medical complications and
even death. After ingestion of magic mushroom,
psilocybin, often the major component of magic mush-
room, is rapidly converted by dephosphorylation into
psilocin, which has psychoactive effects similar to
those of LSD. Although the presence of psilocybin
and psilocin in biological fluids can only be deter-
mined by chromatographic methods, Tiscione and
Miller [93] identified psilocin in a urine specimen
during a routine investigation for driving under the
influence of drugs using FPIA for screening for
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amphetamine/methamphetamine in urine. The
authors determined that at a concentration of 50 μg/
mL, the cross-reactivity of psilocin with the amphet-
amine immunoassay is 1.3%. In contrast, McClintock
et al. [94] reported a case of a 28-year-old male with a
history of alcohol and drug abuse who had three emer-
gency room visits and three admissions to the hospital,
including one in the intensive care unit, in the past
2 months of the study. All laboratory toxicology
studies, including GC-MS analysis of urine specimens,
were negative. The patient admitted using magic
mushroom to a nurse, and the authors concluded that
his symptoms were consistent with magic mushroom
abuse. This case illustrates the difficulty of diagnosing
magic mushroom poisoning using routine toxicological
analysis. Drugs that are not detected by routine
toxicology screen are listed in Table 14.6.

CONCLUSIONS

Drug of abuse testing in urine specimens is most
common, although for legal drug testing, alternative
specimens such as hair and oral fluids are gaining

popularity. Usually, for both medical and legal drug
testing, initial screening of urine specimens is con-
ducted using commercially available immunoassays.
If the initial screening is positive, then the individual
drug or drug class must be confirmed by an alternative
method, most commonly GC-MS for all legal drug test-
ing. For medical drug testing, GC-MS confirmation
may or may not be performed depending on the physi-
cian’s request. Although the initial screening of speci-
mens using immunoassays is a fast and effective way
for determining the presence of a drug or drug class
in the specimens, immunoassays suffer from cross-
reactivity to structurally related compounds and false-
positive drug testing is common with immunoassays.
Moreover, due to poor cross-reactivity with the mor-
phine antibody used in opiate immunoassays, opioids
such as oxycodone, methadone, fentanyl, propoxy-
phene, and, to a certain extent, oxymorphone, hydro-
codone, and hydromorphone may not be detected
during routine toxicological screen. Therefore, specific
immunoassays must be used for detecting oxycodone,
methadone, propoxyphene, and fentanyl. Brahm et al.
[95] reviewed the effects of commonly prescribed
drugs causing false-positive test results with immu-
noassays, and Tenore [96] reviewed challenges in urine
toxicology screening. Interested readers should refer to
these two articles for more in-depth information on
this topic.
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Challenges in Confirmation Testing for
Drugs of Abuse

Larry A. Broussard
Louisiana State University Health Sciences Center, New Orleans, Louisiana

INTRODUCTION: FACTORS TO
CONSIDERWHEN INTERPRETING DRUG

TESTING RESULTS

In order to accurately interpret drug testing results,
more information than the result itself (typically posi-
tive or negative) is required. Some of the factors
influencing interpretation are sample tested, purpose
of test request, scope of testing performed (i.e., which
drugs are included in the drug panel), knowledge of
components and analytical parameters of the initial
and confirmation methods used, the presence of other
chemicals in the sample, physiological state of the
donor, and metabolism of the drug(s). Several of these
issues were addressed in Chapter 14, which focused
on the initial (often called screening) tests for drugs of
abuse using immunoassay techniques. This chapter
focuses on the confirmatory testing typically per-
formed after the immunoassay screening described in
Chapter 14 and challenges in interpreting such results,
including positive, negative, or, in some cases, ques-
tionable results.

Although urine is the sample most commonly used
for drugs of abuse testing, a variety of other samples,
including serum/plasma/blood, hair, oral fluid, and
sweat, can also be used. Advantages of urine speci-
mens include noninvasive collection, relatively easy,
cost-effective proven technology, and a moderate
window of detection for most of the drugs of interest.
A primary disadvantage of urine is the lack of correla-
tion between drug concentration and impairment. In
situations in which correlation between drug concen-
trations and pharmacological effects or impairment is
desirable, the appropriate sample is serum, plasma, or
blood. The use of oral fluid offers the advantage of

ease of collection, but the window of detection for
most drugs of interest differs from those reported in
urine. Hair offers the advantage of the longest window
of detection because the presence of a drug in hair
reflects use or exposure of several weeks, even months,
past. A disadvantage of hair as a sample is that testing
methods are fairly cumbersome, often requiring signif-
icant sample preparation. Although this chapter
focuses on the interpretation of results from testing
urine samples, some of the information may be
applied to results obtained using other samples. When
interpreting results from samples other than urine,
additional factors to consider include analytes detected
(parent drug or metabolite(s)), cutoff concentrations,
windows of detection, methods of analysis, and sam-
ple handling techniques [1].

The purpose of testing is another factor to consider
when interpreting results. Drug testing may be per-
formed for different reasons, including the setting and
possible medical or legal implications. For example, in
the clinical emergency setting, testing is usually
requested to assist in determining whether the symp-
toms are caused by one or more drugs versus trauma
or disease. In the pain management setting, testing
may be used to monitor patient compliance and/or
identify use of other drugs. Another example is the
use by social services of newborn meconium drug
screening results in investigations involving parental
custody. The purpose of testing may dictate whether
confirmation testing by a more sensitive and specific
technique should be performed or not. In workplace
and forensic drug testing, confirmation is mandated
either by law or by consensus within the forensic test-
ing profession. In the clinical setting, confirmation may
not be required, particularly if treatment decisions are
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based on a combination of patient presentation and
initial screening results. When confirmation is
required, it is typically performed only for positive
screening results; however, in some situations, such as
pain management monitoring, negative results may
require confirmation [2].

The scope of a drug test—that is, which drugs are
detected/reported—is affected by several factors,
including the intended purpose of the testing. The
Substance Abuse and Mental Health Services
Administration (SAMHSA) in the Department of
Health and Human Services (HHS) administers the
regulation of the federal workplace drug testing pro-
gram. The drugs/metabolites to be tested in this
program are established by law (see Chapter 14,
Table 14.1). For clinical samples, factors determining
the scope of testing include prevalence of local usage,
clinician requests, complexity and availability of test-
ing methods and instrumentation, and personnel
requirements.

Specific components of the confirmation testing
procedure may affect drug testing results and should
be considered when interpreting results. Knowledge of
analytical parameters of the confirmation procedure
such as specificity, sensitivity (limit of detection (LOD)
and limit of quantitation (LOQ)), upper limit of linear-
ity, and interferences aids the interpretative process.
Laboratories should determine these parameters as
part of the initial validation of a method and the peri-
odic revalidation typically required by regulatory and
accreditation agencies. Knowledge of the sensitivity
and specificity of the assay is essential for interpreta-
tion of results and implementation of follow-up action
because false-positive (incorrectly reporting the pres-
ence of a drug) and false-negative (failure to detect the
presence of a drug) results have serious consequences.
The specificity of immunoassays is crucial for screen-
ing procedures and was discussed in Chapter 14.
Confirmation procedures are typically very specific for
targeted compounds but may be subject to interference
from compounds with very similar structures. The
specificity of screening procedures may depend on the
intended use of the test. For example, in the clinical
setting, it may be desirable to detect all of the com-
pounds of a given class, but in the workplace setting
detection of only the compounds specified by law or
contract is allowed. The practical sensitivity for immu-
noassays is the cutoff concentration, although they
have the ability to detect drugs below these levels. The
cutoff concentrations for confirmation of many drugs
are listed in Chapter 14 (Tables 14.1 and 14.2), but
laboratories have the ability to detect these drugs at
lower concentrations. HHS-certified (also known as
SAMHSA-certified) laboratories are required to have a
minimum sensitivity (expressed as the LOQ) of 40% of

the cutoff concentration, and although laboratories can
often detect lower concentrations, some choose to
maintain the LOQ at this concentration. For reconfir-
mation of positive results, these laboratories are
allowed to use the LOD (i.e., the lowest level at which
a compound can be detected but not accurately quanti-
tated) because of the possibility of deterioration of the
drug during storage between time of initial reporting
and subsequent reconfirmation. Regardless of the
sensitivity of an assay it is important to recognize that
neither immunoassay- nor mass spectrometry-based
methods can measure to zero [1].

Deliberate attempts to mask or destroy drugs pres-
ent in urine obviously affect the interpretation of drug
testing results. Detection and specific effects of certain
adulterants on immunoassay screening results are
discussed in Chapter 14. The tests performed to detect
dilution, substitution, or adulterations are referred to
as specimen validity tests (SVTs), and interpretation of
these results is discussed later in this chapter.

The physiological state of the donor may affect
interpretation of drug testing results. Any condition or
disease affecting the absorption, metabolism, or excre-
tion of drugs can impact drug testing results. Because
the primary site of drug metabolism for most drugs is
the liver and the primary mode of excretion is most
often urinary, hepatic or renal conditions affect drug
testing results. Some drugs are excreted unchanged,
whereas others undergo chemical modification such as
demethylation, oxidation, or reduction. Often, drugs or
metabolites have glucuronide or sulfate molecules
attached via the process of conjugation to form a more
water-soluble compound excreted in urine.

Most drugs of interest appear in urine as a combina-
tion of unconjugated (free) and conjugated parent drug
and metabolites. Each of these has a different excretion
pattern, with some detectable for a few hours and
others for days to weeks. Thus, the choice of com-
pounds (parent drug and/or metabolite(s)) in the drug
panel can influence the results obtained [2].

CONFIRMATION TESTING PROCESS

In the workplace and forensic settings, confirmation is
usually performed using gas chromatography�mass
spectrometry (GC-MS) or liquid chromatography�
tandem mass spectrometry (LC-MS/MS). Although
confirmation procedures are specific for each drug/
metabolite, there are common features that are discussed
later. The conditions of collection and transport to the lab-
oratory can affect the ultimate drug test results, but these
actions may not be under the laboratory’s control. For reg-
ulated workplace drug testing, the laboratory may take
action including rejection of the specimen based on errors
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such as sample misidentification, improper or broken
security seal, specimen leakage, and incomplete chain of
custody documentation.

The testing process for GC-MS confirmation
procedures typically includes the following steps:
sample pretreatment, extraction, derivatization, chro-
matographic separation, and mass spectrometric
detection. LC-MS/MS procedures typically require
much less sample extraction and may consist of simple
dilution of the sample without any prior extraction
followed by injection onto the column (“dilute and
shoot”). Sample pretreatment includes addition of
internal standard (IS) and may include sample dilution
and chemical treatment such as hydrolysis, periodate
oxidation, or oxime derivatization. Errors in any of
these processes can lead to inaccurate results.
Typically, pipetting of the donor, standard(s), and con-
trol(s) samples is the initial step, followed by addition
of IS to all samples. The most commonly used ISs are
compounds with physical�chemical properties similar
to those of the drug and that are deuterated com-
pounds in which deuterium replaces hydrogen atoms.
Ideally, an IS has an extraction recovery, retention
time, and ionization response similar to those of the
target analyte and only a slight difference in mass.
Internal standards are used to determine drug analyte
concentrations (using ratios of drug to IS response)
and to account for any conditions that can adversely
affect drug recovery. Because the IS and drug of inter-
est will be affected the same during the pre-analytical
and analytical processes, the ratio of drug analyte to IS
remains constant even when conditions cause absolute
drug loss. Factors affecting recovery include extraction
efficiency, pipetting variance, gas or liquid flow rates,
column variance, and sample injection volume.
Addition of the same amount of IS to every sample in
the batch is critical. HHS-certified laboratories are
required to monitor IS recovery, with acceptable limits
being 50�200% of the IS area of calibrator(s) or control
(s). Use of deuterated IS solution contaminated with
nondeuterated analyte can lead to inaccurate concen-
trations and potential false results. IS solutions should
be monitored for the presence of the nondeuterated
analyte of interest. Error in addition of IS solution is
another potential source of inaccurate results.

Urinary excretion of drugs and metabolites as conju-
gated compounds enhances their water solubility but
increases the difficulty of extraction using an organic
solvent. Hydrolysis of the conjugate prior to extraction
is necessary for these drug analytes. The three most
common modes of hydrolysis are enzymatic, such as
β-glucuronidase; acidic, such as using hydrochloric
acid (HCl); and basic, such as using sodium or potas-
sium hydroxide (NaOH and KOH). Hydrolysis using a
strong acid or base and higher temperatures is usually

faster but can destroy the drug analyte or produce
interfering artifacts. A control containing the
conjugated drug should be included in the batch to
demonstrate the effectiveness of the hydrolysis step.
Specific drug analytes requiring a hydrolysis step or
other chemical pretreatment such as periodate oxida-
tion or oxime derivatization are discussed later [3].

After sample pretreatment, the next step in confir-
mation procedures is extraction of the drug analyte
from the urine and subsequent concentration by
drying and reconstitution. The two most common tech-
niques used for extraction of drug analyte(s) from
urine are liquid�liquid and solid-phase extraction
columns. Analytical factors to be considered for
liquid�liquid extraction procedures include the choice
of solvent, pH, and buffer. The drug analyte is
extracted into an organic solvent after adjustment of
pH to maximize the extraction efficiency for that
particular analyte. Some procedures include back
extraction from the organic solvent into an aqueous
solution and then re-extraction of the analyte into an
organic solvent. The solvent extract can be concen-
trated by evaporation for subsequent reconstitution,
possible derivatization, and then GC-MS analysis.

The second type of procedure commonly used for
drug analyte extraction from urine is the use of solid-
phase extraction (SPE) columns of various types and
phases. Columns are used to extract drug analyte(s) from
urine through a process of adsorption onto the column
matrix, removal of other compounds during a wash pro-
cedure, and elution into an organic solvent. Three types
of SPE columns are normal-phase, reverse-phase, and
ion-exchange. Reverse-phase and ion-exchange columns
are widely used in forensic toxicology laboratories. Most
SPE procedures include common steps of pH adjustment
of the sample and conditioning of the column in order to
maximize retention of the drug analyte onto the column.
The sample is applied to the column and potential inter-
fering compounds are washed through, followed by elu-
tion using an organic solvent. Often, the SPE columns
used for drug testing are mixed mode, containing both
ion-exchange and reverse-phase properties. In this case,
the elution solvent is often methanol containing a 2�5%
solution of acid or base depending on the properties
(acidic or basic) of the analyte drug(s).

After a compound (drug or metabolite) has been
extracted from urine, the extract is typically dried and
reconstituted for injection into the gas chromatograph.
Frequently, it is necessary to convert the drug to a
more volatile compound, and this is accomplished by
reconstitution with a derivatizing reagent. Derivatized
compounds are typically more volatile, more stable to
thermal decomposition, and less likely to adsorb to gas
chromatograph column walls or solid supports. If the
derivatizing reagent is optically active, it can be used
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to separate d- and l-stereoisomers of a drug such as
methamphetamine. The most popular derivatization
method is silylation, in which active hydrogens on the
target analyte are replaced with a trimethylsilyl (TMS)
group. N,O-bismethylsilyltrifluroacetamide (BSTFA)
and N-(tert-butyldimethylsilyl)-N-methyltrifluoroaceta-
mide (MTBSTFA) are two silylating reagents. Another
derivatization method is acylation, which converts
amino, hydroxyl, and thiol groups to esters, thioesters,
and amines, respectively. Commonly used acylation
agents are acetic anhydride, trifluoroacetic anhydride
(TFAA), heptafluorobutyric anhydride (HFBA), and
pentafluoropropionic acid anhydride (PFPA). A third
derivatization method is alkylation, in which the active
hydrogen in a carboxylic acid, hydroxyl, thiol, or
amino functional group is replaced with an alkyl
group that decreases polarity of drugs. Alkylation
reagents include trimethylanilinium hydroxide
(TMAH) and pentafluorobenzyl bromide (PFBBr) [3].

CONFIRMATION OF AMPHETAMINES

Federally regulated workplace drug testing has
always included testing for amphetamine and metham-
phetamine, and in October 2010, screening for the
synthetic stimulant 3,4-methylenedioxymethampheta-
mine (MDMA; Ecstasy) with confirmation testing for
MDMA, 3,4-methylenedioxyamphetamine (MDA),
and methylenedioxyethylamphetamine (MDEA) was
added. The current cutoffs for amphetamines (amphet-
amine and methamphetamine) and MDMA for federal
workplace testing are 500 ng/mL for screening and
250 ng/mL for confirmation (Chapter 14, Table 14.1)
[4]. These compounds and others with similar
structures and properties, such as pseudoephedrine,
ephedrine, propylhexedrine, phenylephrine, phenmet-
razine, and phentermine available by prescription or as
over-the-counter (OTC) treatments for nasal congestion
and appetite suppression, are known as sympathomi-
metic amines. Table 14.5 in Chapter 14 lists prescription
medications or their metabolites and ingredients in
OTC drugs that have been reported to interfere with
amphetamine screening immunoassays.

Several approaches have been taken to minimize
the occurrence of false-positive results with amphet-
amine immunoassays [5]. These approaches include
performing a second immunoassay screen from a
different manufacturer using an immunoassay with
different cross-reactivity or pretreatment of samples
with sodium periodate to eliminate interference from
sympathomimetic amines. Another method for differ-
entiating true positives from false positives is neutral-
ization of the signal in a true-positive sample by the
addition of antibody to the target analyte [6]. Using

serial dilution testing and optimal slope cutoffs
(determined by receiver operating characteristic anal-
ysis) enabled Woodworth et al. [7] to differentiate
samples containing amphetamine/methamphetamine
from those containing cross-reacting compounds and
to increase the positive predictive value of the
immunoassay.

This chapter focuses on results obtained by GC-MS
confirmation procedures following positive screening
results using immunoassays targeting amphetamines
and/or MDMA. Confirmatory testing of amphetamines
can be performed in a single method that includes all
five analytes (amphetamine, methamphetamine, MDMA,
MDA, and MDEA) or as separate methods for amphet-
amine/methamphetamine and MDMA/MDA/MDEA.
A review in 2011 of the amphetamine confirmatory
method parameters reported by HHS-certified laborato-
ries showed that 11 laboratories used one assay for all
amphetamine analytes, whereas 27 laboratories used two
separate assays—one for amphetamine and metham-
phetamine and one for MDMA, MDA, and MDEA [3].

Reports of positive amphetamines or MDMA results
typically include a positive result for the screening class
(amphetamines or MDMA) and identification of the
compound(s) that was confirmed—amphetamine and/
or methamphetamine for positive amphetamine
results and MDMA, MDA, and MDEA for positive
MDMA results. Interpretation of these results should
consider several factors, including possible further
testing for optical isomers and investigation of medica-
tions and supplements ingested. Amphetamine and
methamphetamine have optical isomers designated d
(or 1 ) for dextrorotatory and l (or �) for levorotatory,
and the d isomers—the more physiologically active
compounds—are the intended targets of immunoas-
says. Because GC-MS procedures using non-chiral
derivatives and non-chiral columns do not differentiate
the d or l isomers of amphetamine and methamphet-
amine, it is necessary to perform isomer resolution to
determine that a positive result is due to the presence of
the d isomer. Primary examples are the presence of l-
methamphetamine in Vicks inhaler that cannot be
distinguished from use of illicit methamphetamine (d
isomer or racemic mixture depending on the method of
production), the excretion of l-methamphetamine and l-
amphetamine by patients taking selegiline for
Parkinson’s disease, and the excretion of d- and l-
amphetamine and methamphetamine by patients
taking the analgesic famprofazone [8]. Studies have
shown that heavy use of the inhaler can cause false-
positive results but that when the inhaler was used as
directed, no false-positive results were obtained [9].
Isomer resolution can be accomplished using a chiral,
optically active column or chiral derivatizing reagents
[10]. Use of chiral derivatizing reagents allows analysis
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on instrument/column systems used for other routine
analyses but has the potential disadvantage of possibly
obtaining four isomers instead of two if the derivatizing
agent is not optically pure. N-trifluoroacetyl-l-propyl
chloride (TPC) and (�)-methylchloroformate can be
used to distinguish methamphetamine enantiomers
with GC-MS without a chiral column. Chiral columns
such as N-3,5-(dinitrobenzoyl)phenyl-glycine or β-
cyclodextrin products can differentiate d and l isomers,
or enantiomers, of amphetamines for GC and LC meth-
ods [3]. The generally accepted interpretation of isomer
resolution results is that greater than 80% of the l
isomer is considered consistent with use of legitimate
medication or, conversely, greater than 20% of the d
isomer (and total concentration above the cutoff) is
considered evidence of illicit use [9]. Positive amphet-
amine results can be obtained due to ingestion of medi-
cations containing amphetamine, methamphetamine, or
compounds metabolized to these compounds.

Amphetamine (Dexedrine (d-amphetamine), Adderall
(d- and l-amphetamine), etc.) and methamphetamine
(Desoxyn (d-methamphetamine)) are the active
compounds of medications prescribed for appetite
suppression, narcolepsy, and attention deficit disorder,
and ingestion of these drugs will result in true-positive
results due to excretion of these compounds in the urine.
In addition, compounds known to be metabolized to
amphetamine and/or methamphetamine include
selegiline, amphetaminil, benzphetamine, clobenzorex,
dimethylamphetamine, ethylamphetamine, famprofa-
zone, fencamine, fenethylline, fenproporex, furfenorex,
mefenorex, and prenylamine [11]. Some weight loss or
nutritional supplements contain fenproporex, and use of
these supplements has resulted in detection of d-amphet-
amine in the urine of users [12]. In January 2006, the U.S.
Food and Drug Administration warned consumers that
Brazilian dietary supplements Emagrece Sim and
Herbathin contain active drug ingredients [9,13].

Another important consideration when interpreting
confirmation results for amphetamines is the possibil-
ity of false-negative results due to destruction of the
compounds or false-positive results due to generation
of the compounds during the procedure [9]. All GC-
MS confirmation procedures for amphetamines and
related compounds should include preventative mea-
sures to avoid loss of these volatile compounds during
the evaporation step of extraction or during analysis.
Procedures to reduce/eliminate loss of amphetamines
during evaporation include lowering the temperature
for evaporation, performing incomplete evaporation,
or adding methanolic HCl prior to evaporation in
order to produce more stable hydrochloride salts
[11,14,15]. Derivatization using compounds such as
HFBA, PFPA, TFAA, 4-carboxyhexafluorobutyryl
chloride (4-CB), (MTBSTFA, TPC, 2,2,2-trichloroethyl

chloroformate, and propylchloroformate decreases the
volatility of amphetamines in addition to improving
chromatography and quantitation and forming higher
molecular weight fragments yielding different mass
ions and ion ratios from those of potentially interfering
compounds [9]. Contaminants in the heptafluorobuty-
ryl derivatizing reagent have been shown to give
methamphetamine peak interferences when ephedrine
is present in the sample [16]. In 1993, it was demon-
strated that concentrations of methamphetamine less
than 50 ng/mL can be generated from high levels of
pseudoephedrine or ephedrine in injection ports at a
temperature of 300 �C after derivatization with 4-CB,
HFBA, and TPC [17]. False-positive results in the
federal drug testing program due to generation of
methamphetamine resulted in the implementation of
the requirement that the metabolite amphetamine
must be present at a concentration of 100 ng/mL
(250 ng/mL prior to October 2010) or higher in order
to report a positive methamphetamine [4]. Lowering
the injector temperature and periodate pretreatment of
samples are two procedures used to prevent genera-
tion of methamphetamine. Periodate treatment (0.35 M
sodium periodate for 10 min at room temperature)
eliminates formation of methamphetamine by selective
oxidation of pseudoephedrine, ephedrine, phenylpro-
panolamine, and norpseudoephedrine at concentra-
tions of 1,000,000 ng/mL in the presence of
amphetamine and methamphetamine [18]. Inclusion of
a quality control sample containing a high concentra-
tion of sympathomimetic amines in each confirmation
batch can be used to monitor the effectiveness of the
periodate oxidation procedure [9].

As previously noted, there is a HHS requirement
that the metabolite amphetamine must be present at a
concentration of 100 ng/mL in order to report a posi-
tive methamphetamine. Jemionek et al. [19] reported
the detection of low concentrations of methamphet-
amine in urine specimens containing high concentra-
tions of amphetamine, suggesting that the
methamphetamine was either a minor by-product of
the amphetamine manufacture or the product of a
minor metabolic product of amphetamine elimination.

Compounds with structures similar to those of
amphetamine and methamphetamine could potentially
interfere with GC-MS confirmation procedures.
Laboratories that are HHS-certified must perform inter-
ference studies for amphetamine confirmation assays by
analyzing samples containing interferents (phentermine
at 50,000 ng/mL and phenylpropanolamine, ephedrine,
and pseudoephedrine at 1 mg/mL) in the presence of
and without amphetamine and methamphetamine at
40% of the cutoff [20]. Hydroxynorephedrine, norephe-
drine, norpseudoephedrine, phenylephrine, and propyl-
hexedrine are other compounds with structures similar
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to those of amphetamine and methamphetamine that
may be tested for interference [21]. When testing for
designer amphetamines such as MDMA and MDA, the
laboratory must be aware of the metabolism and
excretion patterns for these drugs because some of
the metabolites (3,4-dihydroxymethamphetamine
(HHMA); 3,4-dihydroxyamphetamine (HHA); 4-
hydroxy-3-methoxymethamphetamine (HMMA); and
4-hydroxy-3-methoxyamphetamine (HMA)) are excreted
as glucuronide and sulfate conjugates. In order to obtain
adequate recovery of these metabolites, a hydrolysis
procedure should be included as part of the confirmation
testing [9,21,22].

CONFIRMATION OF COCAINE
METABOLITE BENZOYLECGONINE

Cocaine, a naturally occurring alkaloid obtained
from the South American shrub Erythroxylum coca, is
rapidly metabolized by cholinesterases to ecgonine
methyl ester and benzoylecgonine, which are excreted
in urine. Both immunoassay screening and GC-MS
confirmation procedures target benzoylecgonine.
Because no compounds causing false-positive benzoy-
lecgonine confirmation results have been reported, the
interpretation of positive results should focus on
explanations of cocaine introduction into the body.
Two possible unintended sources to consider are use
of cocaine as a local anesthetic in ENT surgery and
ingestion of tea prepared from coca leaves. A positive
result due to use of a cocaine solution as a local anes-
thetic can be verified by the physician performing the
procedure. Although teas made from coca leaves are
illegal in the United States, they could be obtained
unintentionally during travel in South America or pur-
chased in ethnic or other stores selling herbal teas such
as Health Inca and Mate De Coca, two coca-leaf teas
previously removed from the market.

In October 2010, the confirmation cutoff concentra-
tion used in federally regulated workplace drug testing
programs was lowered to 100 ng/mL for GC-MS con-
firmation methods. Much lower cutoffs are often found
in clinical and nonregulated workplace settings.
Several LC-MS/MS methods have been described for
measurement of cocaine and/or benzoylecgonine in
plasma, oral fluid, and hair [23�28].

False-negative benzoylecgonine results could be
caused by intentional destruction from a chemical
adulterant or hydrolysis due to nonspecific esterases
or spontaneously occurring at pH above 7. Destruction
by hydrolysis can be slowed by freezing the specimen
[2]. In order to avoid benzoylecgonine loss, sample
preparation techniques for confirmation testing should
not be performed at a high pH. A typical extraction is

performed at pH 6.0. Liquid�liquid extractions using
organic solvents such as diethyl ether, chloroform, or a
chloroform�isopropanol mixture can be used, but
many laboratories use SPE. A review of the benzoylec-
gonine GC-MS confirmatory method parameters
reported by HHS-certified laboratories in 2011 shows
that the majority of labs use SPE, trideuterated benzoy-
lecgonine IS, and anhydride- and trifluoroacetamide-
type derivatizing reagents [3].

CONFIRMATION OF OPIATES

Opiates and opioids have important therapeutic uses
in pain management and other purposes. The term
opiates refers to naturally occurring alkaloids of the
poppy plant, Papaver somniferum, notably morphine and
codeine, and semisynthetic alkaloids with similar struc-
tures. The semisynthetic alkaloids of this class include
heroin and the prescriptive medications buprenorphine
(Buprenex), hydrocodone (Vicodin), hydromorphone
(Dilaudid), oxycodone (Percodan and OxyContin), and
oxymorphone (Opana). The term opioids refers to com-
pounds that have affinity toward opioid receptors and
exhibit pharmacological properties similar to morphine
but may be structurally unrelated to morphine. These
include fentanyl (Duragesic and Sublimaze), meperi-
dine (Demerol), methadone, pentazocine (Talwin), pro-
poxyphene (Darvon), and tramadol (Ultram). Thus, it
can be said that all opiates are opioids, but not all
opioids are opiates [1].

As discussed in Chapter 14, the immunoassay
screens for opiates are designed to detect morphine
and codeine and have varying sensitivity to other
related members of this class. These compounds were
targeted because of the desire to detect heroin abuse.
With the emergence of pain management testing and
the abuse of other opiates, there is now a need for
more sensitive and specific methods to detect these
other opiate compounds and their metabolites.
Immunoassays to detect methadone and propoxy-
phene have been available for decades, and several
immunoassays specific to oxycodone have recently
been developed. Similarly, an assay for buprenorphine
was developed when it was introduced as a treatment
option for heroin dependency, and immunoassays for
fentanyl and its metabolites are also now available.
Clinicians often mistakenly think that opiate assays
(screening and confirmatory) also detect any opiates,
including methadone, oxycodone, and fentanyl, and
do not realize that the tests have to be ordered sepa-
rately when detection of these drugs is desired [2].

Knowledge and understanding of the complex
metabolism of opiates is essential for the interpretation
of opiate results. Figure 15.1 illustrates the metabolism
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and relationships of several, but not all, opiates and
metabolites. Metabolism of opiates typically includes a
combination of conjugation via glucuronidation and
sulfation and/or oxidation or reduction prior to excre-
tion in urine. The metabolism of several opiates is
discussed next in order to provide information neces-
sary for the interpretation of test results.

Heroin

The primary concern in workplace drug testing of
opiates has traditionally been the detection of heroin.
Heroin (diacetylmorphine) is rapidly metabolized to
6-acetylmorphine, also called 6-monoacetylmorphine
(6-AM or 6-MAM), and subsequently to morphine.
Testing for 6-AM in addition to morphine and codeine is
now required in the federally regulated drug testing
system.

Morphine

Approximately 85% of a morphine dose is excreted
as parent morphine (75% morphine-3-glucuronide and
10% unconjugated (free) morphine), with another 5%
undergoing demethylation to normorphine (4% conju-
gated normorphine and 1% free normorphine) [29].
Minor metabolites that have been identified include
morphine-6-glucuronide, morphine-3-ethereal sulfate,
and morphine-3,6-diglucuronide [30]. Hydromorphone
has been identified as a minor metabolite in patients
chronically treated with morphine with ratios of
hydromorphone to morphine from 0.2 to 2.2% [31].
Oxymorphone was not detected in urine from high-
dose morphine and high-dose hydromorphone

patients, indicating that oxymorphone is not a metabo-
lite of morphine or hydromorphone [32,33].

Codeine

Codeine is demethylated to morphine and norco-
deine, with some individuals (approximately 7% of
Caucasians and 1�3% of those in other ethnic groups)
being poor metabolizers because of a CYP2D6 deficiency
[34]. The urinary excretion pattern for a dose of codeine
includes the following approximate percentages:
32�46% conjugated codeine, 5�17% free codeine,
10�21% conjugated norcodeine, 5�13% conjugated
morphine, and trace amounts of free norcodeine and
morphine [29]. Oyler et al. [33,35] reported that hydroco-
done can be produced as a minor metabolite of codeine
and may be excreted in urine at concentrations as high
as 11% of the codeine concentration.

Hydrocodone

Hydrocodone is initially metabolized to hydromor-
phone and norhydrocodone, with the urinary excretion
pattern of a hydrocodone dose giving these approximate
levels: 12% free hydrocodone, 5% norhydrocodone, 4%
conjugated hydromorphone, 3% 6-hydrocodol, and 0.1%
as conjugated 6-hydromorphol [29].

Hydromorphone

Approximately 36% of a dose of hydromorphone
(30% conjugated hydromorphone and 6% free hydro-
morphone) is excreted without undergoing oxidation
or reduction. Cone et al. [36] reported metabolism of

Heroin
(diacetylmorphine)

6-Acetylmorphine 
(6-AM)

Norcodeine
Morphine
conjugates

Codeine Morphine
Codeine
conjugates Normorphine

Hydrocodone Hydromorphone Hydromorphone
conjugates 

Norhydrocodone

6-Hydrocodol
(dihydrocodeine)

6-Hydromorphol

Minor metabolic pathways

FIGURE 15.1 Metabolism of heroin, morphine,
codeine, hydrocodone, and hydromorphone.
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hydromorphone via reduction to trace amounts of con-
jugated 6α- and 6β-hydromorphol.

Oxycodone

Oxycodone is extensively metabolized, with the
following approximate levels reported from a single
dose: 8% free oxycodone, 23.1% free noroxycodone,
10.4% conjugated oxymorphone, 0.3% free oxymor-
phone, 8.6% conjugated noroxymorphone, 5.6% free
noroxymorphone, 6.0% α-oxycodol, 1.9% β-oxycodol,
6.8% α-noroxycodol, and 1% β-noroxycodol [37].

Oxymorphone

The urinary excretion pattern of oxymorphone
includes approximately 44% as conjugated oxymor-
phone, 1.9% free oxymorphone, and 3% as 6-oxymorphol
(2.9% free and conjugated 6β-oxymorphol and 0.1%
6α-oxymorphol) [29].

Methadone

Methadone, a synthetic opioid used as a treatment for
heroin (and other opioids) dependence and for chronic
pain, is subject to wide variations in inter- and intraindi-
vidual pharmacokinetics. The primary methadone
metabolite is 2-ethylidene-1,5-dimethyl-3,3-diphenylpyr-
rolidine (EDDP), which is inactive. Approximately
5�50% of a dose is eliminated in the urine as methadone
and 3�25% as EDDP. Detection of both methadone and
its primary metabolite, EDDP, should be included when
using urine drug testing to monitor methadone treat-
ment for addiction or pain management. When immuno-
assay is used as the testing technique, two separate
assays are required because the immunoassays for
methadone and EDDP demonstrate little or no cross-
reactivity to each other [1].

Interpretation of Opiate Results

Because of the complex metabolic relationships
described previously (see Figure 15.1), interpretation of
opiate results is not always straightforward. One may
not be able to definitively determine ingestion of certain
compounds versus the presence of these compounds as
metabolites of ingestion of other compounds. Some
factors to be considered when interpreting opiate
results are discussed here.

Heroin use can be confirmed by the detection of
morphine and 6-AM, the metabolite unique to heroin.
The absence of 6-AM does not confirm non-use of her-
oin because it has a shorter half-life than morphine.
More difficult to explain is a positive 6-AM in the

absence of morphine, an occurrence reported in some
samples since 6-AM screening became part of the
federal testing program in October 2010. Speculative
explanations include the existence of a unique meta-
bolic pathway in some individuals or the simultaneous
introduction of small amounts of morphine and gener-
ation of 6-AM by the laboratory during the testing
process (discussed later). In addition to heroin or mor-
phine use, there are other possible considerations for
the interpretation of positive morphine results. Poppy
seeds contain morphine naturally, and their ingestion
may cause a positive opiates result regardless of the
testing method (immunoassay or chromatography). In
an effort to eliminate or reduce the number of positive
results due to poppy seed ingestion, the U.S.
Department of Defense raised the opiate cutoff levels
from 300 to 2000 ng/mL in 1994. In December 1998,
federally mandated workplace programs followed suit.

Lower cutoffs continue to be used in clinical and
nonregulated settings. In the pain management setting,
testing is performed not only to confirm use of the
medication as prescribed but also to determine if the
patient is taking other opiates. Sometimes the presence
of a compound not previously reported as a metabolite
is interpreted as use of the compound. For example,
before hydromorphone was identified as a minor
metabolite in patients chronically treated with
morphine, the presence of hydromorphone in the urine
of a patient treated with morphine could be inter-
preted as ingestion of hydromorphone [31]. Attempts
have been made to use ratios of parent and metabolite
concentrations to interpret opiate results, but this is
difficult [38].

The variable pharmacokinetics and potential
drug�drug interactions associated with methadone
contribute to a range of methadone and EDDP
concentrations in the urine of patients being moni-
tored. Compliant patients are expected to be positive
for both methadone and EDDP, but a sample that is
negative for methadone and positive for EDDP could
indicate that the patient is a rapid metabolizer.
Negative results for both methadone and EDDP typi-
cally indicate that methadone was not ingested and
could result from bingeing. These results could also
occur if levels of both methadone and EDDP are
below the cutoff concentrations as would occur in a
dilute urine sample. A technique known as spiking
has been used by patients to mimic compliance when
diverting methadone for sale. Because this involves
the addition of a small amount of the dose to the
urine after collection (before testing), this yields a
strongly positive result for methadone but a negative
EDDP. Note that this is also attempted with other
drugs (e.g., buprenorphine) used in rehabilitation
programs [1].
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Because of the complex metabolism of opiates and
the similarity in structures, another factor to consider
when interpreting opiate results is the potential for
interferences in the GC-MS confirmation procedure.
HHS-certified laboratories must perform interference
studies for opiate confirmation assays by analyzing
samples containing interferents (hydrocodone, hydro-
morphone, oxycodone, oxymorphone, and norcodeine
at 5000 ng/mL) in the presence and absence of
morphine and codeine at 40% of the cutoff [20].
Similarly, interference studies for 6-acetylmorphine
assays must test free morphine, codeine, hydrocodone,
hydromorphone, oxycodone, oxymorphone, and nor-
codeine at 5000 ng/mL as potential interferents [20].
Several of these potential interferents are keto opiates,
and a dual-derivatization procedure (oxime derivatiza-
tion step using reagents such as hydroxylamine and
methoxylamine followed by TMS derivatization) pro-
duces compounds that separate chromatographically
from codeine and morphine and prevent interference
[39]. Similar procedures eliminate potential interfer-
ences with the measurement of 6-AM [40,41].

As previously discussed, opiates such as morphine
and codeine are excreted primarily as conjugated parent
compound or metabolites. Incomplete recovery of these
compounds during the confirmation procedure can lead
to falsely decreased concentrations or even false-
negative results. Hydrolysis to convert the conjugate to
free drug prior to extraction is necessary when testing
for opiates. Wang et al. [42,43] reported that acid hydro-
lysis, which liberated greater than 90% of morphine and
hydromorphone glucuronides, was preferable to hydro-
lysis using β-glucuronidase from various sources. This
report of inefficient enzyme hydrolysis is in disagree-
ment with other reports, perhaps due to the fact that
many factors, including buffer pH and composition,
ionic strength of the solution, preparation in silylized
glassware, temperature, and length of incubation, can
affect enzymatic hydrolysis [39,44�52]. It is important to
note that acid hydrolysis will lead to the degradation of
6-AM, and its extraction is typically carried out sepa-
rately from the extraction of morphine and codeine. To
prevent loss of 6-AM, extraction is typically performed
using silanized glassware. Furthermore, once extracted,
the analytes are subject to additional losses and should
be analyzed immediately.

As of 2011, all HHS-certified laboratories were using
GC-MS for codeine and morphine analysis; however,
for 6-AM analysis, one laboratory was using GC-MS/
MS, and two laboratories were using LC-MS/MS as an
alternative method of analysis [3]. As previously
mentioned, one factor to consider if a sample tests
positive for 6-AM is the possibility that the result was
due to the generation of the compound during the
testing process.

The National Laboratory Certification Program
reported two instances of a laboratory generating
6-AM when an acetyl donor such as ethyl acetate or
acetic acid was used during extraction, derivatization,
and/or confirmatory analysis of specimens containing
morphine [53]. One sample was a proficiency testing
sample containing 5000 ng/mL free morphine, and the
other sample was a donor specimen containing more
than 200,000 ng/mL morphine. Laboratories were
advised not to use compounds that could serve as
acetyl donors during 6-AM confirmatory procedures.
In order to demonstrate the absence of generation of
6-AM in samples containing high concentrations of
morphine, laboratories should include a control con-
taining approximately 90% conjugated and 10% free
morphine. Because this situation would not occur in
the absence of morphine, it would not explain a result
of positive 6-AM and negative morphine unless mor-
phine was also introduced during the testing process
(i.e., as a contaminant in the deuterated morphine IS).

CONFIRMATION OF MARIJUANA
METABOLITE

Cannabinoids are a group of compounds present in
marijuana, a recreational drug that originates from the
dried leaves and flowers of Cannabis sativa. The princi-
pal psychoactive cannabinoid is Δ9-tetrahydrocannabi-
nol (THC). More than 100 THC metabolites have been
identified, and more of the dose is excreted in feces
than in urine. The major urinary metabolites are
11-nor-tetrahydrocannabinol-9-carboxylic acid (THCA)
and its glucuronide conjugate. Screening immunoas-
says for cannabinoids detect multiple metabolites of
marijuana, with a cutoff concentration of 50 ng/mL
used for regulated drug testing and as low as 20 ng/
mL in the clinical and nonregulated setting. GC-MS
confirmation identifies and quantifies THCA in urine
using a cutoff of 15 ng/mL in regulated drug testing.
GC-MS confirmation procedures include a basic
hydrolysis step of the glucuronide conjugate, using a
reagent such as NaOH.

Interpretation of a positive marijuana metabolite
result using a cutoff of 50 ng/mL indicates use, but it
is difficult to determine the time of use. Due to the
lipophilicity of THC and its metabolites, marijuana
may be detected in urine for several weeks postexpo-
sure, particularly with chronic use. Chronic marijuana
users may produce positive results for longer periods
of time because of accumulation of cannabinoid meta-
bolites in fatty tissue followed by slow release. This
variable release from tissue and differences in hydra-
tion status can lead to a false assumption of new
marijuana use if a negative result is followed by a
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positive result. Creatinine normalization (dividing the
THCA result by the creatinine result) has been used to
address this problem. For less-than-daily users, an
increase of greater than 50% in the normalized THCA
concentration is considered indicative of new mari-
juana use. For chronic users, the excretion pattern is
more complicated because they have smaller decreases
in excretion later in the elimination phase. An increase
of greater than 150% for these users has been sug-
gested as an indicator of new use. Marijuana smoke
can be inhaled by a nonsmoking individual, but stud-
ies have shown that it is virtually impossible for this
passive inhalation to cause a positive result when
using a screening cutoff of 50 ng/mL [1].

CONFIRMATION OF PHENCYCLIDINE

Although phencyclidine (l-phenylcyclohexylpiperi-
dine (PCP)) is classified as a dissociative anesthetic, it
also exhibits hallucinogenic, stimulant, depressant, and
analgesic properties.

The cutoff concentration for immunoassay screening
and GC-MS confirmation of PCP in regulated drug
testing is 25 ng/mL. Compounds causing false-positive
immunoassay screening results are discussed in
Chapter 14, and no compounds causing false-positive
GC-MS results have been reported.

CONFIRMATION OF BENZODIAZEPINES

Benzodiazepines, among the most frequently pre-
scribed drugs in the United States, include alprazolam
(Xanax), chlordiazepoxide (Librium), clonazepam
(Klonopin), diazepam (Valium), estazolam (ProSom),
flunitrazepam (Rohypnol), flurazepam (Dalmane), lor-
azepam (Ativan), midazolam (Versed), oxazepam
(Serax), prazepam (Centrax), quazepam (Doral), tema-
zepam (Restoril), and triazolam (Halcion). With the
exception of flunitrazepam, those listed are available
for use in the United States. Note that a number of
others are available in other countries, and occasion-
ally these are brought into the United States illegally.

After oral administration, benzodiazepines are well
absorbed and distributed throughout the body. They are
extensively metabolized in the liver via dealkylation,
reduction, and hydroxylation, followed by conjugation.
The major urinary products of benzodiazepines are the
glucuronide metabolite conjugates. Interpretation of
urinary metabolite results is difficult because the metab-
olism of different benzodiazepines often results in
common metabolites such as oxazepam, temazepam,
and nordiazepam. The cytochrome P450’s 3A3 and 3A4
mediate the hydroxylation and dealkylation reactions, so

co-administration of drugs that inhibit or induce these
enzymes affects benzodiazepine metabolism. Similarly,
any drugs that alter glucuronyl transferase activity may
affect benzodiazepine metabolism.

Benzodiazepine immunoassays target oxazepam or
nordiazepam, and the variable cross-reactivity to other
benzodiazepines was discussed in Chapter 14.
Benzodiazepines that are not metabolized to oxaze-
pam or nordiazepam, such as flurazepam, alprazolam,
lorazepam, clonazepam, and triazolam, may not be
detected by immunoassays. To date, no immunoassay
detects every benzodiazepine nor all of the metabo-
lites; as a result, false-negatives occur. Because
metabolites are excreted as glucuronide conjugates,
the sensitivity of immunoassays may be improved by
using a hydrolysis step prior to immunoassay testing.
This is cumbersome and not realistic in many settings.
It is thus important that the laboratory and clinician
clearly understand which benzodiazepines and meta-
bolites are detected.

Methods for confirmation testing of benzodiaze-
pines include GC and LC with MS detection.
Confirmation methods using GC-MS generally report
cutoff concentrations of 50 ng/mL. Most procedures
detect oxazepam, nordiazepam, temazepam, α-hydro-
xyalprazolam, and diazepam at a minimum. The first
step in confirmation testing is hydrolysis of the conju-
gated metabolites using either glucuronidase or HCl.
HCl hydrolysis cleaves the benzodiazepine ring to
form benzophenone, which can be separated and iden-
tified. Disadvantages of benzophenone-producing
methods include inability to identify specific benzodia-
zepines present and the inability to detect triazoloben-
zodiazepines such as alprazolam. For this reason,
some laboratories have turned to LC-MS/MS, and
some of these methods permit the identification of
multiple benzodiazepines and metabolites at low
concentrations. As mentioned previously, interpreta-
tion of results to determine benzodiazepines ingested
is challenging because several of these drugs are
metabolized to the same metabolites. Depending on
the method and drug ingested, it may not be possible
to determine exactly which drug was ingested.

Flunitrazepam (Rohypnol) is a potent sedative hyp-
notic that is banned in the United States but is
prescribed in other countries for the treatment of
insomnia. It is important to remember that benzodiaze-
pine immunoassays vary considerably in their ability
to detect flunitrazepam, and many have very little
cross-reactivity with the drug or its metabolites.
However, there are specific immunoassays designed
specifically for flunitrazepam detection. Confirmation
testing using GC-MS or LC-MS/MS typically targets
detection of flunitrazepam and its principal metabolite,
7-aminoflunitrazepam [1].
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CONFIRMATION OF BARBITURATES

Barbiturates are typically classified by their duration
of action. Common barbiturates include phenobarbital
(long acting), butalbital (intermediate acting), pento-
barbital and secobarbital (both short acting), and thio-
pental (ultra-short acting). Abuse of barbiturates
decreased significantly as the use of benzodiazepines
increased.

All barbiturates are strong inducers of hepatic
microsomal enzymes; as such, they are often found to
influence the metabolism of co-administered drugs.
For example, phenobarbital induces uridine diphos-
phate glucuronyltransferase enzymes and the CYP2C
and CYP3A subfamilies of cytochrome P450. Other
drugs metabolized by these enzymes would be metab-
olized more rapidly when co-administered with
phenobarbital. Similarly, secobarbital is a strong
CYP2A6 and CYP2C8/9 inducer. Thus, use of barbitu-
rates could conceivably cause false-negative results for
other drugs due to rapid metabolism of the drug(s).

The immunoassays for barbiturates are designed to
detect secobarbital, usually with a screening cutoff of
200 or 300 ng/mL. Cross-reactivity to other barbitu-
rates varies but is generally sufficient to allow their
detection. Acceptable confirmation methodologies
include GC, high-performance liquid chromatogra-
phy, GC-MS, and LC-MS/MS. The most common
barbiturates included in a confirmation panel
are amobarbital, butalbital, pentobarbital, phenobarbi-
tal, secobarbital, and, less often, butabarbital.
Interpretation of the results is simpler than that of
opiates and benzodiazepines.

SPECIMEN VALIDITY TESTING

Drug abusers try to avoid detection by drug testing
in many ways, including use of products designed to
prevent detection of drugs present in a urine sample.
Some products advertised to “beat a drug test” require
ingestion (usually in conjunction with large amounts
of water) prior to submission of a urine sample,
whereas other products are to be added to or substi-
tuted for the urine sample itself. Several of these pro-
ducts were discussed in Chapter 14. Collection
procedures have been designed to prevent such substi-
tution, dilution, or adulteration of the specimen. These
procedures include collection site preparation (i.e., no
hot water, addition of a coloring agent to the toilet, no
coats or purses, etc.) and use of collection cup temper-
ature monitoring devices. Tests of specimen validity
can be performed in an attempt to detect tampering
with the samples.

HHS-certified laboratories are now required to per-
form specimen validity testing to identify dilute,
substituted, adulterated, or invalid samples submitted
for regulated drug testing (Table 15.1). This testing
includes creatinine, specific gravity (when the creati-
nine is less than 20 ng/mL), pH, and nitrite measure-
ments. Testing for known adulterants such as
glutaraldehyde, pyridinium chlorochromate, or oxidiz-
ing chemicals as a class is optional. Criteria for the
testing process are very similar to those of testing for

TABLE 15.1 Reporting Specimen Validity Test Results by HHS-
Certified Laboratories

Test(s) Result(s) Reported asa

Ph ,3.0 or $ 11.0 Adulterated

$3.0 and ,4.5 Invalid

$9.0 and ,11.0 Invalid

Nitrite $500 μg/mL Adulterated

$200 and #500 μg/mL Invalid

Creatinine $2.0 and ,20 mg/dL

and specific gravity .1.0010 and ,1.0030 Dilute

Creatinine ,2.0 mg/dL

and specific gravity #1.0010 or $1.0200 Substituted

Creatinine ,2.0 mg/dL

and specific gravity Acceptable (1.0011�1.0199) Invalid

Creatinine $2.0 mg/dL

and specific gravity #1.0010 Invalid

Source: National Laboratory Certification Program Manual for Laboratories and
Inspectors, October 1, 2010.
aDefinitions:

Adulterated specimen: A urine specimen that has been altered, as
evidenced by test results showing either a substance that is not a
normal constituent or an abnormal concentration of an endogenous
substance. Program cutoffs have been established for pH, nitrite, and
other adulterants to distinguish between acceptable and adulterated
urine specimens.
Substituted specimen: A specimen that has been submitted for testing
in place of the donor’s urine, as evidenced by creatinine and specific
gravity values that are outside the physiologically producible ranges
of human urine. Program cutoffs have been established for specific
gravity and creatinine to distinguish between acceptable, dilute, and
substituted specimens.
Dilute specimen: A urine specimen with creatinine and specific
gravity values that are lower than expected but are still within the
physiologically producible ranges of human urine. Donors may
deliberately dilute specimens by consuming large amounts of water
or other liquid or by adding liquid to their urine specimens. A dilute
finding is not direct evidence of specimen tampering.
Invalid result: Refers to the result reported by a laboratory for a urine
specimen that contains an unidentified adulterant, contains an
unidentified interfering substance, has an abnormal physical
characteristic, or has an endogenous substance at an abnormal
concentration that prevents the laboratory from completing testing or
obtaining a valid drug test result.
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drugs—that is, the results must be obtained using
approved initial and confirmatory tests on two sepa-
rate aliquots of urine. A sample is reported as adulter-
ated when test results show the presence of a
substance that is not a normal constituent or an endog-
enous substance present in an abnormal concentration.
A sample is reported as substituted when creatinine
and specific gravity values are outside the physiologi-
cally possible ranges of human urine, indicating
submission of a non-urine specimen. A result of substi-
tuted or adulterated indicates intention to circumvent
testing for drugs and, in some settings, is treated the
same as a positive drug result. A result is reported
dilute when the creatinine and specific gravity values
are lower than expected but are still within the physio-
logically producible ranges of human urine. A dilute
specimen does not necessarily indicate specimen
tampering because it can result from consumption of
large amounts of fluid or by addition of liquid to the
urine specimen.

The result of invalid can apply to a number of situa-
tions related to the ability to perform all tests satisfac-
torily. A result is reported as invalid if the laboratory
is unable to complete testing or obtain a valid drug
test result due to the specimen containing an unidenti-
fied adulterant or interfering substance or having an
abnormal physical characteristic or endogenous
substance at an abnormal concentration. Reporting the
specimen validity test results (including an invalid
result) does not preclude reporting the drug test
results. Thus, a result of dilute, adulterated, substi-
tuted, or invalid can be reported in conjunction with
positive results for specific drugs if the criteria for
identification and reporting of the positive result are
met. To reiterate, selected drugs may be reported
positive even if the laboratory is unable to complete
testing for all of the drugs in the panel. For example,
“THC positive, invalid result” means that the labora-
tory was able to confirm the presence of THC (and
hence legally defend this result) but was unable to
complete the testing for one or more of the other drugs
in the panel for one of the reasons previously
mentioned. Regulated samples reported as positive for
any drug, substituted, adulterated, and/or invalid
must be retained in secured frozen storage for a mini-
mum of 1 year [1].

CONCLUSIONS

In order to accurately interpret drug testing results,
more information than the result itself (typically posi-
tive or negative) is required. A positive result for a

drug or a class of drugs does not automatically indi-
cate intentional use of an illegal substance or
nonprescribed ingestion of medication. Some of the
factors influencing interpretation are the sample tested,
purpose of test request, scope of testing performed
(i.e., which drugs are included in the drug panel),
knowledge of components and analytical parameters
of the initial and confirmation methods used, the
presence of other chemicals in the sample, physiologi-
cal state of the donor, and metabolism of the drug(s).
All these factors should be considered when decisions
involving interpretations of results are made,
particularly considering the possible subsequent
consequences.
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Alcohol Determination Using
Automated Analyzers

Limitations and Pitfalls

Sheila Dawling
Vanderbilt University Medical Center, Nashville, Tennessee

INTRODUCTION

Ethanol is currently the most expensive and prevalent
addiction, affecting an estimated 140 million people
worldwide in 2003 [1,2]. The European Union currently
has the highest rates of illness and premature death from
alcohol-related problems. The European Information
System on Alcohol and Health [3] and the National
Institute on Alcohol Abuse and Alcoholism [4] and the
Centers for Disease Control and Prevention [5] in the
United States provide a wide range of health statistics
focused on production and availability, levels of consump-
tion, patterns of consumption, harms and consequences,
economic aspects, alcohol control policies, prevention and
treatment, and comparative risk assessment.

In the United States, the annual cost of ethanol
addiction is estimated at a staggering $166 billion, with
smoking second at $157 billion and drugs third at $110
billion [1]. In 2011, approximately $18 billion was
spent on the direct costs of alcohol and drug treat-
ment—1.3% of all health care spending [4]. There is
increasing concern regarding binge drinking, classified
as five or more drinks (or 50 g of alcohol) at least once
a week for men and four for women [6,7]. More than
one-fifth of the European population aged 15 years or
older report binge drinking, which is widespread
across all demographics and geographical areas.

There is a paucity of recent data on the incidence of
ethanol in the emergency setting, but uncomplicated
ethanol intoxication is estimated to account for approxi-
mately 600,000 emergency department (ED) visits annu-
ally in the United States [8]. Some studies suggest
almost half of all trauma beds are occupied by patients

who were self-injured (or injured by someone else)
while under the influence of alcohol [9,10]. It is impor-
tant to have accurate knowledge of the patient’s alcohol
status because of its potential to interact with co-
ingested substances, increasing their potency and/or
confounding or masking their symptoms. Substance
abuse (including ethanol) is more prevalent in health-
related professionals than in the general population: An
estimated 8�12% of physicians develop a substance-
use problem during their lifetime, with anesthesiolo-
gists having the highest risk, [11] and 32% of nurses
report some type of substance-use problem, with those
in the ED having the highest rates recorded in 1998 [12].

Hospital patients who use ethanol chronically incur
a two to four times higher morbidity and mortality dur-
ing anesthesia and during their postoperative course
have a heightened susceptibility to infection, cardiopul-
monary insufficiency, and bleeding disorders. Many
patients do not readily admit to alcohol dependence,
and withdrawal becomes evident approximately
6�24 hr after their last drink. This development can
change a normal postoperative course into a life-
threatening situation, and it escalates the severity tier of
care and the concomitant expense of treatment [13].

Because of its extensive availability, ethanol is the
most frequently encountered toxic substance in both
clinical and forensic analytical settings. Ethanol analy-
sis is often requested in life-threatening settings to
evaluate neurological status, for monitoring patients
undergoing ethanol therapy for methanol or ethylene
glycol toxicity, monitoring those enrolled in alcohol
and other drug treatment programs, and when evalu-
ating patients’ suitability for organ transplant. Clinical
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laboratories therefore need rapid and reliable methods
for detection and quantitation of ethanol in biological
fluids, usually plasma or serum and urine.
Unfortunately, the convenience of having ethanol test-
ing available on automated chemistry analyzers has
been traded for specificity, and interferences do occur,
some of which can have significant clinical and legal
implications if not fully appreciated. Laboratory
personnel and those served by the laboratory need to
have a clear understanding of the limitations of these
tests and have protocols in place for determining
which results might be suspect.

Laboratory practice guidelines for use of drug tests in
patients treated in the ED have been prepared by expert
panels of clinical toxicologists and ED physicians. The
three most recent are those of the U.S. National
Academy of Clinical Biochemistry [14], the UK National
Poisons Information Service and Association of Clinical
Biochemists [15], and the Alberta Medical Association in
Canada [16]. Although for the most part they are in
agreement that the use of emergency drug screens is not
warranted, all endorse the provision of STAT (within
1 hr) quantitative ethanol tests.

Because there is no concentration that defines clinical
intoxication, as opposed to the legal setting, the labora-
tory or ED has choices regarding specimens and testing
methods that best satisfy its needs. As such, many hos-
pitals have implemented alternative sample testing,
such as urine, saliva, or breath, which are easier or safer
to obtain and more reliable to process and interpret.
Any difference in ethanol content between blood and
these matrices is without clinical significance. Breath
analyzers as routinely used in law enforcement are
accurate, precise, legally defensible, inexpensive, and
perhaps, equally important, are perceived to be so by
the general public. Testing methodology is not flawed
in the way that enzymatic tests are flawed. However,
there is clearly inadequate supervision of quality
because breath testing is not performed under the guid-
ance of the laboratory personnel nor are tests regulated
by the Clinical Laboratory Improvement Act (CLIA) or
the College of American Pathologists (CAP) or similar
agencies in other countries.

DEVELOPMENT OF LABORATORY
METHODS FOR ETHANOL

MEASUREMENT

Because of the widespread availability and toxicity
of ethanol, and its relatively large concentration in
body fluids, it naturally became a target for early ana-
lytical toxicologists. Just as today, their methods were
based on the reducing properties of ethanol: Addition
of a strong oxidizing agent (potassium dichromate in

concentrated sulfuric acid) induced a color change
(from yellow/orange to blue/green chromic sulfate)
that was easily monitored. Widmark [17] introduced a
distillation step to vaporize the ethanol from the bio-
logical fluid prior to the reaction, and the ethanol
vapor captured by reagent impregnated into filter
paper placed above the boiling solution. Later, a
microdiffusion well was used for the same purpose.
These methods are now considered obsolete because of
their lack of specificity (methanol and isopropanol are
both strong enough reducing agents to produce a
positive reaction), their tediousness, and their inappli-
cability to automation.

Volatile alcohols are extremely well suited to analy-
sis by gas chromatography (GC); mixtures could be
separated by molecular weight and volatility on a
column packed with nothing more than activated
charcoal. The relatively high concentrations ensured
adequate sensitivity with even the most basic flame
ionization detector introduced in the 1960s [18]. With
the advent of capillary columns and programmable
ovens, quantitative analysis of alcohols by GC became
one of the easiest and most robust tests available in the
clinical laboratory, and it was soon established as the
gold standard for both alcohols and glycols [19].
Despite its obvious advantages in specificity, and the
ability to identify and quantitate several toxic alcohols
simultaneously, GC is not widely employed in clinical
laboratories, especially those that do not serve a major
trauma or poison treatment center. The equipment is
relatively expensive (approximately $30,000�$40,000),
and its use requires specialized training. The need to
test large numbers of samples for ethanol necessarily
requires a method that can be adapted to an auto-
mated chemistry platform.

