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PREFACE

Starting from the 1970s, therapeutic drug monitoring has evolved from monitoring
concentrations of a few antiepileptic drugs to a major discipline in today’s laboratory
practice. For a drug with a narrow therapeutic range, therapeutic drug monitoring
becomes an essential part of patient management, especially because of the devel-
opment of immunoassays for measuring concentrations of drugs in a biological matrix.
In current practice, 15-20 therapeutic drugs are routinely monitored even in medium-
size clinical laboratories, and a list of well over 50 therapeutic drugs can be found in the
laboratory test guides of major medical centers in the United States, academic medical
centers, and reference laboratories. These centers not only employ immunoassays but
also take advantage of sophisticated analytical techniques such as gas chromatog-
raphy/mass spectrometry and high-performance liquid chromatography coupled with
mass spectrometry for therapeutic drug-monitoring services.

Similarly, in the past two decades, drugs of abuse testing became a routine part
of emergency room testing and clinical laboratory service. Federal and state govern-
ments, as well as the private sector, now recognize the necessity of a drug-free work
environment. Moreover, drug testing is a routine part of law enforcement activity in
crime and forensic laboratories. Strict laws are also enforced throughout the United
States against driving under the influence of alcohol. Therefore, alcohol and drug
testing is an important component of most toxicological laboratory services.

Hand book of Drug Monitoring attempts to bridge different analytical techniques
used in today’s practice of therapeutic drug monitoring and drugs of abuse as well
as alcohol testing with relevant theory, mechanism, and in-depth scientific discussion
on each topic. As a handbook at the bench of a clinical laboratory the book serves
as a quick reference to find the potential source of a false-positive or a false-negative
result. At the same time, this book is a reference for medical technologists, supervisors,
laboratory directors, clinical chemists, toxicologists, and pathologists looking in-depth
for the cause of a potential interference, as well as a guide to the tests that can be
ordered to circumvent such problem.

The book has 22 chapters, 13 focusing on various issues of therapeutic drug
monitoring, one on analysis of heavy metals, one on alcohol testing, and seven on issues
of drugs of abuse testing. Chapters are written by experts in their relative subspecialties
and also by the editor. I am grateful to this outstanding group of contributors because
without their generosity and dedication this book would never have been written.

The chapters on therapeutic drug monitoring cover a wide range of topics from
clinical utility of free drug monitoring to interferences in digoxin assay, and include
issues in monitoring anticonvulsant drugs, immunosuppressants, tricyclic antidepres-
sants, and antiretrovirals used in treating AIDS patients. One chapter is focussed on
common interferences from endogenous substances such as bilirubin, hemoglobin,
and lipids in immunoassays for therapeutic drugs. Another chapter is dedicated to
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vi Preface

interferences from heterophilic antibodies in therapeutic drug monitoring. Pharmacoge-
nomics and personalized medicine is the future frontier of therapeutic drug monitoring.
Chapter [Tl is dedicated to this subject.

Use of complementary and alternative medicines by the general population is
increasing steadily not only in the United States but also worldwide. Unexpected
concentrations of therapeutic drugs because of use of complementary and alternative
medicine have been well documented in the literature; for example, low concentrations
of many therapeutic drugs because of self-medication with St. John’s Wort, an herbal
antidepressant. Chapter[[3lis dedicated to important issues of drug—herb and drug—food
interactions and their impact on therapeutic drug monitoring.

People try to beat drug tests to avoid consequences of a failed test. Chapter 7]
discusses common household adulterants, as well as other adulterants such as nitrite,
pyridinium chlorochromate, and glutaraldehyde, which people add in vitro to their
urine to cheat on drug tests. Routine specimen integrity testing may not detect some
adulterants, and practical tips are given in Chapter [[7 to identify such adulterated
specimens. There is much interference with drugs of abuse testing of the amphetamine
class. Therefore, Chapter 20| addresses this important issue. Designer drugs and rave
party drugs may escape detection in routine laboratory procedures for drugs of abuse
testing. This topic and how to avoid such pitfalls are addressed in Chapter
Alternative specimens for drugs of abuse testing such as hair, saliva, sweat, and
meconium are the topics of Chapter [[8]

An analytic true positive may be a clinically false positive, for example, positive
opiate test because of ingestion of poppy seed product. This important issue is addressed
in Chapter 2] which will be helpful to medical review officers as well as to any
toxicologist. Another chapter is dedicated to the topic of expert witness testimony by
technologists performing alcohol and drugs of abuse testing and toxicologists super-
vising such tests, when often called as factual or expert witnesses in a court of law.

I express my sincere thanks to Robert L. Hunter, MD, PhD, Professor and Chairman,
Department of Pathology and Laboratory Medicine, University of Texas-Houston
Medical School, for his continued support for the last one-and-half years as I worked on
this project. In addition, he critically read all chapters I wrote and made excellent recom-
mendations for improvement. Alice Wells, MT(ASCP), read the entire manuscript and
checked whether references were put in correct order and number and also helped me
in editing this book. John Mohr, PharmD, assistant professor of internal medicine at
our institution, reviewed therapeutic ranges and helped me with important suggestions.
I also thank him. I also thank two of our pathology residents, Michelle Rodriguez, MD,
and Anna Richmond, MD, for critically reading several chapters and making helpful
suggestions. Last but not least, I express my thanks to my wife Alice for tolerating the
long hours spent on this project and her continued support. Finally, readers will be the
judge of the final success of this project. If they find this book helpful, we will feel
our effort is well rewarded.