To this end, enzymatic assays were investigated
based either on alcohol dehydrogenase (ADH) or on
alcohol oxidase (AOD). Again, both these tests are
based on the ability of ethanol to act as a reducing
agent and produce acetaldehyde plus a reduced prod-
uct. Of these enzymatic methods, ADH proved to be
more easily automated because of its good stability in
solution, and methods for the most part use spectro-
photometric detection of the NADH (nicotinamide
adenine dinucleotide reduced form) product as the
detection mechanism. Point-of-care methods for etha-
nol, however, mostly use AOD because although the
enzyme is highly unstable in solution; it has good
stability when formulated onto a dry dipstick pad or
solid support. A wide variety of test kits are available
for use with urine, saliva, and breast milk, but these
are discrete single-use tests and not suitable for auto-
mated analyzers. AOD methods are currently of inter-
est because their oxygen consumption and peroxide
formation make them more amenable to conversion to
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electrical signals that can be measured with an elec-
trode sensor. Alternatively, the hydrogen peroxide
product can be used to make a visible color reaction
using added peroxidase. The reaction mechanisms for
both AOD and ADH assays are discussed in more
detail as the different methods are evaluated later in
this chapter.

CURRENTAUTOMATED
METHODOLOGIES

Figure 16.1 summarizes the many different strate-
gies for measurement of ethanol by enzymatic assays.
All the major clinical chemistry automated instrument
manufacturers currently market alcohol test kits.
Several diagnostic reagent manufacturers sell kits
suitable for use on a number of different automated
chemistry platforms. All are based on the enzymatic
oxidization of ethanol to acetaldehyde, using the
enzyme ADH (EC 1.1.1.1., ethanol:NAD1 oxidoreduc-
tase). However, the specific application of the test may
differ between manufacturers, and it is naive to
assume that all ADH-based ethanol tests are created
equal, will have the same performance characteristics,

and will be subject to the same limitations and interfer-
ences. Variability between the different tests arises
from differences in the following:

• Species source of ADH
• Reagent concentration of substrate, co-factors, and

enzyme
• Source contamination of NAD1

• Use of NAD1 or an NAD1 analog
• Use of a trapping reagent to drive the reaction to

completion
• Sample and reagent addition volumes, incubation

timings, and blanking (preincubation)
• Nature of any coupled indicator reaction and its

reagent formulation
• Detection and blanking spectrophotometer

wavelength
• Measurement timings and mode (end point or

kinetic).

Table 16.1 shows the specifics for each of the most
commonly used kits currently available, as extracted
from manufacturer-provided package inserts.
Manufacturers’ addresses are included in the footnote to
this table. The list is intended to be fairly comprehensive,
but the exclusion of a particular product is not deliberate

Ethanol
ADH

Adduct

Acetaldehyde
O2

TRIS

Vitros®

Electron DonorNADHNAD+

NAD+

AOD

Acetaldehyde
+ H2O2

Leuco Dye

Colored Dye
POD

Chromogen pair

Coupled Chromophore

DAP

Excitation

Thiazoyl Blue

Fluorescein

Emission

Reduced Donor

REA®

Formazan-MT

FIGURE 16.1 Enzymatic ethanol assays. Ethanol, the substrate and starting point of the assays, is shown in the top left of the figure.
Alcohol oxidase (AOD) assays are shown down the left-hand side, and alcohol dehydrogenase (ADH) assays are shown horizontally and
down the right-hand side. Both of these reactions produce acetaldehyde, but this product is not tracked or utilized further. Although both
reactions are reversible, the direction required for ethanol quantitation is shown with the longer arrow. Compounds in gray boxes are pro-
ducts that can be measured to follow the reaction rate, and with the exception of molecular oxygen, these are all reaction products. Oxygen
consumption in AOD assays can be measured with a standard oxygen-sensing electrode. The secondary coupled enzymatic reaction for ADH
assays with diaphorase (DAP; EC 1.6.99.1 NADPH:(acceptor) oxidoreductase) using NADH as a substrate is shown with a generic electron
donor substrate (e.g., compounds such as tetrazolium salts that form colored formazan dyes when reduced). The secondary coupled enzy-
matic reaction for AOD assays with peroxidase (POD) using hydrogen peroxide as substrate is shown with two generic chromogens:
Common chromogen pairs are 4-aminopyrine with either chromotropic acid (4,5-dihydroxynaphthalene-2,7-disulfonic acid) or DHBS (3,5-
dichloro-2-hydroxybenzenesulfonic acid), which form blue and red chromophores, respectively. A common leuco dye is TMB (tetramethylben-
zidine), which forms blue TMB diimine. Reactions that are unique to a specific manufacturer (Vitros and Abbott’s REA) are sequestered into
boxes for illustrative purposes.
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and does not indicate disapproval of its use. Likewise,
inclusion does not signify an endorsement of the product.

Most assays are calibrated with a 2-point calibration
curve, using a 0 and a 100 mg/dL ethanol calibrator
(or 300 mg/dL Siemens Dimension). Vitros uses three
calibrators at 2, 100, and 300 mg/dL; Abbott REA uses
multiple levels (0, 25, 50, 100, 200, and 300 mg/dL)
because the concentration�response relationship is
nonlinear. In contrast to peptide assays, there should
be, and is, excellent gravimetric agreement between dif-
ferent sources of ethanol used for calibration. When the
information is included in the package insert, there is
generally little or no interference by hemolysis, icterus,
or lipemia (except if this exceeds the absorbance maxi-
mum of the individual instrument photometer). The
specimen pH does not affect the reaction over the range
3�11, an important consideration for urine testing.

ADH with Ultraviolet Detection

This is the most straightforward of the enzymatic
methods: A single enzymatic reaction is required, and

one of the products is measured directly. Both the oxi-
dized co-factor NAD1 and its reduced product NADH
strongly absorb ultraviolet (UV) light attributable to
the adenine moiety. The peak absorption of NAD1 is
at 259 nm, with a molar extinction coefficient of
16,900 M21cm21. Many automated clinical chemistry
methods take advantage of the fact that NADH (but
not NAD1) also absorbs at higher wavelengths, with a
second peak in UV absorption at 339 nm with an
extinction coefficient of 6220 M21cm21 [20]. The reac-
tion obeys Beer’s law, and the concentration of ethanol
in a specimen can be inferred directly from the increase
in absorbance at 340 nm as NADH is produced.

The Vitros application is a variant of this method. The
patient’s sample applied to the slide is evenly distributed
by the spreading layer (containing BaSO4 and NAD1)
onto the underlying reagent layer (containing ADH and
Tris at pH 8.75). The Tris buffer (tris(hydroxymethyl)
aminomethane) in the reaction layer traps the acetalde-
hyde produced by the reaction of ethanol with ADH and
drives it to completion. The reflection density of the
reduced NADH is measured and is proportional to the

TABLE 16.1 Kit Details

Instrument/

Method

Enzyme pH Reaction

Time

NAD Wavelength

(nm)

Measurement

Mode

Calibrators

(mg/dL)

Assay

Range (mg/
dL)

Secondary

Reaction

Abbott Architecta ADH ,4 mg/mL 8.75 NAD
,7.6 mM

340/416 Kinetic 0, 100 10�600 None

Abbott REAa Yeast ADH NAD 565 Kinetic 0, 25, 50,
100, 200, 300

13�300 Yes

Beckman
platformsb

ADH NAD 340 Kinetic 0, 100 10�600 None

Microgenics DRI
multiplatformc

ADH NAD 340 Kinetic 0, 100 10�600 None

Olympus EMIT II
Plusb

ADH 908 U/mL 8.9 NAD 18 mM 340 Kinetic 0, 100 10�600 None

Ortho Vitrosd ADH 8.75 5 min NAD 340
reflectance

End point 2, 100, 300 10�300 Yes

Randoxe ADH 8.8 NAD 340 Kinetic 0, 100 5�500 None

Roche platformsf Yeast ADH
.15 U/mL

8 min Yeast NAD
.1.25 mM

340/659 Kinetic 0, 220 10�500 None

Siemens Adviag Yeast ADH
.203 U/mL in
well

7.3 NAD analog
1.35 mM

340/505 Kinetic 0, 100 10�500 None

Siemens
Dimension Vistag

Yeast ADH
525 U/ml in well

4 min NAD 18 mM 340/383 Kinetic 0, 300 3�300 None

aAbbott Diagnostics, Abbott Park, IL.
bBeckman Coulter, Brea, CA (incorporating Olympus).
cMicrogenics Corporation, Fremont, CA.
dOrtho-Clinical Diagnostics, Rochester, NY.
eRandox Laboratories, Crumlin, Co. Antrim, UK.
fRoche Diagnostics, Indianapolis, IN.
gSiemens Healthcare Diagnostics, Tarrytown, NY.
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concentration of ethanol in the sample. The filtering of
the specimen through the spreading layer reduces poten-
tial interference in many assays from myeloma proteins,
and it also reduces the interference from elevated
concentrations of lactate dehydrogenase. Other trapping
reagents for acetaldehyde have been used in other appli-
cations, such as semicarbazide.

ADH with Radiative Energy Attenuation

In this assay, ethanol substrate is used in a coupled
catalytic reaction with ADH and a second enzyme,
diaphorase, to generate a color change in a dye. The
method was originally designed for the Abbott
TDx/FLx platforms, and it is currently available on the
Abbott AxSYM. radiative energy attenuation (REA)
measures the degree of inhibition of the fluorescence
of fluorescein dye resulting from the production of a
colored product. In the original version of the assay,
[21,22] the ADH reaction with ethanol and NAD1 was
coupled to a second reaction between the NADH pro-
duced and the chromogen iodonitrotetrazolium violet
dye (INT). This diaphorase-catalyzed reaction results
in reoxidation of NADH to NAD1, along with the gen-
eration of a red chromophore formazan-INT. This
product has an absorbance peak at 492 nm, which
overlaps the excitation and emission spectral profile of
the fluorescein included in the reaction mixture.
Subsequent reformulation of the kit eliminated the
need for a time-consuming probe wash by replacing
the INT with thiazoyl blue (monotetrazolium or
methylthiotetrazolium (MTT)). The detection strategy
is unchanged with the reduced MTT (formazan-MT)
yielding a purple color with an absorbance maximum
at 565 nm. The logarithm of the fluorescent light emit-
ted is inversely proportional to the chromophore
present, the production of which is directly linked to
the ethanol concentration in the sample.

Alcohol Oxidase Methods

Although currently no automated methods use
AOD, a brief description is appropriate because tech-
nological advances may soon result in the successful
automation of AOD methods. The left portion of
Figure 16.1 shows generic AOD methods. These are
amenable to electrochemical detection methods and
are available on the Analox GM series of benchtop
instruments (Analox Instruments, London). They offer
the potential for adaptation onto handheld devices
such as iSTAT (Abbott Diagnostics, Abbott Park, IL) or
blood gas analyzers. The main drawback of AOD
methods is that the enzyme is not very specific for
ethanol: All the common toxic alcohols are substrates

for this enzyme, producing a signal that cannot be dis-
tinguished from that produced by ethanol. However,
substrate preferences (as indicated by different Km

values) very much depend on the biological origin of
the AOD.

PERFORMANCE OF AUTOMATED
ETHANOL ASSAYS

Most vendors of assay kits include calibration mate-
rials in their kits or as separately purchased items.
These are often matrix matched to give optimal perfor-
mance on the specific platform. Calibration materials
can also be obtained from independent vendors such
as Cerilliant Corporation (Round Rock, TX) and UTAK
Laboratories (Valencia, CA). These can also be used for
chromatographic methods, although many laboratories
performing ethanol analysis by GC prefer to make
their own multicomponent calibrators and verify them
with independent controls. All vendors of commercial
test kits provide quality control materials for assessing
method performance prior to testing of patient speci-
mens. Automated test methods are usually designated
as applicable to more than one body fluid, typically
including both serum/plasma and urine. To fulfill reg-
ulatory requirements for using matrix-matched control
materials, commercially available controls in blood,
serum, saliva, and urine are widely available (UTAK,
Bio-Rad Laboratories (Hercules, CA), and Microgenics
(Freemont, CA)). In addition to these internal controls,
a laboratory’s performance of all clinically important
analytes is monitored by their participation in an exter-
nal proficiency testing program, such as that offered
by CAP. In the United States, CAP is required to sub-
mit proficiency test results to Centers for Medicare and
Medicaid Services for all laboratories that have pro-
vided a CLIA identification number.

CAP interprets the CLIA ’88 regulations (42 CFR
Part 493, Section 493.937) for acceptable performance
as obtaining a value within 6 25% of the all-methods
mean for ethanol and as a value between 0 and 9 mg/
dL for alcohol-free samples. Results are issued for each
sample provided at least 80% of participating laborato-
ries have returned results. If the result is in doubt,
there is concern regarding the quality of the specimen,
or there is no clear consensus, it is ungraded. Returns
are evaluated by each of the four major analytical
method groups: GC, ADH with UV-visible (UV-Vis)
detection, ADH with REA, and the Vitros method.

During 2010 and 2011, six survey sets of five chal-
lenges each were distributed by CAP. Almost 3200 lab-
oratories participated in the CAP alcohol survey (AL2),
and the vast majority of these (approximately 98%)
used automated methods for measurement. Of the
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participants, 80% used ADH UV-Vis methods, 16%
Vitros, 2.6% GC (84 labs), and 1.3% Abbott ADH with
REA.

Of the 30 survey samples circulated during 2010
and 2011, 3 were negative for ethanol (,10 mg/dL).
Fifteen challenges contained one or more additional
volatile compounds (4 each methanol, acetone, and iso-
propanol; and 6 ethylene glycol). Twelve challenges
contained only ethanol, with concentrations between
24 and 240 mg/dL as determined by GC. The CAP
performance goal is 8% error or 2 mg/dL (whichever
is the larger), with a total error of 16%.

Method imprecision (as defined by the coefficient of
variation) for all four method groups was similar, usu-
ally ranging from 4 to 6% across the full range of etha-
nol concentrations tested. Both GC and the enzymatic
methods performed equally in this regard. Accuracy
was assessed by comparison of the returned result to
the gold standard GC results.

Whereas ADH REA and ADH UV-Vis methods
compared very favorably with GC across the ethanol
range measured (Table 16.2), the Vitros method consis-
tently underestimated the true ethanol content by
approximately 16%. This bias is believed to be
explained by a matrix effect because the Vitros method
compares favorably with other methods when testing
authentic patient materials [23]. Differences in test
results in preserved quality control materials, or those
designed to remain liquid at �20�C by the addition of
ethylene or another glycol, are well documented for a
number of analytes across a wide range of analytical
platforms. With the configuration of the Vitros dry

slide technology, such additives will clearly affect the
surface tension of the specimen as it migrates on the
spreading layer.

In addition, CAP provides linearity/calibration veri-
fication surveys twice yearly that consist of seven dif-
ferent concentrations of ethanol from 10 to 500 mg/dL
(LN11). No other volatiles are added to these speci-
mens. Only 850 laboratories participated—approxi-
mately one in four of those in the AL2 survey—with a
small percentage of participants using GC and Abbott
REA (1.5% each); 15% using Vitros, and the remaining
82% using ADH UV-Vis. Participation in the CAP (or a
similar) survey is required only if the assay is not rou-
tinely calibrated using a full range of calibrators, and
patient results are reported that measure above the
highest-level calibrator. The group composition is
therefore skewed compared to the spot challenge
survey. CAP evaluates responses as precise or impre-
cise, linear or nonlinear, with calibration either verified
or different. Summary failure data are shown in
Table 16.3 for five challenges through 2010�2012. The
peer group for each is its own method mean. All
assays performed well in terms of producing a linear
response, with Vitros producing the only failure.
Imprecision was observed in all methods except ADH
UV-Vis (ADH REA 4%, GC 3.4%, and Vitros 1.2%). In
terms of calibration slope, ADH UV-Vis performed
best (only 4.8% of labs were different from their peers),
and ADH REA and Vitros each had 15% bias. The
same gravimetric bias of Vitros compared to other
methods noted previously was also evident here. The
relatively large percentage of laboratories using GC

TABLE 16.2 Comparison of Three Automated ADH-Based Methods for Ethanol to Gas Chromatography

Method Slope Intercept (mg/dL) Linear Correlation (r2) No. of Laboratories Reporting

Abbott ADH REA 1.0155 1.0197 0.9997 41

ADH UV-Vis all manufacturers 1.0071 1.1739 0.9998 2548

Ortho Vitros 0.838 2.175 0.9998 516

Source: Data from CAP Alcohol Survey (AL2) samples for 2010 and 2011 (N5 30). Gas chromatography performed by 84 laboratories. Linear regression analysis y5mx1 c,
r2 correlation coefficient.

TABLE 16.3 Calibration Failure Rates for Ethanol with Three Automated ADH-Based Methods and Gas Chromatography

Reagent Kit Failure Percentage of Peer Group Participants

GC Abbott ADH REA ADH UV-Vis, all Methodologies Ortho Vitros

Nonlinear 0 0 0 1.8

Imprecise 3.4 4 0 1.2

Different 11.6 15.2 4.8 15.4

Source: Data from CAP Alcohol Linearity Survey Samples for 2010 and 2011 (four LN11 challenges).
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that had a different calibration from their peers (11.6%)
may be a reflection of the high incidence of home-
brew calibration materials used.

PROBLEMS WITH CURRENT
METHODOLOGIES

Assays based on the measurement of enzyme activ-
ity offer many advantages over GC methods because
of their amenability to automation and consequent
speed and widespread use, and they have undoubt-
edly contributed to saving many lives. However, these
methods are prone to inaccuracy due to (1) cross-
reactivity of the enzyme with alternate substrates such
as toxic alcohols other than ethanol and (2) interference
from elevated plasma concentrations of substrates
and/or enzymes that could also generate NADH, the
indicator compound used to monitor the reaction.
Although industrial propriety often prevents the end
user from knowing the precise ingredients of the kit,
appreciation of enzyme reaction principles at least
gives the operator some clues regarding the appropri-
ate starting point in troubleshooting wayward results.

At the outset of this discussion, it is important that
the reader appreciate that the ADH present in human
liver and other tissues has quite different characteristics
from the Saccharomyces cerevisiae (yeast) enzyme present
in all of the ADH-based ethanol kits [24]. Active yeast
ADH is a homotetramer with a molecular mass of
approximately 145 kDa. The active site of each subunit
contains a zinc atom, two reactive sulfhydryl groups,
and a histidine residue. Its pH optimum is alkaline,
8.6�9.0. Inhibitors are compounds that react with free
sulfhydryl, chelate zinc, or are alternate substrates such
as NAD analogs, purine and pyrimidine derivatives,
and halogenated alcohols [25]. Yeast ADH is most reac-
tive with ethanol, its preferred substrate, and less so
with methanol, and then its activity decreases with
increasing size of the alcohol substrate molecule.
Branch-chain and secondary alcohols (e.g., isopropanol)
have very low reactivity [24,26].

Enzyme reactions are characterized in terms of two
parameters: the velocity (rate of change of substrate
concentration with time) and the Michaelis constant,
Km (the substrate concentration that produces half the
maximum velocity). A typical enzyme rate curve is
shown in Figure 16.2. Velocity is typically expressed in
amount (moles or milligrams) of substrate turned over
to product in a given time, and it is sometimes fac-
tored to the amount of enzyme present. The maximum
reaction velocity possible, Vmax, is a function of the
reactivity of the enzyme, including any polymorphic
forms, as well as the prevailing reaction conditions
(amount of enzyme in the reaction mixture,

temperature, co-factor concentration, pH, etc.). First-
order reaction kinetics is followed when the exclusive
determinant of the enzyme rate is the substrate con-
centration available (see notation in Figure 16.2).
Therefore, during this time, the reaction rate can be
used to calculate the substrate concentration, and this
is the basis for a large number of clinical enzymatic
assays for substrates (glucose, urea, creatinine, etc.; see
Chapter 8). At higher substrate concentrations, the
reaction kinetics might conform more closely to zero-
order (see notation in Figure 16.2). Here, the enzyme is
substrate saturated (all available substrate binding
sites on the enzyme are occupied), and the reaction
proceeds at a fixed rate (Vmax), which cannot be
exceeded regardless of any increase in substrate con-
centration that might occur. Whereas ADH kinetics is
zero order at relatively low ethanol concentrations in
humans, yeast ADH has a much higher Km, and first-
order kinetics prevails under the operating conditions
of most test methods.

All enzyme reactions are reversible, and ADH is no
exception. The reaction is as follows, with ethanol
being oxidized to acetaldehyde and the reaction moni-
tored spectrophotometrically at 340 nm by the produc-
tion of NADH:

ADH
Ethanol1NAD1 1H1"acetaldehyde1NADH

The position of the equilibrium of an enzymatic
reaction cannot be changed by altering the amount of
enzyme present in the reaction mixture. For this reac-
tion, the equilibrium position lies far to the left, and
the time required for the assay to reach equilibrium
may be from 10 to 60 min depending on prevailing
conditions of temperature, substrate or co-factor

Vmax

Vmax

Velocity V

2

First Order

Zero Order

km
Substrate Concentration [S]

V =
Vmax [S]

Km + [S]

FIGURE 16.2 Typical Michaelis�Menten enzyme plot of reac-
tion velocity against substrate concentration. The equation is shown
in the gray box, and regions corresponding to first-order and zero-
order kinetics are indicated. Velocity5 rate of change in substrate
concentration with time; Vmax, maximum velocity. Km is the
Michaelis constant, the substrate concentration at half maximum
velocity.
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concentration, etc. Because equilibrium (or end point)
methods are relatively insensitive to small changes in
the reaction conditions, this approach was initially
preferred, but it lost favor once technological advances
made it possible to finely control instrument conditions.
However, the reaction can be driven toward the right,
primarily by increasing the reaction pH or by adding a
trapping reagent to remove the acetaldehyde product,
such as semicarbazide or tris(hydroxymethyl)amino-
methane. Coupling one of the ADH reaction products
to a second enzymatic reaction also accomplishes the
same end, but this strategy is usually employed for the
purpose of modifying the measurement wavelength to
avoid potential interferences and is a more expensive
option because other substrates/co-factors and enzyme
must be added to the reagent kit.

The analysis time can also be shortened by using a
kinetic measurement to monitor the reaction rather
than the equilibrium end point. However, this requires
that the substrate concentration ([S]) be kept suffi-
ciently low ([S] ,, , Michaelis constant, Km) to
ensure that first-order reaction conditions prevail so
that the amount of product formed is dependent only
on the amount of substrate present. This originally
necessitated pre-dilution of the sample because ethanol
concentrations are relatively large, but modern auto-
mated pipetters can now dispense specimen volumes
of 2�5 μL with excellent precision (,2%). Addition of
extra ADH enzyme could also be used to increase the
amount of substrate consumed, but this can be expen-
sive, so an alternative strategy is to add a competitive
enzyme inhibitor such as pyrazole [27]. Once the Km is
increased by the competitive inhibitor, the assay
response is linear over the required range of ethanol
concentration to cover most clinical eventualities.

Automated ADH assays are liable to two potential
sources of interference that can lead to inaccuracy in
some clinical settings. The first is having a degree of
cross-reactivity with other toxic alcohols, and the
second is being subject to positive bias introduced by
elevated concentrations of lactate and/or lactate
dehydrogenase (LDH). Interestingly, toxic alcohol
interference is better known but occurs less
frequently, whereas the lactate/LDH interference is
less predictable and may be more prevalent but is
less well recognized.

Cross-Reactivity with other Alcohols

Most enzymes can use a number of different sub-
strates, albeit with different preferences. Substrates
that are metabolized most quickly or selectively have
low values for Km, the substrate concentration at which
the reaction proceeds at half its maximum velocity

(see Figure 16.2). ADH is no exception, and a number
of different alcohols can be converted into their respec-
tive aldehydes with the concomitant use of NAD1 and
production of NADH. Thus, NADH production, which
is usually monitored to specifically determine the etha-
nol concentration, is not specific and gives no indica-
tion of which substrate has been utilized. A large
concentration of an alcohol such as methanol with a
high Km value produces NADH at a relatively low
rate, and this might lead the technologist to believe
there is a small amount of ethanol present in the
sample.

However, when ethanol is present in addition to
another alcohol, the situation is more complicated
because both alcohols can be metabolized by ADH.
The term competitive inhibitor refers to a compound that
directly competes with ethanol for substrate binding
site on the enzyme and occupies it, thus reducing the
amount of ethanol that can bind and be converted to
acetaldehyde. The magnitude of the effect is deter-
mined by the relative proportions of ethanol to inhibi-
tor that are present, and once the inhibitor has been
metabolized or excreted, the effect is dissipated. Some
competitive inhibitors are also alternate substrates for
the enzyme, and their binding to the active site results
in their metabolism into products (and thus NADH
production). Most toxic alcohols are alternate
substrates for ADH and can therefore inhibit the
metabolism of other alcohols that have higher Km

values. Indeed, this very principle—preventing the
metabolism of methanol or ethylene glycol by addition
of ethanol—was taken advantage of for many years in
the treatment of poisoning from toxic alcohols with
intravenous or oral ethanol until it was replaced by
4-methyl pyrazole (fomepizole, Antizol), another com-
petitive inhibitor of ADH. However, for the yeast
ADH used in these automated assays, the Km for etha-
nol, the preferred substrate, is only 2.1 mM, whereas
that for methanol is very much larger at 130 mM, and
that for isopropanol is 140 mM [28]. The potential for
interference is therefore more theoretical than practical
because a serum methanol of 130 mg/dL gives an
apparent ethanol of only 2 mg/dL. Likewise, to obtain
a positive ethanol result (10 mg/dL), the methanol
concentration must be 650 mg/dL, which requires a
massive ingestion.

CAP endeavors to assess and monitor toxic alcohol
interference in ethanol tests by incorporating a number
of other alcohols into some of its proficiency survey chal-
lenges. Reviewing the data from the 30 2010 and 2011
CAP alcohol challenges shows there were 15 ethanol-
only samples and 15 “mixed” samples. However, toxic
alcohol concentrations were relatively low—methanol,
48�61 mg/dL; acetone, 30�44 mg/dL; isopropanol,
38�72 mg/dL; and ethylene glycol, 46�152 mg/dL—but
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three samples were included containing only a toxic alco-
hol in the absence of ethanol. These data (summarized in
Table 16.4) clearly show that there is no interference in
ethanol measurements at these values. It is interesting to
note that CAP also appears satisfied because these were
all in the 2010 challenges, and none of the 2011
challenges were formulated in this way. Comparing per-
formance of automated ADH alcohol methods for the
mixed alcohol challenges again shows very little interfer-
ence compared to the gold standard GC values (data not
shown). Propylene glycol (70 mg/dL) was added for the
first time to one of the challenges in the 2012 AL2-A set.
This sample also contained 130 mg/dL ethanol, and
although there was no added inaccuracy in the measured
ethanol concentrations for this sample, 14% of respon-
dents reporting a quantitative result incorrectly identi-
fied the compound as ethylene glycol. Failures resulted
from both GC and enzymatic methods, which is rather
disturbing, and this proves that although GC may be the
gold standard analytical technique, inattention to detail
can negate any added advantage offered. Furthermore,
10% of labs reporting a qualitative result also misidenti-
fied ethylene glycol.

These studies show that the presence of a toxic alco-
hol, even at large concentrations, is unlikely to produce
a false-positive ethanol result by any of the automated
ADH methods in current usage. The downside of this,
however, is that toxic alcohol ingestions are not going
to be detected by automated ADH ethanol tests, and
other strategies must be employed to avoid missed
diagnoses and missed treatment opportunities.

Nearly all kit manufacturers include interference
information for methanol, acetone, isopropanol, and
ethylene glycol in their package inserts, and these data
are compared in Table 16.5. Manufacturers’ interfer-
ence data can sometimes be misleading and induce a
false sense of security (see Case Reports). However,
authentic patient specimens represent a complex mix
of endogenous and drug-related metabolites that can
produce a quite different pattern of interference than
when alcohols are spiked into clean samples in vitro.

Data on interfering substances other than toxic alco-
hols are not always available and sometimes only
come to light in case reports. Alcohol oxidase ethanol
methods are much more susceptible to false-positive
interference in samples containing other toxic alcohols.
This, coupled with the instability of AOD in solution,
led to the overwhelming preference for the use of
ADH in automated ethanol test kits.

Interference by Elevated Lactate and LDH
Concentrations

As outlined previously, the production of NADH by
ADH is not specific for the presence of ethanol, but the
mere presence of large concentrations of toxic alcohols
is unlikely to produce a false-positive ethanol result.
However, there may be other enzymes and/or sub-
strates in the patient specimen that could result in the
generation of NADH from the reduction of NAD1. It
has been known for more than 20 years that high con-
centrations of LDH and/or lactate interfere with ADH-
based ethanol assays, giving false-positive results,
[29,30] and this has also been observed in the glycerol
dehydrogenase-based ethylene glycol assays [31�33].
This appears in some quarters to have been forgotten
with the passage of time or sidelined in the belief that
this will only be applicable to postmortem tests and not
relevant to clinical testing [34,35]. CAP attempted to
address this knowledge gap by incorporating a dry case
study into the 2011 AL-2C proficiency set.

The ADH and LDH (E.C. 1.1.1.27 L-lactate: NAD1

oxidoreductase) reactions are outlined here. When
both enzymes and their substrates are present in a
specimen, there are clearly two sources of NADH
production:

ADH
Ethanol1NAD1 1H1"acetaldehyde1NADH

LDH
Lactate1NAD1 1H1"pyruvate1NADH

TABLE 16.4 Comparison of Measured Ethanol Concentrations in Three Samples Containing Only a Nonethanol Toxic Alcohol

Sample Mean Measured Ethanol (mg/dL) Toxic Alcohol by GC (mg/dL)

GC Abbott ADH

REA

ADH UV Vis, all

Methodologies

Ortho

Vitros

Methanol Acetone Isopropanol Ethylene

Glycol

2010 AL2-10 0.75 0.19 0.57 0.37 48.4

2010 AL2-01 0 0.33 0.18 0.14 30.4 71.6

2010 AL2-11 0 0.18 0.17 0.04 152.5

No. of labs
reporting

84 41 2548 516

Source: Data from CAP Alcohol Survey (AL2) Samples for 2010 and 2011.
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Both ADH and LDH reactions are equilibrium reac-
tions, and if both reactions are occurring within a single
specimen on the analyzer, the enzymes not only compete
for NAD1 but also produce NADH at rates consistent
with their concentrations and the appropriate substrate
concentrations in a kinetic assay. Thus, an apparently
large amount of ethanol might be determined to be pres-
ent in the sample, which may in fact be completely
untrue. Furthermore, because there is no mechanism in
the test reaction mixture (as opposed to in vivo) to regen-
erate NAD1 from NADH, NAD1 may become the limit-
ing factor in the ADH and/or the LDH reaction.

In 2010, the CAP Toxicology Resource Committee
sponsored a pilot study that demonstrated the continued
occurrence of false positives in automated ADH ethanol
test kits. In this minisurvey, 50 laboratories agreed to
test a serum specimen containing 120 mmol/L sodium
plus 25 mmol/L sodium lactate and also 5000 U/L
human LDH (mixed isoenzymes not characterized).
Summarized results for the seven different test systems
targeted are shown in Table 16.6. Using a cutoff of
10 mg/dL for a positive ethanol result, the Dade
Dimension, Abbott REA, and Vitros platforms gave the
correct negative ethanol result for the sample. The Roche
platform assay results were positive but close to 30 mg/
dL, and the other three assays (Beckman, Abbott
Aeroset, and Microgenics DRI) gave ethanol results
between 70 and 106 mg/dL, representing significant
inebriation. Elevated lactate/LDH is mentioned in five

of the manufacturer package inserts: The Abbott
Aeroset, Roche, and Microgenics DRI methods give a
cautionary note about lactate and LDH in postmortem
samples but do not give specific details, whereas Abbott
ADH REA, Randox, and Vitros give specific data only
for lactate (tested at 25, 90, and 20 mmol/L, respectively,
producing ,10% interference), which is in line with the
CAP experimental data. Reference ranges are somewhat
method dependent, but for serum lactate it is typically
below 2 mmol/L, and for LDH it is less than 300 U/L.

It may be confusing to observe that in alcohol deter-
mination seemingly similar assays may perform differ-
ently. Although informative, manufacturers’ interference
data can be misleading. Authentic patient specimens
represent a complex component mix composed of
endogenous metabolites and drug components, whereas
manufacturers’ data are generated by spiking good-
quality specimens with purified pharmaceuticals and
chemicals. Having a high serum LDH activity is usually
not sufficient for a significant false positive to occur in
the ADH-based ethanol assay because a high substrate
(lactate) concentration is also required. Blood (plasma or
serum) is therefore more likely to be affected than urine
because although there may be a high concentration of
lactate in urine, it is unlikely that high-molecular-weight
LDHwill also be present in the urine specimen.

It is difficult to identify a precise LDH activity at
which interference occurs in each ethanol assay kit.
Most LDH assays (and hence the value for LDH

TABLE 16.5 Toxic Alcohol Interference Data as Reported in Manufacturer Package Insertsa

Method used Concentration of Alcohol Tested (Apparent Ethanol Concentration), mg/dL

Methanol Acetone Isopropanol Acetaldehyde Ethylene

Glycol

Propylene

Glycol

n-
Propanol

n-
Butanol

Abbott Architectb 2000 (0) 2000 (0) 2000 (0) 2000 (0) 2000 (0) No data 2000 (214) 2000 (4)

Abbott REAb 1000
(,10)

1000
(,10)

1000 (,50) No data 1000 (,10) 1000 (,10) 100 (64) 1000
(274)

Microgenics DRI
multiplatformc

2000 (0) 2000 (0) 2000 (9) 2000 (0) 2000 (0) 2000 (0) 1500 (213) 1000 (37)

Olympus EMIT II Plusd 2000 (0) 2000 (0) 2000 (0) 2000 (0) 2000 (0) No data 2000 (214) 2000
(1.7)

Ortho Vitrose 700 (0) 450 (0) 200 (20) 10 (0) 200 (4) 200 (0) 200 (108) 200 (58)

Randoxf 3000 (0) 3000 (0) 3000 (10) 3000 (0) 3000 (0) 3000 (0) 3000 (321) 3000 (40)

Roche platformsg 2000 (0) 2000 (0) 2000 (6) 2000 (�3) 2000 (2) No data 2000 (120) 2000 (34)

Siemens Dimension Vistah 2000 (2) 2000 (2) 2000 (4) 2000 (2) 2000 (0) 2000 (0) 2000 (346) 500 (10)

aBeckman and Siemens Advia package inserts do not list interferences.
bAbbott Diagnostics, Abbott Park, IL.
cMicrogenics Corporation, Fremont, CA.
dBeckman Coulter, Brea, CA (incorporating Olympus).
eOrtho-Clinical Diagnostics, Rochester, NY.
fRandox Laboratories, Crumlin, Co. Antrim, UK.
gRoche Diagnostics, Indianapolis, IN.
hSiemens Healthcare Diagnostics, Tarrytown, NY.
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attributed to the offending sample) employ the
International Federation of Clinical Chemistry recom-
mended lactate-to-pyruvate (L-P) reaction direction
because it is less dependent on the NAD1 and lactate
concentrations, and there is less contamination of
NAD1 with inhibiting products during manufacture.
The reference range is up to 225 U/L for L-P assays,
but P-L methods give rather higher results (normal,
,450 U/L). More important, the LDH present in
human serum comprises five isoenzymes (LD1�LD5),
composed of heterotetramers of H- and M-type sub-
units (4H5LD1 through to 4M5LD5). The typical
percentage composition in a healthy person’s serum is
approximately 22% LD1, 35% LD2, 23% LD3, and 10%
each of LD4 and LD5. The conditions favorable for the
P-L reaction direction are a more acidic pH (7.0 opti-
mum), a high concentration of pyruvate, a high ratio
of NADH to NAD1, and a preponderance of LD5 and
LD4. Converse conditions are favorable for the L-P
together with a preponderance of LD1 and LD2.

LDH is highly specific for the L(1)-isomer of lactate
that is produced metabolically in humans. Although
β-hydroxybutyrate (produced in excess in ketosis) is
considered a poor substrate for LDH, the isomers do
not behave equally in this regard. β-Hydroxybutyrate
is in fact the preferred substrate for LD1 (resulting in
LD1 being known as hydroxybutyrate dehydrogenase
(HBD)), the serum activity of which can be measured,
and the ratio of HBD to LDH is used to indicate the
tissue-specific source of LDH in a more efficient man-
ner than electrophoretic separation of LDH isomers.

It would be tempting to think that by contrast, the
determination of serum lactate would be straightfor-
ward. Most assays for lactate use the enzyme L-lactate
oxidase (EC 1.13.12.4; (S)-lactate:oxygen oxidoreductase)
to oxidize L-lactate to pyruvate with the concomitant

production of hydrogen peroxide. Whole blood analy-
zers (e.g., blood gas analyzers) measure the hydrogen
peroxide amperometrically. These methods show signifi-
cant interference from glycolic acid, the toxic metabolite
of ethylene glycol [36], and may give values falsely
elevated by up to 60 mM [37]. In most plasma lactate
methods on chemistry analyzers, the hydrogen peroxide
is consumed in a second enzymatic reaction with peroxi-
dase and a chromogenic substrate to form a colored
product that is measured spectrophotometrically.
Typically, these are less subject to glycolate interference
[38] but may return an apparent lactate at approximately
twice the glycolate concentration. This can sometimes
result in a high absorbance flag and a suppressed lactate
result. The Roche methods do not use lactate oxidase
but, rather, LDH to measure lactate concentration, and
they are subject to less (20%) glycolate interference [39].
Therefore, these are more reliable in ethylene glycol
intoxication.

CASE REPORT Gharapetian et al. [40] presented three
patients with virtually identical apparent serum ethanol
values (33, 33, and 34 mmol/L (152�156 mg/dL)) mea-
sured using the Siemens ADH-based ethanol assay on a
Advia 1650 analyzer. Following calculation of very
abnormal negative osmolal gaps (�23, �42, and �44),
the samples were retested for ethanol on the Siemens
(Dade Behring) Dimension RXL Flex reagent and also by
GC and found to be negative (,2 mmol/L or ,9.2 mg/
dL). Interestingly, all three patients had marked eleva-
tions in serum LDH (between 5000 and 10,000 U/L),
caused by acetaminophen hepatotoxicity, but only cases
1 and 3 had elevated serum lactate concentrations
(method of measurement not given) at 22.5 and
5.1 mmol/L, respectively; patient 2 had a lactate of only
1.2 mmol/L. However, Siemens reported to the authors
that the LDH would need to be greater than 100,000 U/L
(by L-P assay), with a concomitantly elevated lactate,
to produce an apparent ethanol concentration of
17.4 mmol/L. The patients’ damaged hepatocytes will
undoubtedly have spilled a number of substrates and
other enzymes besides LDH into their serum, resulting
in very high circulating levels of transaminases, other
DHs, amino acids, ammonia, etc. This highlights the
importance of disassociating manufacturer’s spiked
interference data from clinical samples because clearly
additional factors are at play here in producing the erro-
neous ethanol results. The Siemens Advia assay uses a
NAD1 analog with high oxidizing potential rather than
NAD1 as the enzyme co-factor.

In most instances, the amount of either lactate or LDH
present is not sufficient to make a significant contribu-
tion to the measured ethanol result. This is partly
because compared to other toxic substances, serum etha-
nol concentrations are relatively large (10�100 mg/dL

TABLE 16.6 Lactate and LDH Interference in Ethanol Assays

Test Method No. of Labs Mean Measured

Ethanol (mg/dL)

Abbott Aeroset 6 102.5

Abbott AxSYM REA 2 9

Beckman (LX & DX) 14 73.2

Microgenics DRI 2 106

Ortho Vitros 7 9.8

Roche Platforms 7 29.3

Siemens Dade Dimension 10 4.2

Source: Data from CAP Toxicology Resource Committee 2010 Pilot Survey, reported
with 2011 AL2-C.
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corresponds to 2.17�21.7 mmol/L). In contrast, lactate
has a reference interval of approximately 0.5�2.2 mmol/
L in venous blood.

STRATEGIES FOR REMOVING
INTERFERENCES

When endogenous interference in an enzymatic
assay is problematic, blanking and preincubation can
help reduce interference. This additional step increases
both cost and analytical time. Unless a large number of
samples are affected, this modification is not justified.
Instrument parameters for U.S. Food and Drug
Administration (FDA)-approved reagent kits are pre-
defined within the instrument application and not
adjustable by the end user. However, these can some-
times be altered if the analyzer has “open-channel” or
“user-defined” applications. It is hoped that the re-
awareness of this problem and the legal ramifications
of an unreliable result will prompt the manufacturers
to reformulate the poorly performing kits. Further
research is required to pursue NAD1 analogs that
react almost exclusively with ADH and not LDH or do
so at vastly differing speeds so that the two reactions
can be isolated from each other. Alternate strategies
could focus on side reactions that make colorless or
non-interfering products. Coupling of the acetaldehyde
product to another reaction (peroxidase to hydrogen
peroxide) with judicious choice of chromogen offers
promise of a visible color reaction that might be distin-
guished from the LDH assay.

LDH can be removed from serum with PEG (poly-
ethylene glycol) 3000, which osmotically sequesters
water from the sample so the proteins precipitate out.
After centrifugation, the clear supernatant is analyzed.
This technique is used extensively in clinical chemistry
to remove interference from immunoglobulin-bound
“macroproteins” such as prolactin, creatine kinase, and
amylase [41,42]. Care should be taken to establish that
added chemicals do not interfere with subsequent
reactions, and that any specimen dilution is accounted
for in the final result calculation. Alternatively, a
protein-free filtrate of the sample can be prepared by
centrifugation in a centrifugal filter device to obtain a
protein-free ultrafiltrate [43]; a 30 kDa cutoff is appro-
priate for LDH. Such specimen manipulation must be
carefully controlled by the processing of quality con-
trol samples in parallel to the patient sample. Clearly,
it is not practical to process all samples by this
extended assay, and identification of problem samples
would require simultaneous testing for LDH, which
again is not practical. Specimen filtration also does not
remove excess lactate from the sample, but once the

LDH is removed, lactate is probably no longer a signif-
icant problem.

Determining Whether a Problem Exists:
Checking for Concordance among Data

When presented with many hundreds or thousands
of test results in a day, it is difficult for the clinical
chemist to detect those few that might be in error.
Modern laboratory information systems (LIS) may be
able to run algorithms combining a number of differ-
ent results for one patient and then flag or withhold
for checking those identified as outliers. However,
when ethanol is the only test requested, identifying
potential errors becomes even more challenging. Some
additional checks are presented here, which can be
divided into two broad strategies. First, is the ethanol
result accurate or could there have been some interfer-
ence due to the patient’s clinical condition? Second, if
the ethanol result is accurate, did the patient actually
ingest ethanol, or are there other co-ingestants, particu-
larly other toxic alcohol metabolites, that complicate
the clinical picture?

Figure 16.3 sketches an algorithm for evaluating an
ethanol result for possible error. For the sake of clarity,
only the main connections are shown, although in
practice there is considerable overlap between the
different routes. One must, however, be cognizant of
the legal ramifications of reporting results from (or
charging for) tests not requested by the physician but
run by the laboratory solely for the purpose of validat-
ing the result of the requested test. Running serum
indices for potassium is an obvious and well-accepted
example, and many instrument manufacturers provide
these reagents at no additional cost.

Is the Ethanol Result Consistent with the
Patient’s Presentation?

Many labs performing testing for their own
patients have access to a regularly updated electronic
medical record through their hospital information
system. Laboratories in smaller hospitals may not be
so fortunate, but their LIS or their automated instru-
ment middleware should be able to capture results of
all tests performed on the patients. However, the
interpretation is more difficult if the testing is not
being done at the site of the patient’s admission
because not all records of tests done may even be
available. In these latter situations, it is even more
important that testing personnel or those designated
to interpret the tests have a firm understanding of the
limitations and are able to explain them concisely to
personnel at the site where the patient is located.
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Unfortunately, because of the sheer volume of results
generated for each patient on a daily basis, many
results are taken at face value and accepted as being
100% reliable without question provided that there
are no instrument error flags.

Because of the development of tolerance in habitu-
ated individuals, and individual differences in suscep-
tibility, there is no clear relationship between ethanol
concentration and clinical effect. However, in children
and young teens, and in unhabituated adults, there is
general consensus on symptomatology, as shown in
Table 16.7. The presence of other drugs can complicate
the clinical picture, either because ethanol can potenti-
ate the central nervous system (CNS) effects of other
drugs or because it might mask their stimulatory
effects. Many patients who make suicidal gestures or
even those who take accidental overdoses have ethanol
in their system at the time of hospitalization, and the
use of ethanol increases susceptibility to accidents,
especially motor vehicle accidents.

Because it is beyond the scope of the clinical che-
mist’s responsibility to determine the precise cause of
the patient’s altered mental status, the information pre-
sented here suffices for most eventualities. Clinical
chemists affiliated with regional poison treatment cen-
ters may be called on for more in-depth knowledge. In
contrast to ethanol, many drugs are difficult, if not
impossible, to detect by rapid tests because screening
tests are available for only a handful of drugs, mostly
illicit rather than clinically relevant. Unless screening
of the patient’s urine or blood by GC�mass spectrome-
try or liquid chromatography�mass spectrometry is
available, the presence of other drugs is based almost

exclusively on patient history rather than on any con-
crete analytical findings.

National Academy of Clinical Biochemistry (NACB)
and other professional guidelines recommend the
development of regional laboratories for such advanced
drug testing and emphasize the benefit of collaborative
work between clinical chemists and physicians. Debate
continues over whether such testing could be com-
pleted in a relevant time span to affect more than a
handful of patients [44].

Are the Units of Measure Correct?

Most international toxicology publications use
grams/liter (g/L) as the standard unit of measure for
ethanol, whereas clinical chemists prefer millimoles/
liter (mmol/L). In the United States, milligrams/decili-
ter (mg/dL) is commonplace, but to add further confu-
sion, ethanol in the legal arena is expressed simply as
percentage (%), and clinicians often drop the units
completely. Good laboratory practice mandates a refer-
ence range appended to any result, reducing the
potential for misunderstanding. The following are the
most common interconversions between these different
units of ethanol measurement:

• To convert g/L into mg/dL, multiply result
by 100.

• To convert mg/dL into mmol/L, multiply result
by 0.217.

• To convert mmol/L into mg/dL, multiply by 4.6.
• To convert % into mg/dL, multiply by 1000.

Is the serum ethanol result reliable?

Yes

Yes

Yes

No

No

No

Interference

Lactate, LDH
Anion Gap
AOD test

Chromatography

Consistent with history?

Units of measure
Alternate sources
Dose calculation

Timed-repeat

Clinically consistent?

Artifactual Other toxic alcohol Corroborative tests

Urine ethanol
Microbiology

Glucose
Ketones

Chromatography
Osmolality &
Osmolal gap

Ethyl glucuronide
Hepatic enzymes

GGT & MCV
Carb. Def. transferrin

FIGURE 16.3 Algorithm for evaluating

the reliability of an ethanol result. For clar-
ity, only the main connections are shown,
although in practice there is considerable
overlap between the different routes.
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Is the Measured Ethanol Concentration
Appropriate for the Ethanol Dose Ingested if
Known?

Estimating dosages for exposures is notoriously dif-
ficult. It is tempting to envisage the worst possible sce-
nario, in children especially, and surmise that if the
bottle is now half full, then the patient must have
ingested the other half. Small children do not often
ingest a sufficient amount to seriously harm them-
selves, and because they have no better aim with
tablets or alcohol than they have with food, the scene
often looks far more dramatic than its reality.

The following is a relatively simple calculation
(Widmark’s formula):

Dose5Vd3BW 3Cp or Cp5
Dose

Vd3BW
ð16:1Þ

where the dose of pure ethanol is estimated in grams;
Vd, the distribution volume of ethanol, is 0.55 L/kg in
females and 0.68 L/kg in males; BW is the body

weight in kilograms; and Cp is the blood ethanol con-
centration in grams/liter.

It is then only a short step to calculate the volume
of beverage consumed by multiplying by the ethanol
content of the formulation, remembering that “proof”
is twice the percentage composition (approximate
values are as follows: beer, 3 g/100 mL; wine, 8 g/
100 mL; and spirits, 35 g/100 mL). As a rule, one
“unit” of ethanol is approximately 12 g.

If the ethanol concentration is not appropriate for
the ingested dose, the patient history is in error, the
ethanol result may not be correct, or there may have
been an alternate source of ethanol, such as those
described in the next section.

Occasionally, a falsely low serum ethanol concentra-
tion is discovered. This most often occurs when a
severely traumatized patient has been resuscitated emer-
gently with large amounts of transfused (ethanol-nega-
tive) blood, red blood cells, or colloid at the time the
samples are being drawn for analysis. Dilution of the
sample directly from the line fluid by poor phlebotomy
technique is also possible, and this is usually discovered
because the hematocrit is very low, glucose is exception-
ally high, or the electrolytes are out of balance [45].

Can the Presence of Ethanol in a Specimen be
Explained by Something other Than Ingestion
by the Donor?

If the serum or urine ethanol result is valid, there
are a number of alternative explanations for its
presence other than ingestion of beverage alcohol.
These include, but are not limited to, direct or indirect
contamination. “Auto-brewery syndrome” has been
invoked as a legal defense against DUI, but this in vivo
generation of ethanol by the gastrointestinal tract has
rarely been proven, and then not outside of Japan. It is
believed to be the result of a combination of low muco-
sal and hepatic ADH activity, high intake of rice, and
concomitant yeast infection [46].

Non-beverage ethanol is present in many common
household items: Perfumes and aftershaves are 60�95%
ethanol, hand sanitizer 65%, food essences 35%, mouth-
wash 15�35%, and NyQuil 10% ethanol. There is a
trend for young teens to abuse ethanol in products such
as beverages with caffeine and in canned whipped
cream, ethanol-laced Jell-O and gummy bears, and
even ethanol-soaked tampons [47�49].

Dermal absorption of alcohols is generally insignifi-
cant, [50] but once the epidermis is damaged, absorp-
tion may be increased 1000-fold. Bandages soaked
with ethanol and applied for preoperative preparation
for plastic surgery in a 2-year-old girl resulted in sig-
nificant toxicity: 12 hr later, the child was comatose,

TABLE 16.7 Relationship of Serum Ethanol Concentration and
Clinical Effect in Children and Nonhabituated Adults

Serum Ethanol
(mg/dL)

Typical Clinical Picture

,25 Feeling of warmth and well-being

Talkativeness and mild disinhibition

25�50 Euphoria

Poor judgment

Diminished fine motor coordination

50�100 Decreased sensorium

Impaired coordination, balance, and gait

Slowed reflexes and increased reaction time

Emotional lability

100�250 CNS dysfunction—ataxia, diplopia, slurred
speech, visual impairment, and nystagmus

Confusion, stupor, difficulty sitting upright
without assistance

Nausea, vomiting

250�400 Stupor, coma, little response to stimuli

Incontinence

Respiratory depression

.400 Respiratory paralysis

Loss of gag and other protective reflexes

Hypothermia

Death
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with serum ethanol 80 mg/dL and glucose 15 mg/dL
[51]. Immature skin is also highly alcohol-permeable,
and there are case reports of premature infants with
systemic toxicity following application of surgical spirit
to cleanse skin prior to surgical procedures. For exam-
ple, a serum ethanol of 259 mg/dL was reported 18 hr
postprocedure in a 27-week-old neonate, with methanol
of 26 mg/dL [52]. Surgical spirit (95% ethanol and 5%
methanol) is the equivalent of rubbing alcohol, which in
the United States contains isopropanol.

Adulteration of urine samples submitted for drug
testing has been a problem since testing first began. A
number of adulterant tests are used in legal testing,
but these are not commonly applied in the clinical set-
ting. Because testing proceeds to confirmation only if
the primary screen is positive, adulteration aims to
make the screen test negative by denaturing the anti-
body or preventing it from binding to its target drug.
Ethanol or other alcohols are sometimes used for this
purpose, but adulterers are often rather generous with
the amount of additive, and the contamination is often
obvious as soon as the top is taken off the tube.

CASE REPORT A 46-year-old patient with a long
psychiatric history was receiving treatment for overuse
of prescription pain medications. On her first visit, her
urine screened positive for opiates, oxycodone, and
acetaminophen; acetone was detected by GC at greater
than 400 mg/dL, but with no trace of isopropanol
(,10 mg/dL) or evidence of ketone bodies. The
unusual alcohol result was noted in the patient’s chart
as suggestive of contamination rather than ingestion.
Two weeks later, her urine screened positive for
oxycodone, benzodiazepines, and salicylates, and it
was found to contain isopropanol at 6500 mg/dL;
again a comment on suspected contamination was
entered in the chart. On the third visit, the drugs of
abuse panel was negative, but the urine appeared very
dilute with a measured ethanol of 98,050 mg/dL
(creatinine , 0.02 mg/dL and blood urea nitrogen
(BUN) , 1 mg/dL). After the physician was alerted,
the patient was challenged and elected to seek medical
care elsewhere.

Any specimen with an ethanol content greater than
15,000 mg/dL is almost certainly contaminated regard-
less of the symptomatology. In the case presented by
Foley [53], a specimen submitted for drug testing from
a heroin abuser was determined to have an ethanol
content of 125 g/L (12,500 mg/dL) by headspace GC.
A concomitant blood ethanol was negative, and it was
determined that the ethanol had been added to the
urine by a laboratory technician who misread the etha-
nol order for an instruction to add ethanol as a fixative
for cytology testing. In addition to these less common
sources of ethanol exposure, generation of ethanol

in vitro is a real cause for concern, and its prevention is
addressed next.

Has the Specimen Been Preserved Correctly?

Ideally, specimens for ethanol testing (and lactate)
should be collected into fluoride oxalate to inhibit gly-
colysis and prevent generation of ethanol by certain
bacteria or yeasts within the specimen. The desire to
prevent therapeutic anemia results in specimen consol-
idation, and because fluoride oxalate is unsuitable for
many clinical tests (the salt adds approximately
150 mOsm/kg to the osmolality) and preservation is
considered unnecessary when samples are to be pro-
cessed emergently, ethanol tests are usually performed
on serum, heparinized plasma, or unpreserved urine.
Microbial contamination could be endogenous if the
patient is septic or has a urinary tract infection (UTI),
or it might have been introduced by aseptic collection
techniques. The amount of required substrates in urine
from healthy donors is usually too low to be of impor-
tance, but if the patient has ketosis—whether diabetic
(hyperglycemic) or alcoholic (hypoglycemic)—ethanol
production may be sufficient, if the correct microbes
are present, to suggest severe toxicity [54]. Indeed, a
small amount of fermentation may actually take place
within the bladder if there is urinary stasis with a UTI
such as Candida albicans.

When dealing with nonbiological specimens submit-
ted for ethanol analysis, the same contamination con-
siderations apply, as highlighted by the following case.

CASE REPORT A 2-year-old child was admitted
repeatedly with unexplained ethanol intoxication
(serum ethanol 95�148 mg/dL) and hypoglycemia
(glucose 30�42 mg/dL). Because of the allegations of
abuse and/or neglect, the parents were interviewed.
Several items were confiscated from the patient’s
room, including a part-full bottle of orange juice. The
juice tested positive for ethanol (2530 mg/dL), and the
cause of the poisoning was believed to have been
found. However, the finding that “still” orange juice
was submitted for analysis disproved this theory
because the juice contained not only ethanol but also
considerable gas by the time it was tested.
Fermentation had obviously occurred.

Does the Ethanol Concentration Decline at the
Expected Rate? The Twenty-Per-Hour Rule

In suspected intoxication, the differential diagnosis
is broad, and additional tests, including imaging, are
warranted if:

• the reported presence of ethanol was completely
unexpected
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• the concentration is of extremely high proportion
• the concentration does not decline at a rate of

approximately 20 mg/dL per hour
• the patient has not woken up in the expected time

or
• the patient is a child or young adolescent.

Ethanol “dosing” typically occurs over an extended
time span compared to conventional oral medications.
Its bioavailability ranges from less than 10% at 10 mg/
dL to 90% at 100 mg/dL due to saturable first-pass
metabolism of ADH in the duodenal/gastric mucosa
and liver [55], with peak blood concentrations approxi-
mately 60 min after ingestion; the effect of delayed
gastric emptying is less pronounced than with solid
drug formulations.

The majority of postabsorptive ethanol metabolism
occurs in the liver at a rate dependent on the activity
of hepatic ADH, which converts approximately 95% of
the dose to acetaldehyde. CYP2E1 also oxidizes etha-
nol to acetaldehyde once the blood concentration
exceeds 30 mg/dL (its Km5 60�80 mg/dL). In contrast
to ADH, this enzyme is inducible by ethanol, and
alcoholics may route up to 30% of the dose via this
pathway [56]. Regardless of the route of formation,
acetaldehyde is toxic both to the liver and systemically
as it forms adducts with cellular components—DNA,
proteins, enzymes, and lipids. Acetaldehyde degrada-
tion is rapid through mitochondrial aldehyde dehydro-
genase (ALDH) to produce acetate [57]. The
reoxidation of NADH determines the redox potential
of the cell and thus determines many aspects of hepa-
tocyte homeostasis.

Ethanol kinetics differs between males and females:
Distribution volume (total body water) is lower in
females (0.55 vs. 0.68 L/kg) due to their higher per-
centage of fat, and gastric ADH is expressed at lower
activity [58]. Human ADH (in contrast to the yeast
enzyme) is substrate saturated at low ethanol concen-
trations (Km is only 5�10 mg/dL), and metabolism
proceeds by zero-order kinetics when serum ethanol is
greater than 25 mg/dL. The rate is usually expressed
in terms of a decline in serum ethanol, and a range
between 13 and 25 mg/dL/hr is often quoted—hence
the mean “twenty per hour” rule, although this is
sometimes wider in ED patients [59,60]. Although
hepatic function is severely compromised in cirrhosis,
there is no compelling evidence that the rate of ethanol
metabolism is altered [61,62].

Both ADH and ALDH in humans have important
isoenzymes and polymorphisms. Human ADH is a het-
erodimeric protein, encoded by at least seven genes,
producing more than 20 dimers with different rates of
ethanol metabolism [63,64]. ALDH2 is the most impor-
tant of the nine different subtypes for ethanol

metabolism. The polymorphism 487Glu-Lys, associated
with almost complete loss of function, is carried by
approximately 40% of Asians, and the accumulation of
acetaldehyde is responsible for the flushing, hypotonia,
and tachycardia seen in these individuals after only
minute doses of ethanol [65].

Are the Osmolality and Osmolal Gap
Appropriate?

Osmolality is a colligative property of solutions: All
dissolved compounds contribute equally based on
their number of particles present. Serum osmolality
can be measured directly by osmometry (true osmolal-
ity; OSM), or it can be calculated (OSMc) by measuring
the major osmotically active substances present. In a
healthy person, these are sodium, glucose, and urea
(BUN). Once these values are substituted into a for-
mula, OSMc is obtained (Eqs. 16.2a�16.2d). Because
the presence of ethanol is so common, a number of for-
mulae have been derived based on studies of healthy
individuals or patients with known exposure to etha-
nol alone. The one most commonly used in medicine is
that of Smithline and Gardner [66] modified to include
ethanol by Purssell et al. [67], noting that all measure-
ments are made in mmol/L:

OSMc5 2ðsodiumÞ1BUN1 glucose ð16:2aÞ
OSMc5 2ðsodiumÞ1BUN1 glucose1 1:25ðethanolÞ

ð16:2bÞ
These are more familiarly seen in the United States

as follows:

OSMc5 2ðsodiumÞ1 ðBUN mg=dL4 2:8Þ
1 ðglucose mg=dL4 18Þ ð16:2cÞ

OSMc5 2ðsodiumÞ1 ðBUN mg=dL4 2:8Þ
1 ðglucose mg=dL4 18Þ1 ðethanol mg=dL4 3:7Þ

ð16:2dÞ
Using the 1.25 molar multiplier (3.7 traditional unit

divisors) as opposed to the theoretical 1.0 and 4.6 in
part accounts for the body’s response to the osmotic
effect of ethanol by releasing cellular osmolyte and
metabolic derangements such as elevated serum amino
acids that result from the effects of ethanol on metabo-
lism [68]. In addition, ethanol alters the dissociation
behavior of other analytes within the serum, thus dis-
torting the osmolality [69].

The difference between the measured and the
calculated osmolality is termed the osmole gap
(OG5OSM�OSMc). The practical value of the OG
from the laboratory’s perspective is to ensure that a
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measured ethanol value is consistent with the mea-
sured osmolality. From the physician’s perspective, the
clinical value of the OG is to determine whether other
pathological substances are in the patient’s serum con-
tributing to OSM that are not accounted for in the
OSMc value. Specifically, in practical terms, the OG is
helpful in deducing the presence of other toxic alco-
hols, such as methanol, isopropanol, or ethylene and
propylene glycols, especially in situations in which
direct measurements of these are not available in a
time-sensitive manner. Therefore, if the ethanol mea-
surement is inaccurate, then an OG may be attributed
erroneously to the presence of a toxic alcohol, or con-
versely one may be assumed not to be present when in
fact it is, thus missing potential treatment options.
Also note that normal gap values can vary considerably
with instrumentation, so what constitutes normal must
be taken in the context of each laboratory or patient
group. For example, in one study, [70] OGs in healthy
patients increased by approximately 12 mOsm/kg dur-
ing the period 1996 to 2004.

There is considerable interest in using the rear-
ranged form of the OG equation to calculate the etha-
nol concentration present [71]:

Ethanol conc: mg=dL5OG3 3:7 ð16:3Þ

However, actual ethanol concentrations could not be
predicted with sufficient accuracy when testing patient
specimens [72]. This is partly because the wide range for
a normal OG makes it difficult to decide how much of the
OG to attribute to the ethanol; at higher ethanol concen-
trations, investigators consistently report overestimation
of the ethanol concentration by the OG, sometimes by as
much as 30% [73]. Taking this notion one step further,
even in the presence of ethanol, the concentration of
another toxic alcohol could theoretically be estimated
from its molecular weight. The osmotic activity attributed
to 1 mg/dL of each is as follows: methanol,
0.34 mOsm/kg; isopropanol, 0.17 mOsm/kg; ethylene
glycol, 0.16 mOsm/kg; and propylene glycol,
0.13 mOsm/kg. OGs in children are even more problem-
atic to interpret because a normal OG may reach
22 mOsm/kg, which is unfortunate because young chil-
dren are one of the patient populations most at risk of an
unknown ingestion who would benefit from an early
diagnosis [74].

Despite these caveats, the OG remains a particularly
useful screening test for toxic alcohols in asymptomatic
patients due to the fact that the latency period to symp-
toms can be long because it is the production of metabo-
lites that is responsible for the majority of the toxicity.

In the three cases reported by Gharapetian et al. [40]
described earlier in this chapter, the OSMs were 306,
286, and 278 mOsm/kg, respectively. The calculated

OGs if ethanol was absent were relatively normal for
such sick patients at 18, �1, and �1 mOsm/kg, respec-
tively, but if ethanol was indeed positive at the concen-
trations measured, the OGs recalculated to �23, �42,
and �44 mOsm/kg, respectively. Such grossly abnor-
mal results should immediately raise suspicion that
one of the parameters measured is in error.

The method by which serum osmolality is measured
significantly affects the reliability of the result in the
presence of volatile components. Because of the fre-
quency with which ethanol is responsible for hyperos-
molar samples, osmolality must be measured by
freezing point depression (FDP) rather than by vapor
pressure dew point depression (VPD). Because there is
a linear relationship between the ethanol concentration
and ΔOSM (the difference between FPD and VPD
osmometry results), this has been used as a tool for
estimating serum ethanol [75]. In clinical practice, it
would be unusual to have both types of osmometry
available because FPD is increasingly becoming the
technique of choice.

CASE REPORT Walker et al. [76] described a patient
in whom methanol toxicity was strongly suspected
based on history, visual impairment, and severe AG
metabolic acidosis. No OG was present, but the patient
was dialyzed and treated with ethanol infusion with
good result. Later, the serum methanol was reported
to be greater than 100 mg/dL. Investigation revealed
that osmolality had been measured using VPD, and
subsequent in vitro testing confirmed the insensitivity
of VPD to toxic values of both methanol and ethanol.
Thus, it is important to be cognizant of the technique
used by the laboratory to avoid missing a potentially
life-threatening but treatable intoxication.

Are the Ethanol Ratios Appropriate in Different
Fluids?

Table 16.8 shows the average values for blood etha-
nol compared to other fluids. There is considerable
variation between individuals and with time since
ingestion. The presence of certain bacteria, either
endogenous or exogenously introduced, adds further
variability. Postmortem considerations for obtaining
aseptic samples are not applicable to clinical testing,
and vitreous humor is included only for illustrative
purposes.

With the exception of the first 90 min after inges-
tion, urine ethanol always exceeds that of the serum,
with a ratio typically of 1.2�1.3 urine:serum in the
early postabsorptive phase, increasing to 1.4�1.5 later.
In the terminal stages after exposure, the ratio
increases appreciably because ethanol is present in
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bladder urine hours after the serum alcohol is no lon-
ger detectable [77]. However, during the absorption
phase, the plasma is higher than the urine, although it
takes only 10 min for ingested ethanol to appear in
“primary” (i.e., ureter) urine [78]. Thus, the ratio of the
ethanol content of the two fluids might be used not
just to determine the historical time course of events
but also to check the validity of results. For example, a
serum ethanol measured at 350 mg/dL with a simulta-
neous urine ethanol of only 20 mg/dL must indicate
that the patient ingested a large amount of ethanol in
the minutes prior to sampling, that the serum ethanol
was grossly overestimated due to an interfering sub-
stance, or that the blood was contaminated during
phlebotomy. Although the urine may have been mea-
sured using the same assay as the serum, active LDH
will not be present in the urine and so will not
produce a false-positive ethanol result in the way that
the serum might.

When attempting to reconcile results between differ-
ent fluids, the following caveats should be noted:

• The effect of shock on metabolism and excretion of
ethanol

• How blood loss affects the dynamics of distribution
• Administration of blood product, fluids, or colloid.

The validity of measuring ethanol in breath is based
on the relationship of ethanol in end-expired (alveolar)
air and that in the alveolar blood supply described by
Henry’s law. Thus, 1 mL of blood contains the same
amount of ethanol as 2100 mL of breath at 34�C, the
temperature of end-exhaled air. Currently, a number
of breath ethanol analyzers are approved for use by
the FDA [79] for workplace testing and ED use. These
use infrared spectrometry; the primary wavelengths
used for ethanol are 3.4 and 9.5 μm, corresponding to

the C�H and C�O bond vibrational stretching, respec-
tively. Loss in infrared energy across the sample repre-
sents the amount of ethanol present. Current
instruments use five different wavelengths to enhance
selectivity and abolish interference from acetone [80].
Many devices are calibrated to display in blood etha-
nol equivalent rather than the absolute breath ethanol
concentration. The 15 min delay in sampling eliminates
contamination from residual beverage in the mouth.

Saliva or, more correctly, oral fluid is becoming
increasingly popular for all types of drug testing because
of its noninvasive nature and relative immunity from
adulteration [81]. This fluid can be tested by any of the
automated ADH-based tests described in this chapter.
However, for point-of-care testing, AOD methods pre-
dominate because these are most easily converted to
visual signals (see Figure 16.1). Semiquantitative test
strips are available that show good correlation between
saliva and serum ethanol concentrations [82,83].
(Example products include DrugCheck Alcohol Rapid
Test and DrugCheck SalivaScan, Express Diagnostics
International, Blue Earth, MN; Alco-Screen, Craig
Medical Distribution, Vista, CA; Saliva Alcohol Test
Strip, Dipromed, Weigelsdorf, Austria; OratectPlus,
Branan Medical, Irvine, CA; and Q.E.D. Saliva Alcohol
Test, OraSure Technologies, Bethlehem, PA.)

Could there be Interference from Lactate
Dehydrogenase?

The properties of LDH and the reaction by which it
causes interference in ADH-based assays that rely on
NADH production were described previously.
Although LDH assays are widely available and inex-
pensive on automated chemistry platforms, the test is
not routinely ordered because it is not tissue specific.
Its main clinical use is to monitor hemolysis or cell
lysis following chemotherapy or progression of skele-
tal muscle disorders. LDH is found in high concentra-
tions in all cells that utilize glucose for energy. Because
erythrocytes contain more than 500 times the LDH of
serum, even a small amount of hemolysis can substan-
tially elevate the serum LDH. LDH is elevated in
many disorders, as shown in Table 16.9; however, this
list is by no means exhaustive, and the amount of ele-
vation is quite variable, although the hemolytic causes
often give higher results.

Common sense dictates that an isolated elevation in
serum LDH, although necessary, is not sufficient to
produce interference; an abnormally large substrate
concentration (i.e., elevated serum lactate) should also
be a prerequisite. The Km of hepatic LDH for lactate is
14 mM [84], whereas physiologic concentrations are
less than 2 mM. However, case studies highlight that

TABLE 16.8 Comparison of Ethanol Content of Different Fluids
Relative to Whole Blood

Fluid Fluid:Whole Blood Ratio

Whole blood 1.00

Serum or plasma 1.16

Urine 1.3 at equilibrium

Vitreous humor 1.2

Bile 1.0

Cerebrospinal fluid 1.1

Kidney 0.7

Liver 0.6

Brain 0.8

Breath 1/21005 0.000476
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additional unidentified chemical reactions are contribu-
tory because interference can occur at normal lactate con-
centrations [40]. A concentration of 1000 U/L of hepatic
LDH uses 1 mmol lactate/min, furnishing 1 mmol
NADH/min. The same NADH production rate from
ADH corresponds to approximately 5 mg/dL ethanol.

If the result of an ADH-based ethanol result is in
doubt, it is quick and inexpensive to test the urine speci-
men with a point-of-care testing semiquantitative alcohol
dipstick based on AOD detection. Because the two meth-
odologies have different common interferents, it is
unlikely that the results will be concordant unless etha-
nol is indeed present.

Does the Patient have an Anion Gap Acidosis or
Ketosis?

Metabolic acidosis results from increased production
of metabolic acids or lack of metabolic base (bicarbon-
ate). Those with a normal anion gap typically result from
gastrointestinal or renal disorders of electrolyte balance.
An elevated anion gap acidosis, particularly in the inten-
sive care unit setting, is commonly caused by the pres-
ence of lactic acid. The differential diagnosis of lactic
acidosis is long (Table 16.10) and beyond the scope of
this chapter. In hypoxic states, or where there is mito-
chondrial dysfunction inhibiting the tricarboxylic acid
cycle, the end product of glycolysis must be converted
into lactate, which subsequently accumulates.

Ketosis occurs when cells contain insufficient
glucose to sustain ATP demand. Counterregulatory
hormones ensure lipolysis, and fatty acids are oxidized
for energy. Accumulated hepatic acetyl CoA is
converted to acetoacetate and then to acetone or
β-hydroxybutyrate. Ketonemia arises when hepatic
ketone production outstrips the capacity of extrahepatic
tissues to oxidize them. The organic anions acetoacetate
and β-hydroxybutyrate result in anion gap acidosis.
The two main causes of ketoacidosis are diabetic keto-
acidosis (DKA) and alcoholic ketoacidosis (AKA); star-
vation ketosis is similar to AKA. The urine screens
positive for ketones in both presentations, and the
serum hydroxybutyrate is elevated (more so in DKA
than in AKA or starvation), but the two can easily be
distinguished by simple and inexpensive tests: hyper-
glycemia (.500 mg/dL) and positive urine glucose in
DKA, and hypo- or normoglycemia and an absence of
glucose in the urine in AKA. DKA was discussed previ-
ously as a potential cause of factitious urine ethanol.

Determination of the anion gap
(AG5 ½Na1K�2 ½Cl1HCO3�) usually involves no addi-
tional cost to the laboratory because electrolyte measure-
ments are standard of care. The anion gap calculation can
be performed automatically for all electrolyte orders in
the lab’s middleware or LIS. Lactate is also commonly
measured in the emergency or critical care setting, and it
is available on most blood gas analyzers and confirms the
AG calculation. It was previously noted that L-lactate
assays, especially those using electrochemistry, may be
unreliable in the presence of the ethylene glycol metabo-
lite glycolate. As with any laboratory test, it is important
to understand the performance characteristics of the assay
used to measure lactate.

Are there other Indicators or Markers of
Ethanol Ingestion?

Markers of ingestion may be aimed at detecting
either acute (ethyl glucuronide) or chronic exposure

TABLE 16.9 Causes of Elevated Lactate Dehydrogenase

Hemolytic Megaloblastic anemia (B12/folate deficiency)

RBC metabolic disorders (G6PD deficiency)

Hemoglobinopathy (sickle disease, thalassemia)

Autoimmune

Physical destruction (prosthetic valves, burn)

Poor phlebotomy technique

Cancers Leukemia

Lymphoma

Testicular cancer

Tumor lysis syndrome

Infective Malaria

Infective mononucleosis

Hepatitis

Influenza

Tissue trauma Myocardial infarction

Stroke

Intestinal and pulmonary infarction

Pancreatitis

Alcoholic hepatitis

Chronic liver disease

Gunshot wound, laceration

Seizures (neurologic, metabolic, or drug-induced)

Rhabdomyolysis

Compartment syndrome

Crush injury

Muscle disease Metabolic (glycogen storage disorders)

Structural muscle disease (muscular dystrophy)

Excretion Kidney disease
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(hepatic enzymes, hematological markers, and
carbohydrate-deficient transferrin). Although chronic
markers are not essential for verification of ethanol
ingestion, they can help identify alcohol abusers
because physicians may otherwise recognize only
20�50% of patients with alcoholism [85]. For example,
chronic alcoholics may have an unusually mild intoxi-
cation for the amount of ethanol measured, and they
are also more likely to use other toxic alcohols for
heightened effects or for economic reasons. No single
laboratory test is reliable enough on its own to support
a diagnosis of alcoholism [86,87].

Ethyl Glucuronide

Ethyl glucuronide is a minor metabolite of ethanol,
accounting for less than 0.1% of the dose, produced by
enzymatic conjugation of ethanol with glucuronic acid.
In contrast to ethanol, ethyl glucuronide is nonvolatile,
water-soluble, and stable to storage—properties that
give it significant advantages as a routine test for etha-
nol use. Its presence is highly specific for ethanol, and
it can be found in urine, serum, and oral fluid for 3�5
days after a single 50 g dose of ethanol. This is a favor-
able detection span compared to that of ethanol, which
is typically 10�24 hr in body fluids. Currently, the test
is not widely used clinically, although enzyme

immunoassay kits are available for some automated
platforms [88]. This screening test has the potential to
provide a rapid cross-check on a serum ethanol that is
inconsistent with the history or symptoms, and it may
be performed in the routine chemistry lab on the same
automated analyzer as that used for the original etha-
nol test [89].

Hepatic Transaminases

Assays for the transaminases AST and ALT are uni-
versally available on automated chemistry analyzers
and are inexpensive to perform. Both enzymes are
elevated in chronic liver disease but usually less than
1000 U/L; higher values reflect acute hepatic distur-
bance. The De Rittis ratio (AST:ALT) is a reliable
marker to distinguish between alcoholic (.2) and
non-alcoholic (,1) liver disease (see Chapter 9) [90].

γ-Glutamyl Transferase and Mean Corpuscular
Volume

The activity of γ-glutamyl transferase (GGT) and the
red blood cell mean corpuscular volume (MCV) have
been the traditional markers of chronic ethanol use:
Serum GGT greater than 500 U/L with an MCV
greater than 100 fL in the absence of another condition
should raise suspicion of ethanol abuse [91,92]. Both
tests are readily available in most laboratories. Care
should be taken to rule out megaloblastic anemia from
B12 and/or folate deficiency as the cause of an
increased MCV. GGT lacks specificity because numer-
ous disorders and drugs can elevate GGT, including
diabetes, hyperthyroidism, cardiac and renal disease,
smoking, barbiturates, phenytoin, carbamazepine, and
rifampicin [93,94].

Carbohydrate-Deficient Transferrin

In habitual drinkers, the proportion of transferrin
with none, one, or two sialic acid chains (collectively
termed carbohydrate deficient transferrins (CDT)) is
greater than 6%, whereas healthy individuals with no
or low alcohol consumption will have a CDT less than
2%. CDT analysis is somewhat specialized (high-per-
formance liquid chromatography, capillary electropho-
resis, and isoelectric focusing) [95�97], but an
immunoassay has become available on automated
chemistry platforms [98]. However, genetic transferrin
variants, and some non-alcoholic hepatic diseases such
as hepatocellular carcinoma, chronic hepatitis C, and
primary biliary cirrhosis, give false positives, and the
main strength of the test lies in detection of relapse in
chronic alcoholics [99,100].

TABLE 16.10 Causes of Elevated Lactate Concentration

Type
A:

Tissue hypoperfusion and hypoxia

Hemodynamic shock: hemolysis, bleeding

Low oxygenation: hypoxia, respiratory failure, anemia,
dyshemoglobinemia, carbon monoxide

Tissue hypoperfusion: cardiovascular instability, heart
failure, fluid overload, drug-induced hypotension

Compartment syndrome, seizures, severe exercise

Septic shock

Type
B:

Without clinically apparent tissue hypoxia

Underlying diseases: diabetes mellitus, uremia, liver
disease, infection, malignancy

Toxic alcohol metabolism: ethanol, methanol, ethylene
glycol, metformin, isoniazid

Uncouplers of oxidative phosphorylation: carbon monoxide,
aspirin, cyanide

Inborn errors of metabolism: pyruvate dehydrogenase
deficiency, glycogen storage disease, pyruvate carboxylase
deficiency, etc.

D-Lactic acidosis: Gram-positive bowel overgrowth, short
bowel syndrome, propylene glycol
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Does the Clinical Picture Suggest Exposure to
other Toxic Alcohols, and are there Simple Tests
for their Detection?

No discussion of laboratory testing for ethanol is
complete without mentioning toxic alcohols. Often,
ethanol (with the OG) is measured as a means to deter-
mine if another alcohol is present because these
compounds are notoriously difficult for the average
clinical laboratory to measure. Despite its shortcom-
ings, the OG remains a useful screening test for toxic
alcohols in asymptomatic patients because the metabo-
lites are primarily responsible for the toxicity.
Performance of the OG for such use was investigated
by Lynd et al. [101] using rigorous Standards for
Reporting Diagnostic Accuracy criteria. Samples from
20 patients with analytically proven exposure to ethyl-
ene glycol (10), methanol (9), or both (1) were used to
determine the validity of Eq. (16.2b). Using a diagnos-
tic threshold of OG $ 10 mOsm/kg for patients
requiring antidotal therapy resulted in sensitivity of
0.9 and specificity of 0.5; sensitivity was 1.0 when
identifying patients requiring dialysis.

Toxic alcohols are in common usage and often taken
in overdose, either deliberately or unintentionally,
particularly in children. It is therefore important to
have a method that can distinguish between these and
identify them correctly both in the presence and in the
absence of ethanol. The salient laboratory tests and
distinguishing clinical features of exposure to toxic

alcohols are presented in Table 16.11, which is
intended to be illustrative rather than exhaustive.

The NACB places the onus on diagnostic reagent
manufacturers to provide reliable tests for these toxic
alcohols and glycols rather than have the laboratory
make a “diagnosis by exclusion” or rely on surrogate
testing methods. GC should be available for this
purpose, but only rarely is this the case. Clinical labo-
ratories should provide direct measurements for meth-
anol and ethylene glycol in serum or plasma because
toxicity can occur without clinical signs of inebriation
and so surrogate markers could be useful [102].

Currently, enzymatic procedures for toxic alcohols
can only be used on automated analyzers that have
“open” applications and are not FDA-approved for
this purpose. None of these are widely adapted or well
controlled, characterized, or standardized. For exam-
ple, methanol is converted to formaldehyde by AOD
and then to formic acid by formaldehyde dehydroge-
nase (FDH), following the reaction by NADH produc-
tion [103]. Because the latter reaction is highly specific
for formate, the entity that correlates directly with
methanol toxicity, it may be more appropriate to mea-
sure formate directly with FDH [104]. Another simple
assay utilizes periodate to oxidize ethylene glycol to
formaldehyde, which is then reacted with a chromo-
gen. This commercially available veterinary product is
reported to show good performance with human sam-
ples [105]. A similar test generates a blue chromo-
phore, which also shows positive for propylene glycol,

TABLE 16.11 Uses, Toxic Metabolites, and Clinical and Laboratory Features of Toxic Alcohols

Compound

(Common

Name)

Sources Toxic

Metabolite(s)

Distinctive Clinical and Lab Features

Ethanol
(sugar
alcohol)

Surgical spirit, Perfumes, Beverages, Mouthwash,
Hand sanitizer, Food flavors, Cough syrups

Acetaldehyde Increased OSM and OG, Anion gap metabolic acidosis,
Hypoglycemia, Ketonuria if chronic, Tests for chronic
use, Inebriation CNS depression, Vomiting

Methanol
(wood
alcohol)

Windshield washer fluid, Gasoline antifreeze, Paint
remover, Photocopying fluid, Surgical spirit,
Moonshine

Formaldehyde
Formate

Increased OSM and OG, Profound anion gap metabolic
acidosis, Lactic academia, Hypoglycemia, Transient
inebriation, Nausea/vomiting, Blindness

Isopropanol
(rubbing
alcohol)

Rubbing alcohol, Windshield washer fluid, Glue
remover, Cleaners and degreasers, Skin lotions

Acetone
(nontoxic)

Increased OSM and OG, Normal anion gap and pH,
Normoglycemia, Ketonuria, no glucose, Profound
inebriation and CNS depression, Tachycardia,
hypertension, vasodilation Gastritis, hematemesis

Ethylene
glycol
(antifreeze)

Radiator fluid, Antifreeze Glycolate
Oxalate

Increased OSM and OG, Anion gap metabolic acidosis,
Lactic acidemia (may be falsely increased),
Hypoglycemia, Hypocalcemia, Muscle dysfunction,
seizures, Acute renal failure, Oxalate crystalluria,
Transient inebriation

Propylene
glycol

Intravenous drug preparations D-Lactate Increased OSM and OG, Anion gap metabolic acidosis,
Lactic acidemia (may be falsely low), Acute renal
failure, Hippuric aciduria

OG, osmole gap; OSM, osmolality.
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but has some cross-reactivity with ethanol (.50 mg/
dL) [106]. Serum oxalate may also be measured by
converting it to formate with oxalate decarboxylase
and then analyzing the formate as described previ-
ously [107].

Failing the provision of such tests, an alternate
strategy is to use the “gap” between the results of two
non-ideal tests in the hope of providing a good result.
Several examples illustrate this notion.

When added to serum at relevant concentrations,
acetone, ethanol, isopropanol, and methanol produce
the expected linear increase in FPD osmolality,
whereas VPD osmolality is unaffected: Only ethylene
glycol produces a linear increase in both VPD and FPD
osmolality [108]. Therefore, the relationship between
the difference in FPD and VPD osmometry measure-
ments (ΔOSM) might be used to infer the isopropanol
or methanol concentration. In clinical practice, how-
ever, it would be unusual to have both types of
osmometry available because FPD is increasingly
replacing VPD as the technique of choice.

The presence of a significant difference between the
osmometry-calculated alcohol value and ADH-based
ethanol result has been used to validate the presence
of other toxic alcohols [109]. A similar strategy
comparing the sample response between a semiquanti-
tative AOD dipstick and an ADH-based “specific” eth-
anol assay could be used to gauge the presence of
methanol, which reacts strongly with AOD but not
ADH [110].

As described previously, the lactate gap (ampero-
metric value minus a glycolate-unaffected assay value)
can be used as a surrogate to identify ethylene glycol
exposure and thus to estimate the glycolate concentra-
tion [111].

Ethylene glycol might be inferred from the “triglycer-
ide gap” between the results of two different automated
analyzer kits, one containing ethylene glycol-reactive
glycerol dehydrogenase and the other nonreactive glyc-
erol dehydrogenase. This again showed some cross-
reactivity with propylene glycol (,15%) [112].

FURTHER CASE STUDIES

The cases presented in this section highlight the
importance of assessing all the available information
and not focusing exclusively on the result of one test
in preference to another. The use of ethanol concentra-
tion and osmolal and anion gaps is vital to arriving at
the correct diagnosis and treatment.

CASE REPORT A 4-year-old male was hospitalized
for 6 weeks following a viral illness during which time
attempts to control status epilepticus required

numerous medications. He became profoundly hypo-
tensive (75/35 mmHg) despite extensive pressor
support, and there was some concern that morphine
might have been administered, so a point-of-care drug
screen was performed, which showed a positive AOD
ethanol test. He was transferred to our institution
unresponsive. He had a partially compensated meta-
bolic acidosis on ventilatory support (pH 7.26) and
elevated anion gap (36 mmol/L). Most remarkably, his
OSM was 611 mOsm/kg. Volatile analysis by GC
revealed a propylene glycol concentration of 1548 mg/
dL. Lactate was measured at 7.1 mmol/L, which
although elevated was probably a 90% underestimate
of the true lactate because propylene glycol is metabo-
lized to both L- and D-lactate, and the body has very
limited capacity to metabolize the latter, whereas only
the L-isomer is detected by laboratory tests. Only after
all these entities were taken into account could the
OSM be reconciled.

The patient had five plasmapheresis treatments and
recovered after an episode of hypotensive/gentamicin-
induced acute renal failure. Propylene glycol is present
in large concentrations as a solubilizing agent in a
number of intravenous medications, [113,114] and his
estimated dose was greater than 16 g/day once his
medications were reconciled (lorazepam 85%, pheno-
barbital 75%, and phenytoin 40%).

CASE REPORT Vasiliades et al. [115] reported a 45-
year-old male admitted after having fallen from a lad-
der. He had a sweet odor on his breath but no
evidence of head trauma. He was hypotensive (blood
pressure 80/60 mmHg), his pulse was 90 beats/min,
and he had shallow respirations at 14 min. Arterial
blood gas showed respiratory acidosis (pH 7.25, pO2

70 mmHg, and pCO2 60 mmHg) and was ventilated.
Serum ethanol by ADH assay was 186 mg/dL, but his
OG (65 mOsm/kg) was too large for the amount of
ethanol present. Subsequent GC analysis showed the
ethanol to be only 90 mg/dL, with isopropanol at
186 mg/dL and acetone metabolite 18 mg/dL. As
expected, urine ketones were negative (because this
reacts with β-hydroxybutyrate and only poorly with
acetone). The nonspecific ADH assay is dangerously
misleading when more than one alcohol is present,
and the fact that isopropanol is a profound respiratory
depressant complicates the differential with a known
head trauma.

CASE REPORT Platteborze et al. [116] presented an
equally confusing case of a 32-year-old female with a
72 hr history of abdominal pain and nausea who had
ingested only ginger ale and homemade liquor during
this time. She had a partially compensated metabolic
acidosis; an elevated anion gap (27 mmol/L) explained

268 16. ALCOHOL DETERMINATION USING AUTOMATED ANALYZERS

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



by an elevated β-hydroxybutyrate and lactate; and an
OG of 56 mOsm/kg, which could only be fully
accounted for once the ethanol (128 mg/dL), isopropa-
nol (14 mg/dL), and acetone metabolite (37 mg/dL)
were taken into account.

CASE REPORT A previously healthy obese 13-year-
old male awoke with visual loss. He was somnolent
and mildly confused, and he had been vomiting since
the previous afternoon.

On presentation to the ED, he was found to have
tachycardia (121 min) and tachypnea (38 min); pulse
oximetry showed 98% saturation. Initial labs showed
severe metabolic acidosis: pH 7.18, pCO2 10 mmHg,
and HCO3 3.7 mmol/L. He was dehydrated (protein,
creatinine, and BUN elevated). Urinalysis showed
protein 21 and ketones 11 with occasional red blood
cells; plasma glucose was 196 mg/dL. Serum acetamin-
ophen and salicylate were negative, and urine ethanol
by dipstick (AOD) was approximately 100 mg/dL. By
history, the previous day he drank half a bottle of
Gatorade after playing outside, and soon afterward he
developed nausea and emesis that persisted overnight.
There was concern for methanol ingestion, but because
the ethanol was already positive, and the hospital was
in a “dry” county, he was transferred to a tertiary care
hospital for treatment without any further intervention.

Toxicological analysis on transfer 40 min later
showed a negative ethanol in serum and urine by GC,
but methanol was detected in urine, and the serum
concentration was 31 mg/dL approximately 22 hr post-
ingestion. Ethylene glycol was negative by GC, and the
serum calcium was normal. OSM was measured at
302 mOsm/kg, and OSMc was 253 mOsm/kg, giving
an OG of 48 mOsm/kg. His AG was elevated at
25 mmol/L, and lactate was 11 mmol/L. The patient
was treated with Fomepizole and remarkably recov-
ered full eyesight.

This case highlights the potential danger of metha-
nol cross-reactivity in the ethanol test, leading to the
erroneous belief that the patient is already protected
by antidote, but attention to the size of the OG shows
it to be too large to be explained solely by the ethanol.

FUTURE DIRECTIONS

A number of lines of development offer promise in
improving automated ethanol assays. Novel fluoro-
phores are under development as potential reaction indi-
cators with high sensitivity. Advances in carbon
nanotube technology have enabled the construction of
highly stable ADH-based electrodes that are being inves-
tigated for use as biosensors. The same nanotechnology
has enabled AOD incorporation into electrodes with

vastly improved stability, including co-bonding into
polymers with dyes for visual reaction detection [117].
Despite this, electrodes are still only reliable for a few
hundred assays each [118], they become saturated at low
ethanol concentrations, and the requirement for repeated
dilutions negates the advantages of automation. The
brewing industry has instigated many important
advances in laboratory medicine throughout the years,
including Kjeldahl’s contribution to protein assays. The
industry’s scientists have manufactured point-mutated
AODs with reduced activity to methanol (wild-type Km

0.62 mM, and mutant up to 2.48 mM) but without loss of
velocity, and they have successfully incorporated them
into amperometric detectors and biosensors with
improved linear response to ethanol [119].

CONCLUSIONS

There are a number of possibilities to be explored
for improving automated tests for ethanol to increase
their specificity. Manufacturers need to focus on the
following five points:

1. Eliminate interference in ethanol assays from
NADH generated by non-ADH reactions.

2. Eliminate toxic alcohol interference in AOD assays.
3. Find mechanisms to stabilize AOD in solution.
4. Provide rapid and reliable automated assays for:

a. ethyl glucuronide
b. methanol/formate
c. isopropanol/acetone
d. ethylene glycol/glycolate/oxalate and
e. propylene glycol/L-lactate.

5. Continue to “open up” analyzers to permit
customer modifications or use of non-branded
reagents, and offer support to customers in these
endeavors.

Automated ethanol assays were a remarkable
advance when they were introduced three decades
ago. They doubtless improved treatment outcomes and
likely saved many lives, but there are many reasons
why their performance should be improved.
Laboratories and clinical chemists must collaborate
with manufacturers by providing clinically relevant
samples for method development and providing edu-
cation on what is clinically desirable. Only when this
happens will the current problems be resolved.
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INTRODUCTION

Blood transfusion risks are generally categorized as
infectious and noninfectious. Infectious risks associated
with the likelihood to acquire transfusion-transmitted
infectious diseases (TTID) are prevented in two steps.
Initially, prospective blood donors are screened with a
predonation questionnaire, and individuals identified
at risk for TTID are deferred from blood donation. If no
TTID risk is identified in this screening phase, indivi-
duals are accepted for donation. Donated blood is then
tested for major TTID as well as for ABO/Rh typing.
Testing for known TTID is performed in two steps—a
screening and a confirmatory test. Screening for major
TTID such as hepatitis B and C, HIV-1 and -2, HTLV-I
and -II, Treponema pallidum, Trypanosoma cruzi, and
West Nile virus is routinely performed. If positive in
the screening phase, confirmatory tests are performed,
but regardless of their results, the donor status is
deferred and the blood discarded. If screening test
results are negative, the blood is released for further
transfusion. Noninfectious risks of blood transfusions
are associated with adverse reactions occurring after
administration of blood products. Some of the acute
adverse reactions (acute hemolytic transfusion reaction,
bacterial contamination or sepsis, and transfusion-
related lung injury) and transfusion-related acute graft-
versus-host disease, a delayed adverse event of transfu-
sion, are potentially fatal [1,2]. Transfusion-related
immunomodulation, another delayed adverse event of
blood transfusion, has been associated with worse clini-
cal outcome in transfused patients compared with that
of nontransfused. For these reasons, prevention of trans-
fusion risks begins with ensuring that no transfusions

are performed unless necessary, a step in the whole
transfusion process that involves ordering.

Ordering a transfusion medicine test or a blood
product is initiated, as in the case of most tests initiated,
by a clinician. Most routine orders are “blood type,”
“type and screen” (T&S), and “type and cross” (T&C).
Blood type is performed to determine the ABO/Rh(D)
typing of a patient. T&S is ordered usually when a
blood transfusion is likely, but not definite, and
includes the ABO/Rh(D) typing and antibody screen
performed on blood samples of the recipient. T&C
order indicates that a transfusion is imminent, so com-
plete pre-transfusion tests, including ABO/Rh(D) typ-
ing, antibody screen, and crossmatch, are done for the
number of units requested.

The importance of the next step, blood sample col-
lection from the right patient, cannot be emphasized
enough. This step is crucial in transfusion medicine
perhaps even more than in any other area of labora-
tory medicine because errors occurring within this
phase may result in issuing the wrong type of blood.
Blood sample collection should be performed
directly by the phlebotomist after correct patient
identification by full name and hospital identifica-
tion number (attached wristband) and matching with
physician’s order. It is paramount that the collected
blood sample is labeled at the bedside and not else-
where or prelabeled due to the high potential of mis-
labeling or sample mix-up. Correct labeling includes
patient’s full name, hospital number, ordering physi-
cian’s name, date and time of collection, and phlebo-
tomist’s initials. Blood is collected in siliconized
plain tubes with no additives or in tubes with potas-
sium ethylenediaminotetraacetic acid (K2-EDTA) as
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anticoagulant. If the sample is drawn from an intrave-
nous (i.v.) line, the i.v. infusion should be stopped
5�10 min prior to blood drawing and the first 10 mL
discarded to prevent blood contamination with fluids
that may cause hemolysis. A tube should be collected
full to ensure an appropriate blood:anticoagulant
ratio, inverted 3�10 times for proper mixing, and trans-
ported immediately to the laboratory. Fewer inversions
may lead to clotted samples, whereas excessive shaking,
exposure to excessive heat or cold temperature, as well
as delays in transportation or even routine transporta-
tion via pneumatic tube system may all lead to sample
rejection. Samples should be collected within less
than 72 hr from a scheduled transfusion; otherwise,
complement-dependent antibodies may be missed due
to complement becoming unstable. New blood samples
from the recipient are needed for repeat pre-transfusion
testing every 72 hr if new transfusion orders are
made. The age of the samples may be extended to up to
1 month in certain clinical settings, such as preoperative
evaluation of elective surgery patients if they have a
negative antibody screen and no red blood cell (RBC)
exposure via pregnancy or blood transfusions within
the past 3 months. Blood samples and segments from
the transfused units are stored at 1�6 �C for 7�10 days
post-transfusion [2,3]. Correctly labeled samples
accompanied by requisition form are sent to the blood
bank, and a careful clerical check is performed to con-
firm that the information on the label and on the trans-
fusion request (requisition form) is identical. Patient
history is reviewed for previous blood transfusion,
immunohematology testing, or transfusion reactions.
Blood samples are rejected based on specific criteria if
deemed improperly labeled or inadequate for testing.
The presence of hemolysis is perhaps the most common
reason for sample rejection in the blood bank because it
cannot be distinguished from the antibody-mediated
hemolysis, which is considered as positive reaction in
most immunohematology assays. A hemolyzed or
grossly lipemic sample may give false-positive results.
If both clerical check and sample are acceptable, the
specimen is processed by immediate centrifugation, and
the RBCs and supernatant are separated. Documentation
of all steps from receipt of specimen to testing and result
interpretation is performed manually or electronically,
and records are kept confidential for a period of time
in accordance with requirements of federal, state, and
accrediting agencies.

BASICS OF IMMUNOHEMATOLOGY

Immunohematology is the study of RBC antigens
and antibodies associated with blood transfusions.

There are more than 230 types of antigens present on
the surface of RBCs that, based on their chemical
structure, can be grouped into two major categories—
carbohydrates and polypeptides. The RBC antigen
formation is encoded by specific genes inherited from
parents and categorized in blood group systems if genes
are known and found on closely located loci and in
blood group collections if the genes responsible for their
formation have not yet been discovered.

The ABO blood group system was the first one dis-
covered at the beginning of the 20th century, and it is
still considered the most important antigenic system
mostly because the ABO mismatch is potentially
fatal. Other major blood group systems are Rh, Kell,
Kidd, Duffy, Lutheran, and MNS. The presence or
absence on the RBC surface of specific antigens gives
an individual antigenic profile or RBC phenotype. For
routine transfusions, blood is typed only for ABO
and Rh blood group systems. “Rh typing” is a misno-
mer because it does not involve phenotyping for all
major antigens belonging to the Rh system but,
rather, only for the D antigen, the most immunogenic
of all. Therefore, Rh-positive or Rh-negative should
read as D-positive or D-negative, respectively.
Determination of the full RBC antigenic profile (RBC
phenotype) is not routinely performed, but it is
required for correct selection of blood products in
certain situations in which antibodies are identified
in recipient’s plasma.

Transfusion of ABO-compatible blood is required
at all times because the ABO blood group system has
preformed antibodies capable of causing hemolysis
with release of free hemoglobin and other intracellu-
lar components into the circulating plasma, leading to
renal failure, activation of the coagulation system,
and potentially death. Other preformed antibodies,
also called “naturally occurring” or non-RBC stimu-
lated, are formed against RBC antigens belonging
to the carbohydrate group. These antibodies are not
considered clinically significant because they do not
usually react at body temperature. Unlike antibodies
against RBC antigens belonging to the carbohydrate
group, the antibodies against polypeptide RBC anti-
gens are not preformed but require prior RBC expo-
sure (sensitization) via prior transfusion or pregnancy
for their formation. A second exposure to the same
RBC antigen results in RBC coating with antibody
and/or complement fractions, shortened RBC life
span with hemolysis.

The principle of most immunohematology tests is
the antigen�antibody reaction leading to RBC agglu-
tination or hemolysis. If any of these occur, the reac-
tion should be interpreted as positive. Hemolysis is
considered the strongest positive reaction that can
occur and indicates the presence of a potent,
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complement-fixing antibody, but it is not commonly
seen. The RBC agglutination is most commonly seen
as a sign of a positive reaction in transfusion medi-
cine tests. RBC agglutination occurs in two phases. In
the first phase, also known as RBC sensitization, a
reversible reaction occurs between the paratope and
the epitope held together by noncovalent attraction,
whereas in the second phase, RBCs with bound anti-
bodies form a stable lattice via antigen�antibody
bridges bound to different RBCs. The formation of
this lattice is naturally prevented by the net negative
charge of the RBC membrane created by sialic acid. If
suspended in an ionic medium, a charge difference or
electrical potential forms between cations closest to
the RBC membrane and the outer cations that move
more freely in the solution. This is called the ζ poten-
tial, and it is responsible for keeping the RBCs in
solution approximately 25 nm apart. Factors affecting
the RBC agglutination include the inherent character-
istics of the specific antigens and antibodies involved,
the density and accessibility of specific antigens on
the RBC membrane, the antibody isotype and concen-
tration, as well as physical and/or chemical para-
meters of the reaction environment (temperature,
incubation time, and ionic strength of the solution).
The impact of the RBC antigen density is illustrated
by the ease with which a reaction occurs with A or B
antigens, which are present in hundreds of thousands
to millions of molecules per RBC. Another example is
illustrated by the so-called “dosage effect,” meaning
stronger antibody reaction with RBCs that are homo-
zygous than with heterozygous RBCs for a particular
antigen because homozygous RBCs express twice the
number of antigen molecules per cell. The impact of
the antibody isotype is mostly due to the difference
in size of various classes of immunoglobulins. For
example, because they are large molecules (35 nm),
the IgM antibodies can easily reach two adjacent
RBCs in solution; therefore, they have an intrinsic
agglutinin ability and are thus referred to as direct
agglutinins. In contrast, most IgG antibodies are smal-
ler (14 nm) and unable to induce agglutination with-
out an enhancement of the reaction, which is why
they are referred to as indirect agglutinins [1�4]. In
case of a negative immunohematology reaction, an
extra quality control step is performed using reagent
RBCs known to give a positive reaction (also called
“check cells”). Check cells are commercially available
reagent RBCs known to give a positive reaction and
tested exactly as the patient’s RBCs. A positive test
result with check cells validates the patient’s negative
test result. If the check cells do not give a positive
reaction, as expected, the patient’s results cannot be
considered truly negative, and the test should be
repeated.

METHODOLOGY USED FOR
IMMUNOHEMATOLOGY TESTS

Routine blood bank testing has been dependent on
the technology used for detection of antigen�anti-
body reactions. When interpreting the test results, it
is important to know the advantages and limitations
of each methodology, as well as the type of reagents
and antibodies used (monoclonal vs. polyclonal) in
the commercially available kits. If testing for plasma
antibodies is performed in a test tube, reagents and
patient sample are added to the tube and centrifuged,
resulting in an RBC pellet at the bottom of the tube.
The presence of hemolysis or RBC agglutination indi-
cates a positive reaction. If present, agglutination is
observed after gently dislodging the RBC pellet. The
agglutination is graded according to the strength of
the reaction from 0 to 41. An example of grading
based on the visible agglutination pattern for reac-
tions performed in test tubes is illustrated in
Table 17.1. Macroscopically negative reactions are
reviewed under microscopic magnification to distin-
guish between true negative and microscopically pos-
itive (m1) reactions. Appropriate grading systems are
used for other testing methodologies.

Other methods used for detection of antigen�anti-
body reactions are column agglutination (gel technol-
ogy) and solid-phase testing. Briefly, gel technology is
the most widely used method and utilizes a dextran
acrylamide gel microtube containing anti-human IgG
to which plasma and reagent RBC of the antibody
screen kit are added. If plasma contains antibodies
reacting with any screen RBCs antigens, agglutinates
form and are trapped at the top of the microtube, indi-
cating a positive reaction. If antibodies are not present
in a patient’s plasma, agglutination does not occur and
the RBCs pass through the gel layer and form a pellet
at the bottom of the microtube, indicating a negative

TABLE 17.1 Grading the Agglutination (or Reaction Strength)
in Test Tubes

Appearance Grade

One solid RBC aggregate 41

Several medium to large RBC aggregates 31

Many small aggregates with a clear background 21

Many small aggregates with a turbid background 11

Few small aggregates with many unagglutinated RBCs w1

Small RBC aggregates visible only under microscopic
magnification

m1

Negative (absence of aggregates, dispersed RBCs) 0
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reaction. In solid-phase technology, the patient’s
plasma is added to a microplate coated with a mono-
layer of reagent RBCs. Following incubation and wash-
ing, indicator RBCs are added. If RBC agglutination
occurs, there is a diffuse adherence of RBC to the well.
If no reaction occurs, the indicator RBCs settle to the
bottom of the well [4,5]. Knowledge of the type of
reagents used for testing (polyclonal vs. monoclonal
antisera) is also critical in interpretation [6]. Polyclonal
sera may contain anti-A, anti-B and anti-A,B, anti-T or
Tn antibodies and may give more false-positive results
than monoclonal reagents. Unexpected reactivity may
also be detected, especially if polyclonal antisera origi-
nate from multiparous women or immunized donors.
The issues described with polyclonal reagents are less
common today because most of the reagents used are
monoclonal.

Overall, interpretation of transfusion medicine tests
requires knowledge of the basics of immunohematol-
ogy reactions and methodology used and also how
other factors, such as potentiators and enzymes, may
affect this reactivity. Recognition of false-positive
reactions or pseudoagglutination, which can be misin-
terpreted as true agglutination, is important to avoid
extended testing, which may delay or unnecessarily
increase the cost of transfusion. The presence of fibrin
clots or rouleaux formation mimics RBC agglutination
and may also be misinterpreted as positive reaction.
Knowledge of interferences occurring in blood testing
is critical for issuing the correct blood in a timely man-
ner. Within this process, the patient’s medical history
and blood bank history are essential factors for under-
standing test results and deciding if further testing is
required because the same test results can occur in dif-
ferent clinical scenarios, but the recommendations for
transfusion might be different.

PRE-TRANSFUSION EVALUATION

Pre-transfusion evaluation includes a review of the
patient’s medical history, prior blood transfusions,
pregnancies, and blood bank testing (history of anti-
body against RBC antigens), clinical diagnosis, and
assessment of transfusion urgency. All this information
variably modulates the selection decision regarding
the blood type to be transfused. For emergent situa-
tions, such as life-threatening bleeding, when there is
no time for performing tests, a decision is made to
release universal RBC (O Rh-negative) or plasma (AB
type) because the risk of bleeding outweighs the risk
of hemolysis due to antibodies that might be present
in the patient’s plasma. Excluding these cases, immu-
nohematology tests are performed in the blood bank

as part of the pre-transfusion evaluation for each unit
transfused.

Pre-transfusion testing includes ABO/Rh typing
performed on blood samples of recipient and donor,
antibody screen, and the in vitro compatibility testing
(crossmatch). The aim of this test set is to ensure that
the transfused blood is compatible with the recipient’s
blood and no harm is done to the patient. Results are
compared with historical ones, if available, and if any
discrepancies occur, they must be resolved before
blood can be released for transfusion. In general, when
the antibody screen is positive, further testing is per-
formed to determine whether there is any specificity
against major RBC antigens. Antibodies against RBC
antigens are known to be clinically significant or insig-
nificant based on their known propensity to produce
immune hemolysis and to cause hemolytic transfusion
reactions and hemolytic disease of the fetus and new-
born (HDFN). If the alloantibodies against RBCs are
clinically insignificant alloantibodies, crossmatch-
compatible RBC units can be released [2�4,7]. When
clinically significant alloantibodies are detected in a
patient’s plasma, antigen-negative RBC units should
be selected and issued for that particular patient.

Determination of ABO/Rh(D) Type

Prior to any transfusion, the patient’s previous
ABO/Rh(D) type is checked in the medical records. If
not previously performed, two samples are required
for blood type confirmation. If previously performed
but not within the past 72 hr, another blood sample is
required for confirmation. The results obtained with
the new blood sample are checked against the previ-
ous results and, if they yield the same blood type
result, are valid only for 72 hr, after which a new sam-
ple is required for testing. If the blood type does not
match the one recorded in the past, an ABO discrep-
ancy workup is initiated and should be resolved prior
to blood release, unless there is an emergent need for
transfusion, in which case universal blood products
are issued. Other relevant blood bank history, such as
prior detection of antibodies, is also critical because it
is a known phenomenon that antibody levels may
become undetectable with time. However, if a clini-
cally significant antibody was once detected, the
patient must continue to receive RBC units negative
for the corresponding antigen even if current testing is
negative in order to prevent delayed hemolytic trans-
fusion reactions. The patient’s clinical history is critical
also because specific medical conditions require
administration of special blood products, such as
CMV-negative, leukoreduced, or irradiated units. The
requirement of special blood products, however, is
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neither directly dependent on nor interferes with the
immunohematology testing.

Determination of the ABO blood group is per-
formed in two steps, a forward and a reverse reaction.
In the forward reaction, the presence of the A or/and
B antigens is determined by mixing the RBC to be
tested with licensed anti-A and anti-B reagents. In the
reverse reaction, the serum is mixed with reagent
RBCs of A1 and B types to detect the presence of
anti-A1 and anti-B antibodies. The reactivity strength
between the AB antigens and corresponding antibodies
is naturally strong and usually graded as 41 . If the
forward and the reverse reactions lead to different con-
clusions regarding the ABO type, or if the reaction
strength is weaker than expected, and/or the historical
blood type does not match the current one, the cause
of the discrepancy must be fully investigated for a final
interpretation of the ABO blood group type. The for-
ward and reverse ABO typing is performed on
donated blood, and the forward reaction is confirmed
prior to transfusion using blood contained in a seg-
ment attached to the donor unit. Both forward and
reverse reactions are performed on recipient and donor
blood as part of the pre-transfusion testing.

The Rh or D type is determined in a similar form as
the forward ABO typing but using appropriate
reagents for detection of D antigen. For D typing, a
negative or positive reaction occurring in the reverse
concurrent ABO reaction may serve as a negative or
positive control, respectively. If D type appears posi-
tive in an AB patient who does not have anti-A or
anti-B, the D typing should be repeated with an inert
control reagent (e.g., bovine serum albumin) to con-
firm a true D-positive reaction. Blood donors who are
type Rh-negative (D-negative) are further tested to
detect the presence of so-called “weak D antigen” (Du)
using more sensitive methods, such as the presence of
anti-human globulin, which acts as an enhancer of the
reaction between a D antigen that is present but not
detected by the routine (direct) method. Direct typing
for the D antigen is performed in test tubes at room
temperature (RT) by the immediate spin technique
after mixing one drop of a 3�5% suspension of the
patient’s RBCs with one drop of commercial anti-D.
Anti-D reagents used in the past were pooled from
human sera and associated with false-positive reac-
tions due to high protein concentration. Current anti-D
reagents used in tube testing contain a saline-reactive
blend of polyclonal and murine monoclonal IgM.
Other commercially available reagents used for both
direct and weak D testing contain a blend of monoclo-
nal IgM and monoclonal IgG anti-D from human/
murine heterohybridoma cell lines or a blend contain-
ing murine monoclonal IgM anti-D and human poly-
clonal IgG anti-D. Determination of the weak D is

required only for blood donors in order to establish
the true D status and is performed by testing the donor
or patient’s RBCs with IgG anti-D in the anti-human
globulin (AHG) phase. If the weak D testing is posi-
tive, the Rh(D) type is interpreted as Rh(D)-positive,
and if it is negative, the Rh(D) type is interpreted as a
true negative. A parallel test with a negative diluent
control is always included for the weak D test. All
RBC units labeled Rh(D)-negative are re-tested for the
D antigen as part of the pre-transfusion testing using
blood from a segment attached to the donor unit.
Repeat testing of donor units by the transfusion service
for weak D is not required by the AABB standards.
The weak D status is neither required nor routinely
determined in recipients because Rh(D)-negative blood
is safe to be transfused regardless of the true Rh(D)
status of the recipient. Weak D testing may be per-
formed in certain instances, such as in fetuses/new-
borns of Rh(D)-negative mothers or when there is a
suspicion that the patient possesses a partial D antigen
and is at risk of alloimmunization. The presence of
other antigens belonging to the Rh blood group is not
determined for routine transfusions.

Detection of Antibodies

Antibodies are initially detected by the antibody
screen and confirmed by additional testing.

Antibody Screen

The antibody screen is performed by mixing a
patient’s plasma with three reagent RBCs with a known
phenotype present in a commercially available kit con-
taining a table of the antigenic profiles of the RBCs
used, called antigram. AABB requires that reagent
RBCs present in the antibody screen should contain at
least one homozygous RBC reagent positive for the fol-
lowing major RBC antigens: C, c, D, E, e, Fya, Fyb, Jka,
Jkb, K, k, Lea, Leb, P1, M, N, S, and s antigens. If the
patient’s plasma contains alloantibodies against major
RBC antigens, the antibody screen becomes positive
and further testing by an extended panel is required.
The antibody screen and panel are both indirect anti-
human globulin tests (IATs) performed with reagent
RBCs prepared from donors of type O so that the natu-
rally occurring anti-A or anti-B antibodies in the
patient’s plasma would not interfere with the testing.
Other IATs are the crossmatch test, in which the
patient’s plasma is mixed with donor RBCs obtained
from a segment attached to the unit to be transfused,
and the RBC phenotype, in which the patient’s RBCs
are mixed with commercially available antisera against
major RBC antigens in order to determine if they are
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present or not. The principle of any IAT is illustrated
in Figure 17.1.

The plasma reactivity detected in vitro in the anti-
body screen and panel may be due to various causes,
immune or nonimmune, and should be distinguished
from false-positive reactions. The presence of false-
negative reactions and technical errors should also be
ruled out [8]. The reaction conditions leading to
increased or decreased detection of antibodies play a
significant role in blood bank testing and results inter-
pretation [9�11]. Extended and additional testing is
performed with the goal of identifying whether plasma
reactivity is due to an antibody with specificity against
a major RBC antigen. Alloantibodies against a certain
RBC antigen may develop if individuals with antigen-
negative RBCs are exposed to RBCs possessing that
antigen via transfusion, pregnancy, or transplant.

Antibody Identification by Extended (Panel)
Testing

Positive antibody screens require further testing by
testing the patient’s plasma against a panel of 10�12
RBCs of varying phenotypes. The identification of anti-
body specificity is accomplished in definite steps. Briefly,
in a first step, the antigens present on cells that do not
react with patient’s plasma are crossed out based on the
assumption that if the corresponding antibody would
have been present in patient’s plasma, it would have
resulted in a positive reaction. This is only an assump-
tion; in reality, antibodies reactivity is not always typical,
and sometimes testing additional cells is needed to
achieve an acceptable level of confidence. If three homo-
zygous RBCs do not react with a patient’s plasma, there
is a less than 5% chance that the plasma reactivity may be

due to the corresponding antibody. After the crossing out
is complete, a list of antibodies that cannot be ruled out is
made and additional testing, if needed, is performed. In
the next step, called “ruling in,” the plasma reactivity pat-
tern is compared with the profile of antigens across all
cell lines. If at least three cell lines react with the
patient’s plasma, there is a 95% chance that the reactiv-
ity is due to an antibody corresponding to that antigen.
Antibodies against major RBC antigens should be ruled
out, and any additional reactivity should be explained,
if possible. However, often, even if the major alloanti-
bodies are ruled out, an extra-weak reactivity might
still be present. The clinical significance of this weakly
reactive nonspecific (WRNS) antibody is most likely
limited if the patient does not have a history of prior
RBC exposure, in which case crossmatch-compatible
RBC units are provided for the patient. However, if the
patient had prior RBC sensitization via pregnancy or
recent transfusion, the clinical significance of RBC is
indeterminate, meaning that a developing alloantibody
with partial reactivity cannot be completely ruled out.
In this case, additional testing, including determination
of the patient’s RBC phenotype, may be indicated, and
the safest blood to be provided for that patient would
match the patient’s antigen profile. It is required by
AABB that the antibody testing be performed in the
presence of anti-human globulin, also called “in AHG
phase.” A negative test does not completely rule out
the presence of antibodies against major RBC antigens
due to two factors. One is the intrinsic limitation of the
test, with a minimum of 100�500 IgG or C3 molecules
bound per cell being required for detection of a posi-
tive reaction. The second is the reaction variability due
to different subclasses of IgG.

Patient
plasma

containing Abs

Reagent RBCs

+

IgG bound to reagent RBCs

+

AHG

Agglutination
(positive reaction) 

Goal: Detection of IgG from patient’s plasma bounding reagent RBCs in vitro

Reagent RBCs

+
Patient
plasma

without RBC-
reacting Abs 

+

No agglutination
(negative reaction) 

AHG

Reagent RBCs not coated with IgG

FIGURE 17.1 Illustration of the principle
of the indirect antiglobulin test.
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When plasma reacts with all reagent RBCs tested
(pan-reactivity), the process of ruling out antibodies
against major RBC antigens cannot be performed
because no negative reactions are found. If plasma also
reacts with all reagent RBCs and the patient’s own
RBCs (positive autocontrol), an autoantibody is sus-
pected. If the autocontrol is negative, an antibody
against a high-incidence (HI) antigen is likely in a case
with no recent history of blood transfusions. HI anti-
gens are present on most, if not all, reagent RBCs sup-
plied on the antibody screen and panel kits. In the case
of autoantibodies, a determination of the antibody
reactivity at various temperatures may be needed.
Based on the reactivity pattern at RT, 37 �C, or AHG
phase, a conclusion can usually be made about the
autoantibody type. Briefly, cold autoantibodies (CAA)
typically react 21 or mixed-field (mf) at RT but not
at 37 �C, whereas the warm autoantibodies (WAA)
strongly react (41) at 37 �C and AHG phase. As previ-
ously highlighted, knowledge of the methodology used
for the antibody identification is critical for a correct
interpretation. If the antibody screen is performed in
test tubes, the patient’s plasma is admixed with screen-
ing reagent RBCs prepared in a 3�5% cell suspension
and examined for hemolysis and agglutination imme-
diately after centrifugation (immediate spin phase),
after incubation at 37 �C and washing, or after saline
wash and addition of AHG (AHG phase). Therefore, in
general, antibodies against different types of RBC anti-
gens are recognized by their characteristic pattern of
reaction [4,12].

The most common method used for antibody detec-
tion is column agglutination technology. This platform
(ID-Micro Typing System gel agglutination test, Ortho-
Clinical Diagnostics, Raritan, NJ) utilizes card sets of
six microtubes containing dextran acylamide infused
with anti-IgG. They are used for antibody detection and
identification, and also for ABO/Rh typing, cross-
matching, and direct antiglobulin testing. Screening
RBCs in 0.8% cell suspension and plasma to be tested
are added to microcolumns, incubated at 37 �C and
then centrifuged. If alloantibodies against RBC antigens
are present in the patient’s plasma, they will coat the
screening RBCs positive for the corresponding antigen
and the coated RBCs agglutinate and remain trapped in
the AHG gel at the top of the column, which is inter-
preted as a positive (41) reaction. If the RBCs are not
coated, they will pass through the gel and pellet at the
bottom of the column, interpreted as a negative reac-
tion. Intermediate reaction strengths (31 to 11) are
given by the migration of RBC agglutinates through the
column visualized after centrifugation. This technology
is equivalent or superior to low ionic strength solution
(LISS) tube testing for detection of clinically significant
alloantibodies, and it is less sensitive to clinically

insignificant cold antibodies. Major advantages of this
method are the ease of training and standardization of
testing. A solid-phase adherence platform utilizes micro-
plate wells with bound reagent RBCs at the bottom to
which patient’s plasma is added, followed by incubation
at 37 �C. The microplate is washed to remove plasma,
indicator RBCs coated with anti-human globulin are
added, and the plate is then centrifuged. A positive reac-
tion is indicated by diffuse binding of indicator RBCs at
the bottom surface of the well, whereas a negative reac-
tion is visualized by the presence of a distinct RBC pellet
at the bottom of the well. The direct solid-phase test
system is designed for ABO/Rh typing in which the
microplate wells are coated with the anti-A, anti-B, and
anti-D antibodies and the patient’s RBCs are directly
added without the need for indicator RBCs. After incu-
bation and centrifugation, the wells are read in a similar
manner as described previously. This technology has
increased sensitivity to alloantibodies and less sensitivity
to cold alloantibodies. However, more WRNS antibodies
and weak WAA are detected, which may require
additional workup to rule out clinically significant
alloantibodies. Reactions performed with column and
solid-phase technology are stable and can be read days
later. Automated or semiautomated testing platforms
are available for gel technology (ProVue, Ortho-Clinical
Diagnostics, Rochester, NY) and solid-phase adherence
(Galileo, Immucor, Norcross, GA).

In Vitro Compatibility Testing

In vitro compatibility testing is historically known as
the serologic crossmatch test. Compatibility testing in a
general sense refers to a quality process that ensures
that the safest blood products are issued and includes
all the steps described in the Introduction, beginning
with blood test or product ordering and ending with
record keeping and documentation. Pre-transfusion
evaluation and testing includes: (1) recipient testing
(ABO/Rh typing on the recipient’s blood specimen
and review of previous records for clinically significant
antibodies, adverse effects to blood transfusions, and
special transfusion requirements); (2) donor testing
(confirmation of the ABO typing on all units and of
the Rh in the units labeled Rh-negative); (3) selection
of ABO/Rh-compatible units from the blood bank
inventory; (4) performance of electronic (computer)
crossmatch, if the recipient antibody screen is negative
and there is no history of clinically significant antibo-
dies, or full (serologic, in AHG phase) crossmatch, if
the recipient has such a history or the current antibody
screen is positive; and (5) labeling the RBC units with
at least two independent patient identifiers, donor unit
number, and compatibility test results.
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The serologic crossmatch tests the blood in vitro
compatibility between recipient and potential donor.
It also serves to reconfirm the ABO type of the donor;
thus, it is a checkpoint for preventing ABO typing
errors. In the major crossmatch, the patient’s plasma is
tested against donor RBCs obtained from a segment
of the blood product. The major crossmatch aims to
detect whether the transfused RBCs will survive in
the patient’s blood and to detect the presence of
plasma reactivity that might not be detected by the
antibody screen, such as antibodies to low-incidence
(LI) antigens not present in the screen RBCs. In the
minor crossmatch, patient’s RBCs are tested against
donor’s plasma; this test was discontinued in 1976
when the antibody screen on donor blood became
routine.

According to the AABB standards, the crossmatch
“shall use methods that demonstrate ABO incompati-
bility and clinically significant antibodies to red cell
antigens and shall include an antiglobulin phase.” The
method of performing the major crossmatch depends
on the results of the antibody screen. If the antibody
screen is negative and the patient does not have a
history of clinically significant antibodies, the major
crossmatch performed is only in immediate-spin (IS)
phase—the so-called incomplete crossmatch. A “com-
puter crossmatch” or electronic crossmatch wherein
the ABO types of both donor and recipient are
electronically confirmed and assessed for ABO com-
patibility by AABB and U.S. Food and Drug
Administration (FDA)-approved computer software is
also acceptable when certain regulatory conditions are
met. The crossmatch performed at 37 �C and in AHG
phase has been historically discontinued for cases with
negative antibody screen due to significant savings in
labor and cost. A negative antibody screen may miss

cases with antibodies against low-incidence (LI) anti-
gens because these antigens are not usually present on
the screening RBCs. Therefore, alloimmunization, as
well as immediate hemolytic reactions caused by cleri-
cal error that could have been prevented by AHG
crossmatch, is still possible. If the antibody screen is
positive, the major crossmatch is performed in AHG
phase with selected antigen-negative RBC units.

Direct Anti-Human Globulin Test

The direct antiglobulin test (DAT) or direct Coombs’
test detects the presence of antibody or complement frac-
tion bound to RBCs in vivo. The test is simply performed
by adding AHG or Coombs’ serum to washed patient’s
RBCs and is illustrated in Figure 17.2. The RBCs aggluti-
nate if they are coated in vivo with IgG or the comple-
ment fractions, indicating a positive reaction. A positive
DAT suggests decreased survival of RBC and/or
destruction, but it is not always associated with a disease
entity causing hemolysis. As many as 10% of hospital
patients and between 1 in 1000 to 1 in 9000 blood donors
can have a positive DAT [13]. When hemolysis is pres-
ent, a positive DAT indicates an immune cause for RBC
destruction. Positive DATs are seen in hemolytic transfu-
sion reactions (recipient alloantibody coats transfused
donor RBCs), in HDFN (maternal antibody crosses the
placenta and coats fetal RBCs), autoimmune hemolytic
anemia (the autoantibody coats the patient’s own RBCs),
drug-induced hemolytic anemia (drug or drug�
antibody complex coats the RBCs), and passenger lym-
phocyte syndrome (antibodies produced by passenger
lymphocytes from a transplanted organ coat recipient
RBCs). Hypergammaglobulinemia may also be associ-
ated with a positive DAT due to nonspecific passive

Goal: Detection of IgG or complement fractions bound to patient’s RBCs in vivo

+

Patient’s RBC not coated with IgG or
complement fractions  

Anti-human
globulin (AHG) Agglutination (positive reaction)

Patient’s RBC coated in vivo with
IgG or complement fractions 

+

AHG
No agglutination (negative reaction)

FIGURE 17.2 Illustration of the principle of the
direct antiglobulin test.
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adsorption of immunoglobulins onto circulating RBCs.
Due to limitations of the test, a negative DAT does not
totally exclude the previous conditions. The routine
DAT detects only anti-IgG and anticomplement fraction
antibodies if more than 200 molecules are coating the
RBCs, and antibodies belonging to other immunoglobu-
lin subclasses (IgA, IgD, and IgE) are not detected. In the
case of a positive DAT with a prior RBC exposure via
transfusion or pregnancy, the antibodies bound to the
patient’s RBCs are detached by performing an RBC elu-
ate and then tested against the antibody screening/panel
to identify if any RBC antigen specificity is present. For
correct interpretation, it is necessary to know the type of
reagents used and to know that the use of polyclonal
reagents has been reported to give false-positive DAT
[14,15]. Similarly, knowledge of reaction condition is crit-
ical for a correct interpretation of positive RBC eluate
[16,17]. Positive DAT and/or IAT may also be caused by
certain drugs [18,19]. Regardless of the mechanisms and
type of antibody bound, RBCs with a positive DAT have
a decreased in vivo survival [20].

Autocontrol

In case the antibody screen is positive, the patient’s
plasma is tested against the patient’s own RBCs (auto-
control) in order to help differentiate whether the
plasma reactivity is due to the presence of an autoanti-
body, alloantibody, or both. The autocontrol indicates
the presence of antibody in the patient’s plasma in vitro,
and in that sense, it is a test similar to antibody screen
(IAT); however, it also detects the in vivo coating of the
patient’s RBCs and in that regard is similar to DAT. A
negative autocontrol implies that the reactivity detected
in plasma is most likely due to an alloantibody,
whereas a positive result suggests an autoantibody but
does not rule out the presence of alloantibodies, espe-
cially if the patient has a history of recent transfusions.
A positive autocontrol should prompt a DAT and, if
positive, the RBC eluate should be tested against the
antibody screen. Both auto- and alloantibodies might be
present in plasma or bind the patient’s RBCs, and their
reactivity can overlap. This phenomenon is more often
encountered in patients with a history of multiple cell
transfusions who have a higher rate of alloimmuniza-
tion than the general patient population [21].

Determination of the Red Blood Cell Phenotype

The extended RBC phenotype is not performed for
routine transfusions, but it is used when identifying the
presence of antigens is essential to the antibody identifi-
cation or selection of compatible blood, for frequently
transfused patients, for detection of rare phenotypes in

donors, or as part of paternity or forensic investigations.
Ideally, the RBC phenotype of frequently transfused
patients should be performed prior to the initiation of
transfusion therapy because this category has a much
higher risk of alloimmunization. The test is performed
by mixing the patient’s RBC with commercially avail-
able reagent antisera against common RBC antigens
(CcEe, MNSs, Kell, Duffy, Kidd, etc.).

INTERFERENCES IN BASIC
TRANSFUSION MEDICINE TESTS

Interferences occurring in blood testing can result in
potentially fatal errors or cause a delay in supplying
blood for transfusion. The sources of interference in
testing are generally categorized as pre-analytical,
analytical, and post-analytical. In general, a large pro-
portion of errors occur in the pre-analytical phase of
the tests. Pre-analytic variables that can influence the
test results can be grouped broadly into two categories:
(1) those related to specimen collection, handling, and
processing and (2) those related to physiologic factors
and patient’s endogenous variables, including
diseases, circulating antibodies, and drug therapy.
Physiologic variables include the effects of age, sex,
time, season, altitude, conditions such as menstruation
and pregnancy, and lifestyle. Among these, age, sex,
and pregnancy status are very important when making
recommendations in transfusion medicine. Other
patient-related variables, such as clinical diagnosis,
problem list, past and current medication, and medical
or surgical procedures, are important and may be
directly related to the testing results. For this reason,
knowledge of medical history is required for correct
interpretation of test results and release of the right
type of blood. Unlike for other laboratory testing, the
fasting or postprandial status, prior exercise, posture
during blood drawing, or specific timing of blood sam-
ple collection in regard to circadian or physiologic
cycles are generally not known to interfere with trans-
fusion medicine assays. Factors related to specimen
collection, such as effects of the duration of tourniquet
application, the anticoagulant:blood ratio, specimen
handling, and processing steps in the preparation of
serum/plasma and RBC separation, can introduce an
important pre-analytic variable. If they result in hemo-
lysis or fibrin clots being present in the sample, this
may be misinterpreted as a positive reaction.

At the initial time of interpretation, the true cause
for test results is not known; thus, interferences and
errors may look alike. Hemolysis resulting from
incorrect drawing looks like hemolysis due to
immune causes. If suspected, potential errors,
including technical and clerical errors, have to be
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ruled out for correct test interpretation. Interferences
should be distinguished from errors occurring in the
process of blood testing and administration. A major
potential source of error can occur when the proto-
cols for patient identification or blood drawing are
not respected and the patient is not properly identi-
fied (blood is drawn from a patient different from
the one intended) or when the blood sample is col-
lected from the right patient but mislabeled or blood
samples are mixed up. In these instances, the wrong
blood in the tube (WBIT) is tested. Although uncom-
mon, WBIT does not represent a true interference
but, rather, an error in the process that requires early
recognition and further investigation to prevent such
events from reoccurring. Two blood samples from
the same patient are required for ABO/Rh determi-
nation prior to transfusion in order to prevent cleri-
cal error or detect possible WBIT. If WBIT is
suspected, the test should be repeated on a different
sample collected from the same patient. Case Study 1
demonstrates why a high level of alertness should be
maintained concerning this rare but still possible
source of error in blood bank testing. It also high-
lights that interpretation of blood tests is part of a
process with multiple sources of potential errors and
how one of the most critical errors can be initially
presented to the clinical pathologist as a discrepancy.

Methodology used for testing plays a definite role
in test interpretation. In general, microcolumn gel tech-
nology is known to be more sensitive than tube testing
and less sensitive than solid-phase adherence technol-
ogy for detection of clinically significant alloantibodies.
The advantage of using a methodology with increased
sensitivity is better identification of patterns of reactiv-
ity specific to an antibody that might not be elucidated
by a less sensitive methodology. Studies showed that
some clinically significant alloantibodies identified by
solid-phase technology displayed a WRNS pattern in
gel testing. Few studies reported, however, that gel
technology is less sensitive than the tube test method-
ology for detecting ABO isohemagglutinins and
expected anti-A or anti-B may be missed. The mono-
clonal anti-A and -B reagents used in the gel cards are
also not known to react with B(A), acquired-B, or poly-
agglutinable RBCs. On the other hand, reagents and
chemicals present in the reaction environment of vari-
ous testing kits may also result in false-positive
reactions and trigger extensive testing to rule out the
presence of alloantibodies. Similarly, a patient’s
autoantibodies can react with reagent RBCs present in
the antibody screen and identification panel and conse-
quently mask detection of reactivity due to an alloanti-
body. Cold agglutinins and warm autoantibodies are
known for giving a pan-reactivity pattern and masking
possible underlying alloantibodies. Autoantibodies to

reagents usually lead to false-negative reactions due to
reagent consumption or less availability for detection
of the true target.

Interferences, defined as alterations in the expected
reactivity pattern potentially misleading the interpreta-
tion and correct identification of significant findings,
can occur in various tests performed in the blood
bank, but their correct interpretation requires an inte-
grated review of the case.

Interferences in ABO/Rh Typing

ABO discrepancies include disagreement between
historical and current blood type, discrepancy between
forward and reverse reactions, reactivity weaker than
expected (41) between the RBC antigens and corre-
sponding antibodies, and detection of mf type of
reactivity. ABO discrepancies detected in patients to be
transfused must be resolved before any blood compo-
nent is transfused unless blood is urgently needed, in
which case group O RBCs or AB plasma are issued.
Discrepancies occurring in donor samples must be
resolved before the blood unit is labeled with a blood
type. At the initial read of an ABO discrepancy, it is
not known which of the typing reactions—the forward
or the reverse—reflects the patient’s true ABO type.
Patient’s age, clinical diagnosis, historical blood type,
transfusion history, and the results of other tests are
useful hints needed for final interpretation.

Clerical and technical errors must first be ruled out
because they are the most common causes for ABO
discrepancies. Clerical errors are responsible for more
than 95% of fatal transfusion reactions and imply
patient or specimen misidentification or blood sample
mix-up. Causes of technical errors include failure to
follow manufacturer’s instruction, failure to add cells
or reagents, incorrect test cell preparation so that the
pipette dispenses a lower amount of A or B cells into
the well, improper centrifugation or incubation condi-
tions, use of contaminated reagents, or defective equip-
ment [2,4,10,12]. Because clerical and technical errors
are not uncommon, the best course of action is to
repeat testing on a better washed RBC sample and use
plasma from the original specimen to determine if the
discrepancy persists. Repeat blood drawing might be
needed, especially if sample mix-up is a concern.

True ABO discrepancies (not due to clerical and tech-
nical errors) are generally grouped into four categories:

1. Weak or loss of expected RBC antigen
2. The presence of unexpected RBC antigen-like

reactivity
3. Weak or loss of expected antibody
4. The presence of unexpected antibody reactivity.
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Weak or Absent Reactivity of Expected Antigen

Weak A or B antigens are seen in subgroups of A
and B blood types due to age, such as in newborns and
the elderly, or disease process. Certain hematological
malignancies (leukemia and Hodgkin’s lymphoma) are
associated with aberrant transferase formation leading
to fewer antigens being formed on the red cell mem-
brane, whereas solid organ cancers are associated with
an excess of soluble substance similar to A or B antigen
and can neutralize the typing reagents and result in a
false-negative reaction. Chimerism, the presence of a
dual population of cells, is routinely seen post ABO-
mismatched stem cell transplant and, rarely, due to
vascular anastomosis in fraternal twins. In chimerism,
ABO/Rh testing is expected to be discrepant within
approximately 1 month post-transplant. Transfusion of
non-ABO-specific blood, such as massive transfusion of
O Rh-negative RBC units in trauma patients, as well as
fetal�maternal hemorrhage, also creates a chimeric
state. Therefore, the resolution of an ABO discrepancy
starts with checking the patient’s age and clinical
condition.

The Presence of Unexpected Red Blood Cell
Antigen-Like Reactivity

Detection of unexpected antigen may be due to
misidentification of rouleaux for agglutination, poly-
agglutinable RBCs, or interference from other sub-
stances causing RBC agglutination, such as Wharton’s
jelly. Autoagglutination due to cold autoantibodies
often causes unexpected reactivity (antigen-like in the
ABO/Rh typing but also antibody-like in the antibody
screen). Antibodies not specific to blood group anti-
gens but reacting with chemicals or drugs present in
the reaction microenvironment may also cause this
type of discrepancy. Stem cell transplantation, B(A)
phenomenon, and fetal�maternal hemorrhage are
other known causes of unexpected antigen reactivity.
Mixed-field agglutination is usually noted in chi-
meras, indicating a mixed RBC population (such as
in post-transfusion, massive transfusion of another
blood group, and bone marrow transplant).
Polyagglutination is a phenomenon suspected when
patient’s RBCs cross reacts with anti-A reagent (mf).
Polyagglutinable RBCs also react with most normal
adult sera but not with autologous serum. This phe-
nomenon is due to exposure of a cryptantigen on the
RBC surface as a result of the action of an enzyme
associated with a microorganism (acquired microbial
polyagglutination), passive adsorption of microbial
structures with antigenic structures similar to A, B, H,
T, and Tn antigens or may be associated with inher-
ited conditions or acquired due to a somatic stem cell
mutation.

Weak or Loss of Expected Antibody

The most frequent cause of this discrepancy is fail-
ure to detect anti-B in A or O plasma samples. This
can readily be corrected by the traditional tube test,
which is usually performed at RT and sometimes at
4 �C. Weak or absent antibodies are found in new-
borns, elderly, immunosuppressed patients, post stem
cell transplant, and in severe immunodeficiencies.

The Presence of Unexpected Antibody Reactivity

Detection of unexpected reactivity may be due to
rouleaux formation, blood subgroups, passively
acquired antibodies (via transfusions or administration
of Rh immunoglobulins, intravenous immunoglobulins,
or other drugs), and passenger lymphocytes syndrome.
Individuals with an ABO subgroup can develop alloan-
tibodies that react with reagent RBCs of the reverse
typing. The classic example is the A2 subgroup with
anti-A1 antibody. Positive reaction can also result from
cold agglutinins and true alloantibodies reacting with
antigens present on the surface RBCs used for testing
(e.g., anti-M, anti-N, anti-P1, and anti-c). A citrate-
dependent autoantibody causing errors in blood
grouping has also been described [22].

Interferences in the Detection of Antibodies

The antibody identification process is not always
straightforward. If clerical and technical errors are
ruled out, the reactivity observed in vitro might be due
to false positives, real antigen�antibody reactions, and
nonimmune interactions.

False-positive reactions or pseudoagglutination
were described previously. Common causes of interfer-
ences in this category include the presence of fibrin
clots, rouleaux formation, and agglutination due to
albumin and plasma expanders. Real antigen�anti-
body reactions can result from simple or combined
presence of allo- or autoantibodies either directed
against specific RBC antigens or not related to them.

Autoantibodies typically react with the patient’s
own cells and all reagent RBCs present in the antibody
screen and panel in a nonspecific manner. Due to their
pan-reactivity, they may mask the detection of alloanti-
bodies. Distinguishing between autoantibodies and
alloantibodies is essential, but the answer is not always
in the positive autocontrol because transfused patients
with developing alloantibodies have a positive test. It
is rather the reactivity pattern that suggests the type of
autoantibody. Autoantibodies reacting only at cold
temperatures, including RT (thus in in vitro testing)
but not at 37 �C, are known as cold autoantibodies
(CAA) and are generally considered clinically insignifi-
cant. They become clinically significant if their
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reactivity extends beyond 32 �C into the body tempera-
ture, such as in the case of cold agglutinin disease
(CAD), or if the patient undergoes hypothermia, such
as in cardiac surgery. The typical CAA is (21) or (mf)
equally pan-reactive with reagent RBCs present in the
antibody screen and extended panel. Autoantibodies
reacting at 37 �C or in the presence of AHG (AHG
phase) are described as warm autoantibodies (WAA).
The typical WAA is strong (31 or 41) and equally
pan-reactive with all reagent RBCs. The clinical signifi-
cance of WAA is related to their propensity to cause
hemolysis. Because both CAA and WAA are typically
pan-reactive, if present, they may mask or interfere
with the detection of alloantibodies. In such cases, fur-
ther workup is needed to rule out the presence of
underlying alloantibodies against major RBC antigens.
Interferences due to passively transfused antibodies
occur in patients with a prior transfusion with plasma
products containing alloantibodies (e.g., intravenous
immunoglobulins (IVIg) or anti-D) or status post-
organ or stem cell transplant (passenger lymphocyte
syndrome).

Interferences due to antibodies present in the
patient’s plasma not due to RBC antigens have been
described for a variety of chemicals, antibiotics, poten-
tiators (LISS), or other substances (lactose, lactate, meli-
biose, phenol, sucrose, and thrombin) present in the
testing environment or commercial antisera [23�25].
Chemicals that may lead to generation of antibodies
reacting with RBCs are paraben, thimerosal, sugars,
EDTA, inosine, citrate, acriflavine, sodium caprylate,
yellow No. 5, and tartrazine. Antibiotics known to cause
production of antibodies that are also capable of react-
ing with RBCs but not via blood group antigens are
penicillin, chloramphenicol, neomycin sulfate, gentami-
cin, tetracycline, streptomycin, and vancomycin.

At least three mechanisms have been described for
the reactivity of RBCs: (1) Antigen�antibody com-
plexes may form in the test environment leading to
RBC agglutination, (2) antibodies may adsorb onto
RBC surface and bind to antigen, and (3) RBC aggluti-
nation may be enhanced by the presence of exogenous
substances independent of an antigen�antibody reac-
tion. Chemicals and drugs interfere with testing by
either covalent (penicillin) or noncovalent link to
RBCs. In the latter case, washing may remove the reac-
tivity due to residual plasma or due to antibodies that
are not covalently bound. Antibodies against neomy-
cin, chloramphenicol, gentamicin, hydrocortisone,
sugars, dyes (acriflavine, yellow No.5, and tartrazine),
sodium azide, and thimerosal are noncovalently
bound, thus the reactivity due to these antibodies is
removed after RBC washing, whereas antibodies
against penicillin, inosine or EDTA are not removed
by washing and additional testing is required.

Occasionally, these antibodies may display blood group
antigen specificity. Other immune interactions were
described for an RBC age-dependent antibody and anti-
bodies to lower oxiranes (ethylene, propylene, and
butylene oxides) used in the sterilization of polyvinyl
chloride blood donor packs. Sterilization of the outside
of the bag with propylene oxide sometimes caused the
anticoagulant in the bag to acquire properties that could
induce RBCs to acquire a new antigen, termed lower
oxirane. If these antibodies are present, they can create
problems in pre-transfusion testing and present anoma-
lies in ABO, Rh grouping, and antibody detection.

CASE STUDIES

The following case studies are meant to provide the
basic understanding for most common interferences
seen in transfusion medicine tests. The emphasis is on
correlation with clinical summary and in building a
stepwise approach to final interpretation.

Case Study 1

Clinical Summary

The patient is a 34-year-old male admitted 4 days
prior to this testing for multiple head and abdominal
wounds status post motor vehicle accident who under-
went exploratory laparatomy with splenectomy for
multiple splenic lacerations. At that time, the patient
was designated in the emergency department (ED) as
Omega, Male, and his blood type was typed as O Rh-
positive. Three ABO and Rh-specific uncrossmatched
RBC units were issued. As his hemoglobin level
dropped to 6.8 mg/dL during the past 2 days, another
RBC unit was requested.

Blood Bank Investigation

Because the prior ABO testing was performed more
than 72 hr from the request, a new blood sample was
requested for testing. Results are as follows:

Forward Reverse

Patient’s RBCs Reaction

with

Patient’s Plasma

Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

41 0 0 0 41

His current blood type is A Rh-negative and dis-
crepant with the prior ABO/Rh type determined as O
Rh-positive 3 days prior to this testing. Further investi-
gation revealed that this patient arrived to the ED via
ambulance at the same time as a different patient
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involved in the same accident. Both men were uncon-
scious on arrival and received “trauma” designations,
Alpha, Male and Omega, Male. While both patients were
being examined in the ED, the transfusion medicine
service received two separate specimens labeled Alpha,
Male and Omega, Male with appropriately completed
requisitions. The physician was willing to wait for
ABO determination for ABO type-specific uncross-
matched blood. The ABO/Rh results obtained on the
initially submitted specimens are as follows:

Case 1 Forward Reverse

Initial Tests Patient’s RBCs Reaction
with

Patient’s Plasma
Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

Alpha, Male 41 0 0 0 41

Omega, Male 0 0 31 41 41

The results of antibody screen tests were negative
on both patients.

Futher investigation revealed that the Alpha, Male
was found to have blunt-force abdominal injury and
possible pelvic fractures. Despite administration of
crystalloids, he remained hypotensive, thus three units
of group A Rh-negative RBCs were requested. The
transfusions started while he was transported to the
operating room. At that time, red urine draining from
the patient’s Foley catheter bag was noted, but it was
attributed to possible renal or lower genitourinary
trauma. Another three A Rh-negative units were trans-
fused during the surgery. Profound microvascular
hemorrhage from the wounds was noted, and the
patient remained hypotensive despite fluids, blood,
and pressors administered. He experienced cardiac
arrest and could not be resuscitated. The other patient,
initially designated as Omega, Male, underwent explor-
atory laparatomy with splenectomy and received three
O Rh-positive RBCs. Retrospective crossmatches were
found to be compatible in both patients.

Interpretation

ABO discrepancies between the current and the past
ABO/Rh types require in-depth investigation of the
patient’s clinical history and blood bank testing and, if
not explained by typical scenarios, they are highly sus-
picious for WBIT or clerical errors. Repeat ABO/Rh
and crossmatch testing on the blood samples collected
at the time of arrival to the ED gave the same result. A
repeat ABO/Rh testing on a new sample from the
patient initially designated as Omega, Male confirmed
that his blood type was A Rh-negative.

The explanation for serologic testing of the patients
described in this case study is WBIT at initial testing.

The true blood type of patient Omega, Male is A Rh-
negative. He was transfused with three O Rh-positive
RBC units. The ABO types of the donor and recipient
were compatible, and the Rh mismatch may lead to
formation of anti-D antibodies; overall, however, WBIT
did not have a fatal effect on the patient. The true
blood type of Alpha, Male was O Rh-positive, and he
received six A Rh-negative RBC units. Visual inspec-
tion of the post-transfusion sample of this patient iden-
tified marked hemolysis. These findings are consistent
with an acute hemolytic reaction due to ABO incom-
patibility, and it is highly likely that the ABO mis-
match contributed, if not caused, the patient’s fatal
outcome. Such cases are FDA reportable, and a root-
cause analysis should be performed to prevent similar
occurrences.

Case Study 2

Clinical Summary and Blood Bank Testing

A request for Type and Cross for one RBC unit is
received for a 74-year-old male with active gastrointes-
tinal bleeding and a historical blood type known as A
Rh-negative and a prior history of massive transfusion
6 years ago for multiple trauma status post pedestrian
accident. The antibody screen identifies an anti-D allo-
antibody as presented here:

Forward Reverse

Patient’s RBCs Reaction

with

Patient’s Plasma

Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

31 0 0 21 41

Interpretation

The forward reaction shows a blood type A with a
weaker than expected reaction with anti-A, and the
reverse reaction shows a strong reaction with B
reagent RBCs, indicating the presence of normal anti-B
in patient’s plasma and thus a blood type A. In the
reverse reaction, a weak reactivity with A1 RBCs is
detected. Correlation with the patient’s known histori-
cal blood type, clinical history, antibody screen, and
testing for cold antibodies is required in cases with
extra antibody reactivity. Most likely, this is a case of
A2 subgroup with anti-A1 antibody. This is proven by
further testing the patient’s RBCs with Dolichos biflorus,
a lectin that agglutinates A1 antigen. In this case, the
patient being A2 subgroup, no agglutination occurs
with the anti-A lectin.

ABO subgroups usually present with weaker than
expected reactivity in the forward typing. Most
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common A phenotypes are A1 (80%) and A2 (,20%).
The A1 and A2 genes code for different A transferases,
and the A2 transferase is less efficient in converting H
to A substance, resulting in red cells that have
approximately 20�25% less A antigen than A1 cells.
In addition to this quantitative difference, A1 and A2
antigens have a different carbohydrate composition.
This biochemical difference explains why 1�8% of A2
individuals and 22�35% of A2B individuals produce
anti-A1 antibody. This antibody causes discrepancy
between the forward and the reverse typing because
A1 reagent RBCs are used for reverse testing. Dolichos
biflorus, an anti-A1 lectin, agglutinates A1 and A1B
but not A2 or A2B red cells. The anti-A1 is not usually
clinically significant because it does not usually react
at 37 �C; therefore, release of A blood group is safe
for the patient. For such cases, however, a mini-
thermal amplitude test should be performed to rule
out cold antibodies that may give a similar ABO dis-
crepancy and also prove that the anti-A1 does not
react at body temperature.

In this case, the results of the mini-thermal ampli-
tude tests showed that A1 reactivity is maintained at
37 �C and in AHG phase, as shown here:

IS RT 37 �C AHG

A1 cells 21 21 21 21

A2 cells 0 0 0 0

B cells 41 41 41 41

I 0 0 0 0

II 0 0 0 0

III 0 0 0 0

Autocontrol 0 0 0 0

The finding that the anti-A1 reactivity is carried at
37 �C and in AHG phase is critical and relatively
uncommon. Unlike in usual cases of anti-A1 anti-
body, an anti-A1 reacting in these phases is poten-
tially associated with hemolysis, and transfusion of A
blood type should be avoided. Only crossmatch-
compatible O Rh-negative units are safe for this
patient. The lack of reactivity with the screening
RBCs and patient’s own RBCs rules out the presence
of CAA.

Case Study 3

Clinical Summary and Blood Bank Testing

A request for type and screen is made for a 24-year-
old pregnant female as part of her routine prenatal
testing. The patient historical blood type is AB Rh-

positive. The patient’s current ABO typing results are
presented here:

Forward Reverse

Patient’s RBCs Reaction
with

Patient’s Plasma
Reaction with

Anti-A Anti-B Anti-D A1* RBCs B RBCs

41 41 41 21 0

Results of the thermal amplitude test for Case Study
3 are shown here:

IS RT 37 �C AHG

A1 cells 0 0 0 0

A2* cells 21 21 0 0

B cells 41 41 41 41

I 0 0 0 0

II* 21 21 0 0

III 0 0 0 0

Cord RBCs 0 0 0 0

Autocontrol 0 0 0 0

Initial Interpretation and Further Testing

This patient’s plasma reacts with A1 RBCs as in the
A2 subtype cases described previously; however, this
reaction is likely not due to an anti-A1 antibody
because no reactivity is seen with other A1 cells. The
patient’s RBCs type agglutinate with D. biflorus, indi-
cating that her true type is A1. In addition, the
patient’s plasma reacted with A2 cells and one screen-
ing cells only in IS and RT phases suggsting the pres-
ence of a cold antibody. As in any case of a positive
antibody screen, further testing was performed by an
extended panel and an anti-M alloantibody was identi-
fied. All the clinically significant alloantibodies were
ruled out. To further prove that the reactivity seen in
the ABO typing and mini-thermal amplitude test was
due to the anti-M antibody, the reacting (asterisks)
RBCs were tested for M antigen, and all of them were
found to be positive. The results of the M antigen typ-
ing for Case Study 3 are presented here:

Reagent RBC Tested Patient’s Plasma Anti-M Reagent

A1 RBC* 21 41

A2* 21 41

II* 21 41

This is an example of a cold allo-antibody interfer-
ing with the ABO testing.

286 17. PRE-ANALYTICAL ISSUES AND INTERFERENCES IN TRANSFUSION MEDICINE TESTS

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



Case Study 4

Clinical Summary and Initial Blood Bank Testing

Two RBC units are requested for a 54-year-old male
admitted for melena who was found to have a hemo-
globin level of 6 g/dL. His previous blood type is
unknown. Results of the ABO/Rh typing for Case
Study 4 are presented here:

Forward Reverse

Patient’s RBCs Reaction

with

Patient’s Plasma

Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

41 31 0 0 41

What ABO type should the RBC units released for
this patient be?

Initial Interpretation and Further Testing

Current blood type reveals an ABO discrepancy
between the forward and reverse reaction. The for-
ward type appears to be AB with a weaker B antigen
expression, and the reverse type reveals blood type A.
Based on reactions pattern and strength, it is most
likely that the blood type is A with unexpected B anti-
gen present. This scenario has been described as
acquired B phenomenon and occurs in certain clinical
settings (patients with carcinoma of colon or rectum,
intestinal obstruction, septicemia, or wound infec-
tions). The microorganisms involved in these condi-
tions, usually Proteus vulgaris, Clostridium, and
Escherichia coli 086, release bacterial enzymes that dea-
cetylate the true A antigen (N-acetyl galactosamine) to
galactosamine. This molecule reacts with the anti-B
reagent as the true B antigen (galactose), but weaker.
The discrepancy becomes evident in the reverse typing
when strong anti-B antibodies are identified.

Distinction of true B versus acquired B requires
knowledge of clinical conditions and extra testing. In
the acquired B phenomenon, although the patient’s
own RBCs appear to type as B, they do not aggluti-
nate with his own serum containing anti-B antibo-
dies, whereas other reagent RBCs of B type give a
positive reaction. Repeating the forward reaction
after acidifying the anti-B reagent to pH 6 or adding
galactosamine will maintain reactivity only in the
case of true B antigens but not with the acquired B
antigens. Other methods used to distinguish the true
B antigen from the acquired B are typing with
Griffonia simplicifolia (former Bandeira simplicifolia) or
Phaseolus lunatus, which will agglutinate only the
true B antigen. Genotyping for the B gene is also
helpful, if available, as well as detection of the B

antigen in secretions (with the limitation that only
80% of individuals have secretor status with expres-
sion of soluble AB antigens in secretions). A sum-
mary of tests performed to distinguish the true B
antigen from acquired B phenomenon is presented
in Table 17.2. In this case, acidification of the B typ-
ing showed no reactivity with patient’s plasma, and
further genotyping the patient revealed A blood
type.

Final Interpretation

Initial ABO discrepancy is resolved. The patient’s
true blood type is A Rh-negative. Early recognition of
the acquired B phenomenon is critical for cases with
weak anti-B antibody (not this case) that might be mis-
taken as AB. Transfused with type-specific RBC unit in
such cases may result in acute hemolytic reaction
because the anti-B antibodies are hemolytic even if
weaker than expected. As in any case of ABO discrep-
ancy, if emergent RBC transfusion is needed, universal
RBC units of O type should be issued.

Case Study 5

Clinical Summary and Initial Blood Bank Testing

One RBC unit is requested for a 27-year-old female
with a history of dysfunctional uterine bleeding and
symptoms of anemia who was found to have a hemo-
globin level of 7 mg/dL. Her previous blood type is
unknown, and she does not have a history of transfu-
sions, pregnancies, or abortions. Her ABO/Rh typing
results are illustrated here:

TABLE 17.2 Distinction between Acquired B Phenomenon and
True B Antigen

Test Acquired B
Phenomenon

True B
Antigen

Patient’s RBC reaction with

Anti-B 21 to 31 41

Monoclonal anti-B 0 41

Griffonia simplicifolia 0 1

Repeat reaction with anti-B after

Acidification 0 41

Addition of galactosamine 0 41

Other test results

Anti-B antibody detected in the
reverse typing

Yes No

Genotyping for B gene Absent Present

B antigen in secretions Absent Present
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Forward Reverse

Patient’s RBCs Reaction
with

Patient’s Plasma
Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

41 31 0 0 41

Initial Interpretation and Further Testing

The patient’s ABO typing results are similar to those
described for Case Study 4; however, the clinical sce-
nario is not suggestive of an acquired B phenomenon,
and additional testing performed for ruling out this
entity is inconclusive. Repeat ABO typing gave similar
results. The antibody screen was negative, and cross-
matches performed with segments from several B
type-specific RBC units were all compatible. The
patient’s genotyping was ordered, but the results were
not readily available at the time of transfusion request.
It is likely that the patient’s true blood type is A, and
that she has antibodies to acriflavin, a dye present in
the anti-B reagent. In such cases, the reactivity detected
is due to the patient’s residual plasma coating his or
her own RBCs and binding the dye present in the
anti-B reagent causing a false-positive reaction. In this
case, repeat typing with washed RBCs or B typing
with reagents not containing acriflavin did not show
any reactivity of the patient’s plasma.

Final Interpretation

The ABO discrepancy is resolved. The patient’s true
blood type is A. Interference in the ABO testing of anti-
body against acriflavin caused the plasma reactivity
seen in initial reverse ABO typing. This is a known phe-
nomenon, and its early recognition of the presence of
plasma reactivity due to antibodies against chemicals of
reagents present in the testing kit may prevent unneces-
sary testing or delays in issuing blood transfusions.

Case Study 6

Clinical Summary and Blood Bank Testing

A 2-year-old female with acute intestinal obstruction
and a hematocrit of 21% underwent emergent surgery
to remove necrotic bowel. During the surgery, she
received 250 mL fresh frozen plasma (FFP).
Immediately postsurgery, she developed fever, hemo-
globin/hematocrit drop, hemoglobinemia, and hemo-
globinuria. A transfusion workup was initiated and
showed that her pre-transfusion sample had a repeat
negative antibody screen. Repeat crossmatch was found
to be compatible, as it was prior to transfusion. The
DAT of the pre-transfusion sample was negative; the
DAT of the post-transfusion sample was positive (11 )

with complement fraction detected on RBC surface.
The RBC eluate was nonreactive with reagent RBCs
present in the antibody screen.

Initial Interpretation and Further Testing

This patient experienced DAT conversion to positive
after transfusion of FFP. The RBC eluate is negative,
and repeated antibody screen and crossmatch are neg-
ative. The clinical summary and blood bank testing are
suggestive of polyagglutination due to T activation
phenomenon (T from Thomsen).

T activation, also called Hubener�Thomsen�
Friedenreich phenomenon, refers to alterations of the
RBC membrane antigens usually by microbial enzy-
matic action with subsequent exposure of previously
hidden antigens (cryptantigens) that will react with
most adult normal sera. The enzyme responsible
for the reaction is a neuraminidinase removing N-
acetylneuraminic acid (sialic acid) residue from glyco-
phorin A and B exposing the cryptantigen (T antigen).
This is often accompanied by decreased expression of
M and N antigens normally situated on glycophorin
molecules. The exposed T antigen reacts with the
anti-T antibody found in normal sera. The anti-T anti-
body is a naturally occurring IgM antibody formed as
a result of stimulation with T-like antigens present on
bacteria and viruses [26].

In the past, when pooled normal sera were used for
typing, the presence of T activation was detected first
as an ABO discrepancy with unexpected antigens.
Today, T activation is usually detected by finding a
positive DAT with a negative RBC eluate within
certain clinical contexts or by incompatible crossmatch.
Typical clinical scenarios include children with bacte-
rial infections with Streptococcus pneumonia, Clostridium
perfringens, Vibrio cholera, or influenza virus who expe-
rience DAT conversion and hemolysis often after expo-
sure to plasma rather than RBCs. T activation is a
transient phenomenon lasting weeks to months and
accompanied by hemolysis. If suspected, T activation

TABLE 17.3 Major Patterns of RBC Agglutination with Lectins

Cryptantigen T Tk Th Tx Tn

Arachis hypogeal 1 1 1 1 0

Glycine soja 1 0 0 0 1

Vicia cretica 1 0 1 0 0

Vicia hyrcanica 1 1 1 NT 0

Medicago disciformis 1 0 1 0 0

Salvia sclarea 0 0 0 0 1

Salvia horminum 0 0 0 0 1

Griffonia simplicifolia 0 1 0 0 0
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should be proven by further testing with a lectin panel.
Lectins are extracts from plant seeds used in blood
bank testing for their property to agglutinate certain
RBC antigens in characteristic patterns (Table 17.3).

In this case, further testing revealed that the patient’s
RBCs strongly reacted with Arachis hypogea (peanut lectin)
and Glycine soja (soya bean). No reactions were detected
with Salvia sclarea, Salvia horminum, and D. biflorus.

Final Interpretation

Additional testing with specific lectins identified a T
activation phenomenon. Recognition of this phenomenon
is important to explain ABO discrepancies, incompatible
crossmatches or DAT conversion with complement coat-
ing the patient’s RBC, and post-transfusion hemolysis
with negative workup because these patients undergo
immune hemolysis, but not due to alloantibodies against
specific RBC antigens [27�30]. Especially if detected
within the context of a transfusion reaction workup, the
presence of an acute hemolytic transfusion reaction, cleri-
cal error, and alloantibodies against RBC antigens have
to be ruled out. The DAT is usually negative in patients
with T-activated RBCs, but it may be positive with com-
plement such as in this case. Because these patients have
hemolysis and usually blood products are requested for
them, early identification and testing is critical in order
to recommend avoidance of transfusion with plasma
because it may lead to significant hemolysis. If RBC
transfusions are needed, they should be washed, and if
platelets are transfused, plasma should be removed first
and platelets resuspended in 5% albumin. Low-titer anti-
T plasma may be administered, if needed and available.

Case Study 7

Clinical Summary and Initial Blood Bank Testing

The patient is a 55-year-old female with a history of
coronary artery disease who was admitted for fatigue
and was found to have a creatinine of 2 mg/dL. Her
hemoglobin level is 8 mg/dL, and she is currently
asymptomatic; however, she complained of chest pain 1
day prior, and a myocardial infarction was ruled out. A
request for one RBC unit is made for this patient. Her
blood was tested 2 years ago and she was found to be A
Rh-negative with a negative antibody screen. She does
not have a history of blood transfusions or pregnancies.
Results of her ABO/Rh typing are as follows:

Forward Reverse

Patient’s RBCs Reaction
with

Patient’s Plasma
Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

41 0 0 11 41

The antibody screen and extended testing reveals
pan-reactivity (11 ) with all reagent RBC tested. The
autocontrol is positive.

Initial Interpretation and Further Testing

Pan-reactivity with mild reaction strength (11 )
may be due to multiple causes. Most important, when
present, it interferes with detection of clinically signifi-
cant alloantibodies. However, before embarking on
additional time-consuming testing, a clinical history
suggestive of multiple myeloma should promptly raise
the question of pseudoagglutination due to rouleaux
formation of RBCs, a phenomenon known to be occa-
sionally mistaken as true agglutination. When viewed
microscopically on peripheral blood smear or micro-
scopic examination of reaction tube, the RBCs have the
appearance of a “stack of coins.” If rouleaux phenome-
non is suspected, the first step is to repeat testing after
washing the patient’s RBCs. Washed RBCs yield a
negative reaction, whereas in the case of true aggluti-
nation, the positive reactions persist. In our case, the
repeated ABO typing after washing the patient’s RBCs
yielded the following results:

Forward Reverse

Patient’s RBCs Reaction

with

Patient’s Plasma

Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

41 0 0 0 41

A review of the patient’s peripheral blood smear
revealed the characteristic rouleaux formation. Plasma
reactivity disappeared after addition of normal saline.
Further serum protein electrophoresis and immuno-
fixation studies revealed the presence of a monoclonal
gammopathy of IgG-λ. The patient was scheduled for
a bone marrow biopsy.

Final Interpretation

The ABO discrepancy is resolved. The patient’s blood
type is A Rh-negative. The (11 ) plasma pan-reactivity is
due to her high level of immunoglobulins causing pseu-
doagglutination. This is a common occurrence for a cate-
gory of patients with hypergammaglobulinemia with or
without monoclonal gammopathies (multiple myeloma,
macroglobulinemia, Waldenstrom’s macroglobulinemia,
hyperviscosity syndrome, and liver diseases). It may
also be caused by hyperfibrinogenemia or exogeneous
factors, including infusion of high-molecular-weight
plasma expanders such as dextran, polyvinyl-pyroli-
done, or some intravenous X-ray contrast materials that
circumvent the natural influence of the ζ potential to
keep RBCs apart. The rouleaux phenomenon may cause
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ABO discrepancies, false positive antibody screens and
extended panels, and incompatible crossmatches. It usu-
ally does not interfere in the AHG phase because the
recipient’s serum is washed away prior to AHG addi-
tion. In these cases, review of patient clinical and transfu-
sion history is essential for interpretation.

Mild plasma pan-reactivity may also be caused by
antibodies to cold agglutinins (CA) or HI RBC anti-
gens, such as k, Kpb, Jsb, and Lub. In the case of antibo-
dies against HI antigens, the autocontrol is negative.
Also, being true antigen�antibody interactions, the
reactivity does not disappear with addition of normal
saline. These antibodies are rare and difficult to iden-
tify due to lack of negative panel cells for HI antigens
(difficult to rule out); thus, further testing in a refer-
ence blood bank laboratory is often needed. CA may
be auto- or alloantibodies, and if pseudoagglutination
is not likely or proven, a mini-thermal amplitude test
is indicated to prove or rule out CAA.

Case Study 8

Clinical Summary and Initial Blood Bank Testing

A newborn baby boy was delivered to a 28-year-old
mother via vaginal delivery at 39 weeks of gestation.
The mother’s blood type is O Rh-negative, with anti-D
antibody detected in her serum early in the pregnancy.
The baby has been monitored for hemolytic disease of
the newborn, and he has not required any interventions,
including intrauterine blood transfusions, throughout
his fetal life. His bilirubin level is 12 mg/dL, and the
forward typing shows the following results:

Forward

Patient’s RBCs Reaction

with

Anti-A Anti-B Anti-D

31 41 0

Initial Interpretation and Further Testing

The baby forward typing suggests that the baby’s
RBCs are of AB type. Reverse typing is not performed
on newborns because they do not produce antibodies
until the age of 6 months at least. His Rh is negative;
thus, HDFN due to anti-D antibody is ruled out.
Because his mother is blood type O and she does not
have other alloantibodies that can explain the baby’s
high bilirubin, a possible extra-reactivity is suspected
in the baby’s forward typing reaction likely due
to sample contamination with Wharton’s jelly.
Spontaneous agglutination of samples contaminated

with Wharton’s jelly has been described in textbooks,
but it not very common in practice. The positive reac-
tions are caused by nonspecific agglutination due to
hyaluronic acid and albumin found in cord blood.
Repeated testing with the baby’s RBCs washed three
times with 0.9% saline yielded the following results:

Forward

Patient’s RBCs Reaction

with

Anti-A Anti-B Anti-D

0 41 0

The direct anti-human globulin performed on the
baby’s RBC was positive (21 ), with IgG and no com-
plement fixation noted. An anti-B antibody was eluted
from the baby’s RBCs.

Final Interpretation

The baby’s true blood type is B Rh-negative. Initial
reactivity was most likely due to Wharton’s jelly coating
the patient’s RBCs and interfering with the RBC testing.
However, he has hemolytic disease of the newborn due
to an IgG anti-B antibody present in his mother’s blood
that crossed the placenta. Phototherapy is indicated due
to his high bilirubin, as well as monitoring for clinical
and laboratory indicators of hemolysis.

Case Study 9

Clinical Summary and Initial Blood Bank Testing

The patient is a 36-year-old male who was admitted
for multiple abdominal gunshot wounds and underwent
a massive transfusion for life-threatening bleeding 4
days prior to the current testing. At that time, the patient
received six O Rh-negative RBC units, six AB-negative
FFP units, and one dose of AB platelets. His blood type
was retrospectively found to be B Rh-positive. The
patient underwent successful surgical repair, but he
remained critically ill and his hemoglobin levels dropped
from 9 to 7 mg/dL during the next few days. Two RBC
units are requested in preparation of surgical re-
exploration. Current ABO typing is shown here. His
antibody screen is negative.

Forward Reverse

Patient’s RBCs Reaction
with

Patient’s Plasma
Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

0 21 mf 0 31 0
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Interpretation

The patient’s initial blood type was O Rh-negative.
He now has an ABO discrepancy with a weaker than
expected B antigen with mf reaction and a weaker than
expected anti-A antibody. The history of massive trans-
fusion is essential for interpretation, and it explains the
current findings due to dilution of the patient’s own B
cells by transfused RBCs of O type. Additional testing is
not required in this case. The patient’s true blood type is
B Rh-negative, and crossmatch and ABO-compatible or
-specific RBC units can be released.

Case Study 10

Clinical Summary and Initial Blood Bank Testing

One RBC unit is requested for a 55-year-old female
with a history of stem cell transplant (SCT) 3 weeks
ago for recurrent acute myelogeneous leukemia. Her
current ABO/Rh typing results are shown here. The
patient was O Rh-negative, and the SCT donor was B
Rh-negative.

Forward Reverse

Patient’s RBCs Reaction

with

Patient’s Plasma

Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

0 21 mf 0 31 0

Interpretation

This case is serologically similar to Case Study 9;
however, the patient’s clinical history is different
and critical for recommendations regarding blood
transfusions. ABO-mismatched SCTs are routinely
performed since ABO, unlike HLA, is not the most
important histocompatibility antigenic system for
SCT. Within the engraftment period, which lasts
approximately 1 month post-SCT, the recipient ABO
type gradually switches to the donor type. During
this time, ABO discrepancies are routinely noted.
They are explained by the patient’s history; no fur-
ther testing is usually required. The patient is tran-
sitioning to a blood type B reflected by detection of
a B antigen in the forward typing and the presence
of anti-A antibody in the reverse typing. These find-
ings are expected and reflect good SCT engraftment.
Transfusion of blood products compatible with both
recipient and donor blood types is necessary during
this time. In this case, O Rh-negative RBC would be
preferred, but R Rh-negative RBCs are also appro-
priate; if FFP or platelets are needed, the AB type is
adequate.

Case Study 11

Clinical Summary and Initial Blood Bank Testing

A 29-year-old pregnant female is admitted for
abdominal pain and light vaginal bleeding at 37 weeks
of gestation. Her blood type is known to be AB
Rh-negative, and she was administered Rh immuno-
globulin at 28 weeks of gestation for HDFN prophy-
laxis. Her current blood type is also AB Rh-negative,
and the antibody screen is positive. The extended
panel detects a (21 ) anti-D reactivity in her plasma.
She does not have a history of prior transfusions.

Interpretation

This case is typical. Based on the patient’s clinical
history of Rh immunoglobulin administration, the
anti-D reactivity is interpreted as due to passive anti-
body transfer from the drug. Despite its simplicity, it
is listed here as a reminder that clinical history is
always critical in interpretation of test results. Passive
transfer of alloantibodies can also be seen after admin-
istration of IVIg, such as described in Case Study 13.

Case Study 12

Clinical Summary and Initial Blood Bank Testing

Type and screen request is made for a 30-year-old
pregnant woman as part of her prenatal care. The patient
has another living child and a history of two abortions.
She has never received Rh immunoglobulin or RBC
transfusions. Her blood type is found to be A Rh-nega-
tive, and she has a positive antibody screen. Additional
testing reveals the presence of (41 ) anti-D reactivity. In
addition, an anti-C antibody cannot be ruled out. The
patient does not remember if she received Rh immuno-
globulin during her first pregnancy.

Initial Interpretation and Further Testing

The presence of anti-D reactivity in this patient’s
plasma is most likely due to a true anti-D antibody
based on the reactivity strength and lack of history for
Rh immunoglobulin administration at least during the
current pregnancy. The presence of true anti-D makes
a patient ineligible for HDFN prophylaxis. Because
allo-anti-C could not be ruled out in initial testing, the
patient’s plasma was further tested and found to react
with C-positive reagent RBCs in the presence of ficin.
The patient’s RBCs were negative for the C antigen.

When plasma reactivity is suggestive of both anti-D
and anti-C, additional testing should be performed at
a reference laboratory to rule out anti-G antibody. This
is directed against the G antigen, which is part of the
Rh blood group and is a compound antigen formed
when both C and D antigens are present. Anti-G anti-
body cannot be detected by routine methods because
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reagent RBCs are not profiled for the G antigen, but it
should be suspected when both anti-D and anti-C reac-
tivity is detected. In this case, additional testing
revealed the presence of an anti-G antibody in the
patient’s plasma. True anti-C and anti-D antibodies
were not detected.

Final Interpretation and Recommendations

The patient has an anti-G alloantibody present in
her plasma. This antibody may cross the placenta and
cause HDFN. Because she does not have a true anti-D
alloantibody, she is still eligible for HDFN prophylaxis.
Should she require further transfusions, RBC units
negative for both C and D antigens should be issued.
The same transfusion requirements are made if the
anti-G is detected in a male’s plasma except that
knowledge of his true anti-D versus anti-G status is
neither required nor necessary. This distinction is use-
ful only to capture the true D-negative women for
RhIg administration to prevent HDFN.

Case Study 13

Clinical Summary and Initial Blood Bank Testing

A 9-year-old boy with a history of bilateral renal dys-
plasia status post renal transplant was recently diag-
nosed with graft rejection based on a recent renal
biopsy. His hemoglobin level is 7 mg/dL. One RBC unit
was requested. The patient has a history of blood trans-
fusion when he was 7 years old during the peritrans-
plant period but not recently. His blood type is known
to be O Rh-positive, and his antibody screen was nega-
tive at prior testing. Current ABO/Rh type is the same,
but the antibody screen is positive and additional test-
ing reveals the presence of anti-D and anti-c antibodies.

Interpretation

A careful review of medical and drug history
reveals that this patient was administered intravenous
immunoglobulin for his renal rejection. His newly
identified anti-D and anti-c alloantibodies are most
likely due to passive transfer from the IVIg prepara-
tions. Passive transfer of alloantibodies is commonly
seen after administration of IVIg [12, 31�33]. These
preparations are extracted by cold fractionation from
large pools of volunteer plasma donors and contain a
broad spectrum of antibodies to viral, bacterial, and
other microorganisms. Isohemagglutinins and alloanti-
bodies against RBC antigens may be present in up to
17�50% of these preparations and continue to be pres-
ent in the patient’s plasma several weeks to months
post IVIg administration. The reactivity detected in the

patient’s plasma is due to passive transfer of true
alloantibodies. These antibodies may produce hemoly-
sis, usually self-limited but occasionally clinically sig-
nificant, especially after large doses. Early recognition
of this typical clinical scenario may prevent additional
unnecessary testing and transfusion delays.

Case Study 14

Clinical Summary and Initial Blood Bank Testing

A request for type and screen is made for a
56-year-old female with coronary artery disease who
is scheduled for coronary artery bypass grafting. Her
hemoglobin level is 10 mg/dL, and she is currently
asymptomatic. Her ABO/Rh test results are shown
here:

Forward Reverse

Patient’s RBCs Reaction
with

Patient’s Plasma
Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

41 0 0 21 41

The antibody screen is equally pan-reactive (21 ).
The extended panel also showed (21 ) pan-reactivity.

Initial Interpretation and Further Testing

The initial presentation is identical to that of Case
Study 2 (A2 subgroup with anti-A1 antibody) and
Case Study 3 (anti-M antibody). Unlike Case Study 3,
in which the antibody screen was positive with one
cell, in this case (21 ) pan-reactive plasma is seen. This
pattern is typical of a cold agglutinin. Due to pan-reac-
tivity, underlying alloantibodies against major RBC
antigens cannot be ruled out.

Cold agglutinins are antibodies against I/i antigens
of the Ii blood group collection. They are associated
with CAD if the thermal amplitude extends up to the
lower body temperature (35 �C). The presence of cold
agglutinins may be demonstrated by cold autoadsorp-
tion or rabbit erythrocyte stromal test (RESt). In this
test, the patient’s plasma is incubated with rabbit ery-
throcytes, which are rich in I antigen and absorb anti-I
antibody if present. The plasma incubated one or
several times with RESt is then run against the usual
antibody screen for detection of any leftover reactivity.
A negative antibody screen after RESt is suggestive of
anti-I, anti-IH, or anti-H cold agglutinins. The RESt
technique can be used if the patient has recently been
transfused, however, careful interpretation is necessary
because RESt can also remove the reactivity of clini-
cally significant alloantibodies, such as anti-B, anti-D,
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and anti-E. Re-testing after washing the cells three or
four times with warm (37 �C) saline and/or perform-
ing serum testing at 37 �C may also be useful (pre-
warm technique). Cold agglutinins with anti-i
specificity are suspected if patient’s plasma reacts with
cord blood cells (rich in little i antigen). Unusual cold
agglutinins reacting strongly with cord cells and
weakly with adult I cells have been described in
lymphoproliferative diseases [34]. Alternatively, allo-
geneic cold adsorption may be used with phenotypi-
cally similar allogeneic cells if the patient’s full RBC
phenotype is known or with selected reagent RBCs
(usually R1, R2, and rr) negative for K, Jka, Jkb, Fya,
Fyb, and S so that potential clinically significant
alloantibodies can be detected in the adsorbed
plasma. If the patient has not been transfused within
the past 3 months, a cold autoadsorption technique
may be used. In this method, the patient’s own RBCs
treated with a proteolytic enzyme solution to remove
antibody binding sites are subsequently exposed to
the patient’s serum/plasma at 4 �C. Results of the
thermal amplitude test and RESt for Case Study 14
are shown here:

Antibody Screen IS RT 37 �C AHG CC RESt3 2

I 21 21 0 0 41 0

II 21 21 0 0 41 0

III 21 21 0 0 41 0

Autocontrol 21 21 0 0 41 0

Cord blood 0 0 0 0 41 NT

Final Interpretation

Plasma reactivity is due to an anti-I cold agglutinin.
A negative reaction with cord cells rules out the pres-
ence of anti-i cold agglutinins. These are not considered
clinically significant unless there is exposure to cold
temperature, such as in induced hypothermia during
surgery. Once a cold agglutinin has been identified,
measures to warm the blood transfused are required.
ABO and crossmatch-compatible RBC units can be
released for these patients.

If the autocontrol is negative and the antibody
screen is positive, the patient’s blood type has to be
considered with regard to H antigen expression,
knowing that the H antigen expression is highest in O
RBCs (O . A2 . B . A2B . A1 . A1B). Blood
groups with the least H expression, such as A1 and
A1B, may have anti-H antibodies. Anti-H is a clini-
cally insignificant cold antibody that would react
with O reagent RBC present in the antibody screen
and panel but not with autologous RBCs or at body
temperature.

Case Study 15

Clinical Summary and Initial Blood Bank Testing

A 72-year-old female with known chronic lympho-
cytic lymphoma and an indolent course of disease not
requiring chemotherapy is evaluated in the hematology
clinic for fatigue. During initial investigations started 2
month ago, she was found to have a hemoglobin level
of 7 mg/dL and received two RBC units at a different
hospital. Her current hemoglobin level is 8 mg/dL, and
she is still weak. An additional RBC unit is requested.
The patient’s ABO/Rh typing results show a B Rh-
positive blood type. The antibody screen and extended
panel show that her plasma reacts equally and strongly
(41 ) with all reagent RBCs tested. The DAT is positive
with the same strength (41 ) with IgG and mild com-
plement fixation. Results of the ABO/Rh typing for
Case Study 14 are shown here:

Forward Reverse

Patient’s RBCs Reaction

with

Patient’s Plasma

Reaction with

Anti-A Anti-B Anti-D A1 RBCs B RBCs

0 41 41 41 0

Initial Interpretation and Further Testing

The presentation suggests the presence of a warm
autoantibody; underlying clinically significant alloanti-
bodies cannot be ruled out. Because the patient received
two RBC units, her phenotype cannot be performed.
The clinician was contacted to elucidate the urgency for
blood, and he stated that the patient was clinically sta-
ble. The RBC phenotype determined by molecular
methods revealed that the patient’s RBC phenotype was
negative for C, D, and Jk(b) antigens. Allogeneic adsorp-
tion with phenomatched cells showed that she had an
anti-Jk(b) antibody in her plasma and RBC eluate.

Final Interpretation

This patient has a WAA with an underlying anti-Jk
(b) alloantibody in her plasma and RBC eluate. These
findings are consistent with a delayed serologic/hemo-
lytic reaction; hemolytic WAA is also possible. WAA
are usually IgG antibodies without RBC specificity
reacting strongly and equally with all reagent RBCs
tested. However, WAA with apparent specificity for e,
Kell, Kidd, MNSs, ABO, Vel, and LW antigens have also
been reported. In the case of WAA, the autocontrol (and
DAT) is positive and the RBC eluate shows a similar 41
pan-reactive pattern. The clinical significance of WAA is
related to their propensity to cause hemolysis, which
cannot be determined from the immunohematology

293CASE STUDIES

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



testing but from results of a hemolysis panel (hemo-
globin, hematocrit, bilirubin, LDH, and haptoglobin). If
RBC transfusion is necessary, least-incompatible pheno-
matched RBC units can be issued.

CONCLUSIONS

The reactivity detected in blood bank testing can
result from various causes. Discrimination of clinically
significant alloantibodies is critical for issuing the
correct type of RBCs and preventing hemolytic trans-
fusion reactions. Clerical and technical errors, spurious
results, and false-positive and false-negative reactions
are discerned after careful consideration of the whole
case, including the patient’s clinical and blood bank
history, type of test, reaction conditions, and technol-
ogy used. During this process, typical clinical scenarios
should be considered. A summary of the basic transfu-
sion process, routine tests, and typical case studies
were presented in this chapter with the goal of aiding
the rapid recognition of some of the most common
interferences encountered in transfusion medicine.
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INTRODUCTION

Clinicians depend on clinical laboratories for obtain-
ing accurate results in immunology and serology test-
ing, and inaccurate results may have tremendous
impact not only on the diagnosis but also on the
patient. For example, a false-positive HIV test result
may have a devastating psychological impact on the
patient. Various methods are used in immunology and
serology testing, including electrophoresis, immunoas-
says, and various other analytical techniques. Even for
a single analyte, multiple technologies may be avail-
able. As expected, no method is free from analytical
errors. In this chapter, various sources of errors in
immunology and serology testings are addressed. The
emphasis is on how to minimize errors as well as elim-
inate them when possible.

CHALLENGES IN HEMOGLOBINOPATHY
DETECTION

Multiple methodologies exist for testing for hemo-
globinopathies in the clinical laboratory (Table 18.1).
The most common ones employed are conventional
electrophoresis, capillary electrophoresis, and high-
performance liquid chromatography (HPLC). In hemo-
globin electrophoresis, red cell lysates are run in
electric fields under alkaline (alkaline gel) and acidic
(acid gel) pH. This can be carried out on filter paper, a
cellulose acetate membrane, a starch gel, a citrate agar
gel, or an agarose gel. Separation of different hemoglo-
bins is largely but not solely dependent on the charge
of the hemoglobin molecule. Change in the amino acid
composition of the globin chains alters the charge of
the hemoglobin molecule, resulting in a change in the
speed of migration.

HPLC utilizes a weak cation exchange column sys-
tem. A sample of a red blood cell (RBC) lysate in
buffer is injected into the system. Hemoglobin mole-
cules are adsorbed onto the column as they are
charged molecules in the buffer system. An eluting
buffer is then injected into the system. The hemoglobin
fraction then elutes off the column. The time required
for different hemoglobin molecules to elute is referred
to as retention time. The eluted hemoglobin molecules
are detected by light absorbance. HPLC permits the
provisional identification of many more variant hemo-
globins than can be distinguished by conventional gel
electrophoresis.

In capillary electrophoresis, a thin capillary tube
made of fused silica is used. When an electric field is
applied, the buffer solution within the capillary gener-
ates an electroendosmotic flow that moves toward the
cathode. Separation of individual hemoglobins takes
place due to differences in overall charges. Other less
commonly used methodologies include isoelectric
focusing, DNA analysis, and mass spectrometry.

Any one of the previously discussed methods can
be used for screening purposes. Detection of abnormal
hemoglobin requires validation by a second method.
In addition, relevant clinical history, review of the
complete blood count (CBC), and peripheral smear
provide important correlation in the pursuit of an
accurate diagnosis.

Hemoglobinopathy Diagnosis Errors

Blood specimens for hemoglobinopathy diagnosis
may be sent to outside clinical laboratories requiring
specimens to be transported by couriers. Sometimes
the specimens are mailed. Unduly long transit
times without refrigeration may result in artifactual
bands on gel electrophoresis causing confusion in
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interpretation and delay in final diagnosis [1]. The
method of preparing the red cell lysate can sometimes
be important. One study demonstrated that for accurate
quantification of hemoglobin H from electrophoresis on
agarose gel at alkaline pH, the lysate carbon tetrachlo-
ride is required. If other lysates are used, much less
hemoglobin H is detected, which could result in miss-
ing its (Hb H) detection [2]. When HPLC is used, a
recognized problem is carryover of sample from one
to the next [3]. For example, if the first sample belongs
to a patient with sickle cell disease (Hb SS), then a
small peak may be seen at the “S” window in the
next sample. This can lead to diagnostic confusion
as well as the sample needing to be re-run. Relevant
to the final diagnosis is the transfusion history. Blood
transfusion-acquired hemoglobinopathy is an estab-
lished phenomenon [4]. This potential for transfusion-
acquired hemoglobinopathy exists because heterozygous
individuals show no significant abnormalities during the
blood donor screening process [5]. The abnormal hemo-
globin in recipients accounts for between 0.8 and 14% of
the total hemoglobin [4]. Transfusion histories thus
remain vital in explaining such findings.

Common hemoglobin disorders are Hb S, Hb E, Hb
C, Hb D, Hb G, and Hb O (Table 18.2). Hb S is the
most common hemoglobinopathy in the United States,
whereas Hb E is the most common hemoglobinopathy

in Southeast Asia. These two hemoglobinopathies
account for the majority of all hemoglobinopathies
detected worldwide. Although only a handful of
hemoglobinopathies are dealt with in the clinical labo-
ratory, more than 1000 hemoglobinopathies have been
described, the vast majority of which are rare or clini-
cally insignificant.

Hemoglobin A2

In the diagnosis of β-thalassemia trait, the propor-
tion of Hb A2 relative to the other hemoglobins is clin-
ically important [6]. In certain cases, Hb A2 variants
may also be present. In such cases, the total Hb A2
(Hb A2 and Hb A2 variant) needs to be considered for
the diagnosis of β-thalassemia [6]. Hb A20 is the most
common of the known Hb A2 variants and has been
reported in 1 or 2% of African Americans [7]. Hb A20

has been detected in heterozygous and homozygous
states and in combination with other Hb variants and
thalassemia [8�11]. The major clinical significance of
Hb A20 is that for the diagnosis or exclusion of β-thal-
assemia minor, the sum of Hb A2 and Hb A20 must be
considered. When present, Hb A20 accounts for a small
percentage (1 or 2%) in heterozygotes and is difficult
to detect by gel electrophoresis [12]. However, it is eas-
ily picked up by capillary electrophoresis and HPLC.
By HPLC, Hb A20 elutes in the “S” window. In Hb AS

TABLE 18.1 Common Methodologies for Detection of Variant Hemoglobins

Methodology Advantages Disadvantages

Agarose gel
electrophoresis

Cheaper to perform Labor-intensive and time-consuming; common variant hemoglobins
distributed in the four major lanes

HPLC Faster turnaround time; greater resolution of
common variant hemoglobins

Expensive

Capillary
electrophoresis

Faster turnaround time; common variant
hemoglobins distributed in 15 zones

Isoelectric
focusing

Greater resolution More difficult to interpret; particularly suitable for small samples
including dried blood spots and is thus often used for neonatal screening

TABLE 18.2 Common Hemoglobin Disorders

Disorder Defective

Chain

Comments

Hb S β chain defect Most common variant hemoglobin seen in the United States; mostly seen in African Americans

Hb C β chain defect Implies ancestry is from Western Africa. HB SC is a sickling disorder

Hb E β chain defect Most common variant hemoglobin seen in Asia

Hb D β chain defect Seen in African, Indian, Pakistani, as well as English individuals. Hb SD is a sickling disorder

Hb G α chain defect Most common α chain variant. Found in African Americans and African Caribbeans. It is of no clinical
significance

Hb A20 δ chain defect Most common δ chain defect. Seen in 1�2% of the African American population

Hb O β chain defect Wide geographic distribution—from Africa to Middle East and eastern Europe. HB SO is a sickling disorder
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trait and HB SS disease, Hb A20 will be masked by the
presence of Hb S. In Hb AC trait and Hb CC disease,
glycosylated Hb C will also elute in the “S” window.
In these conditions, Hb A20 will remain undetected.
Conversely, sickle cell patients on chronic transfusion
protocol or recent, efficient RBC exchange may have a
very small percentage of Hb S, which the pathologist
may misinterpret as Hb A20.

It has been documented that the Hb A2 concentra-
tion may be raised in HIV during treatment [13]. Other
causes of a raised Hb A2 level are thought to be very
unusual [14]. Severe iron deficiency anemia can reduce
Hb A2 levels [15,16], and in some reports this has been
shown to interfere with the diagnosis of β-thalassemia
trait.

Hemoglobin F

An increase in the percentage of hemoglobin F is
associated with multiple pathologic states, including
β-thalassemia, δβ-thalassemia, and hereditary persis-
tence of fetal hemoglobin (HPFH). The former is asso-
ciated with high Hb A2, and the latter two states are
associated with normal Hb A2 values. Hematologic
malignancies are associated with increased hemoglo-
bin F and include acute erythroid leukemia (M6) and
juvenile myelomonocytic leukemia. Aplastic anemia is
also associated with an increase in Hb F %. When elu-
cidating the actual cause of high Hb F, it is important
to consider the actual percentage of Hb F, Hb A2
values, as well as correlation with CBC and peripheral
smear findings.

It is also important to note that drugs (hydroxyurea,
sodium valproate, and erythropoietin) and stress
erythropoiesis may also result in high Hb F.
Hydroxyurea is used in sickle cell disease patients to
increase the amount of Hb F, the presence of which
may help to reduce the clinical effects of the disease.
Measuring the level of Hb F may be useful for deter-
mining the appropriate dose of hydroxyurea. In
15�20% of pregnancies, Hb F may be raised as much
as 5%.

Hb F quantification may be an issue when HPLC
is used. Fast variants (e.g., Hb H or Hb Bart’s) may
not be quantified because they may elute off the col-
umn before the instrument begins to integrate in
many systems designed for adult samples. This will
affect the quantity of Hb F. If an α-globin variant
separates from Hb A, often an Hb F variant separates
from normal Hb F but may not separate from other
hemoglobin adducts present so that the total Hb F
will not be adequately quantified. Hb F variants may
also be due to mutation of the γ-globin chain, and
again this may result in a separate peak and incorrect
quantification. Some β chain variants and/or their
adducts may not separate from Hb F, leading to

incorrect quantification [17]. Capillary zone electro-
phoresis has an advantage over HPLC in that hemo-
globin adducts (glycated hemoglobins and the aging
adduct Hb X1d) do not separate from the main
hemoglobin peak so that interpretation is easier than
with HPLC. If Hb F appears to be greater than 10%
on HPLC, its nature should be confirmed by an alter-
native method to exclude misidentification of Hb N
or Hb J as Hb F [18].

Hemoglobinopathy S

Hemoglobin S hemoglobinopathy is the most com-
mon hemoglobinopathy detected in the United States.
Possible diagnoses of patients with Hb S hemoglobin-
opathy include sickle cell trait (Hb AS), sickle cell dis-
ease (Hb SS), and sickle cell disease status post RBC
transfusion/exchange. Patients with sickle cell trait
may also have concomitant α-thalassemia, and the
diagnosis of Hb S/β-thalassemia (0/1/11) is also
occasionally made. Double heterozygous states of Hb
SC, Hb SD, and Hb SO are important sickling states
that should not be missed.

Patients with Hb SS disease may have increased Hb
F. The distribution of Hb F among the haplotypes of
Hb SS is as follows: Hb F, 5�7% in Bantu, Benin, or
Cameroon; 7�10% in Senegal; and 10�25% in Arab/
Indian types [19]. Hydroxyurea also causes an increase
in Hb F. This is usually accompanied by macrocytosis.
Hb F can also be increased in Hb S/HPFH.

Hb A2 values are typically increased in sickle cell
disease and more so by HPLC. This is because the
post-translational modification form of Hb S, Hb S1d,
produces a peak in the A2 window. This elevated
value of Hb A2 may produce diagnostic confusion
with Hb SS disease and Hb S/β-thalassemia. It is
important to remember that microcytosis is not a fea-
ture of Hb SS disease, and patients with Hb S/β-thalas-
semia typically exhibit microcytosis.

Hb SS patients and Hb S/β-0-thalassemia patients
do not have any Hb A, unless the patient has been
transfused or has undergone red cell exchange.
Glycated Hb S has the same retention time (approxi-
mately 2.5 min) as Hb A in HPLC [19]. This will pro-
duce a small peak in the A window and raise the
possibility of Hb S/β1 -thalassemia.

Hb S/α-thalassemia is considered when the percent-
age of Hb S is lower than expected. Classical cases of
sickle cell trait are 60% of Hb A and approximately
35�40% of Hb S. Cases of Hb S/α-thalassemia will
have lower values of Hb S, typically below 30% with
microcytosis. A similar picture will also be present in
patients with sickle cell trait and iron deficiency.
Common challenges in hemoglobinopathy detection
are summarized in Table 18.3.
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DETECTION OF MONOCLONAL
PROTEINS

A monoclonal protein (paraprotein or M protein) is a
monoclonal immunoglobulin that is secreted by an
abnormal clone of plasma cells [20]. The M protein can be
an intact immunoglobulin, only light chains (light chain
myeloma, light chain deposition disease, or AL amyloid-
osis), or rarely only heavy chains (heavy chain disease).

Serum protein electrophoresis (SPEP) is an inexpen-
sive, easy-to-perform screening procedure for detection
of monoclonal proteins [21]. It is usually done by the
agarose gel method or by the capillary zone electro-
phoresis method. Monoclonal bands are usually seen
in the γ zone but may be seen in proximity of the β
band or rarely in the α2 area. Urine protein electropho-
resis is analogous to SPEP and is used to detect mono-
clonal proteins in the urine. Ideally, it should be
performed on a 24-hr urine sample. Common pro-
blems encountered in SPEP are listed in Table 18.4.

When a monoclonal band is identified on SPEP,
serum immunofixation and 24-hr urine immunofixa-
tion is typically recommended. There are certain situa-
tions in which a band may be apparent that in reality
is not a monoclonal band. Examples include the
following:

1. Fibrinogen is seen as a discrete band when
electrophoresis is performed on plasma. This
fibrinogen band is seen between the β and γ
regions. If the electrophoresis is repeated after the
addition of thrombin, this band will disappear or
serum immunofixation study will be negative.

2. With intravascular hemolysis, the free hemoglobin
binds to haptoglobin. The hemoglobin�haptoglobin
complex may appear as a large band in the α2 area.
Serum immunofixation studies should be negative
in such cases.

3. In patients with iron deficiency anemia,
concentrations of transferrin may be high. This may
result in a band in the β region.

4. If electrophoresis is performed on a nephrotic
syndrome patient, total protein and serum
albumin is typically low. The condition also
produces increases in α2 and β fractions. Bands in
either of these regions may mimic a monoclonal
band.

5. When performing gel electrophoresis, a band may
be visible at the point of application. Typically, this
band is present in all samples performed at the
same time.

If the quantity of the M protein is low, this may not
be detected by serum electrophoresis. There are also
certain situations in which a false-negative interpreta-
tion may be made on serum electrophoresis:

1. A clear band is not seen in cases of α heavy chain
disease (HCD). This is presumably due to the
tendency of these chains to polymerize or due to
their high carbohydrate content [22�25].

2. In μ-HCD, a localized band is found in only 40% of
cases [26]. Panhypogammaglobulinemia is a
prominent feature of such patients.

3. In occasional cases of γ-HCD, again a localized
band may not be seen [24,27,28].

4. When an M protein forms dimers, pentamers,
polymers, or aggregates with each other or when
they form complexes with other plasma
components, this may result in a broad smear rather
than a discrete band.

TABLE 18.3 Common Challenges in Hemoglobinopathy
Detection

Scenario Cause of Challenge

HPLC Carryover of sample from one to the next

Transfusion Transfusion from donors who are, for example, Hb AS
(S trait) or Hb AC (C trait)

Medication Hydroxyurea raises Hb F levels

Iron
deficiency

Lowers Hb A2 levels, thus masking diagnosis of
β-thalassemia trait

HIV Falsely increases Hb A2 levels

Agarose gel Small percentages of abnormal hemoglobins (e.g., Hb
A20) may be undetected

HPLC Hb A20 elutes in the S window. Thus, in sickle cell
disease or trait, Hb A20 will be undetected

HPLC Fast hemoglobin variants (e.g., Hb H and Hb Bart’s)
may not be quantified effectively. Hb F quantification
will also be affected

TABLE 18.4 Common Problems Encountered in Serum Protein
Electrophoresis

1. SPE performed on plasma will result in a band due to fibrinogen.
Subsequent immunofixation will be negative

2. A band may be seen at the point of application. Typically, this
band is present in all samples performed at the same time

3. If the concentration of transferrin is high (e.g., due to iron
deficiency), this may result in a band in the β region

4. In nephrotic syndrome, prominent bands may be seen in α2 and β
regions that are not due to monoclonal proteins

5. Hemoglobin�haptoglobin complexes (seen in intravascular
hemolysis) may produce a band in the α2 region

6. M proteins may form dimers, pentamers, polymers, or aggregates
with each other, resulting in a broad smear rather than a distinct
band

7. In light chain myeloma, the light chains are rapidly excreted in
the urine and thus SPE may fail to show a band
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5. Some patients produce only light chains. These light
chains are rapidly excreted in the urine [29]. Serum
electrophoresis fails to show any band. Urine
studies are typically more fruitful. When the light
chains cause nephropathy and result in renal
insufficiency, excretion of the light chains is
hampered. It is at this point that a band may be
seen in serum electrophoresis.

6. In some patients with IgD myeloma, the M protein
spike may be small enough to be disregarded.

Hypogammaglobulinemia

Hypogammaglobulinemia may be congenital
or acquired. Among the acquired causes are
multiple myeloma and primary amyloidosis.
Panhypogammaglobulinemia can occur in approxi-
mately 10% of cases of multiple myeloma. Most of
these patients have a Bence�Jones protein in the urine
but lack intact immunoglobulins in the serum [30,31].
Bence�Jones proteins are monoclonal-free κ or λ light
chains in the urine. Panhypogammaglobulinemia can
also be seen in 20% of cases of primary amyloidosis. It
is important to recommend urine immunofixation
studies when panhypogammaglobulinemia is present
in serum protein electrophoresis.

Immunofixation Studies

An apparent monoclonal protein on serum protein
electrophoresis may or may not be a true monoclonal
protein. Also, M proteins may not be apparent on elec-
trophoresis. To confirm the former and because of the
latter, if there is a high index of clinical suspicion, immu-
nofixation studies are required. Immunofixation can be
performed on both serum and urine specimens. It is
preferable to perform urine immunofixation on a 24-hr
urine sample. Immunofixation studies are more sensitive
than regular electrophoresis and also determine the
particular isotype of the monoclonal protein. However,
they cannot estimate the quantity of the M protein
(which the electrophoresis can do). One source of possi-
ble error in urine immunofixation study is the “step lad-
der” pattern. Here, multiple bands are seen in the κ
(more often) or λ lanes and are indicative of polyclonal
spillage rather than monoclonal spillage into the urine.

Capillary Zone Electrophoresis

This is an alternative method of performing serum
protein electrophoresis. Protein stains are not required.
A point of application is not seen. It is considered to
be faster and more sensitive compared to agarose gel
electrophoresis. Classical cases of monoclonal

gammopathy produce a peak, typically in the γ zone.
However, subtle changes in the γ zones may also rep-
resent underlying monoclonal gammopathy.
Interpretation can be subjective. Pathologists with a
high index of suspicion will refer a high percentage of
cases for ancillary studies such as immunofixation.
Others, disregarding the subtle changes, may poten-
tially miss positive cases.

Free Light Chain Immunoassay

Patients with monoclonal gammopathy may have
negative serum protein electrophoresis as well as
serum immunofixation studies. Reasons include very
low level of M proteins and light chain gammopathy,
where the light chains are very rapidly cleared from
the serum by the kidneys. Because of the latter, urine
electrophoresis and urine immunofixation are part of
the workup for cases in which monoclonal gammopa-
thy is a clinical consideration. Urine electrophoresis
and urine immunofixation studies are also performed
to document the amount (if any) of potentially nephro-
toxic light chains being excreted in the urine in the
case of monoclonal gammopathy.

Quantitative serum assays for κ and λ free light
chain (FLC) have increased the sensitivity of serum
testing strategies for identifying monoclonal gammo-
pathies, especially the light chain diseases [32�35].
Cases that appear as nonsecretory myeloma can
actually be cases of light chain myeloma. FLC assays
allow disease monitoring as well as provide prognostic
information for monoclonal gammopathy of undeter-
mined significance (MGUS) and smoldering myeloma.

The rapid clearance of light chains by the kidney is
reduced in renal failure. Levels may be 20�30 times
higher than normal in end-stage renal disease. In addi-
tion, the κ:λ ratio may be as high as 3:1 in renal failure
(normal, 0.26�1.65). Therefore, patients with renal fail-
ure may be misdiagnosed as having κ light chain
monoclonal gammopathy. If a patient has λ light chain
monoclonal gammopathy, with the relative increase in
κ light chain in renal failure, the ratio may become
normal. Thus, a case of λ light chain monoclonal gam-
mopathy may be missed. It is also important to be
aware that the presence of circulating M proteins may
interfere with other laboratory tests. The most common
errors that occur are falsely low high-density lipopro-
tein cholesterol, falsely high bilirubin, as well as
altered values of inorganic phosphate. Other tests in
which altered results may occur include low-density
lipoprotein cholesterol, C-reactive protein, creatinine,
glucose, urea nitrogen, and inorganic calcium.

There is a potential for inappropriate clinical deci-
sions based on altered lab values.
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Cerebrospinal Fluid Electrophoresis

Qualitative assessment of cerebrospinal fluid (CSF)
for oligoclonal bands is the most important diagnostic
CSF study when determining a diagnosis of multiple
sclerosis (MS). In MS, elevation of the CSF immuno-
globulin level relative to other protein components
occurs, suggesting intrathecal synthesis. The immuno-
globulin increase is predominantly IgG, although the
synthesis of IgM and IgA may also be increased.

Oligoclonal bands are defined as at least two bands
seen in the CSF lane with noncorresponding band pres-
ent in the serum lane. Thus, it is crucial to perform CSF
and serum electrophoresis simultaneously. Oligoclonal
bands may be found in 95% or more of patients with
clinically definite MS [36]. However, they may also be
seen in central nervous system infections (e.g., Lyme
disease), autoimmune diseases, brain tumors, and lym-
phoproliferative disorders. Thus, it is important to real-
ize that an oilgoclonal band is not equivalent to MS.

The first step when interpreting CSF electrophoresis
is to establish that the sample is indeed a CSF sample.
The presence of the prealbumin band and the band in
the β2 regions due to desialated transferin establishes
that the sample is indeed a CSF sample. Both of these
bands are not present in the serum lane. The presence
of oligoclonal bands may then be confirmed by per-
forming immunofixation studies.

An abnormality of CSF IgG production can be dem-
onstrated in 90% of clinically definite MS patients [37].
There are various ways to document this. The CSF IgG
level may be expressed as a percentage of the total
protein, as a percentage of albumin, or by the use of
the IgG index. It is important to correlate the findings
of the electrophoresis with the IgG index, CSF study,
as well as any pertinent magnetic resonance imaging
and clinical findings.

In MS, CSF is grossly normal, and CSF pressure is nor-
mal. The total leukocyte count is normal in the majority
of patients. If the CSF white blood cell count is elevated,
it rarely exceeds 50 cells/μL [38]. Lymphocytes are the
predominant cell type. CSF protein is also usually nor-
mal. If there is a systemic immune reaction or a monoclo-
nal gammopathy, then bands will be seen in both the
serum and the CSF lanes. These bands will correspond
with each other, and they are not oligoclonal bands.

CHALLENGES IN HIV TESTING

Testing for HIV can be broadly divided into screen-
ing tests and confirmatory tests. Screening tests
include standard testing, rapid HIV testing, and com-
bination HIV antibody and antigen testing.
Confirmatory testing is performed by Western blot.

Standard screen is performed by enzyme immunoas-
say (EIA). The test is based on the detection of IgG anti-
body against HIV-1 antigens in the serum. These HIV
antigens include p24, gp120, and gp41. Antibodies to
gp41 and p24 are the first detectable serologic markers
following HIV infection [39]. IgG antibodies appear
6�12 weeks following HIV infection in the majority of
patients and generally persist for life. Assays for IgM
antibodies are not used because they are relatively
insensitive.

HIV viruses are categorized into the following
groups: M, N, O, and P (Table 18.5). M is considered
to be the pandemic strain and accounts for the vast
majority of strains of HIV. Group O strains are from
certain areas of Africa (Cameroon, Gabon, and
Equatorial Guinea). Groups N and P are from
Cameroon. Group M viruses are divided into 10 sub-
types, A�J. Subtype B is the most common one found
in the United States and Europe.

The two important issues regarding HIV screen tests
are the ability of the test to detect non-M strain and
the timing of the test post exposure. If the patient has
not been seroconverted, as expected, the antibody is
absent and the individual may have a false-negative
test. There are also rare patients with HIV infection
who become seronegative even though they showed
seropositive results after exposure to HIV virus [40,41].
Other causes of false-negative results include the
following:

• Fulminant HIV infection
• Immunosuppression or immune dysfunction
• Delay in seroconversion following early initiation of

antiretroviral therapy.

False-positive serologic test for HIV is extremely
rare. However, false-positive test results for HIV infec-
tion have been documented in individuals who have

TABLE 18.5 HIV Types and Groups

HIV

Type

Group Description

I Related to viruses found in chimpanzees and
gorillas

I M M denotes “major.” Most common type of HIV;
responsible for the AIDS pandemic

I N N denotes “non-M, non-O”; seen in Cameroon

I O O denotes “outlier”; most common in Cameroon;
not usually seen outside west-central Africa

I P P denotes “pending the identification of further
human cases”; the virus was isolated from a
Cameroonian woman residing in France

II Related to viruses found in sooty mangabeys
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received HIV vaccines in vaccine trials [42]. Some of
these individuals who became HIV positive on screen
tests also had a positive Western blot. HIV RNA test-
ing is an approach that should be used to resolve such
issues. HIV testing methods are listed in Table 18.6.

Rapid HIVAntibody Tests

Rapid HIV antibody testing is available in the
United States. Results are available within minutes
because the tests can be done on-site and can be read
by the provider. Rapid tests may not be as sensitive as
second-generation EIAs. In one study of more than
14,000 specimens, rapid testing failed to detect 16 sam-
ples, which were positive by EIA and subsequently
confirmed by Western blot [43]. A positive rapid test
should be considered as “preliminary” and requires
confirmation by Western blot. Reports of false posi-
tives do exist in the literature. A negative test may be
reported as such and does not require further workup.
However, early testing prior to seroconversion will
naturally result in false-negative results.

Combined Antibody Antigen Tests

Fourth-generation tests have the ability to detect
both HIV antibody and the p24 antigen. Sensitivity
and specificity of such tests are generally excellent.
The primary advantage of these assays is the ability to
detect HIV infection prior to seroconversion.

HEPATITIS TESTING

Hepatitis infection is a worldwide problem.
Hepatitis A is a problem in many developing countries
because infection may spread from contaminated
water (fecal�oral route). However, hepatitis A testing
is straightforward; IgM anti-hepatitis A virus (HAV)
denotes recent infection, and IgG anti-HAV appears in
the convalescent phase of acute hepatitis. Hepatitis E
virus (HEV) is also an enterically transmitted virus.
HEV can also be transmitted by blood transfusion, par-
ticularly in endemic areas. Chronic hepatitis does not
develop after acute HEV infection, except in the

transplant setting and possibly in other settings of
immunosuppression. Fulminant hepatitis can occur,
resulting in an overall case fatality rate of 0.5�3%. For
reasons as yet unclear, the mortality rate in pregnant
women can be as high as 15�25%, especially in the
third trimester. The diagnosis of HEV is based on the
detection of HEV in serum or stool by polymerase
chain reaction (PCR) or on the detection of IgM antibo-
dies to HEV. Antibody tests against HEV alone are less
than ideal because they have been associated with fre-
quent false-positive and -negative results. The hepatitis
D virus (HDV; also called the delta virus) is a defective
pathogen that requires the presence of the hepatitis B
virus (HBV) for infection. HDAg can elicit a specific
immune response in the infected host, consisting of
antibodies of the IgM and IgG class (anti-HDV).
Hepatitis B and C infection serology, which is the most
important component of hepatitis testing, is discussed
in detail in the following sections.

Serology for Hepatitis B

Serologic markers available for hepatitis B infection
are HBsAg (hepatitis B surface antigen), HBeAg (hepati-
tis B e antigen), anti-HBc (antibody against hepatitis B
core antigen; both IgG and IgM), anti-HBs (antibody
against hepatitis B surface antigen), anti-HBe (antibody
against hepatitis B e antigen), and HBV DNA
(Table 18.7). HBsAg is the first marker to be positive after
exposure to HBV. It can be detected even before the
onset of symptoms. Most patients may clear the virus
and HBsAg typically becomes undetectable within 4�6
months. Persistence of HBsAg for more than 6 months
implies chronic infection. The disappearance of HBsAg
is followed by the presence of anti-HBs. During the win-
dow period (after the disappearance of HBsAg and
before the appearance of anti-HBs), evidence of infection
is documented by the presence of anti-HBc (IgM).

TABLE 18.6 HIV Testing Methods

Screening Confirmatory

Standard testing (EIA) Western blot

Rapid HIV testing HIV RNA by PCR

Combination HIV antigen and antibody test

EIA, enzyme immunoassay; PCR, polymerase chain reaction.

TABLE 18.7 Hepatitis B Serology

Antigen

HBsAg First detectable agent in acute infection

HBcAg Not tested because it is not detectable in blood

HBeAg Indicates virus is replicating and patient is highly
infectious

Antibody

Anti-HBc First antibody to appear; should be positive when other
tests for hepatitis B are negative during the window
period (HBsAg is negative and anti-HBs is not yet
detectable)

Anti-HBe Virus is not replicating

Anti-HBs Patient is immune
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Coexistence of HBsAg and anti-HBs has been documen-
ted in approximately 24% of HBsAg-positive indivi-
duals. It is thought that the antibodies fail to neutralize
the virus particles. These individuals should be consid-
ered as carriers of HBV. A subset of patients have
undetectable HBsAg and are positive for HBV DNA.
Most of these patients have very low viral load with
undetectable levels of HBsAg. Uncommon situations are
infection with HBV variants that decrease HBsAg pro-
duction or mutant strains that have altered epitopes
normally used for detection of HBsAg.

Individuals with recent infection will develop anti-
HBc, IgM antibodies. Individuals with chronic infec-
tion and individuals who have recovered from an
infective episode will develop anti-HBc, IgG antibo-
dies. However, anti-HBc, IgM antibodies may remain
positive for up to 2 years after an acute infection.
Levels may also increase and be detected during
exacerbations of chronic hepatitis B. This may lead to
diagnostic confusion.

Some individuals have isolated anti-HBc antibody
positivity. The clinical significance of this finding is
unclear. Some of these individuals have been found to
have HBV DNA by PCR. This is true for samples from
serum or liver. Transmission of hepatitis B has been
reported from blood and organ donors who have had
isolated anti-HBc antibody positivity. On the other
hand, a certain percentage of individuals who have
anti-HBc are false positive. The presence of HBeAg
usually indicates that the HBV is replicating and the
patient is infectious. Seroconversion to anti-HBe typi-
cally means the virus is no longer replicating. This is
associated with a decrease in serum HBV DNA and
clinical remission. In some patients, seroconversion is
still associated with active liver disease. This may be
due to low levels of wild-type HBV or HBV variants
that prevent or decrease the production of HBeAg.

Serology for Hepatitis C

The tests for hepatitis C virus (HCV) include sero-
logic assays and molecular assays for HCV RNA. The
commonly utilized screening assay to detect anti-HCV
antibody is an EIA. The latest version is EIA-3, which
has better sensitivity and specificity compared to EIA-
1 or EIA-2. In addition, the mean time to detection of
seroconversion has been reduced by 2 or 3 weeks.
Rapid tests for detection of anti-HCV also exist. If an
individual is positive for anti-HCV, then the logical
next step is to test for HCV RNA. If there is true infec-
tion, both anti-HCV antibody and tests for HCV RNA
should be positive. If the HCV RNA is negative, then
the possibilities include the following:

1. A false-positive anti-HCV antibody test.

2. If the individual is a newborn, the anti-HCV may be
that of the mother with transfer of antibodies across
the placenta.

3. Intermittent viremia.
4. Past infection.

For establishing the diagnosis of past infection,
another test, recombinant immunoblot assay (RIBA),
may be undertaken. If the anti-HCV is a false-positive
test, then RIBA will be negative. If it is a case of past
infection, RIBA will be positive.

There may be individuals who have HCV RNA but
anti-HCV antibody testing is negative. This can be
seen in immunocompromised individuals or in the set-
ting of early acute infection. HCV RNA tests are posi-
tive earlier than anti-HCV antibody tests.

ANTI-NUCLEAR ANTIBODIES

Anti-nuclear antibodies (ANA) are serologic hall-
marks of systemic autoimmune diseases [44]. A posi-
tive ANA may be seen in individuals with systemic or
organ-specific autoimmune diseases and a variety of
infections. They can also be found in otherwise normal
individuals. Examples of organs implicated in organ-
specific autoimmune diseases are thyroid, liver, and
lung. Examples of infections in which ANA may be
found to be positive include infectious mononucleosis,
hepatitis C infection, subacute bacterial endocarditis,
tuberculosis, and HIV infections [45�47]. If they are
positive in otherwise normal individuals, these indivi-
duals are most likely women and elderly.

The ANA assay is performed by incubating human
epithelial cell tumor line (Hep2) cells fixed with meth-
anol and/or acetone with the patient’s serum.
Fluorochrome-labeled antihuman globulin is added,
which binds to the antigen�antibody complex. The
slide is then viewed through a fluorescent microscope.
Antibodies present in the patient’s serum will bind to
the nuclear antigen and should also produce a pattern
that is noted. The dilution of the serum at which the
reaction pattern disappears is also noted.

The accurate interpretation of patterns requires con-
siderable experience. Also, the pattern type has been
recognized to have a relatively low sensitivity and
specificity for different autoimmune disorders. As
mentioned previously, false positives may be seen in
normal individuals. The majority of these are present
in low titer.

False negatives are also an established phenomenon
due to technical and physical issues that include
method of substrate fixation, solubility of the antigen
in question, and localization of the antigen outside the
nucleus. Once the ANA is positive, further testing is
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required. These tests include antibodies to double-
stranded DNA, anti-histone antibodies, antibodies to
chromatin, and antibodies to other nuclear proteins
and RNA�protein complexes.

CONCLUSIONS

Clinicians rely on accurate results from clinical labo-
ratories for diagnosis of hemoglobinopathy, HIV, and
hepatitis. A false-positive or false-negative test result
has serious consequences for patient management.
Moreover, a monoclonal band, if missed, can also be a
serious patient safety concern. In this chapter, the pit-
falls of immunology and serology testing were
addresses, with emphasis on both false-positive and
false-negative test results and how to eliminate some
of these errors in the clinical laboratory.
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Coagulation Testing
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INTRODUCTION

This chapter is divided into two parts: The first part
discusses sources of errors in hematology testing, and
the second part addresses challenges in coagulation
testing. To understand sources of errors in hematology,
it is important to understand the steps involved in
providing blood count values as well as interpretation
of peripheral blood smears [1].

Blood for complete blood counts (CBC) is typically
collected in vacuum tubes that contain the anticoagulant
ethylenediaminetetraacetic acid (EDTA). The blood col-
lected in the vacuum tube is analyzed on automated
hematology analyzers for CBC results. These automated
instruments have various channels. Different channels
are used to obtain different counts. One channel is used
for red blood cell (RBC) count and platelet count.
Another channel is used to obtain the total white blood
cell (WBC) count and hemoglobin level. In this channel,
the red cells are lysed. Some instruments have a sepa-
rate channel for hemoglobin. Other channels are for
WBC differential count, reticulocyte count, and nucle-
ated red cell count. Different methodologies exist to
obtain the actual counts, including impedance (based
on the measurement of changes of electrical resistance
produced by a particle suspended in a conductive
medium as it passes through an aperture of known
dimension), conductivity measurement with high-
frequency electromagnetic current, light scatter, and
florescence-based (flow cytometric) methods. For the
measurement of hemoglobin concentration, the red cells
are lysed and hemoglobin (and also methemoglobin
and carboxyhemoglobin) is converted to cyanmethemo-
globin. The absorbance of light at 540 nm is measured
to provide a hemoglobin level [2]. Each time a cell

passes through the aperture, a pulse is produced. The
pulse height is proportional to the cell volume. The dis-
tribution curves for the volume are separated from each
other with a moving discriminator. Cells with a volume
between 2 and 30 fL are counted as platelets. Cells with
a volume of 40�250 fL are counted as red cells. In addi-
tion to the actual counts, RBC and platelet histograms
are also provided. Each cell volume is measured
directly, and the mean corpuscular volume (MCV) is
calculated by averaging the volume of all the cells or by
drawing a perpendicular line from the peak of the RBC
histogram to the baseline. The red cell distribution
width (RDW), which is a measure of anisocytosis, is cal-
culated from the RBC histogram at 20% of peak height.

The lysing reagent causes WBCs to lose cytoplasm,
and the cell membrane collapses around the nucleus.
This allows differentiating the cells as the nuclear size
differences are accentuated. WBCs are counted
between the range of 30 and 300 fL. Typically, three
peaks are seen in the WBC histograms. The first peak
represents the lymphocytes, and the third peak repre-
sents the neutrophils. All other white cells are repre-
sented as the second peak.

As discussed previously, the automated instruments
are actually measuring red cell counts, volumes, and
hemoglobin levels. The RDW and MCV are calculated
by the instrument from the red cell volume histogram.
Values for hematocrit, mean corpuscular hemoglobin
(MCH), and mean corpuscular hemoglobin concen-
tration (MCHC) are calculated by the instrument as
following:

Hematocrit5MCV3RBC count
MCH5hemoglobin=RBC count
MCHC5hemoglobin=hematocrit
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ERRORS IN HEMOGLOBIN
MEASUREMENTAND RBC COUNT

Hemoglobin measurement is based on absorption of
light at 540 nm. If the sample is turbid, this will pro-
duce higher hemoglobin levels. Examples of such state
include hyperlipidemia [3], patients on parenteral
nutrition [4], hypergammaglobulinemia, and cryoglo-
bulinemia. Turbidity from very high WBC count can
also falsely elevate hemoglobin levels. Smokers have
high carboxyhemoglobin, which may falsely elevate
the measured hemoglobin level.

Large platelets may be counted by some instruments
as red cells. Also, red cell fragments greater than 40 fL
will be counted as whole red cells. In both situations, the
RBC count will be falsely high. Cold agglutinins will
cause red cell agglutination in vitro and result in low
RBC counts. If cold agglutinins are suspected, the sam-
ple should be warmed to obtain an accurate RBC count.

ERRORS IN MCVAND RELATED
MEASUREMENTS

If there is red cell agglutination, then red cell
clumps will be counted as single red cells but the vol-
ume of the estimated cell will be much higher. This
will result in falsely high MCV values. If large platelets
are counted as red cells, then these platelets typically
have less volume than a normal red cell. This will
result in falsely low MCV values.

If the patient is in a state of high osmolarity, the
cytoplasms of the red cells are also hyperosmolar.
When diluents are added to the blood in the analyzer,
water will move into the red cells, causing them to
swell in size. MCV values will be higher than that in
the in vivo state. Examples of hyperosmolar states are
uncontrolled diabetes mellitus, hypernatremia, and
dehydration [5]. The converse will occur in hypo-
osmolar states.

Values for hematocrit, MCH, and MCHC are obtained
by calculation using hemoglobin levels, RBC counts, and
MCV values. If there is an error in any of these values,
the calculated values will also be inaccurate.

ERRORS IN WBC COUNTS AND WBC
DIFFERENTIAL COUNTS

Falsely high WBC counts are more common than
falsely low WBC counts. There are several situations in
which the WBC count may be falsely elevated. One of
the most frequent situations is high WBC count in the
presence of a significant number of nucleated red blood

cells (NRBCs). If an accurate WBC count is required,
then a corrected WBC count needs to be performed.
This can be done by some hematology analyzers by
running the sample again in the “NRBC mode” or per-
forming a manual count. Platelet aggregates and nonly-
sis of red cells are other causes of spuriously high WBC
counts. If the high WBC count is due to nonlysis of red
cells, this may be a tip-off for hemoglobinopathies.
Target cells seen in hemoglobinopathies are typically
resistant to lysis. Platelet aggregates may be due to
EDTA, and redrawing blood in a citrate tube may be
the solution in such cases. Erroneous WBC counts with
spurious leukocytosis can be seen with the presence of
cryoglobulins and microorganisms. Spurious leukope-
nia can be seen in cold agglutinins and EDTA-
dependent leukoagglutination [6].

As discussed previously, WBC histograms have
three peaks. The first peak represents lymphocytes,
and it is during this peak that WBCs have the lowest
cell volume. It is easy to understand that when there
are giant platelets or nucleated red cells or red cells
resistant to lysis, these may be counted as lymphocytes
in some instruments, giving rise to a falsely high lym-
phocyte count. Hemoglobinopathies and target cells
are important causes of nonlysis of red cells. The pres-
ence of malarial parasites in red cells has also been
known to increase the lymphocyte count.

In myelodysplastic syndrome, if the myeloid series
is affected, then hypolobated and hypogranular neutro-
phils can be present. Automated analyzers may no lon-
ger count these dysplastic neutrophils as such; instead,
these neutrophils may be counted as lymphocytes.

Basophilia is typically seen in chronic myelogenous
leukemia. Basophils are cells with coarse granules that
may even obscure the nucleus. If the analyzer falsely
recognizes all the dense granules of basophils as one
single nucleus, then these cells could be counted as
lymphocytes.

It is thus apparent that there can be multiple situa-
tions in which the lymphocyte count is inappropriately
elevated. Whereas falsely low lymphocyte count is
rare, falsely low neutrophils can be encountered more
frequently. If there is an error in the neutrophil count,
it is more likely to be a falsely low count than a high
count. Neutrophil aggregation is a documented phe-
nomenon and can result in low neutrophil count.
Neutrophils have fine granules, whereas the granules
of eosinophils are larger. Basophils have quite large
granules. If neutrophils have hemosiderin granules,
they may be counted as eosinophils. If eosinophils are
hypogranular, they may be counted as neutrophils.
Red cells infected by malarial parasites may contain
malarial pigments. Malaria-infected red cells are resis-
tant to lysis. These red cells with malarial pigments
may be counted as eosinophils.
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A key difference between lymphocytes and mono-
cytes is that monocytes are significantly larger.
Reactive (activated) lymphocytes typically have more
abundant cytoplasm compared to nonreactive lympho-
cytes. Their size approaches that of a monocyte. These
lymphocytes may thus be counted as monocytes.

Also, it has been reported that abnormal lympho-
cytes such as those seen in chronic lymphocytic leuke-
mia, lymphoblasts, and leukemic or lymphoma cells
can be miscounted as monocytes. When there is left
shift in the WBC series, there is a tendency for slightly
more immature cells such as bands and metamyelo-
cytes to be seen. Cells that are more immature are nat-
urally larger and may also be counted as monocytes.
Storage of blood at room temperature and delay in
running the sample on the analyzer may also contrib-
ute to inaccurate WBC differential values.

When differential counts obtained by automated
analyzers are compared to differential counts per-
formed manually, differences in results are relatively
frequent. Most often, they are clinically inconsequen-
tial. However, it is important to correlate significantly
abnormal results with morphological review of the
peripheral smear.

ERRORS IN PLATELET COUNT

In certain situations, hematology analyzers are
known to provide a falsely low platelet count when
the true platelet count is adequate. This may give rise
to suboptimal clinical management.

Partial clotting of specimen or platelet activation
during venipuncture may cause platelet aggregation.
Both mechanisms may lead to low platelet counts.
Checking the specimen for clots, analyzing the histo-
grams, as well as reviewing the smear are all impor-
tant steps to avoid misleading low platelet counts.
There are various other mechanisms to explain falsely
low platelet counts, otherwise referred to as pseudo-
thrombocytopenia: anticoagulant-induced pseudo-
thrombocytopenia, platelet satellitism, giant platelets,
and cold agglutinin-induced platelet agglutination.

Falsely elevated platelet counts are much less com-
mon than falsely low counts. Fragmented red cells or
white cell fragments may be counted as platelets, giv-
ing rise to high platelet counts. Fragmented red cells
can be seen in states of microangiopathic hemolysis
such as disseminated intravascular coagulation (DIC).
White cell fragments can be seen in leukemic or lym-
phoma states. Patients with leukemia, especially acute
leukemia, need supportive therapy in the form of
blood component transfusions. If the platelet count is
falsely elevated in a patient with acute leukemia, the
decision to transfuse platelets may be delayed, with

undesirable clinical consequences. Falsely high platelet
counts may also be seen in the presence of cryoglobu-
lins and microorganisms present in blood [7].

ERRORS IN SPECIFIC HEMATOLOGY
TESTING

In the following sections, specific selected test errors
often seen in the hematology laboratory are discussed
in more detail.

Cold Agglutinins

Cold agglutinins are polyclonal or monoclonal
autoantibodies directed against RBC i or I antigens
and preferentially binding erythrocytes at cold tem-
peratures [8]. These autoantibodies are typically
immunoglobulin M subtype, which may be associated
with malignant disorder (e.g., B cell neoplasm) or
benign disorders (e.g., postinfection and collagen vas-
cular disease) and can be manifested clinically as
autoimmune hemolytic anemia [9]. In the hematology
laboratory with automated analyzers, cold agglutinins
typically present as a discrepancy between the RBC
indexes [9,10]. The agglutinated erythrocytes may be
recognized as single cells or may be too large to be
counted as erythrocytes; subsequently measured
mean corpuscular volume is falsely elevated and the
RBC count is disproportionately low. Although the
measured hemoglobin is correct due to its indepen-
dence of cell count, the calculated indexes are incor-
rect: The hematocrit (red cell count3MCV) is low,
whereas the MCH (hemoglobin/red cell count) and
the MCHC (hemoglobin/hematocrit) are elevated.
Hemagglutination may be grossly visible to the
unaided eye [8], and microscopic examination of the
peripheral blood smear would show erythrocyte
clumping [9]. By rewarming the blood sample to 37�C,
the erythrocyte agglutination is alleviated and correct
values may be obtained [9]. More severe cases of cold
agglutinin may require saline replacement technique
if rewarming the sample fails to resolve the RBC index
discrepancy.

Spurious leukopenia due to cold agglutinin is also
occasionally encountered with automated hematology
analyzers. The mechanism is postulated to be an IgM
autoantibody directed against components of the gran-
ulocyte membranes [11]. Cold agglutinin-induced leu-
kopenia should be recognized as a potential cause of
pseudogranulocytopenia so that WBC counts can be
accurately reported and unnecessary evaluation of
patients for leukopenia can be avoided.
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Cryoglobulins

Cryoglobulins are typically IgM immunoglobulins
that precipitate at temperatures below 37�C, producing
aggregates of high molecular weight [8]. The first clue
to a diagnosis of cryoglobulinemia is laboratory arti-
facts detected in the automated blood cell counts [12].
The precipitated cryoglobulins of various sizes may
falsely be identified as leukocytes or platelets causing
pseudoleukocytosis and pseudothrombocytosis. At the
same time, the RBC indexes are generally unaffected.
Correction of the artifacts for automated counts can be
obtained by warming the blood to 37�C or by keeping
the blood at 37�C from the time of collection to the
time of testing. Peripheral blood smear typically shows
slightly basophilic extracellular material, and leukocyte
cytoplasmic inclusions are occasionally found.

Pseudothrombocytopenia

Pseudothrombocytopenia is caused by various etiolo-
gies, including giant platelets [13], anticoagulant-induced
pseudothrombocytopenia [14], platelet satellitism [15,16],
and cold agglutinin-induced platelet agglutination [17].
Regarding giant platelets, due to their large size, they are
excluded from electronic platelet counting causing pseu-
dothrombocytopenia [13]. This scenario is of particular
clinical importance in patients with rapid consumption
of platelets in the peripheral circulation, such as in DIC,
acute immune thrombocytopenic purpura, or thrombotic
thrombocytopenic purpura. Effective platelet production
by bone marrow in these cases will present with many
large platelets in peripheral blood, many of which may
not be identified by automated analyzers. An accurate
platelet count can be obtained with a manual count using
phase contrast microscopy.

Anticoagulant-induced pseudothrombocytopenia is
an in vitro platelet agglutination phenomenon generally
seen in specimens collected into EDTA [14]. It has been
reported both in healthy subjects and in patients with
various diseases (including collagen vascular disease
and neoplasm) [12], and it has an overall incidence of
approximately 0.1% [13,18]. Although the agglutination
is most pronounced with EDTA, it may occasionally
occur with other anticoagulants, such as heparin, cit-
rate, and oxalate [14]. Because the platelet aggregates
are large, the automated hematology counters do not
recognize them as platelets, leading to lower platelet
counts [14]. In some cases, the aggregates are large
enough to be counted as leukocytes by automated
instruments, causing a concomitant pseudoleukocytosis
[14]. The platelet aggregation in pseudothrombocytope-
nia is usually temperature-sensitive [14], with maximal
activity at room temperature. The EDTA-induced pseu-
dothrombocytopenia is mediated by autoantibodies of

IgG, IgM, and IgA subclasses [19] directed at an epi-
tope on glycoprotein IIb [20]. This epitope is normally
hidden in the membrane GP IIb/IIIa due to ionized cal-
cium maintaining the heterodimeric structure of the GP
IIb/IIIa complex [20]. Through its calcium chelating
effect, EDTA dissociates the GP IIb/IIIa complex with
GP IIb epitope exposure [20]. It has been noted that in
Glanzmann’s thrombasthenia, a disorder characterized
by the quantitative and/or qualitative abnormality of
glycoprotein IIb/IIIa, pseudothrombocytopenia does
not occur [20]. Interestingly, in recent years, Abciximab
(a GP IIb/IIIa antagonist) has been found to be associ-
ated with pseudothrombocytopenia [21]. If
anticoagulant-induced pseudothrombocytopenia is sus-
pected, a peripheral blood smear should be examined
for platelet clumping [14].

Platelet satellitism has features similar to
anticoagulant-induced pseudothrombocytopenia. In
the presence of EDTA, platelets bind to leukocytes and
form rosettes [15,16]. The binding is usually to neutro-
phils [15], but binding to other leukocytes has also
been reported [16]. The automated analyzers do not
identify platelets that bind to leukocytes, resulting in
pseudothrombocytopenia. Platelet satellitism is medi-
ated by autoantibodies of IgG type directed at GP IIb/
IIIa on the platelet membrane and to an Fcγ receptor
III on the neutrophil membrane [22].

Platelet agglutination due to cold agglutinins caus-
ing pseudothrombocytopenia is a rare condition. The
platelet agglutination is anticoagulant-independent,
usually occurs at 4�C, and is mediated by IgM autoan-
tibodies directed against GP IIb/IIIa [17]. Because
these autoantibodies have little activity at temperatures
above 30�C, they are not associated with any clinical
significance [1].

Spurious Leukocytosis

The presence of microorganisms in the peripheral
blood can result in spuriously high WBC counts or dif-
ferentials by automated analyzers. Organisms that
have been shown to be associated with this artifact
include Histoplasma capsulatum, Candida sp., Plasmodium
sp., and Staphylococcus sp. [23]. Spurious leukopenia
due to EDTA is sometimes encountered [24,25].
Leukoagglutination has been reported as a transient
phenomenon in neoplasia (especially lymphoma),
infections (infectious mononucleosis, acute bacterial
infection, etc.), alcoholic liver diseases, and autoim-
mune diseases (rheumatoid arthritis, etc.). It can also
occur in the absence of any obvious underlying disease,
even though an inflammatory condition is often found.
Other well-known EDTA-dependent counting errors
are platelet clumps and platelet-to-neutrophil
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satellitism. Association of neutrophil clumping and
platelet satellitism has also been observed [26].

False-Positive Osmotic Fragility Test

The osmotic fragility test is useful for diagnosis of
hereditary spherocytic hemolytic anemia [27].
Spherocytes are osmotically fragile cells that rupture
more easily in a hypotonic solution than do normal
RBCs. Because they have a low surface area:volume
ratio, they lyse at a higher solution osmolarity than do
normal RBCs with discoid morphology. After incuba-
tion in a hypotonic solution, a further increase in
hemolysis is typically seen in hereditary spherocytosis.
Cells that have a larger surface area:volume ratio, such
as target cells or hypochromic cells, are more resistant
to lysing in a hypotonic solution.

Conditions associated with immunologically medi-
ated hemolytic anemias may present with many micro-
spherocytes in peripheral blood. Consequently, the
fragility test can be positive in immunologically medi-
ated hemolytic anemias other than hereditary sphero-
cytosis, but the former would have a positive direct
Coombs test and the latter would not.

Errors Related to Sample Collection, Transport,
and Storage

EDTA is the typical anticoagulant used in blood col-
lection tubes. It can be in a dry format or as a solution.
The amount and concentration of EDTA require that
blood should be collected up to a specific mark on the
tube. If too little blood is collected, dilution of the sam-
ple can become an issue with alteration of parameters.
Relative excess EDTA in such cases also affects the
morphology of blood cells. Transport of specimen
should ensure that high temperatures are avoided. Red
cell fragmentation is a feature of excess heat [28].

Prolonged storage will result in degenerative
changes in WBCs. This is best illustrated in neutrophils,
in which WBCs have a round pyknotic nucleus. To the
casual observer, these cells may appear as nucleated
red cells. Abnormal lobulation of the lymphocyte nuclei
is another established phenomenon with prolonged
storage of blood [29]. These cells may be considered as
atypical lymphocytes, with an incorrect implication of
an underlying lymphoproliferative disorder.

Table 19.1 summarizes sources of laboratory errors
in hematology testings.

COAGULATION TESTING

Patients with coagulation disorders may either
bleed or form thromboses. Hemostasis involves

TABLE 19.1 Sources of Laboratory Errors in Hematology

Falsely high hemoglobin

Turbid sample (hyperlipidemia, parenteral nutrition,
hypergammaglobulinemia, cryoglobulinemia, marked leukocytosis)
Smokers (high caboxyhemoglobin)

Falsely low hemoglobin

Rare

Falsely high RBC count

Large platelets
Red cell fragments

Falsely low RBC count

Cold agglutinin

Falsely high MCV

Cold agglutinin
Hyperosmolar state (uncontrolled diabetes mellitus)

Falsely low hemoglobin

Large platelets
Hypoosmolar state

Falsely high WBC count

Nucleated red cells
Nonlysis of red cells (due to target cells in hemoglobinopathy)
Giant platelets or platelet clumps (due to EDTA)
Cryoglobulins
Microorganisms

Falsely low WBC count

Leukoagglutination (due to EDTA)
Cold agglutinin

Falsely increased lymphocyte count

Nucleated red cells
Nonlysis of red cells (due to target cells in hemoglobinopathy)
Giant platelets or platelet clumps (due to EDTA)
Malarial parasites
Dysplastic neutrophils (hypolobated neutrophils)
Basophilia

Falsely decreased lymphocyte count

Rare

Falsely high neutrophil count

Rare

Falsely low neutrophil count

Neutrophil aggregation
Neutrophil with hemosiderin granules (counted as eosinophils)

Falsely increased eosinophil count

Neutrophils with hemosiderin granules (counted as eosinophils)
Red cells with malarial pigments

Falsely low eosinophil count

Hypogranular eosinophils

(Continued)
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activation of the clotting factors and platelets [30].
Evaluation of platelet events may include a CBC,
examination of the peripheral smear, bleeding time,
and platelet aggregation test. Evaluation of the clotting
factors is typically done by partial prothrombin time
(PT) and activated partial thromboplastin time (aPTT)
measurements. Abnormal PT or aPTT will usually lead
to mixing studies to determine whether the abnormal
result is due to factor deficiency or inhibitors. If there
is correction of the prolonged clotting time in the mix-
ing study, then factor assays will be performed to
identify the deficient factor(s). Inhibitors include
specific clotting factor inhibitors as well as lupus anti-
coagulants. Inhibitor screen and inhibitor assays or
confirmatory tests for lupus anticoagulants will follow.
Blood samples for coagulation tests are typically
obtained in tubes with sodium citrate buffer. There
are various sources of erroneous test results in coagu-
lation testing, and these are addressed in the following
sections.

ERRORS IN PTAND aPTT
MEASUREMENTS

PT measures the time required for a fibrin clot to
form after addition of tissue thromboplastin and cal-
cium to platelet-poor plasma collected in a citrated

tube. PT measures the activity of VII, X, V, II, and
fibrinogen. If aPTT is normal, then a prolonged PT is
due to factor VII deficiency. PT is relatively insensitive
to minor reductions in the clotting factors. aPTT is pro-
longed with deficiencies of XII, XI, X, IX, VIII, V, II,
and fibrinogen. Just like PT, aPTT can be normal in
minor deficiencies. In general, the deficient factor has
to be approximately 20�40% to cause a prolonged
aPTT. Most laboratories use automated methods for
PT and aPTT measurements. Either optical or mechani-
cal methods are employed to monitor clot formation. If
measured with optical methods, shortened times may
be seen with turbid plasma (e.g., hyperlipidemia and
hyperbilirubinemia). aPTT is a test conventionally
used to monitor heparin therapy. It is important to
properly separate plasma from platelets as soon as
possible. Platelet factor 4 can neutralize heparin, thus
spuriously reducing aPTT values. Factor VIII levels are
reflected in aPTT measurements. Factor VIII is an acute
phase reactant. Again, if aPTT is being used to monitor
heparin therapy in a patient who has an underlying
cause for acute phase reactants to be elevated, aPTT
values may be falsely lower than expected.

ERRORS IN THROMBIN TIME
MEASUREMENT

Thrombin time (TT) measures the time to convert
fibrinogen to fibrin. Dysfibrinogenemia, elevated levels
of fibrin degradation product, and paraproteins can
interfere with fibrin polymerization, thus falsely
prolonging TT. Amyloidosis can inhibit the conversion
of fibrinogen to fibrin, also prolonging TT. In certain
malignancies, heparin-like anticoagulants have been
known to be the cause of prolonged TT. Next, specific
selected test errors that are often seen in the coagula-
tion laboratory are discussed in more detail.

Incorrectly Filled Tubes

Citrate tubes for coagulation tests are designed for a
9:1 ratio of blood to citrate buffer. Both underfilling
and overfilling of the citrate tube result in imbalances
in this blood-to-buffer ratio and produce artificially
prolonged or shortened clotting times, respectively
[31]. Both underfilling and overfilling result in too little
or too much blood sample for fixed amount of antico-
agulant in the tube, respectively. The amount of blood
that fills the citrated tubes is controlled by vacuum,
which maintains the proper 9:1 ratio of blood to antico-
agulant [32]. Underfilling may be caused by air bub-
bles in the tube, vacuum loss, or not allowing the tube
to completely fill during the blood collection process.

TABLE 19.1 (Continued)

Falsely increased monocyte count

Large reactive lymphocytes
Lymphoblasts
Lymphoma cells
Immature granulocytes

Falsely low monocyte count

Rare

Falsely high platelet count

Fragmented red cells (in microangiopathic hemolysis)
Fragmented white cells (in leukemia)
Microorganisms
Cryoglobulin

Falsely low platelet counts

Partial clotting or platelet activation
Giant platelets
Platelet clumps and platelet satellitism (due to EDTA)
GP IIb/IIIa antagonists
Platelet agglutination (due to cold agglutinin)

False-positive fragility test

Immunologically mediated hemolytic anemias

MCV, mean corpuscular volume.
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If the tube stopper is removed, it also becomes difficult
to obtain the correct amount of blood and attain the
proper 9:1 ratio. If the patient’s hematocrit is known in
advance of blood collection to be greater than 55%
(e.g., in patients with polycythemia) or below 21% (e.g.,
in patients with severe anemia), the amount of sodium
citrate must be adjusted using the following formula:

C5 0:001853 100 Hð Þ3V

where C is the volume of 3.2% sodium citrate in
milliliters, H is the hematocrit in percentage, and V is
the volume of blood in milliliters.

Errors in clotting tests due to hematocrit changes
without adjustment in the citrate volume are most sig-
nificant with elevated hematocrits because even severe
anemia does not significantly change PT or aPTT.

Dilution or Contamination with Anticoagulants

Blood collection from indwelling lines or catheters
could be a potential source of testing error. Sample
dilution from incomplete flushing or hemolysis caused
by improper catheter insertion can alter coagulation
test results. Heparinized lines should be avoided if
blood must be drawn from an indwelling catheter. If
using a heparinized line is absolutely necessary, ade-
quate line flushing must be achieved before blood col-
lection. The National Committee for Clinical
Laboratory Standards recommends flushing lines with
5 mL of saline [33]. At least 5 mL or six times the dead
space volume of the catheter should be discarded
before blood collection. The Intravenous Nursing
Standards of Practice recommends that manufacturers’
instructions should always be followed regarding the
appropriate discard volume. These guidelines also
state that blood should not be acquired from various
types of indwelling cannula, venous administration
sets, and indwelling cardiovascular or umbilical lines
[34]. Even when the initial volume drawn is discarded
before blood collection according to these guidelines,
specimens drawn from a heparinized line are still eas-
ily contaminated with heparin. Consequently, blood
for coagulation tests should be drawn directly from a
peripheral vein, avoiding the arm in which heparin,
hirudin, or argatroban is being infused for therapy
[30]. Before coagulation testing, heparin may be
removed or neutralized with polybrene in the coagula-
tion laboratory; however, residual heparin may con-
tinue to cause testing interferences [35].

By enhancing antithrombin activity, heparin inhibits
activated factors II (thrombin), X, IX, XI, XII, and kalli-
krein. In contrast, lepirudin, danaparoid, and argatro-
ban inhibit only activated factor II [30]. These
anticoagulants (heparin, lepirudin, and argatroban)

prolong aPTT and interfere with coagulation tests such
as factor assays and lupus anticoagulant assays. Factor
assays may yield falsely low levels, whereas lupus
anticoagulant may be falsely positive.

Traumatic Phlebotomy

Traumatic phlebotomy can result in artificially
shortened coagulation results such as PT and aPTT.
This is due to excessive activation of coagulation fac-
tors and platelets by release of tissue thromboplastin
from endothelial cells [36]. A proper free-flowing
puncture technique will avoid this release of tissue
thromboplastin and avoid this artifact.

Fibrinolysis Products and Rheumatoid Factor

Fibrinolysis is mediated by plasmin, which
degrades fibrin clots into D-dimers and fibrin degrada-
tion products. Plasmin also degrades intact fibrinogen,
generating fibrinogen degradation products. Fibrin
degradation products and fibrinogen degradation pro-
ducts are collectively known as fibrin/fibrinogen deg-
radation products (FDPs) or fibrin/fibrinogen split
products (FSPs). Assays for D-dimer and FDPs are
semiquantitative or quantitative immunoassays.

Latex Agglutination

Patient plasma is mixed with latex particles that are
coated with monoclonal anti-FDP antibodies [37]. If
FDP is present in the patient plasma, the latex particles
agglutinate as FDP binds to the antibodies on the latex
particles. These agglutinated clumps are detected visu-
ally. Various dilutions of patient plasma can be tested
to provide a semiquantitative result known as FDP
titer. Latex agglutination assays are also available for
D-dimers. Various automated and quantitative ver-
sions of this assay are commercially available for
D-dimers in which the agglutination is detected turbi-
dimetrically by a coagulation analyzer rather than
visually by a technologist [38,39].

Enzyme-Linked Immunosorbent Assays

Quantitative enzyme-linked immunosorbent assays
(ELISAs) are also available for FDPs and D-dimers.
The traditional ELISA method is accurate but is not
useful due to long analytical time. An automated,
rapid ELISA for D-dimers is also available (VIDAS,
bioMerieux) [40�42].

One of the most important limitations of D-dimer
and FDP assays is interference by high rheumatoid fac-
tor levels. This may cause false-positive results with
almost all available assays. The most useful clue to
detect this interference is evaluation of the DIC panel.
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If all values in this panel (PT, aPTT, TT, and fibrino-
gen) are normal except for FDP or D-dimer, the pres-
ence of rheumatoid factor is most likely the cause.

PLATELET AGGREGATION TESTING
WITH LIPEMIC, HEMOLYZED, OR
THROMBOCYTOPENIC SAMPLES

Platelet aggregation measures the ability of platelets
to adhere to one another and form the hemostatic
plug, which is the key component of primary hemosta-
sis [30]. It can be performed using either platelet-rich
plasma or whole blood. Substances such as collagen,
ristocetin, arachidonic acid, adenosine 50-diphosphate,
epinephrine, and thrombin can stimulate platelets and
hence induce aggregation. Response to these aggregat-
ing agents (known as agonists) provides a diagnostic
pattern for different disorders of platelet function.
Measurement of aggregation response is typically
based on changes in the optical density of the sample.

Platelet aggregation is affected by a number of con-
founding variables. Lipemic and hemolyzed samples
complicate aggregation measurements because they
obscure spectral changes due to platelet aggregation.
Thrombocytopenia also makes platelet aggregation
evaluations difficult to interpret because a low platelet
count by itself may yield an abnormal aggregation
pattern.

CHALLENGES IN ANTICOAGULANTS
AND LUPUS ANTICOAGULANT TESTS

The International Society on Thrombosis and
Haemostasis Scientific Subcommittee on Lupus
Anticoagulant recommended two sensitive screening
tests for lupus anticoagulants that assess different com-
ponents of the coagulation pathway: clotting time-
based assays, such as the dilute Russell viper venom
time (DRVVT), and aPTT-based assays, such as kaolin
clotting time and dilute prothrombin time (tissue
thromboplastin inhibition test) [43]. Lupus anticoagu-
lants prolong various phospholipid-dependent clotting
times in the laboratory because they bind to phospho-
lipid and thereby interfere with the ability of phospho-
lipid to serve its essential co-factor function in the
coagulation cascade. Lupus anticoagulant screening
assays usually have a low concentration of phospho-
lipid to enhance sensitivity. Any abnormal (prolonged)
screening result typically requires a 1:1 mixing study in
which the patient plasma is mixed with one equal vol-
ume of normal plasma to demonstrate that the clotting
time remains prolonged upon mixing. Confirmatory
assays are performed if the screening assay remains

abnormal after the 1:1 mixing. Confirmatory assays
typically demonstrate that upon addition of excess
phospholipid, the clotting time shortens toward nor-
mal. The platelet neutralization procedure is a confir-
matory assay in which the source of the excess
phospholipid is freeze�thawed platelets. The hexago-
nal phospholipid neutralization procedure is also based
on the same principle—that is, the clotting time
becomes corrected after addition of phospholipid in
hexagonal phase. Note that aPTT may or may not be
prolonged, depending on the amount of phospholipid
in the reagent.

In many lupus anticoagulant assays, heparin
(including subcutaneous low-dose heparin) may cause
false-positive lupus anticoagulant results. By enhanc-
ing antithrombin activity, heparin inhibits activated
factors II (thrombin), X, IX, XI, XII, and kallikrein.
Subsequently, clotting times such as PT and aPTT are
prolonged and interfere with lupus anticoagulant
assays. Lepirudin, danaparoid, and argatroban inhibit
activated factor II and can also prolong clotting times.
Before coagulation testing, heparin may be removed or
neutralized with polybrene in the coagulation labora-
tory; however, residual heparin may continue to cause
testing interferences [44]. Results for lupus anticoagu-
lant assays can be interpreted correctly in patients on
Coumadin. Table 19.2 summarizes important labora-
tory coagulation errors due to various entities.

CASE STUDIES

Two case studies highlight the issues discussed in
this chapter.

Case Study 1

A cardiac surgeon was following up on his patient
during the first week of surgery. A CBC was done to
assess current hematologic parameters. The hemoglo-
bin level was acceptable at 12.5 g/dL. However, the
RBC count was low at 2.9 million/mm3 of blood. The
values for MCV and MCH were also high. The sur-
geon was naturally concerned with the low RBC count
and found the values for hemoglobin and RBC count
discrepant. He called the pathologist to discuss the
findings. The pathologist reviewed the smear and
found red cell agglutination. Red cell agglutination can
be seen in cold hemagglutinin disease. Because hemo-
globin levels are measured after lysing red cells,
whether the red cells are agglutinated or not does not
matter. However, with red cell agglutination, the total
RBC count would be reduced. The MCV and MCH
values would be falsely high. The high MCH value

312 19. SOURCES OF ERRORS IN HEMATOLOGY AND COAGULATION TESTING

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



should have been an indication for the lab technologist
to preview the smear and to warm the blood prior to a
repeat CBC on the hematology analyzer.

Case Study 2

A 52-year-old female who has long-standing rheu-
matoid arthritis is under the care of an oncologist due
to a recently diagnosed soft tissue sarcoma. The
oncologist is concerned about chronic DIC and decides
to evaluate her. Her CBC results show thrombocytope-
nia. Her PT and aPTT results are within normal limits.
However, her D-dimer values are elevated. The

oncologist calls the pathologist to discuss the findings
in this case. The pathologist reviews her peripheral
smear and observes platelet clumping. The pathologist
explains that this phenomenon may be seen especially
with samples collected in EDTA tubes. Recollection
in heparin or sodium citrate tubes should result in
an accurate and higher platelet count. Rheumatoid
factor is an example of a false-positive D-dimer test.
Ultimately, it was proven that this patient does not
have DIC.

CONCLUSIONS

In this chapter, common tests performed in the
hematology and coagulation section of the laboratory
were discussed. Sources of errors can potentially
include all steps in testing—collection of samples,
transportation, storage, and methodology used—as
well as intercurrent issues of the patients. It is impera-
tive to follow procedures and protocols for all con-
cerned to attempt to obtain meaningful, accurate
values. Laboratory technologists and pathologists need
to be aware of situations in which erroneous results
may be obtained. Correlation with clinical information
provided or from the medical records is required in
certain situations. If aware of issues related to possible
erroneous results, clinicians will also contribute to pro-
viding appropriate interpretation of laboratory results.
In essence, it is a team effort of laboratory personnel
and clinicians to provide an accurate interpretation of
laboratory tests for better clinical decisions and patient
management.
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INTRODUCTION

Clinical microbiology is a discipline that encom-
passes a broad range of testing methodologies, and it is
complex in terms of organisms and methods used to
isolate and identify them. Although significant
improvements in testing methodologies have been
made, clinical microbiology remains heavily reliant on
culture-based methods and phenotypic methods for
identification of culture organisms. The wide variety of
pathogens and testing methods that are available
makes microbiological testing challenging, and thus
error detection and correction are important compo-
nents of quality microbiology laboratory testing. Errors
may occur at all stages of testing (pre-analytical, analyt-
ical, and post-analytical), and an error in one stage of
testing is likely to overlap with or lead to errors in
other stages (e.g., incorrect specimen collection can
lead to culture, identification, and reporting of organ-
isms that are not involved in the disease process and to
incorrect or unnecessary antimicrobial therapy as a
result). In the clinical microbiology laboratory, as in
every other discipline, the frequency of analytical
errors has been reduced considerably with the imple-
mentation of quality control and quality assurance pro-
grams. Despite the improvements in microbiological
testing, microorganisms remain a constant challenge,
and errors do occasionally occur. This chapter dis-
cusses some of the common interferences in the clinical
microbiology laboratory.

ISSUES WITH PRE-ANALYTICAL ERRORS

Pre-analytical parameters are an important compo-
nent of microbiology testing. High-quality results from

the clinical microbiology laboratory are directly related
to specimen quality. Pre-analytical steps in clinical
microbiology testing include selection and proper
ordering of the appropriate test method (appropriate
test usage), selection and collection of high-quality spe-
cimens that are representative of the disease process,
and timely transport of the specimen to the laboratory
[1]. Problems with these pre-analytical steps in the
testing process can result in laboratory errors. Pre-
analytical errors include those related to specimen selec-
tion, specimen collection and transport, and storage, as
well as test ordering. Often, errors that occur down-
stream in the testing process can be traced back to inap-
propriate test selection or problems with specimens.

Errors Related to Specimens

Many of the errors that occur in clinical microbiology
are related to specimen quality. Selection, collection,
and transport of good-quality and appropriate speci-
mens are critical components of obtaining accurate,
meaningful results in clinical microbiology. Selection of
an appropriate specimen is critical to ensure isolation
and identification of the pathogenic agent [2]. The fol-
lowing sections discuss general categories in which
errors in specimen selection, collection, transport, and
storage occur that can give misleading or erroneous
microbiology results.

Specimens Collected from the Wrong Anatomic Site

Specimens must reflect the disease process; speci-
mens that are collected from the wrong site can yield
misleading results. A common example is wound spe-
cimens that are collected by swabbing the surface of
the lesion. The pathogen causing the infection is
unlikely to be recovered from these samples. Rather, a
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sample collected from deep within the wound is pref-
erable. These samples are more likely to reveal the
pathogen involved in the infectious process, and they
are less likely to be contaminated with commensal
organisms from the skin.

Specimens are Contaminated with Endogenous
Flora

Specimens that must be collected through sites that
contain endogenous flora (e.g., sputum and urine)
must be collected using methods that avoid or mini-
mize contamination. Growth of normal flora may
inhibit growth and identification of the pathogen,
resulting in a false-negative culture. Cultures that are
overgrown with contaminating flora can be difficult to
interpret, delaying the reporting of culture results. The
presence of contaminating organisms may also result
in workup (identification and susceptibility testing) of
organisms that are not involved in the disease process
(false positive).

Specimens Were Collected after Administration of
Antimicrobial Agents

Many pathogens are highly susceptible to antimicro-
bial therapy and are rapidly killed following antimi-
crobial administration. For example, in patients with
meningococcal meningitis, cerebrospinal fluid (CSF)
may be sterilized within 30 min of administration of
antimicrobials. In cases in which a bacterial pathogen
is suspected but culture results are negative, the possi-
bility of antimicrobial administration prior to specimen
collection should be considered. Failure to isolate and
identify the pathogen can lead to incorrect patient
management.

Suboptimal Volume of Sample was Submitted for
Culture

A specimen may be subjected to a concentration
procedure prior to analysis due to low bacterial or
viral burden (e.g., CSF) in the specimen. A common
cause of false-negative culture results, especially in the
mycobacteriology laboratory, is insufficient volume.
Sterile body fluids such as pleural fluid, peritoneal
fluids, or CSF are usually concentrated by the labora-
tory as part of the initial processing procedure. An
insufficient volume of specimen may lead to false-
negative culture results. Most laboratories have mini-
mal recommended and required volumes; adherence
to these guidelines can ensure optimal sensitivity of
the test. Correct volume of specimen is especially
important in the clinical mycobacteriology laboratory.
Respiratory specimens being cultured for isolation of
Mycobacterium tuberculosis are concentrated to optimize
recovery of the organism.

An Inappropriate Transport Device Has Been Used

The wide variety of tests and methods used in
microbiology means that many different collection and
transport devices are used. Transport devices are
intended to stabilize the specimen, protect the organ-
isms from degradation, maintain an anaerobic environ-
ment (for anaerobic culture requests), and prevent
overgrowth of contaminating flora. The microbiology
laboratory should have specific transport devices that
are intended for specific groups of organisms (e.g.,
anaerobic transports) or specific tests.

Prolonged Transport Time

If specimens are collected but not transported to the
laboratory for processing quickly, fastidious organisms
and anaerobes can quickly be lost. For specimens that
may be delayed in transport to the laboratory, special
collection devices with transport media should be
used. Cultures for anaerobes (e.g., abscess material, tis-
sues, and biopsies) are especially subject to loss of via-
bility unless the material is transported in appropriate
anaerobic transport media. Anaerobes are rapidly
killed upon exposure to oxygen; cultures submitted to
the laboratory for anaerobes should be processed with-
out a delay.

Storage of Specimen at Inappropriate Temperature

If the microbiology laboratory does not process spe-
cimens on every shift, specimens that arrive at the lab-
oratory may need to be stored temporarily; most
specimens can be stored at 4�C to maintain organism
integrity and suppress the growth of contaminants.
However, certain organisms are very sensitive to cold
temperatures, and cultures for these pathogens should
be performed immediately after specimens are col-
lected. Examples of organisms that do not survive
well during prolonged transport or in a refrigerated
storage are Neisseria meningitidis, Neisseria gonorrhoeae,
Streptococcus pneumoniae, and Haemophilus influenzae.
Specimens should be transported to the laboratory
without delay and not refrigerated.

Errors Related to Microbiology Test Ordering

The diversity of microorganisms and the wide vari-
ety of test methods available can be a challenge for
laboratory customers. With rapidly changing technolo-
gies, microbiology laboratories are regularly updating
and improving their testing profile. Customers are not
always aware of the methods that are used by their lab-
oratory. Good communication to laboratory customers
is necessary to ensure that physicians are aware of the
recommendations for testing and that they know what
is or is not included in a certain test. Inappropriate tests

316 20. CHALLENGES IN CLINICAL MICROBIOLOGY TESTING

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



are ordered when physicians are not aware of what a
culture- or polymerase chain reaction (PCR)-based test
includes. Failure to order the correct test can result in
failure to isolate or detect a pathogen. Some of the
more common occurrences are described here.

Routine Culture Does Not Include Organism of
Interest

Stool cultures for enteric pathogens are one of the
most commonly ordered cultures in the clinical micro-
biology. Routine stool cultures may not include special
methods for isolation of uncommon pathogens such as
Yersinia enterocolitica or Vibrio spp. To prevent this type
of common ordering error, physicians should consult
the laboratory user guide to determine what is
included in the test they have ordered.

Special Methods are Needed for Isolation of
Organism

Inappropriate testing may also occur when special
methods are needed to identify certain pathogens. For
example, some organisms cannot be isolated in routine
cultures. Routine lower respiratory cultures generally
do not include methods for isolation and identification
of fastidious respiratory pathogens such as Legionella
and Bordetella. Special collection and transport meth-
ods as well as culture methods or PCR testing should
be performed for these organisms. The laboratory
must make physicians aware of the diagnostic strategy
used in the facility for unusual pathogens to prevent
test ordering and interpretation errors. The laboratory
should have guidelines available for diagnosis of infec-
tions due to these difficult-to-culture organisms. For
many of these uncultivable organisms, molecular test-
ing or serological testing may be the most appropriate
method to diagnose them.

Multiple Methods are Available but the Wrong
Method is Ordered

With the advent of more sensitive and specific test-
ing methodologies, there may be several options avail-
able for testing. Two important examples are herpes
simplex virus (HSV) encephalitis and cryptococcal
meningitis. Less sensitive methods to diagnose these
illnesses are still available (e.g., “viral culture” or “fun-
gal culture”). For both of these organisms, highly sen-
sitive, rapid methods are available, and the old
methods are obsolete for diagnosis. Health care provi-
ders should ensure that the appropriate test is ordered.
For HSV encephalitis, the recommended test is a
molecular assay such as PCR rather than culture. For
cryptococcal meningitis, a cryptococcal antigen test is
recommended rather than CSF fungal culture or the
obsolete India ink test. Good communication with the
laboratory is critical, and health care providers should

consult the laboratory’s guidelines to ensure that the
correct test is ordered [3].

Errors in Blood Culture Collections

Pre-analytical errors associated with drawing speci-
mens for blood cultures can have significant effects on
the results of the culture. Several commonly encoun-
tered errors may occur with blood cultures submitted
to the microbiology laboratory, including submission
of a single set of blood cultures; inadequate volume of
blood; drawing blood cultures through a catheter; and
inadequate preparation of the draw site, resulting in
contamination. These errors have significant impact on
the laboratory as well as on patient care.

Single Blood Culture Sets

Submitting a single set (e.g., one aerobic and one
anaerobic bottle) or a single bottle for the diagnosis of
bacteremia has several disadvantages that can lead to
errors in culture workup and interpretation of results.
Most important, the sensitivity of the blood culture is
reduced. Many studies have shown that optimal sensi-
tivity is achieved with two or three sets of blood cul-
tures [4,5]; current clinical practice guidelines for
diagnosis of sepsis recommend that two blood culture
sets be obtained within 24 hr of each other. When soli-
tary bottles or sets are submitted, the likelihood of iso-
lating a pathogen is reduced because the total volume
of blood that is cultured is less than the optimal vol-
ume, effectively reducing the sensitivity of the culture.
There are recommended benchmarks for solitary
blood culture rates; an ideal rate is less than 5% [6].
Laboratories can monitor solitary blood culture rates as
part of their quality management program and improve
their solitary collection rate by implementing changes
such as ensuring a blood culture order includes recom-
mendations for two sets and re-educating phlebotomy
or other staff who collect blood cultures. In a College of
American Pathologists Q-Probes study performed in
2001, the lowest rate of solitary blood cultures was seen
in institutions that had implemented several practices:
having phlebotomists draw cultures, instituting a policy
requiring two sets per order, and monitoring of the soli-
tary collection rate [6].

Single bottles or single sets also present a challenge
in interpretation when organisms that may represent
contaminants are isolated (e.g., coagulase-negative
staphylococci and streptococci). Interpretation of blood
cultures that grow organisms that are potential con-
taminants can be difficult when the culture consists of
a single set [7]. With certain organisms, it can be diffi-
cult to determine whether the organism represents a
pathogen or a contaminant [8].
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Inadequate Volume of Blood Collected

Commercially available blood culture bottles require
a certain defined blood volume to be drawn into the
bottles. For adults, the recommendation is 8�10 mL of
blood per bottle. The correct volume of blood is impor-
tant for two reasons: (1) Optimal sensitivity is achieved
when the correct volume of blood is cultured, and
(2) anticoagulants such as sodium polyanetholsulfo-
nate that are included in the culture media are diluted
to the level at which they will not inhibit the growth of
fastidious microorganisms. For pediatric patients,
blood volumes are generally calculated based on the
weight of the patient.

Drawing Blood Cultures through a Catheter

Recommendations for blood cultures are to draw
through a venipuncture. Drawing blood cultures through
a catheter can result in several confounding problems,
including culture and workup of colonizing organisms
and dilution of blood by fluids in the catheter line.
Drawing blood cultures through a vascular catheter
should be discouraged [8�10]. Discarding an initial ali-
quot of blood when using a catheter to obtain the blood
specimen does not reduce the rate of contamination [11].

Inadequate Preparation of the Draw Site

Preparation of the venipuncture site to inactivate
skin organisms is necessary to prevent growth of con-
taminants. The isolation and identification of blood
culture contaminants is a significant problem for clini-
cal microbiology laboratories and for patient care pro-
viders. Workup of contaminating organisms adds
extra, unnecessary work for the laboratory and, impor-
tantly, may provide misleading results to clinicians,
resulting in unnecessary antimicrobial therapy for
patients. Careful adherence to the laboratory’s proce-
dure for preparation of the draw site for blood cultures
can reduce the growth of microbial contaminants
[9,10]. A policy for workup of positive blood cultures
based on the organism identification and number of
bottles may help prevent excess work and misleading
reports from the laboratory.

Delayed Entry of Blood Culture Bottles into
Automated Instruments

Blood cultures should be placed into automated
instruments immediately after collection (ideally,
within 1 hr). In reality, delays in bottle entry often
occur, especially when the microbiology laboratory is
located off-site, such as in a central laboratory or at a
referral laboratory. In these cases, delays of up to 24 hr
are not uncommon. The storage conditions and the
length of time for blood cultures can result in reduced
recovery of organisms [12].

Pre-Analytical Error: Microbiology Cultures
Not Ordered on Surgical Specimens Submitted
to the Pathology Laboratory

A common occurrence is failure to order microbio-
logical testing potential for an infectious process when
specimens are surgically obtained for submission to
pathology. Often, these specimens are submitted in
formalin, therefore obviating the possibility of cultur-
ing any live organisms.

Suggestions for Reduction in Pre-Analytical
Errors in the Clinical Microbiology Laboratory

Good communication between the laboratory and
the physicians using the laboratory is the best way to
prevent pre-analytical errors. The laboratory should
routinely check and update its specimen collection and
test ordering guidelines. A program of electronic
updates to test menus is ideal. The laboratory supervi-
sors and directors should also be available for consul-
tation and guidance on test selection, ordering, and
interpretation.

ANALYTICAL ERRORS IN THE
MICROBIOLOGY LABORATORY

With programs of quality control, quality assurance,
and quality improvement in place, analytical errors in
the clinical microbiology have been greatly reduced
during the past 20 years. Clinical microbiology testing
has also improved because of significant progress in
testing methodologies, technical improvements, and
availability of tests with better sensitivity and specific-
ity. The frequency of analytical errors in the clinical
laboratory is now quite low. Total quality management
programs now in use in most clinical laboratories are
designed to prevent and minimize analytical errors. By
implementing and integrating training, competency
assessment, proficiency testing, quality control, and
quality assurance in the clinical microbiology labora-
tory, many potential analytical errors are prevented or
detected and corrected before reporting, reducing the
number of errors that impact patient results. With the
availability of standards and guidelines for most of the
testing performed by clinical microbiology laborato-
ries, analytic errors have been reduced to a very low
level. When errors do occur during the analytic phase
of microbiology testing, they tend to occur as a result
of biological variability exhibited by microorganisms.
Automated systems for identification and susceptibil-
ity testing are also subject to occasional errors, espe-
cially with testing of unusual organisms, fastidious
organisms, or organisms with unusual resistance to
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antimicrobial agents. Some of the more commonly
seen analytical errors that can occur in the clinical
microbiology laboratory are discussed next.

Gram Stains Errors

The Gram stain is one of the most important meth-
ods used in the clinical microbiology laboratory. It is
used for initial assessment of specimens prior to cul-
ture and is an important step in the workup and
identification of pathogens isolated from clinical speci-
mens. Gram stains guide workup pathways and iden-
tification of organisms; thus, they are extremely
important to the accurate processing and workup of
specimens. Gram stain errors can occur for several rea-
sons: Organisms may not exhibit an expected Gram
stain morphology, or technical errors performing the
Gram stain may occur:

Technical errors in preparation of the smear and
performing the Gram stain: Proper preparation of the
Gram smear must be performed to ensure that the
smear is not too thick or too thin. Thin smears can
result in reduction of sensitivity, especially when
organisms are rare in the specimen, and are prone
to over-decolorization, causing Gram-positive
organisms to appear Gram-negative. Thick smears
are prone to under-decolorization, can reduce
specificity, cause Gram-negative organisms to
appear Gram-positive, and may retain artifacts
during the staining, making reading difficult.

Inherent variability in organism Gram characteristics:
Certain organisms do not always exhibit expected
Gram stain characteristics; occasionally, Gram-
positive organisms will appear Gram-negative, and
Gram-negative organisms retain crystal violet
during the destaining step and appear Gram-
positive (Table 20.1). Two genera of Gram-positive
organisms that are often isolated in blood cultures,
Clostridium spp. and Bacillus spp., may appear
Gram-negative in smears prepared from culture-
positive bottles. Acinetobacter, a Gram-negative
coccobacillus, may resist destaining and appear
Gram-positive in a Gram smear. Medical
technologists should be aware of this possibility and
use other features of the organism (size,
morphology, and other biochemical characteristics)
to assist in reporting. Alternative methods of
determining the Gram characteristic (e.g., Gram-
Sure reagent) may be used to test organisms
isolated in pure culture.

Analytical Errors in Interpretation of Gram Stains
Performed on Positive Blood Cultures

There are several types of errors that can potentially
occur when Gram stains are performed on bottles that
signal positive in automated systems. The two most
common sources of analytical errors are incorrect
reporting of the Gram characteristic (Gram positives
reported as Gram negatives and Gram negatives
reported as Gram positives). These were primarily due

TABLE 20.1 Organisms That May Exhibit Unusual Gram Stain Characteristics and Suggestions for Identifying Aberrant Results

Organism Usual Gram Morphology Possible Aberrant Result Clues to Possible Aberrant Result

Bacillus spp. Gram-positive bacilli Gram negative Use colony morphology with Gram stain
result

Bacillus spp. are often larger than most
gram-negative bacilli

Clostridium spp. Gram-positive bacilli Gram negative Clostridia are anaerobes

Organism size is very large

Often in short chains

Acinetobacter spp. Gram-negative coccobacilli or
bacilli

Gram positive Coccobacillary shape is unusual for gram-
positive organisms such as streptococci or
staphylococci

Campylobacter Faintly staining Gram
negative; small coccobacilli
with characteristic shape

No organisms seen Use fuchsin counterstain

Perform an acridine orange stain

Legionella, Bordetella Faintly staining Gram
negative

No organisms seen Use fuchsin counterstain

Brucella spp. Small Gram-negative cocci or
coccobacilli

Gram positive Use colony characteristics and growth
characteristics to verify
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to the staining characteristics of the organisms as
described previously [13]:

Error in not recognizing more than one organism present
in a positive smear: The incidence of bacteremia with
more than one organism is fairly low. In a study
published in 2003, the rate of polymicrobial sepsis
was 4.7% [14]. There is potential for failure to
recognize the presence of a second morphotype
when Gram stains of positive blood cultures with
multiple morphotypes present are read. Positive
blood cultures with mixed morphologies (e.g.,
Gram-positive cocci and Gram-negative bacilli) are
occasionally misread as single morphologies
present. Occasionally, errors can occur when two
morphologies occur and one organism is
predominant. It may be difficult to distinguish
Gram-positive cocci in clusters, pairs, or short
chains when these organisms are mixed.
Occasionally, errors occur when Gram-negative
bacilli or coccobacilli are overlooked in smears that
also have Gram-positive organisms.
Error in not recognizing the presence of organisms in
blood cultures that signal positive but no organisms
are seen on the Gram stain: Blood cultures that are
incubated in continuously monitored instruments
may signal positive but appear negative when the
culture medium is stained. There are two
scenarios in which this may occur: false-positive
signaling by the instrument (no organisms are
present but the instrument sensor detects CO2,
giving a positive signal) and the presence of
organisms that are difficult to visualize in a Gram
stain. The laboratory should have methods in
place to determine which of these is occurring
when it has signal positive bottles that are Gram
stain negative.

Certain organisms do not Gram stain well, includ-
ing Legionella, Campylobacter, Bartonella, and Brucella.
Alternate staining procedures should be used, depend-
ing on whether the Gram stain is being performed on
direct clinical specimens or on isolated colonies grow-
ing on solid media. Carbol fuchsin stains can be used
when organisms are not staining well with the Gram
stain. Gram stain errors can occur with fastidious or
difficult-to-stain organisms growing in blood culture
bottles. These bottles may signal positive, but when
the smear is examined by a Gram stain, they are nega-
tive. Occasionally, blood cultures that are incubated in
a continuously monitoring system will signal positive
and the Gram stain shows no visible organisms. In this
case, an alternate staining method such as acridine
orange should be used to determine if organisms are
present. Anaerobes may not stain properly when
exposed to oxygen [15].

CASE REPORT: GRAM STAINS NEGATIVE, CULTURE

POSITIVE BLOOD BOTTLES: Four blood culture bot-
tles signaled positive in the automated blood culture
instrument. Gram staining of the culture medium was
performed; no organisms were noted on the Gram
smear. The blood culture medium was subcultured to
solid media, and the bottles were returned to the
instrument. The following day, bacterial colonies were
evident on the subcultured media. The organism was
identified as Campylobacter jejuni by sequencing.

Negative Gram stains of blood culture media that
signal positive in automated instruments occasionally
occur. In this case, C. jejuni was growing in the blood
cultures but was not recognized in the Gram stain
when the bottles signaled positive; recognition that an
organism was present was not achieved until the sub-
cultures were growing. Staining of the blood culture
medium using an alternative method such as acridine
orange can reveal the presence of organisms, allowing
for a report to be generated.

Analytical Error: False-Positive Reports of Growth
in Liquid Broth Cultures—Reporting the Presence
of Organisms in Culture-Negative Broth Cultures

Liquid culture media such as thioglycollate broth is
commonly used in addition to solid media as a pri-
mary isolation media to allow for recovery of anae-
robes and organisms that may be present in low
numbers in a specimen. The liquid cultures are usually
examined visually, and if turbidity is present, a smear
is made for Gram staining. A common occurrence is to
observe organisms present in the Gram stain (e.g.,
Gram-positive bacilli, Gram-positive cocci, or Gram-
negative bacilli) and to report these. On subculture, the
organisms do not grow. These false-positive reports of
organisms present a challenge to the laboratory.
Liquid nutrient media such as thioglycollate broth
may be sterilized by methods other than filtration;
organisms present in the original material are nonvia-
ble, but they may still be present in the liquid media
and may appear in the Gram stain. Liquid nutrient
media should not be used for initial processing of spe-
cimens (e.g., tissues) because the primary Gram stain
report may be a false positive. Tissues should be
ground in sterile saline, and then a portion of the
ground specimen should be transferred to the liquid
thioglycollate medium. Also, a Gram stain report from
the broth media culture should not be made; subcul-
ture should be performed, and if organisms are recov-
ered, they can be reported.

Liquid blood culture media can also have nonviable
organisms present; if the bottles signal in an auto-
mated instrument, organisms may be present on the
Gram stain, but they are nonviable. These organisms
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represent artifacts, but they are very problematic and
can be confusing.

Methods to Reduce Gram Stain Errors

Gram stain errors can be minimized by ensuring
ongoing quality assurance programs, including that
routine competency assessment programs are in place
in the laboratory. A good way to provide ongoing edu-
cation is for the laboratory to include challenging
organisms in regular plate rounds, allowing everyone
to review the Gram stains after final identification of
the organism. For anaerobic bacteria, preparation of
the smear in anaerobic conditions and prompt fixing
of the smear can help ensure that organisms will dis-
play the proper Gram staining characteristic [15].

Misidentification of Organisms

Incorrect identification of microorganisms remains
one of the more common errors that occur in the clinical
microbiology laboratory. Phenotypic identification
using biochemical testing is still the most common
method by which microorganisms are identified, but
there are limitations to the use of biochemical identifica-
tion of bacteria. Fastidious bacteria and anaerobic bacte-
ria may not grow well in these systems and often are
not correctly identified. Automated systems perform
well for most nonfastidious Gram-negative organisms
and the most commonly isolated Gram-positive cocci
such as staphylococci and enterococci. Automated sys-
tems have limitations for certain groups of organisms
(e.g., Gram-positive bacilli) and thus alternative meth-
ods must be available for laboratories to use when they
encounter organisms that are not accurately identified
in an automated system. There are several different rea-
sons for misidentification of organisms, and as with
many other types of errors in the laboratory, organism
misidentification is often a result of more than one error
in the identification process.

Incorrect Algorithm or Identification Pathway

Identification of organisms that have been isolated
in culture is performed using many tests and para-
meters in stepwise algorithms. Different groups of
organisms may require different testing methodolo-
gies, especially for fastidious organisms, for organism
identification.

Commercial/Automated Identification System
Errors

Commercial identification systems have limitations
for several groups of organisms. The error rates for
identification of nonfastidious Gram-negative bacteria,
staphylococci, and enterococci are quite low. Fastidious

Gram-negative organisms are often misidentified by
automated systems. Organisms may not grow ade-
quately in the panels used in these identification sys-
tems, and databases may not contain all organisms.
Examples of organisms that can be misidentified in
commercial and automated systems include Brucella
spp. and Francisella tularensis. Francisella is frequently
misidentified as Haemophilus influenzae or Actinobacillus
spp. on automated systems. Brucella spp. have been
misidentified as Ochrobactrum anthropi, Oligella ureolyti-
ca, or Psychrobacter [16�18]. Laboratories should be
aware of the potential for misidentification of these
organisms, and suspected Francisella, Brucella, and simi-
lar organisms should not be tested on an automated
system. Alternative methods such as DNA sequencing
or mass spectrometry should be considered. This
approach can not only prevent misidentification but
also will ensure that the laboratory is safely handling
highly pathogenic organisms that can be easily aerosol-
ized. Commercial identification systems may also have
limited databases, and strains of organisms with rare
phenotypes may be misidentified.

CASE REPORT: BORDETELLA HOLMESII

MISDENTIFIED AS ACINETOBACTER LWOFFI: In this
report, four cases of bacteremia in asplenic children
were described [19]. Blood cultures from all four chil-
dren were positive; and Gram-negative bacilli were
recovered from the cultures. The organisms were iden-
tified as Acinetobacter lwoffi (99% probability) using a
Vitek2 Gram-negative card. Key reactions that were
used to distinguish between Acinetobacter and Bordetella
were catalase activity and growth on MacConkey agar.
These isolates were catalase negative and did not grow
on MacConkey—reactions that are not consistent with
Acinetobacter. DNA sequencing of the 16 S rRNA gene
was used to identify these four isolates as Bordetella hol-
mesii. Investigation showed that B. holmesii was not in
the database for the Vitek2 instrument.

Unexpected Positive or Negative Reactions in
Biochemical Methods Used to Identify Organisms

Most organisms have rare strains that do not exhibit
expected biochemical reactions; when these identifica-
tion characteristics are used in algorithms, an incorrect
identification can result. Examples of this phenomenon
are Staphylococcus aureus that are negative in the rapid
latex agglutination test [20] and metabolically inactive
strains of Escherichia coli that are misidentified as
Shigella [21].

Misidentification of Rapidly Growing
Mycobacteria

The rapidly growing mycobacteria commonly iso-
lated from specimens such as blood, sputum, or tissues
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(e.g., Mycobacterium abscessus, Mycobacterium chelonae,
and Mycobacterium fortuitum) may be misidentified as
diphtheroids. These species may grow in routine
media such as liquid broth blood culture media or on
solid agars used for routine bacteriology. These organ-
isms can grow rapidly enough that they are recovered
in routine culture. They may not be recognized as
acid-fast organisms because they stain quite well with
a Gram stain, and they may not always exhibit branch-
ing or beaded morphologies associated with rapid
growers. If one of these organisms is recovered on rou-
tine culture, and the Gram stain shows Gram-positive
bacilli, the organism may be incorrectly reported as
diphtheroids, with no further workup.

Misidentification of Listeria monocytogenes

Listeria monocytogenes has occasionally been misiden-
tified as Streptococcus agalactiae (group B Streptococcus).
Listeria can exhibit coccobacillary morphology in Gram
stains. Both of these organisms are β-hemolytic on
blood agar plates, and colony morphology is similar.
Most identification algorithms call for a catalase test to
be used on hemolytic colonies; occasionally, Listeria
will not exhibit a strong catalase reaction. False-
positive agglutination of Listeria in grouping reagents
used to identify the β-hemolytic streptococci can rarely
occur. Accurate identification of Listeria and group B
Streptococcus is very important because both of these
organisms can cause neonatal meningitis, and antimi-
crobial therapy differs significantly.

Misidentification of Burkholderia cepacia

Burkholderia cepacia is an important organism when
identified in patients with cystic fibrosis, and a report
of B. cepacia is highly significant. Accurate identifica-
tion of B. cepacia, Stenotrophomonas maltophilia, and the
related glucose-nonfermenting organisms is especially
important in this setting. Laboratories should be aware
of the possibility of misidentification of organisms,
especially if they are using automated phenotypic
identification systems. Burkholderia pseudomallei, rarely
identified in the United States, has also been misidenti-
fied as B. cepacia [22]. Isolates with a presumptive iden-
tification of B. cepacia should be confirmed by an
alternate method before release of the identification to
the clinician.

Prevention of Misidentification Errors

Understanding the limitations of the various meth-
ods of organism identification is the best way to pre-
vent misidentifications from occurring. Well-designed
algorithms for workup and identification of organisms
can ensure that the appropriate method for identifica-
tion is selected. A laboratory should have several
methods available to identify microorganisms. Newer

methods such as DNA sequencing and mass spectrom-
etry are much more accurate than biochemical meth-
ods, and they are currently available to laboratories.
Not only can use of the newer methods result in more
accurate identification but also results are often
available much more quickly than with conventional
methods. Careful review of results and correlating
instrument reports with other data on the culture
(source of isolate, growth on selective media, and man-
ual biochemical test results) should be performed for
every isolate.

Failure to Isolate a Pathogen: Negative Culture
Results

False-negative cultures occur for many reasons.
Organisms may be rare in clinical specimens, and if the
volume of material is low, culture results may be nega-
tive. This is often the case with joint aspirates, where
the volume of material submitted for culture is usually
extremely small. False-negative cultures may also occur
if a fastidious or difficult-to-culture organism is causing
the infection. Examples include Legionella, Brucella, and
Kingella. For specimens such as sterile body fluids,
which may contain rare or difficult-to-isolate patho-
gens, the laboratory may recommend using a more sen-
sitive method of culture such as lysis centrifugation or
placing the specimen in a blood culture bottle.

The timing of specimen collection has significant
influence on the culture results, especially when anti-
microbial agents are going to be used. This is critical
for specimens such as CSF for diagnosis of bacterial
meningitis. The CSF may be sterilized within 30 min of
administration of antimicrobial agents, resulting in
false-negative cultures. Obtaining a specimen prior to
administration of antimicrobial agents is critical to
ensure the isolation and identification of the pathogen.
Whenever possible, the CSF should be obtained before
antimicrobials are given.

Antimicrobial Susceptibility Testing Errors

Antimicrobial susceptibility testing (AST) is one of
the most important functions performed by the clinical
microbiology laboratory. With improvements in testing
methods and quality control and quality assurance
programs, AST errors are infrequent and are usually
detected and corrected before results are released
to the clinician. Although laboratory methods are
designed to accurately detect most resistance mechan-
isms, microorganisms are constantly evolving and in
the setting of antimicrobial usage, resistance mechan-
isms emerge. Resistance is complex, and organisms
have many methods by which they can acquire or
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express resistance to antimicrobials. Organisms may
acquire new resistance determinants by sharing plas-
mids or other genetic elements with resistant bacteria,
or they may express resistance mechanisms inducible
in the presence of an antimicrobial agent.

The laboratory must routinely update its policies
and procedures to stay current with susceptibility
methods, known resistance patterns, and reporting
strategies. Errors in AST can have significant impact
on patient care. Although there are many potential
sources of error in AST, most errors can be prevented
by the use of well-standardized, well-controlled poli-
cies and procedures by the laboratory. By using well-
established, standardized methods, and with
good-quality control programs, error rates in AST can
be held to a minimum. The laboratory should also
ensure that the repertoire of agents for testing and
reporting are matched to the hospital formulary.

Potential sources of error in AST occur in several
areas: method differences, technical errors with per-
forming and interpreting the assays, reporting errors,
and inherent problems with certain organism�drug
combinations. Each of these can be minimized by care-
ful adherence to guidelines and recommendations, lab-
oratory procedures, and the quality control program.
There are well-established standards available through
the Clinical and Laboratory Standards Institute (CLSI)
that laboratories should implement. Emerging resis-
tance is always a consideration in susceptibility testing.
Finally, subtle resistance mechanisms or inducible
resistance mechanisms that are not manifested until
therapy is implemented should always be a consider-
ation when the susceptibility testing results indicate an
organism is susceptible but the therapy fails.

Method Differences

The main methods for susceptibility testing are broth
dilution, agar dilution, and disk diffusion. In addition,
several systems for automated AST are available. It is
important to note that each method may have limita-
tions for certain organism�drug combinations and that
there may be minor differences between the results gen-
erated by the automated systems. For example, certain
organism�drug combinations cannot be reliably tested
on automated systems. Laboratories should ensure that
they have implemented the recommended changes to
their software if using automated instruments.

New Resistance Mechanisms or Emerging
Resistance

AST systems may not accurately detect heteroresis-
tance (subpopulations of bacteria with resistance
mechanisms present). When resistance determinants
are present but not being expressed by the organism at
a high level, the isolate may appear susceptible in

in vitro testing, but use of antimicrobials may allow for
expression of the resistance gene. This phenomenon
has been noted for several groups of organisms. An
example is the emergence of carbapenem resistance
in Gram-negative bacteria such as Klebsiella [23].
Automated systems may fail to detect carbapenem
resistance [24�26]. Laboratories should ensure that
screening and confirmatory testing are in place to
detect potential carbapenem resistance. The emergence
of resistance mechanisms in bacteria can result in test-
ing and reporting errors. Unusual results should be
reviewed and investigated; occasionally, aberrant
results can be traced back to technical errors. If no
technical errors have occurred, organisms with
unusual resistance patterns should be tested with a
different method. Unusual susceptibility testing results
should be verified prior to release; laboratories should
have documented protocols in place for verification of
unusual results. Often, investigation reveals that a
technical issue led to the unusual or unexpected result.

Inducible Resistance Mechanism Present, Not
Detected

Inducible resistance mechanisms can be difficult to
identify in the laboratory. Methods are available for
detection of inducible resistance to clindamycin in staph-
ylococci; sensitivity and specificity of these tests are ade-
quate, and very few errors occur. Inducible resistance to
β-lactam agents can be more difficult to detect, especially
in Gram-negative organisms such as Acinetobacter.

CASE REPORT: FATAL ACINETOBACTER BAUMANNII

INFECTION WITH DISCORDANT CARBAPENEM

SUSCEPTIBILITY Initial susceptibility testing of an
Acinetobacter baumannii strain isolated from blood and
respiratory cultures indicated the organism was suscep-
tible to imipenem. The patient was treated with mero-
penem but did not respond clinically; the patient died.
Subsequent testing of the bloodstream isolate using a
disk diffusion test revealed that the organism was sus-
ceptible to imipenem but resistant to meropenem [27].
This case illustrates the potential for resistance mechan-
isms to be missed when only one drug is tested. Testing
of only one agent in a class is very common when using
panels on automated systems because of the limitations
of space on the panels. Laboratories must be aware of
the potential for failure of the automated susceptibility
testing system to detect carbapenem resistance in
Gram-negative bacteria.

False-Positive Mycobacterium tuberculosis
Culture Results

False-positive culture reports of M. tuberculosis
remain a perplexing problem for laboratories that
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perform acid-fast bacteria testing. Specimens that con-
tain M. tuberculosis at high levels have extraordinary
potential to contaminate the work environment during
the handling of these specimens for staining and cul-
ture. Many of the processing steps (pouring, centrifug-
ing, pipetting, etc.) can generate aerosols or result in
splashing, with the result being environmental con-
tamination. Subsequent handling can transmit the con-
taminating organism to culture plates or liquid media,
which can then grow the organism.

Although laboratories are required to have policies
and procedures in place to prevent contamination, it
occasionally occurs. There are several methods by
which a false-positive report of an M. tuberculosis iso-
late can be identified. If the clinical picture does not
match the culture result, the result should be ques-
tioned. A careful review of the laboratory records can
assist in determining if a true-positive sample was han-
dled at the same time. Single positive respiratory cul-
tures may also be questioned. If the patient does have
active respiratory tuberculosis, the organism should
be growing in more than one culture. False-positive
M. tuberculosis culture results may also be identified by
molecular typing of the isolate. Laboratories should
consider sending their M. tuberculosis isolates to be
typed, and the data can be reviewed for matches.
Public health authorities should assist with investiga-
tion of isolates that have matched genotype patterns.

Quality assurance programs should be in place in
all laboratories that offer acid-fast bacteria testing [28].
The laboratory should collect and analyze data on
smear positivity rates and positive culture rates, and it
should keep statistics on how many M. tuberculosis iso-
lates it routinely makes each year. These data will help
in the investigation of any potential problems in the
laboratory.

POST-ANALYTICAL OR REPORTING
ERRORS

Reporting and interpretation of test results are
important components in laboratory testing. Reporting
errors may occur when results of cultures or suscepti-
bility testing are entered manually into the laboratory
information system rather than automatically uploaded
by instrument software. Susceptibility testing results
are especially prone to transcription errors because
there is typically a large amount of data associated with
the results for each organism. Manual entry of data is
tedious and time-consuming. Transcriptional errors can
occur when susceptibility results are entered manually
into the culture report. Transcriptional errors can be
prevented by interfacing the test system (if an auto-
mated system is used) and using the automated

software to check for errors. If an automated system is
not in use, results should be reviewed for transcrip-
tional errors prior to release.

Reporting Inappropriate Organism�Drug
Combinations

CLSI guidelines should be followed by the laboratory
to prevent reporting of inappropriate organism�drug
combinations. Automated susceptibility instrument
software and an interface to the laboratory information
system is the best method for preventing an error in
reporting susceptibility test results. When panels of
antimicrobial agents are used, reports of susceptibility
testing should be tailored according to the organism
being tested; the laboratory should release only the
appropriate agents. For some organism�drug combina-
tions, results should not be reported because of a lack of
correlation between in vitro test results and response of
the organism in vivo.

ERROR PREVENTION, DETECTION,
AND MONITORING

Detection and monitoring of errors in the microbiol-
ogy laboratory should occur through a comprehensive
program of routine monitoring, result review, and
summary reports. The initial review of test results for
each test method or culture type by a laboratory super-
visor is the most important step during which analyti-
cal errors are detected. Detection of errors during the
review step allows for immediate correction prior to
release of results to physicians. Guidance for designing
a comprehensive program for quality assurance in the
microbiology laboratory is outlined in the Cumitech 41:
Detection and Prevention of Clinical Microbiology
Laboratory-Associated Errors [29].

Pre-analytical errors can be prevented or limited by
providing laboratory customers with specimen selection
and collection guidelines. An excellent method for
assisting with specimen collection and test ordering is
to provide periodic in-service education to customers.
Written guidelines for specimen collection, transport,
and storage should be easily available to physicians and
staff collecting samples. Illustrated guidelines are espe-
cially helpful. For example, laboratories can post illus-
trations of various swab collection devices, which often
differ according to test method or specimen type (e.g.,
swabs with transport media for routine throat culture,
anaerobic jars containing pre-reduced media for tissues,
and flocked swabs for respiratory viral specimens).

The laboratory’s quality assurance program should
be designed to allow for detection of problems. For
example, routine monitoring of culture contamination
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rates (e.g., blood culture contamination rates and urine
culture contamination rates) enables laboratories to
monitor data over time. Significant increases in con-
tamination rates can be used as an indicator that
collection guidelines are not being followed, and in-
service training to providers may be implemented.
Quality assurance programs for acid-fast bacilli testing
services should include monitoring of smear positivity
rates, culture positivity rates, number of M. tuberculosis
isolates, and turnaround times for reporting of M.
tuberculosis [28]. Post-analytical errors may be pre-
vented by a system of timely reporting, communica-
tion of unusual laboratory testing results or unusual
organisms, etc.

Good communication between physicians and the
laboratory is an important and necessary component of
obtaining quality laboratory results. This is especially
true for clinical microbiology. The laboratory must pro-
vide information to physicians about testing methodolo-
gies, specimen collection, timing, and transport concern.
Laboratory plate rounds can be very helpful for discus-
sion and interpretation of culture results and for sharing
ideas for alternative testing that may be needed.

CONCLUSIONS

Preventing errors in the microbiology laboratory is
crucial from both a patient management and a patient
safety perspective because clinicians depend on accu-
rate identification of organisms for proper treatment.
In this chapter, various sources of errors—pre-analyti-
cal, analytical, and post-analytical—were addressed
that should help professionals to prevent errors in
microbiology testings.
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INTRODUCTION

Molecular diagnostics is a rapidly growing discipline
in laboratory medicine, with new methods and new
applications continually becoming available and
improvements being made. Molecular techniques are
routinely used in the diagnosis and management of
many infectious diseases and are increasingly being
applied to other areas such as cancer detection. A wide
variety of nucleic acid detection methods are available,
including amplified and non-amplified techniques.
Many assays are commercially available and approved
by the U.S. Food and Drug Administration (FDA),
allowing laboratories to implement them relatively eas-
ily. Improvements to molecular assays include simpli-
fied formats (extraction, amplification, and detection in
a single device) and automated extraction platforms
that allow large numbers of samples to be processed at
one time. Qualitative as well as quantitative molecular
techniques are commercially available, and some
laboratories develop their own home-brew assays.
However, several fundamental features of molecular
testing require laboratories to be alert for problems with
testing that may give rise to erroneous results. The more
common errors that can occur with molecular testing
are discussed in this chapter. As with other sections of
the laboratory, a strong program of quality control and
quality assurance is necessary for detection of problems,
monitoring of errors, and implementing methods to
improve quality if systematic errors are occurring in the
molecular laboratory. Although analytical errors can
occur with molecular testing, good-quality control pro-
grams mean that errors are kept to a minimum. This
chapter outlines the most common interferences in
molecular diagnostics testing and describes methods to
prevent and deal with these problems.

PRINCIPLES OF COMMONLY USED
METHODS FOR MOLECULAR

DIAGNOSTICS

Molecular diagnostics is a discipline that relies on
the detection and characterization of nucleic acids
(DNA or RNA) in clinical specimens. In the clinical lab-
oratory, molecular methods were originally applied to
infectious disease diagnostics for the detection and
quantitation of microbial pathogens. Expansion of our
knowledge about the human genome, and correspond-
ing understanding of diseases [1], has resulted in the
routine use of molecular testing in cancer diagnostics
and the evolution of the field of pharmacogenomics, or
personalized medicine [2�5]. A major increase in the
techniques and testing methods that can be used as
tools for molecular diagnostics has also contributed to
the expansion of molecular diagnostics into many dif-
ferent disciplines in diagnostic medicine. The expan-
sion of the field of molecular diagnostics has been due
in part to technological improvements that have given
rise to an impressive number of molecular testing meth-
ods, from simple hybridization to highly multiplexed
polymerase chain reaction (PCR) and microarray test-
ing. However, molecular methods can be quite com-
plex, and an understanding of the scientific principles
of molecular tests is needed to ensure that problems
with testing can be readily identified and corrected. The
principles of the most commonly used methods for
molecular diagnostics are discussed here.

Non-Amplified Methods Used for Molecular
Diagnostics

Various techniques are classified in this category,
including nucleic acid probe hybridization. Hybridization
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methods rely on the use of labeled DNA or RNA as
probes to detect nucleic acids in specimens. Nucleic
acid hybridization is based on complementary base
pairing between a labeled nucleic acid probe and the
target nucleic acid. Direct probe hybridization is a rela-
tively simple method but requires the presence of the
target in relatively high levels, so its use as a diagnostic
tool is somewhat limited. Hybridization is used when
the target nucleic acid is present in high enough
concentrations that can be detected reliably. When
sensitivity is not a limiting factor, nucleic acid probe
hybridization methods are excellent to use because
they are relatively easy to perform, results can be
obtained rapidly, and they are not susceptible to con-
tamination as are amplification methods. Hybridization
techniques offer flexible formats (e.g., hybridization can
be performed on solid substrates, in liquid solutions, or
even in situ in tissues or cells).

Applications of direct probe hybridization in diag-
nostic microbiology include identification of bacteria in
blood culture bottles using fluorescence in situ hybrid-
ization and identification of cultured microorganisms
such as fungi and mycobacteria after transcription-
mediated amplification (TMA). In diagnostic molecular
pathology, in situ hybridization is used to detect gene
duplications and gene mutations (e.g., in situ hybrid-
ization for HER-2 amplification).

Amplification Methods Used for Molecular
Diagnostics

Polymerase Chain Reaction

PCR revolutionized biological and medical research,
as well as diagnostic medicine, and the majority of
molecular diagnostic assays are now based on some
form of PCR. PCR is based on the use of thermally
stable DNA polymerase enzymes to copy a sequence
of DNA by extending primers bound to a single-
stranded DNA target. Repetitive cycles using heat to
melt the double-stranded DNA, followed by primer
binding and extension of the primer, result in the syn-
thesis of many copies of the target DNA [6,7], which
can then be detected with probes. In end-point PCR,
the newly synthesized DNA is detected by a method
such as probe hybridization or gel electrophoresis after
the end of the reaction. In real-time PCR, the newly
synthesized DNA is detected via DNA binding dyes or
labeled probes as it is being synthesized. Real-time
PCR is highly advantageous to diagnostic medicine
for the following reasons: Data are collected during
the run so that results are obtained rapidly, and the
potential for contamination is reduced or eliminated
because reaction tubes are not opened after the PCR is
complete.

Strand Displacement Amplification

Strand displacement amplification (SDA) is a DNA
amplification method that is performed without
temperature cycling (isothermal). It relies on the use of
a restriction enzyme to nick the DNA target, which is
then copied by DNA polymerase. As the polymerase
copies the target, the template strand is displaced [8].
SDA is used in the BD ProbeTec ET assay for the detec-
tion of Neisseria gonorrhoeae and Chlamydia trachomatis.

Transcription-Mediated Amplification Methods

Transcription-mediated amplification methods
include nucleic acid sequence-based amplification and
TMA [9,10]. These two methods are similar and rely
on the use of RNA transcription for amplification.
Primers that contain sequences recognized by RNA
polymerases are used to hybridize to the target
sequence and then extended by the RNA polymerase.
These methods exhibit good sensitivity, similar to
PCR. Transcription-based methods are commercially
available for infectious disease assays.

DNA Microarrays

DNA microarrays are increasingly being used in
molecular diagnostics. Microarrays are microscopic
groups of DNA spots attached to a solid substrate. The
most common materials used as substrates are glass,
plastic, and silicon [11]. Microarrays are commonly
referred to as gene chips or DNA chips. Microarrays
are designed to contain a very large number of oligo-
nucleotides on a single chip, allowing for collection of
a large data set in one experiment. The principle of
microarray chip testing is to apply target DNA or
RNA to the chip, allow hybridization of complemen-
tary sequences, and then detect hybrids. Liquid detec-
tion formats (microbeads) analogous to flow cytometry
are also available. Many different formats of labeled
detection are available, including fluorescence, mass
spectrometry, and electrochemical [12].

Originally developed for research, microarrays have
been successfully adapted to most of the disciplines
within laboratory medicine when molecular testing
requires analysis of a large data set with applications
including microbiology [13�15], cancer [16], and
genetic disease [17,18]. Microarrays are very beneficial
when a large number of probes are needed. In the clin-
ical microbiology laboratory, several microarray tests
are commercially available for genotyping of human
papillomavirus and hepatitis C virus, identification of
bacteria with 16 S rRNA probes, strain typing, and
detection of antimicrobial resistance genes. In cancer
diagnostics, gene expression microarrays are used for
tissue of origin testing, copy number changes, and
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hematological malignancies [19�21]. Microarrays are
particularly useful in genetic testing when testing for
complex mutations such as cystic fibrosis. Microarrays
have also been used for predicting outcomes and
response to therapy for some cancers [22,23].

Nucleotide Sequencing

Nucleotide sequencing (determining the exact com-
position and order of bases in a fragment of DNA) is
routinely used for several applications in the clinical
diagnostic laboratory. Chain terminating, or Sanger
sequencing, relies on the use of dideoxynucleotides
during amplification reactions. When a dideoxynucleo-
tide is incorporated into the growing strand of DNA,
the chain is terminated. This results in a mixture of
terminated fragments, representing the entire length
of the segment of DNA that is being analyzed. The
fragments are electrophoresed and detected by their
fluorescent label. The most convenient format for diag-
nostic laboratories is to use dideoxynucleotides that
are each labeled with a different dye; the resulting
fragments can be electrophoresed in a single capillary
or lane on a gel.

Newer methods of nucleotide sequencing, some-
times referred to as next-generation sequencing, are
coming into routine use in diagnostic laboratories
[24�26]. Various methods are currently available,
including pyrosequencing technology (based on the
detection of the pyrophosphate released during synthe-
sis of DNA) [27]; ion semiconductor (“ion torrent”),
based on the release of H1 during synthesis [28]; and
image analysis of sequentially added fluorescent
nucleotides [29]. Next-generation sequence technolo-
gies allow for generation of extremely large amounts of
sequence data and are sometimes referred to as mas-
sively parallel sequencing because of the ability to gen-
erate massive amounts of data relatively easily [26].

PRINCIPLES OF NUCLEIC ACID
ISOLATION

Most molecular diagnostic testing methodologies
require isolated nucleic acids for optimal performance.
Although some methods can be performed directly on
cells or tissues without an extraction step, most testing
procedures will include a nucleic acid extraction and
purification procedure prior to testing. Nucleic acids
must be released from cells (eukaryotic cells and bacte-
rial cells) and virus particles prior to molecular detec-
tion. Extraction and purification methods are used to
ensure that high-quality, intact (not degraded) DNA or
RNA is available for amplification or probe detection

methods. Purification of nucleic acids after cell lysis
removes cellular debris and amplification inhibitors,
inactivates or destroys nucleases (DNases and RNases)
that can degrade nucleic acids, and leaves the nucleic
acid in solution that is optimal for any downstream
applications. Purification can also be used to concen-
trate the nucleic acids so that rare targets such as bac-
teria or viruses can be detected.

Several different extraction methods are available.
Crude preparations, in which cells may be lysed with
detergents, may be used for some molecular proce-
dures but are often inadequate for amplification proce-
dures because they may contain inhibitors. For most
nucleic acid detection procedures, extraction followed
by purification of the DNA or RNA following cell lysis
is needed. There are two main methods by which
nucleic acids can be extracted and purified: organic
extractions (e.g., phenol�chloroform extractions) and
silica binding methods.

For phenol�chloroform extractions, cells are ini-
tially lysed with a chaotropic salt (guanidinium thiocy-
anate) and detergent and then phenol�chloroform is
added to extract proteins, followed by precipitation of
nucleic acids from the aqueous phase with alcohol
[30,31]. Phenol�chloroform extractions are somewhat
difficult for clinical laboratories because they are time-
consuming and labor-intensive, and they have not
been adapted to automated systems.

The silica binding method developed by Boom et al.
[32] relies on the binding of nucleic acids to silica in the
presence of salt. The silica-bound nucleic acid is sepa-
rated from cellular debris and then washed and eluted
into a low-salt solution. Silica binding methods result
in highly pure nucleic acid that is largely free from con-
taminating proteins including nucleases and inhibitory
substances. This method is versatile in that silica can be
bound to many different substrates, such as mem-
branes, filter beads, or magnetic particles, and many
different products have been developed based on this
technology. The Boom technology has also been
successfully adapted to automated robotic systems,
allowing for laboratories to process very large numbers
of specimens. Automated systems are available from
several manufacturers and have the advantage of work-
flow efficiency as well as reducing variability that can
occur in manual extraction methods.

PRE-ANALYTICAL CONSIDERATIONS IN
MOLECULAR TESTING

Specimens

Specimen collection, transport, storage, and proces-
sing are important components of molecular diagnostics
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testing; these parameters have direct effects on the out-
come of testing. Successful results in molecular testing
are highly dependent on the pre-analytical steps: If pre-
analytical steps (specimen collection, transport, storage,
and processing) are not performed correctly, errors in
testing are likely to occur. Specimen collection, trans-
port, storage, and processing guidelines are intended to
ensure that the target nucleic acid is stabilized while
also ensuring that interfering substances are not intro-
duced into the specimen. If not performed correctly,
pre-analytical steps can result in loss of target nucleic
acids, introduction of substances that can inhibit down-
stream applications, or overfixing of cells and tissues. A
guideline from the Clinical and Laboratory Standards
Institute for specimen handling is available that outlines
standardized methods for pre-analytical processes [33].

The type of specimen, volume of material, type of
container or blood tube, and storage may vary, depend-
ing on the downstream application. Laboratories
should implement standardized protocols designed to
prevent pre-analytical errors. Collection devices such
as blood collection tubes can contain substances that
affect assay performance [34]. Some specimens (e.g., tis-
sues, stool specimens, and cytology specimens in fixa-
tives) may be extremely complex. These specimens
may contain substances that can inhibit molecular
assays, and pre-processing treatments and nucleic acid
extraction can also introduce interfering substances.
Because virtually any type of specimen can be submit-
ted for molecular testing, appropriate guidelines and
recommendations for specimen collection, transport,
and storage should be followed [33], and this variable
should be investigated for the potential to cause inter-
ference in molecular assays.

Specimen Collection

Specimen collection guidelines should be optimized
to ensure that the correct specimen is collected based
on the testing to be performed and the target nucleic
acid. For genetic testing, whole blood may be used;
genomic DNA will be extracted from white blood cells.
For molecular pathology studies (e.g., tumor samples),
tissues that are likely to contain the cells representative
of the tumor must be submitted. Infectious disease
assays are quite variable in terms of the types of speci-
mens that may be submitted. For routine monitoring
(e.g., viral load testing for HIV or hepatitis C virus
(HCV)), specimen collection guidelines are well char-
acterized; these assays are performed on plasma or
serum [34]. Laboratories should ideally adopt a single
type of specimen because there are minor differences
in viral loads between the two types of specimens.
Viral load monitoring is done at standardized

(defined) intervals, and variability due to specimen
type is undesirable and can lead to misinterpretation
of results. For this reason, laboratories should adopt
a single method (e.g., plasma from EDTA tubes or
serum) and not introduce another specimen collection
method.

For infectious disease assays, many specimen types
can be submitted depending on the clinical syndrome
and agent being tested for. Some specimens (e.g., stool,
urine, sputum, and endocervical swabs) are potential
sources of inhibitory substances. Choice of specimen
collection, transport, and storage should be based on
the type of target (DNA or RNA). RNA targets are
usually very unstable and subject to degradation.
These specimens should be transported immediately to
the lab, held at 4�C, and processed as soon as possible
to avoid target degradation. Failure to process speci-
mens in a timely manner is a common reason for false-
negative results in infectious disease assays.

Some specimens may be collected directly into fixa-
tives or preservatives (e.g., cytology specimens for
HPV testing and urine for BK virus testing). Labs must
develop their own guidelines to ensure that the fixa-
tive will be compatible with the downstream applica-
tion. Fixatives are useful for preserving specimen
integrity, including stabilizing nucleic acids, but over-
fixation may occur. Downstream processing must be
optimized to ensure that amplifiable nucleic acids can
be extracted and purified from specimens that are
transported in fixatives or preservatives.

Sterile body fluids such as cerebrospinal fluid (CSF),
pleural fluid, or synovial fluids may be submitted to
the lab in clean containers or tubes, without preserva-
tives. Nucleic acid extractions are performed directly
on these specimens for downstream testing.

Specimen Transport and Storage

Transport and storage conditions and times are vari-
ables that can result in problems in molecular testing
because of differences in the stability of the target
nucleic acid (e.g., viral vs. cellular and RNA vs. DNA).
Procedures should recommend that time in transit be
minimized and storage at appropriate temperature,
usually 4�C. Freeze�thaw cycles can reduce viral titers
and should be avoided when viral assays are used. In
general, one freeze�thaw may be performed without
significant reduction in titer.

Storage of specimens in preservative can be prob-
lematic, especially long-term storage. Preservatives
such as formalin, glutaraldehyde, and alcohols may
overfix tissues or cells, causing problems with nucleic
acid extraction. Downstream applications must be
optimized for fixed materials. Nucleic acid extraction
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from fixed materials can be problematic. Special lysis
procedures and enzymatic digestion to release nucleic
acids from cross-linked proteins may have to be per-
formed. Labs should optimize their extraction protocol
and check each sample (e.g., with ultraviolet (UV)
spectrophotometry). Specimens submitted for molecu-
lar testing must be stored in controlled conditions so
that nucleic acids are not degraded during storage.
Storage conditions may depend on the target nucleic
acid (e.g., RNA vs. DNA). To prevent degradation of
target nucleic acid, tissues or fluids may be transferred
into a stabilizing reagent (e.g., RNAlater or Trizol) that
can then be used for nucleic acid extraction at a later
time. These reagents are designed to lyse cells, inacti-
vate proteins such as nucleases, and stabilize the
nucleic acid during storage.

Specimen Collection and Transport Devices

Anticoagulated whole blood or plasma samples are
the most commonly used specimens for procedures
performed on blood, such as genetic testing and viral
load assays. For assays performed on blood, the tube
type is important, and in general, the anticoagulants
EDTA and acid citrate dextrose (ACD) should be used
because they are most compatible with molecular
methods. Heparin tubes should not be used for ampli-
fication methods because heparin is a potent inhibitor
of polymerase enzymes. Blood specimens that are
anticoagulated with heparin are not recommended for
molecular testing because of the potential for inhibi-
tion. EDTA and ACD are the recommended anticoagu-
lants for transport tubes for blood.

Other specimens, such as tissues, urine, body fluids,
and stool, may be transported in clean containers to
the laboratory. Specimens in fixatives such as alcohols
or formalin should be extracted as quickly as possible
after receipt by the laboratory. It can be more difficult
to obtain good-quality DNA from fixed tissues.

Extraction and Purification of Nucleic Acids

For most molecular diagnostic methods, nucleic
acids must be isolated in pure form for downstream
testing. Isolation of nucleic acids serves several pur-
poses. It ensures that target nucleic acids are readily
available to enzymes or probes, and it removes
interfering substances (inhibitors) that can cause
problems in testing. Extraction and purification are
also used to concentrate nucleic acids to optimize
assay sensitivity. Nucleic acid preparation methods are
a critical component of molecular testing because for
most assays, high-quality DNA or RNA is critical to
assay performance; the target integrity must be

maintained (especially important for RNA assays), and
inhibitory substances must be eliminated. The quality
of purified DNA and RNA, as well as the concentra-
tion and purity, affect results of hybridization, amplifi-
cation, and detection methods. The target nucleic acid
must be intact, in a sufficient concentration to be
detected by the assay, and be free of inhibitory
substances.

Nucleic acid extraction and purification procedures
can be a source of errors in diagnostic testing. If intact
nucleic acids are not isolated, false-negative results can
occur. In addition, the extraction and purification pro-
cedures can be a source of interfering substances if
reagents such as phenol or alcohols are carried over
into the final eluted material containing the target
nucleic acid.

For many procedures, assessment of the amount and
quality of isolated nucleic acids should be performed
prior to testing. Several methods are available; UV
spectrophotometry is an excellent method to simulta-
neously assess the amount and purity of nucleic acids.

INTERFERENCES IN MOLECULAR
DIAGNOSTICS: FALSE-NEGATIVE
RESULTS IN MOLECULAR ASSAYS

False-negative results occur when the analyte is
present in the specimen but the molecular assay result
is negative. In quantitative molecular assays, aberrant
results may include completely negative results or
inaccurate quantitation. For example, the assay may
report viral loads below the threshold of detection
when there is virus present in the specimen. There are
several conditions in which false-negative results can
be obtained in molecular diagnostics. Interferences that
result in false negatives or inaccurate quantitation can
occur in pre-analytical or analytical phases of testing.

Inhibition in Amplification Assays

Inhibition of amplification (complete or partial fail-
ure to generate amplified DNA or RNA because of inhi-
bition of enzymes used in amplification reactions) can
be a cause of negative results or inaccurate quantitation
[35]. The presence of inhibitors can cause false-negative
results in qualitative assays or can reduce amplification
efficiency, causing inaccurate results in quantitative
assays. Inhibition of amplification reactions is a well-
recognized phenomenon in the diagnostic laboratory,
but the reasons for inhibition are not always well
understood [36]. Many substances from a variety of
sources can inhibit PCR reactions. Inhibitors can be
present in the clinical specimen (e.g., hemoglobin and
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lactoferrin from blood specimens) or be carried over
from the transport device (e.g., heparin from a blood
collection tube) or from the post-collection procedures
such as nucleic acid extraction [35].

Some inhibitors are well characterized and the
mechanisms by which they function are understood.
However, for some specimens and assays, inhibition
may occur but the inhibitory substances are not defined
and/or the mechanism of inhibition is not understood.
Inhibitory substances may bind directly to the target
nucleic acids, blocking enzyme binding, or they may
bind directly to amplification enzymes, preventing
enzymes from binding the target. Although inhibition
is a well-recognized phenomenon, it is not always pos-
sible to determine exactly what the problem is when
inhibition occurs. Inhibition can affect different amplifi-
cation reactions differently and to different levels
[35,36]. Inhibitors are especially problematic in quanti-
tative assays because they may cause aberrant results
(inaccurate quantitation) or they may inhibit amplifica-
tion altogether. Commercially available quantitative
PCR assays use software algorithms that normalize the
signal from the internal calibrators present in each reac-
tion vessel. Patient test results are based on normalized
values; if partial or complete inhibition has occurred, it
is detected by the system and interpreted correctly.
Laboratories that develop in-house quantitative PCR
should implement procedures using normalization to
ensure accurate results in their quantitative PCR.

Mechanisms by which Inhibitors Function

There are several mechanisms by which inhibitors
function, usually targeting the enzymes involved in
amplification or interfering with binding of the
enzyme to the target nucleic acid:

1. Blocking active site of enzymes: Some substances
block active sites of enzymes used in amplification
reactions. Heme compounds from blood function to
inhibit Taq polymerase in this manner.

2. Inactivating enzymes: Inhibitors can also act by
denaturing or degrading the enzymes used in
amplification (e.g., if proteinases are present in the
sample).

3. Binding target nucleic acids, preventing the target
from being accessible to primers or enzymes.

4. Binding divalent cations: Inhibition can occur when
divalent cations (Mg21) necessary as co-factors for
polymerase enzymes are bound by EDTA.

Commonly Encountered Inhibitors and their
Sources

Inhibitors are present in clinical specimens, collec-
tion and transport devices, and can be introduced

during processing or nucleic acid extractions
(Table 21.1). Amplification tests that are performed
directly on specimens without a separate nucleic acid
purification step are especially prone to inhibition.

INHIBITORS IN SPECIMENS

Many clinical specimens, such as urine, feces, blood,
and sputum, are complex and contain inhibitory
substances. Not all inhibitors have been characterized.
Specimens collected in preservatives or fixed in alco-
hols or formaldehyde solutions are especially subject
to inhibition during PCR, even when nucleic acids
have been extracted and purified prior to use in the
assay. Some inhibitors have been well-characterized.
Hemoglobin is a potent inhibitor of PCR amplification
and a well-characterized inhibitor of the Taq polymer-
ase [37]. Complex specimens such as stool, sputum,
and urine usually contain inhibitors; assays for
microbes from complex specimens are optimally per-
formed on extracted nucleic acids to reduce the
chances of co-purification of inhibitors.

INHIBITORS IN TRANSPORT DEVICES

Specimen collection devices such as blood collection
tubes may contain substances that function as amplifi-
cation inhibitors, including heparin and EDTA. EDTA
can potentially inhibit PCR by binding divalent cations
that are used as co-factors by amplification enzymes
[35]. Heparin is easily co-purified with DNA and a
strong inhibitor of PCR at levels as low as 0.032 U/mL
in the PCR reaction [38]. If these substances are carried
through the nucleic acid extraction procedure, inhibi-
tion of amplification reactions may occur.

TABLE 21.1 Common PCR Inhibitors

General Source Inhibitory Substance

Specimens Blood—hemoglobin, IgG, lactoferrin
Blood—DNA binding proteins
Muscles—myoglobin
Sputuma

Stoola—bile salts, complex
polysaccharides
Tissues—melanin
Urinea—urea

Specimen collection tubes EDTA
Heparin

Nucleic acid extraction Detergents (Sarkosyl, SDS)
Proteinases
Protein disrupting agents
Guanidinium salts
Phenol
Alcohols

aFor many complex clinical specimens, inhibitors have not been well-characterized.
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INHIBITORS IN EXTRACTION REAGENTS

Nucleic acid extraction procedures can be sources of
potent amplification inhibitors. Detergents used to lyse
cells (e.g., Sarkosyl and sodium dodecyl sulfate (SDS)),
protein disrupting agents (guanidine), enzymes used
to digest cellular proteins (proteinases), organic extrac-
tion compounds (phenol and chloroform), and alcohols
may be inadvertently carried over from the extraction
procedure into the purified nucleic acid samples. If
present in high enough concentrations, these sub-
stances can degrade polymerases or physically block
polymerase from copying target nucleic acids [35].

Co-Purification of Inhibitors

Extraction and purification of nucleic acids prior to
use in amplification procedures can usually eliminate
inhibitors, unless they co-purify with the nucleic acid.
Extraction methods differ in their ability to remove
inhibitors from specimens. Different extraction and
purification methods may need to be tried if a labora-
tory is developing its own assays. For example, melanin
present in pigmented cells from skin and certain tumors
is a potent inhibitor of PCR and usually co-purifies with
standard DNA or RNA extraction procedures [39].
Addition of high concentrations of proteins such as
bovine serum albumin can reverse this inhibition [40].
The nucleic acid extraction and purification procedures
may be a source of inhibitors if residual materials from
the extraction remain in the final sample.

Monitoring for Amplification Inhibition

The best way to determine if inhibitors are present
in a specimen is to include an internal control in every
reaction. Monitoring for inhibition is a requirement for
laboratories that are performing diagnostic assays
using molecular methods. Commercially available,
FDA-approved diagnostic assays include internal
amplification controls to monitor for inhibitors. Several
different types of amplification controls can be used,
and both internal and external control materials should
be included in amplification assays. Internal controls
are used to monitor the entire process from extraction
to assay interpretation [41,42].

For infectious disease assays, internal controls can be
designed so that the same primer set is used with a dif-
ferent probe sequence. For real-time PCR systems, the
tests should be designed to contain an internal amplifi-
cation control in every reaction. The amplification plot
can be used to determine if inhibition has occurred. In
systems in which the amplification can be monitored
using software, amplification curves can be examined
to determine if inhibition is occurring. Inhibition plots
can be prepared and monitored. Laboratories that are
developing their own assays must design a method for

monitoring inhibition. Guidelines for choosing internal
control materials are available [41,42]. If the result of
the internal control is negative, the report can be modi-
fied to indicate that the specimen was inhibitory rather
than negative. For genetic assays, an unrelated target
sequence can be amplified and detected along with the
gene of interest. For example, an assay for a housekeep-
ing gene such as β-actin can be performed simulta-
neously with the target sequence.

Monitoring of the rate of inhibitors can be per-
formed as part of the laboratory’s quality assurance
program. Unusually high rates of inhibition can be an
indication that a problem exists somewhere in the sys-
tem. For genetic assays, the extracted DNA is usually
quantified so the amount of DNA that is put into the
reaction can be standardized. If UV spectroscopy is
used, the purity of the extracted nucleic acids can be
verified by checking the A260/A280 ratio. Low ratios
(for DNA, a ratio of 1.8 is ideal) indicate contamination
with protein or other substances. If the ratio is poor,
the DNA can be re-extracted and the test re-run.

Strategies to Prevent Inhibition

Laboratories that are developing their own nucleic
acid amplification methods should optimize all phases
of testing (specimen selection, transport devices, and
nucleic acid extraction/purification) to reduce the
presence of inhibitors in the samples being analyzed.
Amplification assays should be developed with inclu-
sion of substances that can facilitate amplification,
such as bovine serum albumin. If the laboratory is
monitoring for inhibitors using internal controls and
detects an increased rate of inhibition, the assay can be
re-optimized. Commercially available PCR assays now
contain internal controls; inhibition of the internal con-
trol can be monitored and if significant inhibition
occurs, the test may be reported as being inhibitory
rather than negative. Using additives such as bovine
serum albumin can alleviate or reverse the effects of
inhibitors in PCR. For home-brew assays, laboratories
should optimize the assay prior to routine use of any
additives.

One of the best methods to prevent inhibition is to
ensure that highly pure nucleic acids are used on the
assay. Nucleic acid extraction/purification methods
that are based on the Boom technology of silica bind-
ing [32] result in good-quality nucleic acids. The silica
binding methods are widely available, in many for-
mats, and usually result in highly pure nucleic acids.
Laboratories may wish to avoid the use of assays that
do not incorporate a nucleic acid extraction and purifi-
cation step, especially for specimens that are known to
contain inhibitors such as blood or urine.

For assays performed on plasma, guidelines for
specimen collection should be followed carefully.
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Drawing the correct amount of blood into the tube will
ensure that the EDTA is diluted to a level that will not
inhibit downstream PCR testing after extraction of
nucleic acids.

Inhibition of PCR can often be alleviated by the use
of substances that can facilitate amplification.
Laboratories that develop their own test methods can
experiment with incorporating substances into the
assay during the development phase. Substances that
have been successfully used to relieve inhibition
include bovine serum albumin [43] and DMSO [35].

Poor Quality of Target Nucleic Acid: Target
Degradation

The quality of the target nucleic acid has a signifi-
cant effect on the performance of the molecular assay.
Good-quality, intact DNA or RNA is needed for
optimal detection. Amplification methods generally
require purified nucleic acids that have been extracted
through a nucleic acid extraction and purification pro-
cedure. Several commercially available assays do not
incorporate a nucleic acid extraction step prior to use
in the assay; these assays are susceptible to inhibition.
Optimally, the nucleic acid extraction method will give
high-quality, intact nucleic acids that are free from co-
purified material or from residual reagents carried
over from the purification process.

Fixed Tissues or Cells

Fixed tissues or cells present a challenge for obtain-
ing good-quality target nucleic acids. Depending on
the condition of the tissues, and the fixative that has
been used, extraction protocols may require some form
of pretreatment step (e.g., to dissolve paraffin if tissues
are embedded or to remove other chemicals such as
preservatives or fixing agents). Pretreatment protocols
can utilize heat, organic chemicals such as xylene, or
enzyme digestion. Pretreatments can reduce the
amount or quality of target nucleic acid and can also
result in inhibition of amplification if reagents are co-
extracted with the target material. Laboratories should
include positive and negative controls when possible,
which are handled in the same manner as clinical
specimens.

Degradation of the DNA or RNA Target

Nucleic acids can become degraded during transport
or storage. RNA is especially prone to degradation, and
special procedures must be implemented in the labora-
tory when working with RNA. Degradation of target
nucleic acids can result in false-negative results or in
inaccurate quantification in quantitative assays [44].
Nucleases may be present in the specimens, and nucleic

acid may be degraded by nucleases. Nucleases may be
removed by using a nucleic acid extraction procedure
that degrades proteins. RNA is especially prone to deg-
radation by RNases, enzymes that are ubiquitous in the
environment. Target degradation can be prevented or
minimized by maintaining the samples in the correct
environmental conditions prior to use in the assay. All
samples should be handled using procedures that are
optimized to prevent degradation of nucleic acids. If
degradation of the target is suspected, the quality of the
extracted nucleic acid should be checked with UV spec-
troscopy or some other method.

Sequence Mismatch between Primer and Target
DNA: Role of Genetic Variation

Nucleotide sequence variation in the target DNA or
RNA sequence can result in false-negative test results,
for example, if there are mismatches between the
sequences of the primers and the target DNA or if a gene
deletion occurs. Microorganisms, especially viruses,
are prone to this phenomenon because they can evolve
rapidly. Mutations in the primer binding area can pre-
vent amplification altogether or reduce efficiency of
amplification.

Sequence Variation in Primer Binding or Probe
Regions

A mismatch between the primers or the probe
sequence can result in false-negative assay results or
can give inaccurate quantitative results in viral load
assays. Viruses are especially prone to this phenome-
non because they evolve rapidly. Sequence variation
should always be a consideration when designing
assays, especially home-brew assays. HIV and HCV
viral load assays are subject to this phenomenon. Both
of these viruses exist as viral populations with signifi-
cant genetic variation. Although quantitative assays
for these viruses are usually targeted to conserved
areas of the genome, there is enough genetic variation
in the population such that occasional strains of these
viruses may be missed altogether or underquantitated
[45]. False-negative molecular assays for bacterial
pathogens can also occur because of sequence varia-
tion. PCR-based assays for N. gonorrhoeae may be nega-
tive when strains of the organism with genetic
variation in the primer binding region are present in
the specimen [46].

CASE REPORT: FALSE-NEGATIVE RESULT OF PCR

TESTING FOR NEISSERIA MENINGITIDIS A 2-year-
old boy presented to the hospital with meningitis;
empiric antimicrobial therapy had been started prior
to obtaining CSF and blood specimens for culture.
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A Gram stain performed on the CSF revealed Gram-
negative diplococci; culture was negative. Real-time
PCR testing for N. meningitidis using primers for the
ctrA gene was negative. Because the Gram stain was
consistent with N. meningitidis, a second PCR assay
using 16 S rDNA primers was performed with positive
results for N. meningitidis. During the time the testing
was being performed, blood cultures grew N. meningi-
tidis. The child recovered. Follow-up testing of the
isolate from the blood culture showed sequence varia-
tion in the ctrA gene, with polymorphisms present on
one of the primer binding sequences, and a single
nucleotide substitution in the probe binding area [47].

For laboratories performing in-house developed tests,
primer and probe sequences should be verified. This
can be done by searching publicly available databases.

Analyte below Limit of Detection of Assay

One of the most common reasons for false-negative
results, especially in qualitative infectious disease
assays, is the presence of the analyte at very low
levels—below the analytical sensitivity of the assay.
Although nucleic acid amplification methods can theo-
retically detect a single molecule of target, in reality
this is rarely achieved. The analytical sensitivity of
molecular amplification methods should be considered
when the assay result is negative.

Pre-Analytical Considerations that can Influence
Nucleic Acid Amplification Assay Results

The timing of specimen collection is important
when using molecular assays for diagnosis of infec-
tious diseases. The specimens must be collected during
the acute phase of illness; often, the pathogen may be
undetectable by the time the patient presents for
medical care. Diagnostic methods for infections due to
arthropod-borne viruses such as West Nile virus are
especially subject to this type of error. Viremias (virus
in the blood) are transient, and with rare exceptions,
testing of blood for virus by PCR is likely to yield neg-
ative results. A similar phenomenon occurs for CSF. In
most cases, the recommended diagnostic strategy for
arthropod-borne viruses such as West Nile will include
serological testing in addition to PCR to avoid misdi-
agnosis due to false-negative PCR testing.

The timing of specimen collection is critical for
many assays, especially viruses, in which the analyte
may be present transiently. Collecting a specimen dur-
ing the acute phase of illness is highly recommended
for respiratory viruses, arthropod-borne viruses, and
many others. For respiratory viral assays, the optimal
specimen type is usually a nasopharyngeal swab or

aspirate, and throat swabs are usually discouraged by
the laboratory.

For some assays, concentration of the specimen
prior to testing in PCR assays is a useful method for
increasing the sensitivity of the assay. For example,
when testing CSF for infectious pathogens such as her-
pes simplex virus, concentration of the analyte via
nucleic acid extraction may help increase the chances
of pathogen detection.

Technical Problems with Assay

Pre-Analytical Considerations

Specimen collection, processing, and storage condi-
tions are critical steps in molecular testing, and appro-
priate conditions must be used for successful results.
For viral load assays and for laboratory-developed
assays, parameters must be worked out systematically.
These usually include optimizing the concentration of
nucleic acid to include in the assay, optimizing concen-
trations of cations that amplification enzymes need,
and optimizing reaction temperatures and ramp
speeds. Occasionally, amplification assays exhibit fail-
ure or reduced performance even when parameters are
optimized and the assays have been functioning well
in the laboratory. In these cases, thermal cycler func-
tion should be checked. Even slight variations in
annealing and extension temperatures can have detri-
mental effects on reactions.

INTERFERENCES IN MOLECULAR
TESTING: FALSE-POSITIVE TEST
RESULTS IN MOLECULAR ASSAYS

Molecular assays have excellent performance char-
acteristics and are usually highly sensitive and specific.
Occasionally, however, false-positive test results can
occur. Laboratories should be aware of several impor-
tant reasons why false-positive results occur.
Laboratories should be routinely monitoring for false-
positive results by several methods so that if unex-
pected results occur, they can be identified and
corrected in a timely manner, before larger problems
occur. Monitoring for false-positive results should
include verification of primer and probe sequences,
monitoring and verifying assay conditions, and the use
of negative controls in their molecular assays. Some of
the more common causes of false-positive test results
are discussed next, with suggestions for strategies to
prevent and control them.

Contamination

In general, molecular diagnostic methods, especially
infectious disease assays, require very high analytical
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sensitivity. Because the amount of microbial DNA or
RNA present in a clinical specimen may be very low,
an amplification method is used to optimize sensitiv-
ity. Although there are some nucleic acid detection
tests based on direct hybridization, most nucleic acid
detection methods now rely on some form of nucleic
acid amplification, such as PCR. Theoretically, nucleic
acid amplification methods have the capability to
detect a single molecule of analyte, and many assays
do approach this level of sensitivity, with some assays
capable of detecting as few as 5�10 molecules of target
analyte. However, the extremely high analytical sensi-
tivity of amplification methods also increases the risk
of false-positive test results due to the presence of con-
taminating DNA in the reaction, where even a single
molecule of DNA can serve as a template for amplifi-
cation in a later reaction. Contamination of samples is
a major consideration for laboratories performing
amplification reactions, and procedures must be in
place to prevent, monitor, and control contamination.
A false-positive PCR result can have serious implica-
tions; there are numerous reports of false-positive
results in the literature, many of which have significant
consequences [48]. The molecular diagnostics labora-
tory must ensure that methods are in place to prevent,
detect, monitor, and correct for contamination events.

Sources of Contamination

Contaminating DNA may be introduced into reac-
tions from a number of different sources:

Amplicon DNA: An important source of false-
positive results in nucleic acid amplification testing
is amplified DNA from a previous amplification
reaction. If reaction tubes are opened after
amplification (e.g., for gel analysis, microarray
testing, and sequencing), amplified DNA can be
aerosolized, contaminating the environment, and it
can be carried directly into reagents and
consumables. This contaminating DNA can then be
carried directly into new reactions the next time
assays are set up, causing false-positive results.
Specimens: Nucleic acids from specimens may also
contaminate the environment during specimen
handling, for example, when pipetting specimens
into tubes for nucleic acid extraction procedures.
Cross-contamination of samples containing the
analyte prior to or during sample processing can
lead to false-positive results. When multiple
samples are processed in batches, there is potential
for aerosolization, splashing, etc.
Positive control material: Incorrect handling of
positive controls (e.g., plasmid DNA) may also
result in contamination of patient samples, leading
to false-positive results. The second potential source

of contamination is amplified material from
previous reactions. If tubes are opened for post-
amplification analysis (e.g., gel electrophoresis and
microarray testing), amplicons can contaminate the
environment and be carried over into the next
reactions, causing false-positive results.
Contaminating nucleic acids can be present in the
laboratory environment (on clothing, benchtop,
waste containers, etc.). DNA contamination may
occur in reagents, enzyme mixes, master mixes, etc.

Methods to Prevent and Control Contamination

Laboratory practices to prevent contamination in
the molecular diagnostics laboratory include both
physical design and layout of the laboratory, workflow
practices, and policies and procedures designed to pre-
vent contamination. Many references are available for
designing and implementing contamination control
programs in the molecular diagnostic laboratory [49]:

1. Laboratory design: Optimally, a molecular
diagnostic laboratory should be designed so that
separate work areas for different parts of a
procedure are used. Although separate rooms are
optimal (e.g., specimen processing room, PCR
master mix room, amplification room, and post-PCR
DNA handling room), separate work areas within a
large space can function to prevent contamination.
Limiting traffic in the molecular laboratory can help
prevent contamination.

2. Work practices and workflow: Workflow practices
should be implemented to ensure a one-way
workflow from clean to amplified area. Specimens
are extracted in one area and then amplified in a
different area. PCR products or other amplified
materials are not carried into the specimen handling
or pre-amplification areas. Work practices that
should be implemented include use of dedicated
pipettors, use of dedicated packages of consumables
such as tips and tubes, and use of dedicated lab
coats. Laboratory policies and procedures should
include specific methods for contamination
prevention. Cleaning the work areas should be
performed prior to and after every procedure.
Cleaning agents specifically designed to destroy
nucleic acids should be used.

3. DNA degrading enzymes such as uracil DNA-
glycosylase (UNG) can be used. Uracil is
incorporated in the PCR master mix; during
amplification reactions, uracil is incorporated into
the amplified DNA. UNG is added to the new PCR
reaction tubes; if any DNA is carried over from the
amplification into the new PCR reaction tubes, the
UNG will degrade the contaminating DNA prior to
the start of the new PCR reaction. This method is
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utilized in some commercially available PCR
diagnostic assays and is quite beneficial in
preventing carryover contamination.

4. Converting end-point assays to real-time assays that
do not require manipulation after the amplification
is an excellent method for preventing problems
with environmental contamination. Much of the risk
for contaminating the environment with target
DNA comes from opening amplification tubes after
reactions are complete. Splashing, spilling, and
aerosol formation can all be avoided when tubes for
real-time assays are discarded unopened.

Methods for Detection and Monitoring of
Contamination

Laboratories can include in their quality assurance
programs methods to ensure that any contamination
issues are promptly detected and corrected:

No-template or negative controls: A no-template
reaction should be included in every batch of
amplified reactions. Typically, the laboratory will
set up a no-template control using water or buffer
without DNA. The control reaction should be
handled exactly the way specimens are handled;
that is, it should be processed through the
extraction and purification and then assayed.
Positive results in a negative control reaction
indicate possible contamination. The laboratory
should have a procedure in place to follow up and
investigate a positive result in water or other
negative controls.
Environmental testing for contamination: For
laboratories that are at risk of contamination
(e.g., when high-volume testing with open reaction
conditions) or that have experienced contamination,
routine environmental monitoring studies (wipe
testing) can be implemented. There are no
standardized procedures for environmental testing;
the laboratory must establish its own policies and
procedures for doing this type of monitoring.
Examples include using swab testing of the
environment and then processing the swab through
the extraction and testing procedure, handling it as
if it were a specimen. Any positive results should
trigger a review of policies and procedures and
implementation of cleaning and decontamination.
Environmental contamination can be difficult to
control if the environment has become
contaminated with amplified DNA.
Monitoring assay positivity rates: Monitoring assay
positivity rates can be a useful method for
determining if a problem is occurring with an assay.
Monitoring positivity rates is quite useful for tests
such as N. gonorrhoeae or Chlamydia trachomatis PCR.

An unusual increase in the number of positive tests
may indicate contamination has occurred.
Monitoring can be done as part of the laboratory’s
quality assurance program.

Primer or Probe Cross-Reactivity Resulting in
Nonspecific Amplification or Hybridization:
Assay Specificity

False-positive PCR results in molecular testing can
occur when primers or probes exhibit cross-reactivity
and nonspecifically bind to sequences that are present
in the specimen or when specific sequences are present
in unrelated organisms that are not pathogens.

Mispriming

Hybridization of primers to nontarget sequences
(mispriming) can occur under several conditions.
Primers may bind to identical sequences present in
nucleic acids that are not the specific targets of the
assay. For laboratory-developed tests, primer sequences
should be checked by searching against a database such
as GenBank to verify that they will not cross-react to
other organisms. Mispriming can also occur when assay
conditions are not optimized (annealing and extension
temperatures, composition of amplification mix, ion
concentration, etc.).

Cross-Reactivity in Primer or Probe Binding
Regions

Nucleotide sequence homology in primer or probe
binding regions can give false-positive results.
Hybridization probes used to detect amplified product
may exhibit cross-reactivity to closely related species.
For amplification assays that use labeled probes for
detection of product, probe sequences should be
checked for potential cross-reactivity to related species
or genes, including pseudogenes if DNA is targeted.
False-positive results can have significant negative con-
sequences. For assays that use hybridization probes
(e.g., ribosomal RNA probes), if nonspecific hybridiza-
tion is occurring, assay parameters should be checked.
Incorrect temperatures during the hybridization of the
labeled probe are a common reason for nonspecific
hybridization.

CASE REPORT: FALSE-POSITIVE REPORT OF

TROPHERYMA WHIPPLEI IN CSF AND INTESTINAL

BIOPSY SAMPLES DUE TO HOMOLOGY IN PRIMER

BINDING REGIONS A 13-year-old male presented to
the emergency room with a 2-week history of central ner-
vous system symptoms. Multiple tests were performed;
a PCR-based assay for Tropheryma whipplei performed on
a CSF specimen was positive. The primers used in the
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PCR were targeted to a T. whipplei-specific portion of the
16 S rRNA gene; product detection was by melting
curve analysis and agarose gel electrophoresis.
Clinically, the diagnosis of Whipple’s disease was not
consistent with the results of the PCR, and follow-up
investigation was pursued. PCR testing with a differ-
ent primer set was performed and was negative. The
amplicons from the original PCR were sequenced.
Sequencing results revealed that the amplified mate-
rial was a human gene; the original PCR test was a
false positive due to primer cross-reactivity [50].
Ultimately, the child was diagnosed with chronic lym-
phocytic meningitis of unknown origin.

Examples of Known Problems with Cross-
Reactivity in Molecular Assays

AMPLIFICATION OF NONPATHOGENIC NEISSERIA

SPECIES IN PCR: FALSE-POSITIVE RESULTS FOR

NEISSERIA GONORRHOEAE

Several different assays using molecular methods
are available for detection of N. gonorrhoeae (GC) in
urine or urogenital sites. Commercially available tests
include PCR, SDA, and TMA. The molecular targets for
probes and primers used in these assays varies [51];
these genes or sequences may be present in the closely
related, nonpathogenic species such as N. cinerea and
N. lactamica. These nonpathogenic Neisseria species are
common colonizers of the oropharyngeal cavity, rectal,
and urogenital sites. False-positive results (due to the
presence of identical DNA sequences in nonpathogenic
Neisseria species) can occur with some of these assays
[52]. There are several recommendations for avoiding
the possibility of a false-positive report of GC. Testing
of specimens collected from extragenital sites such as
throat or rectal specimens should be performed with
culture rather than using molecular amplification
assays. Laboratories should consider performing some
form of confirmatory testing for specimens that test
positive with molecular assays for GC and Chlamydia
trachomatis (CT). Ideally, a different method or different
molecular target would be used. Repeat testing of posi-
tive specimens with the same method is often used for
practical reasons and can be cost-effective. Laboratories
performing molecular testing for GC and CT should
monitor their positivity rates as part of their quality
management program for molecular diagnostics. A sig-
nificant increase in the positivity rate can trigger an
investigation into the potential for contamination or an
investigation of the performance of the assay. Screening
guidelines can also help; ensuring that testing is per-
formed for only those patients for whom screening is
recommended will help to ensure that the positive pre-
dictive value of the test is adequate.

FALSE-POSITIVE PCR RESULTS FOR METICILLIN-

RESISTANT STAPHYLOCOCCUS AUREUS

Surveillance testing for meticillin-resistant
Staphylococcus aureus (MRSA) is routinely performed in
many health care settings. Culture-based methods have
been shown to be slightly less sensitive than PCR
assays, and many laboratories have begun using PCR-
based assays for detection of MRSA in screening pro-
grams. Several commercially available assays are in
use, most of which are based on the detection of the
staphylococcal cassette chromosome mec (SCCmec) ele-
ment. Resistance to meticillin is due to an altered peni-
cillin binding protein, PBP2a, which is encoded by the
mecA gene. The mecA gene is located on a mobile
genetic element, called the SCCmec, which was origi-
nally acquired from a non-S. aureus species. The
SCCmec is integrated into an S. aureus-specific gene
called orfX. Using primers directed to the orfX/mecA
junction region allows for simultaneous identification
of S. aureus and mecA. Certain strains of S. aureus con-
tain deletions in a portion of the mecA cassette; func-
tionally, these isolates do not express mecA and are
thus meticillin susceptible in phenotypic assays. These
strains are phenotypically not meticillin resistant, but
they give positive results in PCR assays that are
designed to target the orfX/mecA region. The inci-
dence of false-positive MRSA reports varies and
is most likely regional. Laboratories that perform
both culture- and PCR-based methods for MRSA
should investigate the possibility of mecA mutants.
Laboratories may wish to monitor their positive PCR
surveillance screens, monitor the rate of discordance
between the PCR assay results and phenotypic results,
and follow up on discordant results to determine if
such strains are present in their population.

SOURCES OF ERRORS IN DNA
MICROARRAY TESTING

Microarrays are attractive tools for molecular diag-
nostic testing because of the ability to test for a large
number of targets in a single experiment. Microarrays
have enormous potential for microbiology, cancer, and
pharmacogenetics testing. DNA microarrays are ideal
for testing for the presence of multiple species of
organisms, genotyping viruses (e.g., HCV and HPV),
testing for multiple single nucleotide polymorphisms,
or performing gene expression studies. Consequently,
microarrays have received much attention in the
molecular diagnostic laboratory and are currently
undergoing significant expansion in terms of different
technologies available and targets.

When using microarrays for diagnostic testing, com-
mon sources of error should be considered. Problems
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can occur with probe sequences, probe labels, and
detection methods:

Autofluorescence: For fluorescently labeled probe
assays, autofluorescence can interfere with correct
data collection from fluorescently labeled probes on
microarray substrates. Background signal may come
from nonspecifically bound probes or from
autofluorescence (intrinsic signal from the
substrate).
Nonspecific hybridization of probes: Nonspecific
hybridization may occur if stringency of
hybridization is not optimized for all of the probes
used on the microarray.
Contamination: Instruments that automate
microarray testing are subject to contamination
during liquid handling steps. Pipettors, trays, and
microarray substrates can become contaminated
with DNA from previous or current experiments if
splashing or aerosolization occurs within the
instrument.

QUALITY MANAGEMENT

A comprehensive program for quality management
specifically designed for the molecular diagnostics lab-
oratory should be in place to ensure the accuracy
of testing, accurate performance of test, tracking of
trends, and rapid identification and correction of
problems. Establishment of a quality management pro-
gram is the principal method by which common inter-
ferences in the molecular diagnostic laboratory can be
controlled, monitored, identified, and corrected. The
program should be comprehensive, including methods
for validation of assays, ongoing quality control, and
monitoring for problems. Assay validation is especially
important because the performance characteristics of
the assay will be verified through this process [53] and
any potential problems with the assay should be iden-
tified prior to clinical use. Ongoing quality manage-
ment should include a strong program of quality
control to identify problems in analytical phases of
testing and monitoring of results.

Quality Control

Quality control is the portion of the quality manage-
ment program devoted to detecting problems at the
testing level. In molecular laboratories, quality control
must include a method to ensure correct performance
of nucleic acid isolation steps, amplification and probe
controls, and detection steps. Quality control must also
be included to monitor for inhibition if amplification
assays are used and to check for contamination.

Quality Control for Qualitative Assays

For qualitative assays, external control material
should include both positive and negative controls.
For qualitative assays with a single molecular target
(e.g., infectious disease assays), positive and negative
controls should be included in each run of the assay.
Positive and negative controls ensure that probes and
primers are working correctly, and they allow moni-
toring for contamination events. External controls
should monitor the entire process (nucleic acid extrac-
tion and purification, amplification, and detection).

For more complex molecular testing (e.g., multi-
plexed PCR, microarrays, and nucleotide sequencing
results), selection of quality control materials can be a
challenge. External control materials may not be read-
ily available for all of the markers being tested for and
reported. Performing an external control for every ana-
lyte in the assay is also not practical. An option for
quality control materials for these assays is to rotate
different materials with each run, covering all the tar-
gets over a defined number of runs or kits. Statistical
strategies and software for dealing with multidimen-
sional data QC are being developed [54,55].

Sources of materials for molecular quality control
are somewhat limited. Ideally, quality control material
should be well-characterized and optimized for the
assays that are performed in the laboratory. For geno-
mic assays, obtaining DNA with well-characterized
mutations can be difficult.

Quality Control for Quantitative Assays

Quantitative assays should include positive controls
at several levels in the reportable range of the assay—
for example, a low positive, midrange positive, and a
high positive control. Results of the positive control
samples should be monitored using statistical software
to search for trends and to ensure that problems are
detected.

Quality Control for Thermal Cyclers

Thermal cyclers can be a source of error in PCR
assays if they are not performing correctly. Thermal
cyclers should be monitored annually with tempera-
ture checks. Incorrect cycling temperatures can be a
source of variation in amplification assays. Calibration
of cyclers that exhibit incorrect temperatures should be
performed by the instrument manufacturer.

Result Reporting

Reporting of the results from the molecular diagnos-
tics laboratory can be a source of error. Results that are
generated from complex molecular assays can be diffi-
cult to report in a simplified laboratory report format.

339QUALITY MANAGEMENT

ACCURATE RESULTS IN THE CLINICAL LABORATORY

www.Ketabdownload.com



Laboratory information systems differ in their ability
to handle many of the interpretive or narrative results
that may be written into a result of molecular testing.

Many of the tests, especially in molecular pathology,
generate large amounts of data (e.g., multiplexed
PCRs, DNA microarrays, and gene rearrangement
assays). In addition to the large amount of data that
must be reported, these tests often require interpretive
comments and linking of information between differ-
ent sections of the laboratory. This can be a challenge
for both the laboratory and the customers reading the
reports.

For genetic assays, it can be helpful to include litera-
ture citations or links to websites or databases that
contain more detail on the mutations and the current
nomenclature. Guidelines for appropriate reporting of
genetic testing are available [56].

Concerning reporting of viral load assays, errors in
interpreting the results of viral load assays can be
prevented with reports that state the assay method
used, the reportable range, and how the assay correlates
to an international standard (e.g., for HCV and HIV).

CONCLUSIONS

There are many sources of errors in molecular test-
ing, and this chapter addressed ways to avoid such
errors in molecular testing. It is important to pay atten-
tion to each specific step of molecular testing, including
sample collection and pre-analytical issues, in order to
avoid errors in molecular diagnostics laboratories.
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INTRODUCTION

Pharmacogenetics is the key for personalized medi-
cine. The goal of pharmacogenetic testing is to ensure
that the right drug is given to the right patient at the
right dose. Pharmacogenetic targets are often enzymes
involved in drug metabolism; inherited mutations or
variants in genes coding for these proteins can alter
their function. Inherited variants also play a role in
treatments for infectious diseases. In addition, pharma-
cogenetics applies to drugs developed for cancer thera-
pies targeting molecular mechanisms of tumor biology;
however, mutations within oncological pathways can
render these therapies ineffective.

Molecular technologies are at the forefront of phar-
macogenetic testing. From detecting single known
mutations to mutation panels and sequencing and to
quantitative polymerase chain reaction (PCR), molecu-
lar techniques can detect and quantify relevant targets.
This chapter provides brief descriptions of commonly
used methods. Current applications of pharmacoge-
netic tests are described, along with the challenges of
detecting the genetic alterations and interpreting the
results. Inherited and somatic variations are addressed.

METHOD DESCRIPTIONS

Various techniques are applied in pharmacoge-
nomics testing.

Targeted Single Mutation Detection

Multiple methods are available for detection of sin-
gle nucleotide base changes. A traditional method, still

in use today, is the use of restriction enzymes that cut
DNA at specific palindromic sequences. Mutations
may create or destroy a restriction site. In this method,
PCR amplifies a specific region of interest, and pro-
ducts are treated with the restriction enzyme. The
resulting differences in the PCR product sizes are
resolved by electrophoresis.

Allele-specific PCR is a mutation detection technique
based on the principle that DNA extension is efficient
when the 30 nucleotide of the primer matches the tem-
plate, but extension is poor or nonexistent when the ter-
minal base is mismatched. Allele-specific PCR is also
known as amplification refractory mutation system or
allele-specific primer extension (ASPE). It is generally
coupled to other technologies such as real-time (or
quantitative) PCR (qPCR) or arrays. Incorporating
qPCR into the allele-specific analysis bolsters the tech-
nique by reducing contamination and decreasing turn-
around time. Importantly, qPCR reduces the number of
false positives due to background or nonspecific primer
binding. A threshold difference is allowed between the
quantity of housekeeping gene amplified and the quan-
tity of the selected allele. Thus, by monitoring the
amplification, a clear population of mutant alleles can
be distinguished from wild type or background. Allelic
ratios of the fluorescence emitted by the wild-type and
mutant reactions can determine homozygosity (of
either the wild type or the mutant) or heterozygosity.

Probe chemistries have been used with many varia-
tions for targeted mutation detection. Two methods
commonly employed in clinical laboratories are hybrid-
ization probes (LightCycler technology) and hydrolysis
probes (TaqMan technology). In LightCycler technol-
ogy, probes are designed to be a perfect match to either
the mutation or the wild-type sequence. They are
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typically 15�20 bases long, with the mutation located
toward the center of the probe. Probes have been
described with Förster (or fluorescence) resonance
energy transfer as the detection system [1,2]. In this
approach, two probes—one over the mutation of inter-
est (the reporter probe) and one adjacent to the first
(the anchor probe)—are each fluorescently labeled, one
with an acceptor fluorophore and the other with a
donor fluorophore. When the two probes are hybrid-
ized (at lower temperatures), the energy of the donor is
transferred nonradiatively to the acceptor. The acceptor
then emits at a longer wavelength, which is detected by
the instrument. Single-labeled probes as well as unla-
beled probes have also been described [3].

To detect mutations using LightCycler technology,
PCR is performed, followed by a “melt” analysis. In a
melt analysis, the temperature is slowly increased,
with continual monitoring of fluorescence. As the

temperature rises, the probes disassociate from their
template, or melt, at a characteristic temperature,
which is seen as a loss of fluorescence. A mismatch
between the probe and the DNA amplicon will lower
the temperature at which the probe melts from the
DNA amplicon. A derivative of the melting curve eas-
ily visualizes melting “peaks,” resolving the perfectly
matched allele and the mismatched allele
(Figure 22.1). Other variants within the region of the
probes may be detected by a shift in the expected melt-
ing temperature. However, if melting temperatures
between the targeted mutation and another variant are
similar, the result may be a false positive for the tar-
geted mutation [4].

In hydrolysis (TaqMan) chemistry, probes are
dually labeled with a fluorophore and quencher mole-
cule. When the probe is hybridized to the product,
the fluorescence is quenched. As PCR primers are
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FIGURE 22.1 Hybridization probes for IL28B-

related variants. (A) Melting curve analysis of
rs12979860 with the probe being a perfect match to
the T allele. A sample homozygous for the T allele
exhibits a single peak at the higher melting
temperature. A heterozygous sample peaks corre-
sponding to the C and T alleles. (B) Melting curve
of rs8099917 with the probe being a perfect match
to the G allele. A heterozygous sample exhibits
two peaks, corresponding to the T and G alleles,
whereas a sample homozygous for the T allele
exhibits only the peak at the lower melting
temperature.
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extended, replicating the DNA template, the polymer-
ase displaces and hydrolyzes the probe. As the probe
is hydrolyzed, the fluorophore is released from the
effect of the quencher, resulting in a fluorescent sig-
nal. In TaqMan systems, the wild-type and mutant
allele are amplified separately by allele-specific PCR
as described previously. The ratio of the fluorescent
signal of each amplification is used to determine
zygosity. Other variants within the region of the
probe may not be detected but may interfere with
amplification of one allele.

Mutation Panels

When testing for more than three or four mutations
simultaneously, methods capable of highly multiplexed
reactions are used. Several commercial platforms are
available for pharmacogenetic tests, namely Roche’s
AmpliChip, Luminex’s Tag-It, and AutoGenomics’
Infiniti. Each of these platforms is briefly discussed.

The AmpliChip (Roche Molecular Systems,
Branchburg, NJ) is an oligonucleotide microarray hybrid-
ization method, with probes synthesized on a glass sub-
strate. The microarray uses several hundred wild-type
and mutant probe sets, with redundancy for each variant
detected. After PCR, amplicons are fragmented and
denatured to generate small single-stranded DNA
fragments. The fragmented DNA is labeled with biotin
at the 30 termini and hybridized to the oligonucleotides
on the microarray. After staining with a streptavidin-
conjugated fluorescent dye (phycoerythrin), the microar-
ray is scanned by a laser that excites the fluorescent label
bound to the hybridized target DNA fragments. The
emitted light is detected and is proportional to bound
target DNA at each probe site. The fluorescence ratio of
the wild-type to mutant probe determines the genotype.

Tag-It (Luminex, Austin, TX) is a bead array with
oligonucleotides bound to microspheres. As with the
AmpliChip, it begins with PCR, followed by ASPE.
Biotin-dCTP is included in the subsequent amplifica-
tion reaction and will only be incorporated into the
product if the 30 end of the primer perfectly matches
the allele. The 50 end of the primer has a tag sequence
that hybridizes to the microspheres. The microspheres
are labeled with fluorophores and tagged with a uni-
versal anti-tag sequence complementary to the allele-
specific primer tags. The bead�ASPE hybridization
products are incubated with an R-phycoerythrin�
streptavidin conjugate, and fluorescence intensities are
measured. Again, the allelic ratio between the wild
type and variant provides the genotype [5].

The Infiniti platform (AutoGenomics, Carlsbad, CA)
is a film microarray. Similar to the other platforms,
DNA is first PCR amplified for the specific regions of

interest and the products are cleaned with exonuclease
I and shrimp alkaline phosphatase (EXO/SAP). Allele-
specific primer extension follows, and the fluorescently
labeled products are hybridized to the film array.
Labeled products bind specifically to their complemen-
tary microarray locations. Fluorescence levels are
detected by a microscope and are converted into geno-
type data using allelic ratios.

Sequencing

Unlike mutation-specific analyses, DNA sequencing
allows for the detection of any variations within the
amplified region of the gene. Classically, dideoxy
(Sanger) sequencing has been the most popular
sequencing method. Pyrosequencing has also been
adopted for use in the clinical lab.

Sanger sequencing relies on the formation of the
phosphodiester bond during DNA extension. Through
DNA replication, the terminal 30-hydroxyl group of the
DNA polymer reacts with the α-phosphate group on
the incoming nucleotide. Pyrophosphate is released,
and a covalent phosphodiester bond is formed. If the 30-
hydroxyl group is absent, the adjacent complementary
nucleotide can bind to the polymerase, but a phospho-
diester bond cannot be formed. Dideoxynucleotide tri-
phosphates (ddNTPs) do not contain 20- or 30-hydroxyl
groups on the ribose ring of the nucleotide. Thus, these
modified bases can be incorporated into the DNA poly-
mer but will terminate further polymerization.

Amplified DNA is used as a template for a unidirec-
tional reaction; a single primer is added to each
sequencing reaction. Fluorescently labeled ddNTPs
(ddTTP, ddATP, ddGTP, and ddCTP) are each conju-
gated to a different fluorophore; therefore, each nucle-
otide provides a unique signal. At every base extended
during the sequencing reaction, a minority of the poly-
mers will incorporate the complementary ddNTP
rather than dNTP. Incorporation of ddNTP will termi-
nate further polymerization, leading to an assembly of
products that can be ordered from shortest to longest.

The products of the sequencing reaction are sepa-
rated by capillary electrophoresis wherein smaller
DNA molecules migrate faster than the larger mole-
cules. A fluorescence detector is utilized to decipher
the terminal nucleotide of the fragment. Single nucleo-
tide resolution is achieved and a chromatogram is
generated that assigns each nucleotide a specific color,
facilitating interpretation of the sequencing result.

Sanger sequencing is the current gold standard for
mutation detection because its accuracy surpasses that
of any other molecular technique. Sanger sequencing
will recognize both rare and common mutations, as
well as small insertions, deletions, and duplications,
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although large deletions and duplications will not be
detected. The technique is amenable to high-
throughput production, and data analysis and inter-
pretation are relatively straightforward. However,
Sanger sequencing tends to be more time-consuming
compared to mutation-specific detection. In addition,
for applications in which the population of target
DNA is in the minority, such as during tumor charac-
terization, the lack of analytical sensitivity can result in
false-negative typing.

Pyrosequencing, or real-time DNA sequencing, uses
detection of pyrophosphate release [6]. Like Sanger
sequencing, it exploits the natural mechanism of DNA
polymerization to infer the DNA sequence. However,
in contrast to Sanger sequencing, detection is accom-
plished as each nucleotide is incorporated rather than
by separation of a final set of DNA products. When
the DNA phosphodiester bond is formed, pyrophos-
phate (PPi) is released. Pyrosequencing utilizes this
PPi as a substrate for a series of enzymatic reactions
that ultimately produce light.

As with Sanger sequencing, targeted pyrosequencing
is preceded by PCR. The amplification reaction includes
a biotinylated primer, which facilitates subsequent
isolation of the amplicon strand to be sequenced.
Pyrosequencing proceeds by sequential addition of
each nucleotide to a sequencing primer. If the nucleo-
tide added is complementary to the next base in the
DNA sequence, it is incorporated into the polymer and
PPi is released. Sulfurylase catalyzes the formation
of ATP from PPi and adenosine phosphosulfate.
Luciferase then catalyzes the reaction between ATP, O2,
and luciferin, ultimately releasing light. The light is col-
lected by a CCD camera and recorded as peaks into a
graph known as a pyrogram (Figure 22.2). The amount
of light generated is directly proportional to the number
of the specific nucleotide incorporated. For example, if
two GTPs are incorporated in tandem, they will pro-
duce twice as much light compared to the incorporation
of a single GTP. Pyrosequencing can be applied to a
range of pharmacogenomics applications, including
detection of single nucleotide polymorphisms (SNPs),
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copy number, triallelic polymorphisms, tandem repeats,
and insertions/deletions [7]. Like dideoxy sequencing,
it can detect all mutations within a targeted region, but
sequencing lengths are much shorter, typically less than
100 bases, and often limited to only a few codons.
Novel variants outside the targeted region will not be
detected with this methodology. However, the analyti-
cal sensitivity of pyrosequencing, which is typically
approximately 5%, outperforms that of dideoxy
sequencing, which is typically approximately 25% [8].
This is particularly useful for oncology applications,
in which heterogenetic cell mixtures are common.
Because all tumor tissue will have some portion of nor-
mal cells that likely do not harbor the somatic mutation,
increased analytical sensitivity can be essential. The
added analytical sensitivity provided by pyrosequen-
cing is the fundamental reason why it is utilized in the
clinical lab. In addition, targeted pyrosequencing is
cost-effective and less time-intensive compared to other
sequencing methodologies. Pyrosequencing is easily
automated, accurate, and depletes the need for labeled
nucleotides and a separation matrix.

APPLICATIONS OF
PHARMACOGENETICS TESTINGS

Applications of pharmacogenetics may involve the
detection of somatic mutations acquired through
mutagenesis or germline mutations inherited

parentally. Somatic mutations are important in oncol-
ogy, whereas germline mutations are often relevant
for drug metabolism. Applications for each with the
challenges in testing are described here. Table 22.1
summarizes the applications, the commonly tested
variants, and common platforms.

Tumor/Somatic Mutation Detection

One of the hallmarks of cancer cells is the insubordi-
nate activity of signaling pathways [9]. In almost all
malignant tumors, a tumor suppressor will be inacti-
vated and/or an oncogene will be upregulated. The
mechanism by which these somatic mutations allow
tumor cells to activate pro-growth signaling can affect
the tumor’s response to therapeutic agents. Examples
of such a relationship are KRAS mutations in epider-
mal growth factor receptor (EGFR)-directed therapy
for colorectal cancer, BCR-ABL translocations for the
effectiveness of tyrosine kinase inhibitors against
chronic myelogenous leukemia (CML), and KIT muta-
tions in gastrointestinal stromal tumors treated with
imatinib.

There are benefits for recognizing these mechanism-
specific mutations. First, it benefits the patient by
administering certain chemotherapeutic agents, which
often have deleterious side effects, only when there
is a greater possibility of the drug being effective.
Second, it provides pharmaceutical companies a

TABLE 22.1 Genes Important in Pharmacogenomics Testing

Gene Indication Commonly used Methods Commonly Tested Variants Comments

KRAS Response to EGFR
therapies

Targeted sequencing;
pyrosequencing; allele-
specific PCR

Exons 12, 13, 61

BCR-ABL1 Response to
imatinib

qRT-PCR; sequencing Quantification of bcr-abl
translocation, mutations in the
kinase domain

Quantitative PCR used for residual
disease monitoring; sequencing used
to predict resistance to therapy

KIT Imatinib or tyrosine
kinase inhibitors

Single variant detection;
sequencing

D816V, targeted exons 8, 9, 11,
13, 17

Exons tested depend on cancer type

HLA-B*5701 Abacavir sensitivity Single variant detection Presence or absence of HLA-
B*5701 or HCP5 variant

IL28B HCV response Single variant detection rs12979860C/T, rs8099917T/G Laboratories may test one or the
other or both variants

CYP2D6 Multiple drugs Targeted mutations *2, *3, *4, *5, *6, *7, *8, *9, *10,
*11, *12, 14, *15, *17, *29, *35,
*41

Many rare variants will not be
detected

CYP2C19 Clopidogrel
sensitivity

Targeted mutations *2,*3,*17

CYP2C9/VKCOR1 Warfarin sensitivity Targeted mutations CYP2C9 *2, *3 VKCOR1 c-
1639 G.A

For sensitivity testing only; will not
predict warfarin resistance
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foundation to select patients for clinical trials and also
for targeting future drug discovery projects.

KRAS

EGFR is a transmembrane tyrosine kinase receptor
that functions to activate signaling pathways involved
in survival and proliferation. Activation of EGFR
occurs when a ligand binds to the extracellular
domain, triggering dimerization and consequential
autophosphorylation of the cytoplasmic domain. EGFR
activation stimulates both the mitogen-activated pro-
tein kinase (MAPK) and the phosphoinositol-3 kinase
(PI3K) pathways, ultimately triggering the expression
of genes involved in growth and metastasis. Multiple
metastatic cancers—namely colorectal, lung, and pan-
creatic cancers—are known to have aberrant expres-
sion of proteins involved in the EGFR pathway,
namely due to gene duplications and point mutations.
The EGFR serves as the gatekeeper for the MAPK and
PI3K pathway activation, and therefore some cancers
will harbor mutations specific to the EGFR and not to
downstream pathway components. Because the ligand
binding site of the receptor is located on the extracellu-
lar membrane, EGFR has been an attractive therapeutic
target using monoclonal antibodies. In particular,
cetuximab and panitumumab, which function pharma-
ceutically to block the receptor, are frequently used in
the treatment of colorectal cancer patients. However,
only a subset (8�23%) of patients with metastatic colo-
rectal cancer respond to these drugs. The primary fac-
tor governing the response or resistance to EGFR-
specific drugs is mutations in proteins downstream of
EGFR activation that result in constitutive activity,
keeping the pathway turned on without initial signal-
ing through the EGFR receptor [10]. Mutations in
KRAS that lead to such constitutive activity have
shown the highest correlation to anti-EGFR drug resis-
tance. KRAS genotype analysis of tumor tissue can
therefore help predict if a patient will respond to
EGFR inhibitors. Specifically, whereas a wild-type
KRAS suggests the patient may respond, a mutation in
KRAS indicates drug resistance. It is important to note
that the response rate to anti-EGFR therapy in patients
with wild-type KRAS is less than 50%, suggesting that
there are other factors involved.

KRAS mutations that are known to convert the gene
into an active oncogene are localized to hot spots
in codons 12, 13, and 61. Multiple molecular assays
have been developed to detect mutations in these
regions [8]. The most commonly utilized methods are
Sanger sequencing, pyrosequencing, and allele-specific
PCR. Less commonly utilized are melt-curve analysis,
StripAssay, and multiplex assays. These techniques
differ in their diagnostic and analytical sensitivity.

For detection of somatic mutations, interpretation of
Sanger sequencing becomes more difficult, and often
the analytical sensitivity is inadequate. This is a func-
tion of the starting population of cells, which is a mix-
ture of tumor cells and nontumor or normal cells.
Often, the signal-to-noise ratio is not high enough to
distinguish if a mutation is, in fact, present. The analyti-
cal sensitivity of Sanger sequencing is approximately
20%, which can lead to false-negative interpretations in
heterogeneous cell populations. Thus, Sanger sequenc-
ing is less attractive for utilization in detection of
somatic mutations.

To increase analytical sensitivity in detecting
somatic mutations, other methods are often employed.
For example, pyrosequencing has a sensitivity of
approximately 5%. Monitoring the incorporation of
each sequential nucleotide heightens the ability to
detect small amounts of DNA polymerization.
Consequently, the lower limit of analytical sensitivity
is enhanced. In addition, this allows an estimate of the
percentage of cells in the population analyzed that har-
bor the detected mutation. Multiple studies have
shown that even in tissues with low tumor cell content,
pyrosequencing provides sufficient analytical sensitiv-
ity and specificity to assess KRAS mutation status in
metastatic colorectal cancer tissue. In contrast to
Sanger sequencing, most KRAS pyrosequencing assays
will only analyze the codons of interest plus a few
flanking nucleotides. Although mutations not previ-
ously described may be missed, the clinical signifi-
cance of KRAS mutations other than those in codons
12, 13, and 61 is unclear. An example of a KRAS pyro-
gram is shown in Figure 22.2.

Like pyrosequencing, allele-specific PCR is highly
sensitive and can detect as few as 10 copies of mutant
alleles in proportions as low as 1% of the total DNA.
Therefore, compared with Sanger sequencing, the
lower limit of detection is at least 10-fold more sensi-
tive. In addition to an increased analytical sensitivity,
allele-specific PCR has the advantage of eliminating
the post-PCR processes required by sequencing, thus
eliminating a major contamination source and reduc-
ing turnaround time. The primary disadvantage of
allele-specific PCR is that mutations outside the tar-
geted nucleotide will not be detected. The allele-
specific PCR methods to detect KRAS mutations have
focused solely on the seven most common mutations
in codons 12 and 13, which account for at least 90% of
all KRAS mutations. Approximately 10% of mutations
may be overlooked, particularly mutations in codon
61, which can represent up to 8% of KRAS mutations.
Although the clinical implications of mutations in
codon 61 are not fully understood, at least one study
has associated such mutations with anti-EGFR therapy
resistance. In general, mutation detection between
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allele-specific PCR and Sanger sequencing is highly
concordant if the tumor cell percentage in the sample
is sufficient. As such, the method of choice is typically
a function of the proportion of tumor cells in the
sample.

The typical allele-specific PCR assay utilizes conven-
tional probes such as TaqMan or molecular beacon
to detect amplification. Scorpion primers are designer
oligonucleotides that function as both the primer
and the probe [11]. When utilized for KRAS detection,
Scorpion probes provide an additional 10-fold decrease
in the lower limit of detection (B0.1% or one target
allele) compared to conventional probes. Although the
sensitivity exhibited by Scorpion primers may initially
seem attractive, the clinical significance of such a low
limit of detection remains controversial. Furthermore,
the Scorpion assay is only available through a single
commercial vendor and the cost is significantly higher
compared to that of the reagents required for conven-
tional allele-specific RT-PCR or DNA sequencing.

BCR-ABL1

CML is a myeloproliferative disorder that results in
the proliferation of mature granulocytes and their pre-
cursors. The signature characteristic of CML is a
unique chromosomal abnormality resulting from a
reciprocal translocation between the long arms of chro-
mosome 9 and 22, known as the Philadelphia (Ph1)
chromosome [12]. The Ph1 chromosome is present in
nearly 100% of CML cases because it is the causative
molecular abnormality of CML. The Ph1 chromosome
fuses the 50 end of the breakpoint cluster region (BCR)
on chromosome 22 with the ABL1 kinase protoonco-
gene on chromosome 9, resulting in the loss of the
native 50 end of ABL1, which regulates kinase activity.
The gene fusion results in an actively transcribed and
translated protein called BCR-ABL1. BCR-ABL1 retains
the kinase activity of ABL1, using phosphorylation
events to trigger responses in multiple anti-apoptotic
and pro-growth signaling pathways. However, the
fusion protein loses its ability to be regulated, allowing
for constitutive activity of ABL1, which ultimately
leads to the pathogenicity.

Detection of the Ph1 chromosome is essential not
only for diagnosis of CML but also because targeted
therapy with imatinib, a tyrosine kinase inhibitor with
specificity toward BCR-ABL1, has proven to be a
highly effective first-line therapy. The methods utilized
to detect the Ph1 chromosome are conventional cytoge-
netics, fluorescence in situ hybridization (FISH), and
RT-PCR. Cytogenetics uses a karyotype to visually
scrutinize chromosomes and detect chromosomal
abnormalities. Although cytogenetics is the gold stan-
dard for Ph1 detection, it requires a bone marrow
biopsy and the manual evaluation of metaphase cells,

making it a cumbersome and time-consuming tech-
nique with a sensitivity of approximately 1:20 cells.
FISH, a probe-based detection method, has a slightly
higher sensitivity, detecting from 1:100 to 1:500 Ph1-
positive bone marrow cells, but it is prone to false-
positive results. In contrast, quantitative (q)RT-PCR,
which is based on extracting mRNA from whole blood
and detecting the BCR-ABL1 transcript, is relatively
efficient, sensitive, and specific. However, qRT-PCR
will not provide any additional information about
bone marrow morphology or other chromosomal
abnormalities.

The primary goals of CML treatment are to elimi-
nate the Ph1 chromosome and BCR-ABL1 gene expres-
sion. If treatment with imatinib is successful, both will
be achieved, but they will still need to be monitored
periodically. If treatment with imatinib is not success-
ful, or if relapse is detected, therapy must be altered.
Conventional cytogenetics is not sensitive enough to
be used in disease monitoring. qRT-PCR extends the
limit of detection for cells expressing the Ph1 chromo-
some down to 1:100,000�1:1,000,000 and thus is four
or five orders of magnitude more sensitive than cyto-
genetics [13]. In addition, qRT-PCR eliminates the
need for the continued collection of bone marrow.

Using qRT-PCR rather than RT-PCR allows for a
quantitative measurement to detect response and pro-
gression. Studies have shown that the concentration of
BCR-ABL1 transcript predicts the most important clini-
cal outcomes: disease progression, drug resistance, and
survival [13,14]. qRT-PCR is a powerful and efficient
method for monitoring CML, but a few cautionary
notes are necessary. Importantly, RNA is an inherently
difficult macromolecule to extract and analyze because
it is degraded by RNase, which is an exceptionally
stable and abundant enzyme. In addition, RNA yields
can vary from person to person. The latter is overcome
by standardizing the amounts of BCR-ABL1 transcripts
in a sample to the amount of an endogenous expressed
housekeeping gene. This is necessary for accurate
BCR-ABL1 quantification, but it can also be an addi-
tional source of bias in an assay. Depending on which
housekeeping gene is measured, the relative expres-
sion, and hence quantitative assessment, of BCR-ABL1
can vary.

A critical component to all tumor marker assays is
precision. The assays must exhibit minimal fluctuations
in order for consecutive results to translate into
therapeutic meaning. The current limit of analytical
precision for most BCR-ABL1 qRT-PCR assays is
approximately 0.5 logs. Therefore, if a patient has a rise
in BCR-ABL1 transcript that is less than or equal to 0.5
logs, it may simply be a result of analytical precision.
Studies have shown that remaining within 0.5 log
fluctuations of BCR-ABL1 is a good prognostic
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indicator, and conversely a poor prognostic indicator if
the transcript increases by more than 0.5 logs [15].
However, improving the precision of the assays may
allow for a more fine-tuned assessment of patient
status.

A universal problem with tumor markers is the lack
of standardization and the large interlaboratory varia-
tion observed. Currently, this also holds true for the
BCR-ABL1 transcript, in which up to eightfold differ-
ences in concentration are observed between laborato-
ries evaluating identical specimens [16]. The variability
is a result of procedural and/or vendor differences in
RNA extraction, instrumentation, reagents, and house-
keeping genes. Extensive efforts are being brought
forth to create an international scale for BCR-ABL1 to
harmonize quantitative BCR-ABL1 measurements
across tests and laboratories. This will enhance patient
care by facilitating inter-laboratory studies and allow-
ing for patient portability [17].

A rise in BCR-ABL1 transcript greater than 0.5 logs
suggests that treatment is unsuccessful. Multiple muta-
tions in the kinase domain of BCR-ABL1 have been
shown to infer drug resistance to imatinib [13].
Identifying the specific mutations present can guide
therapy because certain mutations are known to
respond to alternative tyrosine kinase inhibitors,
whereas other mutations are known to be resistant to all
currently available kinase inhibitors. Samples suspected
of harboring such mutations are subjected to nested
PCR with the first round of PCR amplifying across the
translocation, followed by a second round that amplifies
the ABL1 region of interest from the fusion transcript.
Amplicons are sequenced to identify mutations.

KIT

KIT is a tyrosine kinase receptor involved in the
development of melanocytes, interstitial cells of Cajal,
hemopoietic progenitor cells, mast cells, and primordial
germ cells [18]. Like all tyrosine kinase receptors, KIT is
activated via ligand-specific binding, with subsequent
receptor dimerization, autophosphorylation, and down-
stream signaling leading to gene activation/repression
and a physiological response. Although KIT follows the
general convention of receptor signaling, KIT is rela-
tively complex when implicated in cancer and scruti-
nized for its pharmacogenomics associations. This
complexity is multifaceted and a result of KIT associa-
tion with multiple tumor types, mutation-specific
responses, and the appearance of secondary resistance.
Furthermore, an alternative tyrosine kinase receptor,
PDGFRα, is implicated in some of the same cancers.

Because KIT has several roles in physiological
homeostasis, it is not surprising that KIT mutations are
associated with multiple tumor types [18]. KIT muta-
tions are at the pathological root of many

gastrointestinal stromal tumors (GISTs), melanomas,
seminomas, mastocytosis, and acute myeloid leukemia
(AML) cases. The primary goal of detecting specific KIT
alterations in these cancers is to provide prognostic
and/or potential therapeutic information. In general,
cancers with wild-type KIT alleles will not be respon-
sive to imatinib or other tyrosine kinase inhibitors.
However, the presence of a KIT mutation does not nec-
essarily confer responsiveness. Multiple KIT mutations
observed both within and between the cancer types fur-
ther enhance the complexity. Pathogenic KIT alleles
have been shown to encompass the whole spectrum of
genetic variation; deletions, point mutations, internal
tandem duplications, insertions, and complex mutations
have all been reported. The type of cancer to be tested,
and thus the expected mutation(s), must be considered
when designing the assay. In GISTs and melanomas,
exon 11 is the most common for mutations, followed by
exons 9, 13, and 17. The exon that harbors the mutation
also influences drug dosing and prognosis. In GISTs
with wild-type KIT, one may also want to evaluate the
PDGFRA genotype [19]. D842V is the most common
GIST-associated PDGFRA mutation and is analogous to
the D816V KIT mutation described later. Cancers har-
boring this PDGFRA mutation are completely resistant
to all of the currently available tyrosine kinase inhibi-
tors. In seminomas and mastocytosis, identifying the
KIT point mutation D816V is critical [20]. D816V allows
for constitutive kinase activity leading to cell prolifera-
tion and inhibition of apoptosis and infers resistance to
tyrosine kinase inhibitors. For AML patients, mutations
in KIT confer poor prognosis [21]. These mutations
occur in exons 8 and 17. Most exon 8 mutations are
insertions/deletions, whereas the exon 17 mutations are
a mixture of point mutations and insertions.

Secondary mutations have been best defined in
GISTs, in which resistance to kinase inhibitors was
observed in more than 85% of patients who were ini-
tially responsive to the drugs [19]. This resistance often
develops in the original lesion, suggesting a clonal
selection. Specifically, such mutations were present in
a subset of cells or a single clone within the tumor
when treatment with the kinase inhibitor was initiated.
By selectively killing the tumor cells that harbor only
the primary mutation, the minor clones are given the
opportunity to expand. Screening for such minor
clones before the initiation of therapy may allow the
physician to predict the best first- and second-line
therapies by understanding to what drugs the tumor
will eventually become resistant.

Techniques utilized for detection of KIT mutations
will vary depending on the type of cancer and whether
primary or secondary mutations are implicated. One
confounding issue in KIT testing is that laboratories
need to design testing panels that facilitate appropriate
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physician ordering and bolster subsequent result inter-
pretation. Tiered testing might be an excellent cost-
and time-efficient method to define the KIT status in a
tumor population. In these cancer-specific cases, the
most common mutation would be evaluated first. If
that mutation is absent, assessment of the alleles
should continue for the second most common muta-
tion. Alternatively, if that mutation is present, the need
for further testing is obsolete (unless secondary resis-
tance is suspected). These algorithms should also
direct testing to PDGFRA when implicated.

Host Factors Influencing Response to Infectious
Disease

Various factors influence treatment of a patient suf-
fering from an infectious disease.

HLA 5701

Inherited factors can affect how humans respond to
treatment of infectious diseases. One example is the
Human leukocyte antigen (HLA)-B locus *5701, which
has been associated with abacavir sensitivity in treat-
ing HIV infections [22]. Symptoms related to abacavir
sensitivity include fever, rash, fatigue, and respiratory
and gastrointestinal problems. Testing for the locus
HLA-B*5701 will identify those who are HLA-B*5701
positive and likely to develop a severe reaction to aba-
cavir and in whom abacavir treatment should be
avoided [23]. The HLA-B*5701 sequence is nearly iden-
tical to those of other HLA types, such as HLA-B*5702
or HLA-B*5706. High-resolution HLA typing or HLA
sequencing can be performed to definitively genotype
this region. However, these tests are expensive and
labor-intensive. To find a solution that is simpler and
less expensive, carefully designed primers to amplify
only the HLA-B*5701 allele can be used to detect the
presence or absence of the allele. This type of a test
may not be able to distinguish between one copy (het-
erozygous) or two copies (homozygous). Care should
be taken to not mistakenly call a closely related allele
because there may also be slight, although inefficient,
amplification of related HLA alleles. The HLA-B*5701
allele is in linkage disequilibrium with the single-
nucleotide variant rs2395029 in the HCP5 gene [24];
therefore, this can be used as a surrogate and tested by
a variety of methods suitable for single variant detec-
tion. The HCP5 variant has close to 100% negative and
positive predictive value when used to screen for aba-
cavir sensitivity. The exception is a rare allele that is
positive for the variant but negative for HLA-B*5701.
This result leads to a false positive, resulting in the
avoidance of treatment that may be safe. In addition,
deletions that cover the HCP gene region have been
reported [25]. If an undetected deletion is present, the

result may be a false negative or a false positive,
depending on which allele is deleted.

IL28B-Associated Variants

A second example of a host factor influencing
responses to treatments is IL28B-associated variants
and hepatitis C (HCV) infection. The standard treat-
ment for HCV is a combination of PEG-interferon
(PEG-IFN) and ribavirin. The combination of these
therapies eliminates the HCV RNA in 70�90% of indi-
viduals with HCV type 2 but less than half of indivi-
duals with HCV type 1. Treatment success is
measured by sustained virological response, defined
as the absence of detectable HCV RNA in the serum 24
weeks after the end of treatment.

It has long been known that there are ethnic differ-
ences in HCV clearance, suggesting that host genetic
factors influence treatment. Genome-wide association
studies have identified two single-nucleotide variants
that are independently associated with response to
PEG-IFN and ribavirin in Caucasians [26,27]. These
two variants, rs12979860C/T and rs8099917T/G, are
located upstream of the IL28B gene, which encodes for
λ or type III interferons (IFN-λ). These variants can be
used to predict response to PEG-IFN/ribavirin therapy,
although with few other options, this treatment would
not be denied. The favorable alleles are the C allele for
rs12979860 and the T allele for rs8099917. One or two
copies of risk alleles (T allele for rs12979860 and G
allele for rs8099917) predict higher risk of chronic hepa-
titis C and increased risk for treatment failure. The
effect is strongest in HCV type I infections.

Methods suitable for single variant or multiplexed
variants will detect the favorable/unfavorable geno-
types. Figure 22.1 shows an example of both variants
detected by hybridization probes. However, indivi-
duals’ genotypes may be considered favorable by one
variant but unfavorable or at-risk by the other variant.
Further studies are needed to determine if one or the
other variant is a better predictor.

Polymorphism of Metabolic Enzymes

Polymorphisms of certain isoforms of the cyto-
chrome P450 mixed function family of enzymes play
key roles in metabolism of certain drugs that are sub-
strates for such isoforms.

CYP2D6

CYP2D6 is an enzyme from the cytochrome P450
superfamily involved in the metabolism of approxi-
mately 25% of commonly prescribed drugs, including
tamoxifen, β-receptor blockers, analgesics, anticonvul-
sants, antidepressants and antipsychotics, antihyper-
tensives, and norepinephrine reuptake inhibitors.
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Variants in this enzyme can produce nonfunctional
enzymes or enzymes with reduced-function. These
variants are referred to as “*” alleles, representing a
combination of nucleotide variants. The *1 allele is con-
sidered the normal, functional allele. Genotyping can
identify variant alleles, although many are rare and
therefore may not be included in a clinically available
assay. The combination of alleles results in four pheno-
typic categories: ultrafast metabolizer, extensive (nor-
mal) metabolizer, intermediate metabolizer, and poor
metabolizers. Depending on the drug, CYP2D6 may
inactivate an active drug or metabolize a prodrug to its
active form. If CYP2D6 activity is reduced, an active
drug may build up toxic compounds; alternatively, a
prodrug may result in ineffective treatment. Molecular
assays detect common variants in the CYP2D6 gene
that affect protein function.

Several commercially available and U.S. Food and
Drug Administration (FDA)-cleared tests for CYP2D6
are available and were discussed previously. These
include the AmpliChip CYP450 test, which detects 20
CYP2D6 alleles (including the *5 deletion) and 7
CYP2D6 duplications [28]; the Luminex Tag-It assay,
which interrogates 17 allelic variants including the *5
deletion and duplication [5]; and the AutoGenomics
CYP2D6I assay [29], which detects 15 allelic variants
including the *5 deletion and duplication alleles.

All the assays described are genotyping assays; they
do not confirm if the variants detected are on the same
chromosome (in cis) or on different chromosomes
(in trans). Assumptions are therefore made to assign the
variants based on reported combinations of mutations on
a single chromosome. For example, the nonfunctional *4
allele contains both the c.1846G.A mutation, which
affects splicing and results in a frameshift, and the
c.100C.T mutation in cis. In contrast, the reduced func-
tional allele, *10, is defined by the c.100C.T mutation
alone. Although c.1856G.A can exist on a chromosome
without c.100C.T (named *4M), this allele is rare. Thus,
if the assay utilized detects both c.1856G.A and
c.100C.T mutations, it is presumed that these mutations
are present in cis. Heterozygosity for each of these muta-
tions predicts a *4 heterozygous allele (one copy of a non-
functional allele). If allelic combinations are not taken
into consideration, this result could be misinterpreted
as a *4/*10 compound heterozygous (one copy of a non-
functional allele and one copy of a decreased-function
allele). A true *4/*10 combination shows homozygosity
for c.100C.T and heterozygosity for c.1846G.A.

Gene duplications add another level of complexity
to CYP2D6 genotype interpretations. Although most
molecular assays can detect the presence of duplica-
tion, not all can assess which allele is duplicated (i.e.,
if the duplication arose from the wild-type or mutant
allele). In addition, the number of copies is not

determined. The AmpliChip assay was designed to
reduce the diagnostic complexity associated with such
genotypes by detecting seven duplications also known
to contain nonfunctional or reduced-function variants
(e.g., c.1846G.A and/or c.100C.T). Knowing which
allele is duplicated is important in predicting the phe-
notype. An example is a patient with the CYP2D6*1/*4
genotype and gene duplication. If the *1 is duplicated
(*1XN/*4), the patient has at least two functional cop-
ies of the gene, predicting an extensive metabolizer
phenotype. However, if *4 is the duplicated allele
(*1/*4XN), the duplicated allele would still be non-
functional and the patient would be predicted to have
only one functional allele, consistent with an
intermediate-to-extensive metabolizer.

Laboratories may report the * allele designation
detected or the nucleotide positions of base changes. If
none of the targeted mutations are detected, the wild-
type or *1 allele is presumed. However, unless
sequencing of CYP2D6 is performed to detect all var-
iants, rare alleles may be missed by targeted mutation
analysis. Alternatively, reports should state that “none
of the targeted mutations were detected.”

Hemostasis (CYP2C19, CYP2C9, and VKORC1)

Hemostasis is the ability of the body to properly
control the spatial and temporal behavior of the clot-
ting cascade. In certain pathologies, the risk of throm-
botic events is high, and therefore pharmaceuticals are
prescribed to reduce the risk of clotting. Dosing of
such drugs is critical because there is a delicate balance
between the risk of clotting and the risk of bleeding.
Two of the most commonly prescribed oral anticoagu-
lants are clopidogrel and warfarin, and the efficacy of
both is known to be affected by genetic variations.

For more than 60 years, warfarin has been front-line
therapy for the treatment or prevention of thromboem-
bolisms in patients at risk for clotting. Despite its
widespread use, adverse events resulting from interin-
dividual variability are common. Mechanistically, war-
farin executes its function by inhibiting the activation
of vitamin K, required for the γ-carboxylation of many
of the factors involved in the coagulation cascade. In
the absence of γ-carboxylation, these factors are unable
to cleave their substrates, and as such, the coagulation
cascade is partially arrested. Two distinct genes are
implicated in the pharmacological response to warfa-
rin: CYP2C9 and VKORC1 [30]. The FDA has man-
dated that the warfarin package insert contain a
table that integrates CYP2C9 and VKORC1 genotype
with drug dose.

CYP2C9, a member of the cytochrome P450 family,
is responsible for the rate-limiting step to break down
warfarin into its inactive metabolite. CYP2C9 is a
highly polymorphic gene, and some of these SNPs
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reduce the catalytic efficiency. CYP2C9*2 and *3 are
well-defined alleles that cause a decreased warfarin
clearance rate. Cumulatively, they are present in
approximately 20% of Caucasians. Patients harboring
either of these alleles are predicted to require a lower
loading and maintenance warfarin dose, and they are
also at greater risk for bleeding complications as a
result of warfarin administration.

Vitamin K is a co-factor for the enzymatic addition of
γ-carboxylate functional groups onto various proteins,
including many of the principal components of the
coagulation cascade. The result of this reaction is the
oxidation of vitamin K. To function as a co-factor for
subsequent γ-carboxylation reactions, vitamin K must
be converted back into its reduced form. VKORC1 is
the enzyme responsible for such vitamin K recycling,
and it is the mechanistic target of warfarin; warfarin
binds to VKORC1 and prevents VKORC1 from reduc-
ing vitamin K. Polymorphisms within the VKORC1
warfarin binding site can alter the binding affinity of
the enzyme for the drug. The most common of these,
�1639G.A, is associated with warfarin sensitivity.

Combined, CYP2C9 and VKORC1 have been shown
to be predictive of warfarin dosage requirements for
approximately 50% of patients. Multiple FDA-cleared
platforms for detection of the common CYP2C9 and
VKORC1 variant alleles are available, and all function
with extremely high (.99%) sensitivity and specificity
[31,32]. The fundamental issues regarding CYP2C9 and
VKORC1 testing are bureaucratic in nature [33].
Controversy exists regarding the clinical utility, and
hence reimbursement poses a major issue. Despite
the endorsement for genotype testing by the FDA,
American Association for Clinical Chemistry, National
Academy of Clinical Biochemistry, College of American
Pathologists, and others, the Centers for Medicare and
Medicaid Services is reluctant to provide any reimburse-
ment for CYP2C9 or VKORC1 testing until a large-scale,
prospective, randomized study has been completed.

Further studies are also needed to design the most
effective scheme for incorporating CYP2C9/VKOR1
genotype testing into the treatment plan [34]. Algorithms
have been proposed, but it is unclear whether it is imper-
ative for the genotyping to be completed with expedited
turnaround time or if it is sufficient to begin a patient on
a dose appropriate for his or her height/weight/age and
adjust the dose as the genotype results become available.
In either case, the international normalized ratio should
be used in tandem with the genotype results to ensure
that the proper therapeutic target is achieved.

The use of platelet antagonists, such as aspirin and
clopidogrel, has been shown to improve outcomes in
patients with acute coronary syndrome and percutane-
ous coronary interventions [35]. Clopidogrel functions
by irreversibly binding to the P2Y12 platelet receptor,

preventing ADP activation of platelets. Approximately
25% of patients do not respond to clopidogrel; a large
part of the variability is attributed to the CYP2C19
gene. Clopidogrel is a prodrug, requiring a two-step
enzymatic reaction to be converted into the active
metabolite. CYP2C19 is a catalyst for both of these
reactions, and like many members of the CYP family,
it is a highly polymorphic gene. Although multiple
polymorphisms have been identified in CYP2C19, only
five have been shown to alter the kinetic properties of
the enzyme. CYP2C19*2, *3, *4, and *5 are associated
with loss of function and a decreased metabolic rate of
clopidogrel; CYP2C19*17 is associated with a gain of
function and an increased metabolic rate of clopido-
grel. Although robust and accurate FDA-cleared and
laboratory-developed tests can identify these muta-
tions, the main challenge in testing for CYP2C19 var-
iants lies in the clinical relevance of these alleles,
which is currently highly controversial [36,37].

In 2010, the FDA mandated a box label warning be
placed in the clopidogrel package insert to caution
patients that there is diminished effectiveness of the
drug in patients who are poor metabolizers, but avail-
able genetic testing for the CYP2C19 gene can identify
such persons. The label suggests that if genetic testing
reveals that the patient is a poor metabolizer, alterna-
tive treatment or treatment strategies should be consid-
ered. Immediately following the FDA endorsement,
multiple national cardiovascular associations contested
the decision, stressing that there was not sufficient evi-
dence to support these claims. The controversy over
the utility of CYP2C19 testing remains [38]. More than
30 clinical trials and at least a dozen meta-analyses
reveal conflicting data, bolstering the debate. In sum-
mary, clopidogrel is a widely prescribed drug that can
reduce adverse thrombotic events in at-risk patients.
There is an association between CYP2C19 genotype
and clopidogrel response: Poor metabolizers will have
a decreased serum concentration of the active metabo-
lite and will have platelets with higher ex vivo reactiv-
ity to ADP than predicted of a patient on clopidogrel.
However, the association of genotype with the risk of
cardiovascular events remains incredibly controversial.

CASE STUDIES

The following scenarios illustrate a few of the chal-
lenges in pharmacogenetic testing. They are typical
types of cases received in the clinical laboratory.

Case Study 1 Involving CYP2D6

A male in his 30s is nonresponsive to psychiatric
medication, and a sample is sent for CYP2D6 testing.
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His genotype showed a *17 decreased function allele
and the *2a functional allele. The assay also detected a
duplication but could not determine which allele was
duplicated. Without knowing the duplicated allele,
a phenotype could not be accurately predicted. If the
*2a allele was duplicated, he would have at least two
copies of a functional allele and one allele with
decreased function. The predicted phenotype would
be an extensive or rapid metabolizer. If the *17 allele
was duplicated, he would have a duplicated decreased
function allele and one normal function allele. The pre-
dicted phenotype would be an extensive metabolizer.
A family study was performed and demonstrated that
the *2a allele and the duplication were inherited from
his mother, whereas the *17 allele was inherited from
his father. With this information, he was predicted to
have at least an extensive metabolizer phenotype and
is likely a rapid metabolizer. A rapid metabolizer phe-
notype could explain his nonresponsiveness because
the medication may be quickly eliminated, before it is
able to be effective.

Case Study 2 Involving IL28B-Associated Variants

An individual has been diagnosed with an HCV
infection, and a sample is sent for genotyping the
IL28B-associated variants to predict the risk of treat-
ment failure with PEG-IFN and ribavirin. Genotyping
showed that she has two favorable alleles (T/T) for
rs8099917 but one risk allele and one favorable allele
(C/T) for rs12979860. One risk allele predicts treatment
failure independently for each locus. In combining the
two loci, she has only one risk allele and three favorable
alleles. Because it is not known if the two variants have
the same predictive power, the predicted risk for treat-
ment failure is indeterminate. Further clinical studies
are necessary to determine her risk of treatment failure.

CONCLUSIONS

Pharmacogenetic testing is available for a number of
inherited and somatic applications. However, chal-
lenges remain in the technologies to accurately detect
the variations, as well as in their interpretation. The
main challenge is to show clinical utility—that patient
outcomes are improved by pharmacogenetic testing.
Evidence is easier to obtain for the oncology applica-
tions, as is seen in the number of tests developed and
used clinically. Showing improved outcomes is diffi-
cult for metabolic enzymes because of pathway redun-
dancy with other enzymes involved and rarity of
variants to show differential effects between heterozy-
gotes and homozygotes. As studies continue to show

validity and utility, pharmacogenetic testing will be at
the forefront of personalized medicine.
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Antibodies, detection of, 277�279
antibody screen, 277�278
combined antibody antigen tests, 301
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false-negative results, 224
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laboratory analysis of, 30

whole, 21�22, 22t
Blood alcohol testing, 213
Blood collection tubes (BCT), 19�20
additives, 24, 25t
anticoagulants, 26�27
CLSI recommendation, 27
components of, 24t
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inadequate preparation of draw site, 318
inadequate volumes, 318
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Blood urea nitrogen (BUN), 36�38
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β2-microglobulin (B2M), 187
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results, 20
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misidentification of, 322
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CA-125, 181�183
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confirmatory testing of, 239

Cognitive errors vs. noncognitive errors, 2
Cold agglutinins
errors in, 307

College of American Pathologists (CAP),
45�46, 149�150, 248, 252�255

Colorectal carcinoma, 184�185
Colorimetric assays, 31
Coltsfoot, 77
Veno-occlusive disease and, 77

Combined antibody antigen tests, 301
Comfrey, 77
Asian, 77
European, 77
N-oxides, 77
pyrrolizidine alkaloids, 77
Russian, 77

Compatibility testing, in vitro
pre-transfusion evaluation, 279�280

Competition immunoassays, 63�64
autoantibodies in, 69
heterophilic antibodies and, 67
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Competitive inhibitor, defined, 254
Complementary Medicine Evaluation

Committee (Australia), 75
Complete blood counts (CBC), 305
Condoms, 189�190
Contamination
molecular diagnostics and, 335�337

detection and monitoring methods, 337
prevention and control methods,

336�337
sources, 336

Contamination, of specimens, 30�31
Continuous quality improvement, 4
Controls, 4
Correctional Services of Canada (CSC),

216�217
Corticotrophin-releasing hormone (CRH),

159
Cortisol
adrenal function tests, 163�164

Creatine kinase (CK) analysis, 139�140
elevation, causes of, 140t

Creatinine, 94
Creatinine analysis, 94�102
assay methods, 98�102, 99t

enzymatic reactions, 101�102
Jaffe-based methods, 98�101

MDRD, 94�98
limitations of, 98

Creatinine clearance test, 11�12
Creatinine kinase (CK) activity, 39
Cross-contamination, specimens
and clinical laboratories results, 45

Cross-reactants, 65
Cryoactivation, of pro-renin, 43
Cryoglobulins
errors in, 308

CSF, see Cerebrospinal fluid (CSF)
Cyclosporine, 84�86, 205�207
CYFRA 21-1 antigent, 190
CYP1A2 isozyme, 197
CYP2C9, 352�353
CYP2C19, 352�353
CYP2D6, 351�352
case study, 353�354

CYP enzymes, 197
Cytochrome P450, 83�84
Cytochrome P450 isozyme 3A4 (CYP3A4),

197

D
Danshen, 203�204
DAT, see Direct antiglobulin test (DAT)
Dehydroepiandrosterone sulfate (DHEAS),

13
Delta checks, 47
Department of Health and Human Services

(HHS), 234
Dexamethasone, 89
Diabetes mellitus, 20
Diagnostic and Statistical Manual of Mental

Disorders, 214
Diazepam (Valium), 242
Diet
and clinical laboratory test results, 12�14
hCG, 13�14

ketogenic, 13
Dietary Supplement Health and Education

Act of 1994, 75
Digibind, 68, 203
DigiFab, 203
Digoxin, 201�204

aldosterone antagonists, 203
analytical variables, 201�204
anti-digoxin immune fragments, 203
cardiac glycosides, 203
herbal medicines, 203�204
immunoreactive factors, 202�203
interferences, 201�204, 202t
licorice and, 82
metabolites, 202
pre-analytical variables, 201
St. John’s wort, 86

Dimethylamphetamine, 237
Dimethylamylamine (DMAA), 220
Direct antiglobulin test (DAT), 280�281, 280f
Diuretics, 208�209
DNA microarrays, 328�329

sources of errors in, 338�339
DNA sequencing, 345�347, 346f
Down’s syndrome

screening, 67�68
Doxylamine, 222
Drug confirmatory testing, 233

amphetamines, 236�238
barbiturates, 243
benzodiazepines, 242
cocaine, 238
components, 234
factors, 233�234
hair as sample for, 233
marijuana metabolite, 241�242
opiates, 238�241, 239f
codeine, 239
heroin, 239
hydrocodone, 239
hydromorphone, 239�240
methadone, 240
morphine, 239
oxycodone, 240
oxymorphone, 240
results, interpretation of, 240�241

oral fluid as sample for, 233
overview, 233�234
phencyclidine, 242
process, 234�236
specimen validity testing, 243�244, 243t
urine as sample for, 233

E
EDTA, see Ethylenediaminetetraacetic acid

(EDTA)
EIA, see Enzyme immunoassay (EIA)
ELECSYS automated immunoassay system,

64�65
Electrochemical reactions, 93
Electrolyte analysis, 109�118

analytical issues, 115�118
calcium, 118
carbon dioxide (CO2) assay, 117�118
ion-specific electrodes, 115�117
magnesium, 118

phosphate, 118
specimens for, 113�115

Electrophoresis
capillary, 295
conventional, 295

ELISA, see Enzyme-linked immunosorbent
assay (ELISA)

EMIT, see Enzyme multiplied immunoassay
technique (EMIT)

Endocrinology testing
adrenal function tests, 163�165

aldosterone, 164�165
cortisol, 163�164
renin, 164�165

adrenocorticotrophic hormone (ACTH),
159

follicle-stimulating hormone (FSH),
160�161

growth hormone, 158�159
hormone analysis, 156�158

assay specificity, 156
high-dose hook effect, 156
macrocomplexes, 156

human chorionic gonadotropin (hCG),
157, 161�162

false-negative result, 162
high-dose hook effect, 162

insulin-like growth factor 1 (IGF-1),
167�168

age and, 168
binding proteins, 167�168
GH deficiency and, 167�168
sex and, 168

luteinizing hormone (LH), 160�161
overview, 155�158
parathyroid hormones (PTH), 165�167
pre-analytical conditions, 155
prolactin (PRL), 156, 161
sample collection, 155�156
thyroid immunoassays, 163

calcitonin in, 163
thyroglobulin in, 163

thyroid-stimulating hormone (TSH),
159�160

Endogenous interference
from heterophilic antibodies,

see Heterophilic antibodies
and immunoassays, 66
from rheumatoid factors, 68�69
substances, and laboratory tests

evaluation of, 60�61
hemolysis, 54�58
icterus and, 60
lipemia, 58�60
overview, 53�54

Endogenous interferences, TDM, 198
Enzymatic assays, 93
Enzyme immunoassay (EIA), 300
Enzyme-linked immunosorbent assay

(ELISA), 65, 162
Enzyme multiplied immunoassay technique

(EMIT), 64, 215
LSD assay, 227
marijuana, 216�217
methaqualone mmunoassay, 225
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norpropoxyphene assay, 225
NSAIDs, 225
oxaprozin assay, 225
propoxyphene assay, 225

Enzyme rate curve
ethanol measurement, 253, 253f

Ephedrine, 78
Epidermal growth factor receptor (EGFR), 348
Errors, in clinical laboratory, 1�4, 3t, 35
active, 2
analytical, 1�2
clinical acceptability of, 6
cognitive vs. noncognitive, 2
and cross-contamination of specimens, 45
latent/system, 2
minimization, approaches to, 4
outcomes of, 2�4
post-analytical, 1�2
pre-analytical, 1�2
random, 4�6, 6f
reporting of, 2�4, 5f
sources of, 2
systematic, 4�6, 6f
total analytical, 4�6, 6f

Erythrocytes, 21
Erythroxylum coca, 238
Estazolam (ProSom), 242
Ethanol
availability, 247�248
cost, in United States, 247
incidence, 247
overview, 247

Ethanol measurement
case studies, 268�269
current automated methodologies/

automated ethanol assays, 249�251,
249f

ADH with radiative energy attenuation,
251

ADH with ultraviolet detection,
250�251

cross-reactivity with other alcohols,
254�255, 255t, 256t

enzyme rate curve, 253, 253f
interference by elevated lactate and

LDH concentrations,
255�258, 257t

interferences, strategies for removal of,
258�268

performance of, 251�253
problems with, 253�258

future perspectives, 269
GC for, 248, 252t
kits used for, 249�250, 250t
laboratory methods development for,

248�249
oxidase methods, 251

Ethinyl estradiol, 86�87
Ethnicity/race
effect, on clinical laboratory test results,

15�16
Ethylamphetamine, 237
Ethylenediaminetetraacetic acid (EDTA),

19�20, 26, 155�156, 305
potassium, 26
whole blood, 26

Ethyl glucuronide, 266
European Directive 2004/24/EC, 75
European Information System on Alcohol

and Health, 247
Executive Order 12564, 213
Exercise

effect, on clinical laboratory test results,
15, 15t

Exogenous interferences, TDM, 198�199
Extended (panel) testing, antibody

identification by, 278�279
Extravascular hemolysis, 54�55, 55t

F
Fab products, 203
Failure review analysis and corrective action

system (FRACAS), 4
False-negative cultures, 322
False-negative results, in molecular assays,

331�335
amplification assays, inhibition in,

331�334
analyte below limit of detection of assay,

335
poor quality of target nucleic

acid, 334
sequence mismatch between primer and

target DNA, 334�335
technical problems, 335

False-positive culture
reports of M. tuberculosis, 323�324

False-positive osmotic fragility test
errors in, 309

False-positive results, in molecular assays
assay specificity, 337�338
contamination, 335�337
molecular diagnostics, 335�338
PCR results for MRSA, 338

Famprofazone, 237
Fanconi’s syndrome, 79
Fasting

effect, on clinical laboratory test
results, 14

Fasting, and clinical laboratory test
results, 20

FDA, see U.S. Food and Drug
Administration (FDA)

Fencamine, 237
Fenethylline, 237
Fenproporex, 237
Fibrinolysis, 311�312
Ficus carica, 80�81
Fig leaves, 80�81
Flavokavin, 76
Fluconazole, 220
Flunitrazepam (Rohypnol), 224, 242
Fluorescent light

in bilirubin degradation, 44�45
Fluorescent polarization immunoassay

(FPIA), 64, 200, 214�215
Flurazepam (Dalmane), 242
Follicle-stimulating hormone (FSH),

160�161
concentration, 10�11

Food ingestion
and clinical laboratory test results, 12�13

FPIA, see Fluorescent polarization
immunoassay (FPIA)

FRACAS, see Failure review analysis and
corrective action system (FRACAS)

Free light chain immunoassay, 299
FSH, see Follicle-stimulating hormone (FSH)
Furfenorex, 237

G
Gabapentin, 149�150
Gas chromatography combined with mass

spectrometry (GC-MS), 214, 216,
216t, 234�235

Gas chromatography (GC)
for ethanol measurement, 248, 252t

GC-MS, see Gas chromatography combined
with mass spectrometry (GC-MS)

Gender differences
and clinical laboratory test results, 12

Genetic variation, role of, 334�335
Geriatric population
anemia in, 11
and clinical laboratory test results, 11�12

German Commission E, 75
Germander, 78
hepatotoxicity, 78

GFR, see Glomerular filtration rate (GFR)
γ-Glutamyl transferase (GGT), 135�136, 266
analytical issues, 136

γ-Hydroxybutyric acid (GHB), 228
chemical structures of, 228f

Ginseng, 80�81
Glass BCT, 24
Glass syringes, 40�41
Glomerular filtration rate (GFR), 10�12, 40
estimation by MDRD, 15�16

Glucagon
measurement of, 168

Glucagonoma, 168
Glucose
fasting and, 20

Glucose, 80
Glucose analysis, 105�109
interferences in, 107�109

glucose dehydrogenase, 108�109
glucose oxidase, 107�108
hexokinase, 108

methodology for, 107�109
pre-analytical considerations, 106�107

Glucose 6-phosphodehydrogenase (G6PDH),
215

Glutaraldehyde, 226
Glutathione, 149�150
Glycerol, 150�152
Glycosylated hemoglobin, 80�81
Glycyrrhiza glabra, 82
Glycyrrhizinic acid, 82
Gotu kola, 79
Gram stains errors, 319�321, 319t
analytical

false-positive reports of growth in
liquid broth cultures, 320�321

on positive blood cultures, 319�320
methods to reduce, 321
technical, 319

Gray-top tubes, 36�38
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Growth hormone, 158�159
circulating forms, 158t
isoforms, 158�159
stimulation, 158
suppression, 158
use and abuse, 158�159

Growth hormone-releasing hormone
(GHRH), 158

Gymnema sylvestre, 80

H
HAAA, see Human anti-animal antibodies

(HAAA)
HAART, see Highly active antiretroviral

therapy (HAART)
Hair
as sample for drug testing, 233

Halogens, 227
HAMA, see Human anti-mouse antibodies

(HAMA)
HARA, see Human anti-rabbit antibodies

(HARA)
HBR, see Heterophilic Blocking Reagent

(HBR)
HCG, see Human chorionic gonadotropin

(hCG)
HCG-β core fragment, 162
HCT, see Hematocrit (HCT)
HDL-C, see High-density lipoprotein

cholesterol (HDL-C)
Health care failure modes and effects

analysis (HFMEA), 4
Hematocrit (HCT)
delta checks for, 47

Hematology testing, errors in, 305, 309t
case studies, 312�313
cold agglutinins, 307
cryoglobulins, 308
false-positive osmotic fragility test, 309
hemoglobin measurement and RBC count,

306
MCV and related measurements, 306
overview, 305
platelet count, 307
pseudothrombocytopenia, 308
sample collection, transport, and storage,

309
spurious leukocytosis, 308�309
WBC counts and WBC differential counts,

306�307
Hematuria, 79
Heme, 55�56
Hemoglobin, 55
errors in measurement, 306
free, 55�56

Hemoglobin A2 (Hb A2), 296�297
Hemoglobin F (Hb F), 297
Hemoglobinopathy detection
challenges in, 295�297, 298t
common disorders, 296t
diagnosis errors, 295�297

Hb A2, 296�297
Hb F, 297
Hb S, 297

methodologies, 295, 296t
Hemoglobinopathy S (Hb S), 297

Hemolysis, 31, 53�54
causes of, 54
effect on laboratory tests, 54�58
extravascular, 54�55, 55t
intravascular, 54�55, 55t
in vitro, 55�58, 56t
in vivo, 54�56, 55t

Hemostasis, 352�353
Heparin, 26�27, 118
Hepatic transaminases, 266
Hepatitis A testing, 301
Hepatitis B serology, 301�302, 301t
Hepatitis C serology, 302
Hepatitis testing, 301�302

hepatitis B serology, 301�302, 301t
hepatitis C serology, 302

Hepatotoxicity, 76�77
Hepatotoxins, 76
Herbal highs, 223
Herbal remedies

overview, 75�76
Herbal supplements, 89�90

adulteration, with Western drugs, 89�90
comfrey, 77
Asian, 77
European, 77
N-oxides, 77
pyrrolizidine alkaloids, 77
Russian, 77

digoxin and, 203�204
drug-herb interactions, 76, 83�88, 84t, 89t
germander, 78
hepatotoxicity, 78

kava, 76�77
flavokavin in, 76
hepatotoxicity, 76�77
hepatotoxins in, 76
pipermethysticine in, 76

kelp, 82�83
iodine in, 82�83
thyroid malfunction and, 83

kidney damage and, 79�80
bladderwrack and, 79
Chinese herbs and, 79
licorice and, 79
nephrotoxicity, 79
willow bark and, 79
yohimbine and, 79

licorice, 82
digoxin and, 82
glycyrrhizinic acid, 82
hypertension and, 82
hypokalemia and, 79, 82

liver damage and, 78�79
overview, 75�76
physiological effects, 75�76
St. John’s wort, 83�87
AIDS treatment and, 86
anticancer drug and, 86
antiepileptic drug and, 86
cyclosporine and, 84�86
cytochrome P450 enjymes and, 83�84
digoxin and, 86
oral contraceptives and, 86�87
theophylline and, 86

warfarin and, 86
unexpected laboratory test results, 80t
with warfarin therapy, 87�88

Heroin, 221
confirmatory testing of, 239

Heteroblock, 71
Heterophilic antibodies, 66�67, 157�158,

189�190
interference, 66�69

detection and correction of, 69�72, 70t
mechanism of, 67

in sandwich immunoassays, 67
types of, 66�67

Heterophilic Blocking Reagent (HBR), 71
HFMEA, see Health care failure modes and

effects analysis (HFMEA)
HHS, see Department of Health and Human

Services (HHS)
High-density lipoprotein cholesterol (HDL-

C), 12�13
Highly active antiretroviral therapy

(HAART), 86
High-performance liquid chromatography

(HPLC), 149�150
hemoglobinopathy detection, 295

Hirudin, 27
HIV testing, 300�301, 300t
combined antibody antigen tests, 301
issues regarding, 300
rapid HIV antibody tests, 301

HLA 5701, 351
Hormone, see also Endocrinology testing
adrenocorticotrophic hormone (ACTH),

159
follicle-stimulating hormone (FSH),

160�161
growth hormone, 158�159
luteinizing hormone (LH), 160�161
parathyroid hormones (PTH), 165�167
prolactin (PRL), 156, 161
thyroid-stimulating hormone (TSH),

159�160
Hormone analysis, 156�158
assay specificity, 156
high-dose hook effect, 156
macrocomplexes, 156

HPLC, see High-performance liquid
chromatography (HPLC)

Human anti-animal antibodies (HAAA), 71
interference from, 68

Human anti-mouse antibodies (HAMA),
67�68, 70�71, 70f, 157�158, 157t

Human anti-rabbit antibodies (HARA), 68
Human chorionic gonadotropin (hCG),

10�11, 157, 161�162
diet, effect on clinical laboratory test

results, 13�14
false-negative result, 162
high-dose hook effect, 162
tumor markers, 187�189

false-positive, 188�189
low level, evaluation of, 188

Humidity, 39
Hybridization methods
molecular diagnostics, 327�328
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Hydrocodone
confirmatory testing of, 239

Hydromorphone
confirmatory testing of, 239�240

25-hydroxyvitamin D, 166�167
Hyperbilirubinemia, 10
Hyperforin, 83�84, 87
Hypericin, 83�84
Hypericum, 83�84
Hyperkalemia, 13
Hyperphosphatemia, 118
Hyperprolactinemia, 156, 156t
Hypertension
gotu kola and, 79

Hypoalbuminemia, 197
Hypogammaglobulinemia, 299
Hypoglycemia, 80�82
Hypokalemia and, 79, 82
Hypothyroidism, 83

I
Icterus, 104�105
effect on laboratory tests, 60

IIR, see Immunoglobulin Inhibiting Reagent
(IIR)

IL28B-associated variants, 351
case study, 354

Imatinib mesylate, 86
Immulite, 65
Immunoassays
antibodies in, 65
binding molecule, 65

limitation of, 65
CEDIA, 64
competition, 63�64
component of, 65
EMIT, 64
examples of, 66
fluorescent polarization, 64
HAAA and, 68
heterogeneous, 64�65
homogeneous, 64
LOCI, 64
overview, 63
pitfalls in, 66�69
plasma in, 65�66
RIA, 65
sandwich, 63�64
serum in, 65�66
types of, 63�64, 64t

Immunofixation studies, 299
Immunoglobulin Inhibiting Reagent (IIR), 71
Immunohematology
basics of, 274�275
methodology for tests, 275�276, 275t

Immunology and serology testing, 295
anti-nuclear antibodies, 302�303
hemoglobinopathy detection

challenges in, 295�297, 298t
common disorders, 296t
diagnosis errors, 295�297
methodologies, 295, 296t

hepatitis testing, 301�302
hepatitis B serology, 301�302, 301t
hepatitis C serology, 302

HIV testing, 300�301, 300t

combined antibody antigen tests, 301
issues regarding, 300
rapid HIV antibody tests, 301

monoclonal proteins detection, 298�300,
298t

capillary zone electrophoresis, 299
cerebrospinal fluid electrophoresis, 300
free light chain immunoassay, 299
hypogammaglobulinemia, 299
immunofixation studies, 299

overview, 295
Immunoreaction, 63
Immunosuppressant drugs, 65�66, 205�207

analytical variables, 206�207
endogenous interferents, 207
metabolites, 206t, 207
pre-analytical variables, 206

Indian Ayurvedic medicines, 89
Indicators/markers, of ethanol ingestion,

265�266
CDT, 266
ethyl glucuronide, 266
GGT and MCV, 266
hepatic transaminases, 266

Indwelling catheters
for blood specimen collection, 30

Infiniti, 345
Infradian rhythms, 20
INR, see International normalization ratio

(INR)
Institute of Medicine, 46, 53
Insulin

antibodies, 168
assays, 168
autoantibodies, 168
C-peptide, 168
DNA-derived, 169
immunoassays, 168�169

Insulin-like growth factor 1 (IGF-1),
167�168

age and, 168
binding proteins, 167�168
GH deficiency and, 167�168
sex and, 168

Internal standard (IS), 235
International normalization ratio (INR), 27
International Sensitivity Index, 27
International Society of Blood Transfusion

Biomedical Excellence for Safer
Transfusion Committee, 47

Intravascular hemolysis, 54�55, 55t
Intravenous lines

for blood specimen collection, 30
In vitro compatibility testing

pre-transfusion evaluation, 279�280
In vitro hemolysis, 56�58, 56t

stimulation mechanism, 58
vs. in vivo hemolysis, 55�56

In vivo hemolysis, 54�56, 55t
in vitro hemolysis vs.,, 55�56

Ionized calcium
blood gas specimens and, 40�41

Irinotecan, 86
IS, see Internal standard (IS)
Isopropanol, 30�31

J
Jin-bu-huan, 78
JWH-018, 223

K
Kampo medicines, 78
Kava, 76�77
flavokavin in, 76
hepatotoxicity, 76�77
hepatotoxins in, 76
pipermethysticine in, 76

20-kDa isoform, of growth hormone,
158�159

21-kDa isoform, of growth hormone,
158�159

Kelp, 82�83
iodine in, 82�83
thyroid malfunction and, 83

Ketamine, 227
chemical structures of, 228f

Ketogenic diet
effect, on clinical laboratory test

results, 13
Ketosis
ethanol measurement and, 265

Kidney damage, herbal supplements and,
79�80

bladderwrack and, 79
Chinese herbs and, 79
licorice and, 79
nephrotoxicity, 79
willow bark and, 79
yohimbine and, 79

Kidneys
immature, in newborns, 10

KIMS assay method, see Kinetic interaction
of microparticle in solution (KIMS)
assay method

Kinetic interaction of microparticles in
solution (KIMS) assay method, 64,
215

KIT (tyrosine kinase receptor)
detection of, 350�351

Klear product, 227
Kombucha tea, 78�79
KRAS mutations
detection of, 348�349

L
Labeling, of urine specimens, 31�32
Labetalol, 220
Laboratory information systems (LIS), 2, 43,

258
Lactate
analysis, 121�122
interference in ethanol assays, 255�258,

257t
Lactate dehydrogenase (LDH), 39�40, 54
analysis, 138�139
interference in ethanol assays, 255�258,

257t, 264�265, 265t
causes of, 266t

specimens, 43
in vivo intravascular hemolysis, 55

Latent errors, 2
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LC-MS/MS, see Liquid
chromatography�tandem mass
spectrometry (LC-MS/MS)

LDH, see Lactate dehydrogenase (LDH)
LDL, see Low-density lipoprotein (LDL)
LDL-C, see Low-density lipoprotein-

associated cholesterol (LDL-C)
Legal highs, 223
LH, see Luteinizing hormone (LH)
Licorice, 82
digoxin and, 82
glycyrrhizinic acid, 82
hypertension and, 82
hypokalemia and, 79, 82

Ligand assays, 93�94
LightCycler technology, 344
Limit of detection (LOD), 234
Limit of quantitation (LOQ), 234
Lipase, 137�138
analytical issues, 138

Lipemia, 12�13
effect on laboratory tests, 58�60
interference effects of, 58�59

Lipemic and hemolyzed samples
platelet aggregation testing with, 312

Lipid profiles, 124�126
analytical issues, 125�126
fasting vs. nonfasting, 124�125
pre-analytical considerations, 125

LipoKinetix, 78�79
Lipophilic drugs, 197�198
Liquid chromatography combined with

mass spectrometry (LC-MS), 217
Liquid chromatography�tandem mass

spectrometry (LC-MS/MS),
234�235

Liquid component, of blood, 29, see also
Plasma

LIS, see Laboratory information systems
(LIS)

Listeria monocytogenes
misidentification of, 322

Lithium, 208�209
analytical variables, 209
pre-analytical variables, 208�209

Lithium heparin, 26�27
Liver damage
and herbal supplements, 78�79

LipoKinetix, 78�79
skullcap, 79
usnic acid, 78�79

marker of
alanine aminotransferase (ALT),

133�134
aspartate aminotransferase (AST),

133�134
LOCI, see Luminescent oxygen channeling

immunoassay (LOCI)
LOD, see Limit of detection (LOD)
LOQ, see Limit of quantitation (LOQ)
Lorazepam (Ativan), 242
Low-density lipoprotein-associated

cholesterol (LDL-C), 12�13, 124
Low-density lipoprotein (LDL), 59
LSD, see Lysergic acid diethylamide (LSD)

Luminescent oxygen channeling
immunoassay (LOCI), 64

Lupus anticoagulant tests
challenges in, 312

Luteinizing hormone (LH), 160�161
concentration, 10
radioimmunoassay (RIA), 160

Lysergic acid diethylamide (LSD), 220, 227

M
Macroamylasemia, 69
Macro-analytes, 66�67, 69
Macroprolactinemia, 69
Magic mushrooms, 228�229
Magnesium assays, 118
Ma huang, 78
Manchurian mushroom, see kombucha tea
Marijuana, 213, 222�223

false-positive test, 223
metabolites of
confirmatory testing of, 241�242

Mass spectrometry, 200�201
MCV, see Mean corpuscular volume (MCV)
MDA, see 3,4-methylenedioxyamphetamine

(MDA)
MDEA, see Methylenedioxyethylam-

phetamine (MDEA)
MDMA, see 3,4-

methylenedioxymethamphetamine
(MDMA)

MDRD calculation, see Modified Diet of
Renal Disease (MDRD) calculation

Mean corpuscular hemoglobin concentration
(MCHC), 305

Mean corpuscular volume (MCV), 266
delta checks for, 47
related measurements, errors in, 306

Mebeverine, 220
Medical errors, 53

medication errors and, 53
Medullary thyroid carcinoma (MTC), 163
Mefenorex, 237
Menopausal period

and clinical laboratory test results, 10�11
Mentha pulegium., see Pennyroyal
Mephenytoin, 86
Mescaline, 228

chemical structures of, 228f
Metabolic acidosis

ethanol measurement and, 265
Methadone

confirmatory testing of, 240
Methadone, 222
Methamphetamine, 237
Methaqualone, 225
Methicillin-resistant Staphylococcus aureus

(MRSA)
false-positive PCR results for, 338

3,4-methylenedioxyamphetamine (MDA),
218, 236

Methylenedioxyethylamphetamine (MDEA),
236

3,4-methylenedioxymethamphetamine
(MDMA), 218, 236

Mexican Americans
laboratory findings in, 15�16

Microbiology test ordering, errors in,
316�317

Midazolam (Versed), 242
Misidentification, of organisms in

microbiology testing, 321�322
of Burkholderia cepacia, 322
commercial/automated identification

system errors, 321
incorrect algorithm/identification

pathway, 321
of Listeria monocytogenes, 322
prevention, 322
of rapidly growing mycobacteria, 321�322
unexpected positive/negative reactions,

321
Misidentification errors, specimens
and clinical laboratory tests, 45�48

Mispriming, 337
Modification of Diet in Kidney Disease

(MDRD), 94�98
limitations of, 98

Modified Diet of Renal Disease (MDRD)
calculation, 15�16

Molecular binding, immunoassays, 65
limitation of, 65

Molecular diagnostics, 327
amplification methods for, 328

PCR, 328
SDA, 328
transcription-mediated amplification

methods, 328
DNA microarrays, 328�329

errors sources in, 338�339
false-negative results, 331�335

amplification assays, inhibition in,
331�334

analyte below limit of detection of
assay, 335

poor quality of target nucleic acid, 334
sequence mismatch between primer and

target DNA, 334�335
technical problems, 335

false-positive results, 335�338
assay specificity, 337�338
contamination, 335�337
PCR results for MRSA, 338

hybridization methods, 327�328
non-amplified methods for, 327�328
nucleic acid isolation, principles of, 329
nucleotide sequencing, 329
overview, 327
pre-analytical considerations, 329�331
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