Amitava Dasgupta
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1 Introduction to Therapeutic
Drug Monitoring

Amitava Dasgupta, PuD

CONTENTS
1. INTRODUCTION
2. IMPLICATIONS OF THERAPEUTIC DRUG MONITORING
3. CHARACTERISTICS OF DRUGS REQUIRE MONITORING
4. FACTORS AFFECTING SERUM DRUG CONCENTRATIONS
5. EFFECT OF DISEASE ON SERUM DRUG CONCENTRATIONS
6. DRUG METABOLISM AND CLEARANCE IN
NEONATES, CHILDREN, AND ELDERLY
7. THERAPEUTIC DRUG MONITORING OF INDIVIDUAL DRUGS

8. CONCLUSIONS

Summary

Therapeutic drug monitoring is defined as measuring serum concentrations of a drug in a single
or multiple time points in a biological matrix after a dosage. The purpose of therapeutic drug
monitoring is to individualize the dosage to achieve maximum efficacy of a drug and at the same
time minimize adverse drug reactions. Therapeutic drug monitoring has clinical importance for drugs
with a narrow therapeutic window, such as various anticonvulsants, cardioactive drugs, theophylline,
immunosuppressants, tricyclic antidepressants, antiretroviral drugs, certain antibiotics, and neoplastic
drugs. Altered pharmacokinetic parameters are observed for many drugs in disease states including
hepatic and renal impairment, cardiovascular disease, thyroid dysfunction, and cystic fibrosis. Altered
drug disposition also occurs in pregnant women. Therapeutic drug monitoring helps to identify
such altered drug disposition, and dosage adjustment can be made for proper management of the
patient to avoid adverse reactions. Therefore, therapeutic drug monitoring is cost effective in heath
care.

Key Words: Anticonvulsants; antineoplastic drugs; cardioactive drugs; immunosuppressants; pharma-
cokinetics; therapeutic drug monitoring; tricyclic antidepressants.

From: Handbook of Drug Monitoring Methods
Edited by: A. Dasgupta © Humana Press Inc., Totowa, NJ
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2 Dasgupta

1. INTRODUCTION

Pharmacological response of a drug given in a selected dosing regimen depends on
several factors, including compliance of the patient, bioavailability of the drug, rate
of drug metabolism (depending on the genetic make up of the patient) as well as the
protein-binding ability of the drug. It is well established that only unbound (free) free
drug can bind with the receptor and produce the desired effect. For certain drugs,
a good correlation exists between serum drug concentrations and pharmacological
response. Therefore, monitoring serum concentrations of these drugs is beneficial
for patient management especially if the drugs have very narrow therapeutic ranges.
Moreover, for these drugs, adjustment of dosing may be more useful based on serum
drug concentration rather than routine assessment of a patient. For example, adjusting
phenytoin dosing in patients based on their serum phenytoin concentrations rather
than seizure frequencies not only decrease the morbidity but also prevent unnecessary
toxicity of phenytoin in these patients. Peterson et al. (/) reported that in their study
with 114 patients, total phenytoin concentrations provided as good an indication of the
clinical response as the free phenytoin concentrations in most patients, but in 14.2%
patients, free phenytoin concentrations were better correlated with clinical picture than
total phenytoin concentrations. Another report indicated that quality of life improved
in a group of patients with congestive heart failure where digoxin dosing was based
on target therapeutic concentrations (2).

Therapeutic drug monitoring has been used in clinical practice to individualize drug
therapy since the beginning of the 1970s. The goal of therapeutic drug monitoring is to
optimize pharmacological responses of a drug while avoiding adverse effects. Usually
for drugs that are routinely monitored in clinical laboratories, serum concentrations
are a better predictor of desired pharmacological effects than the dose. Moreover,
therapeutic drug monitoring is also utilized to monitor a patient’s compliance with a
drug regimen and to identify potential drug—drug or food—drug interactions.

Therapeutic drug monitoring not only consists of measuring the concentration of a
drug in a biological matrix but it also involves the proper interpretation of the value
using pharmacokinetic parameters, drawing appropriate conclusion regarding the drug
concentration and dose adjustment. The International Association for Therapeutic Drug
Monitoring and Clinical Toxicology adopted the following definition, “Therapeutic
drug monitoring is defined as the measurement made in the laboratory of a parameter
that, with appropriate interpretation, will directly influence prescribing procedures.
Commonly, the measurement is in a biological matrix of a prescribed xenobiotic, but
it may also be of an endogenous compound prescribed as a replacement therapy in an
individual who is physiologically or pathologically deficient in that compound” (3).

Only a fraction of drugs currently used worldwide require routine monitoring. For a
drug in which the gap between therapeutic and toxic concentration is wide, therapeutic
drug monitoring is not indicated unless in the case of intentional overdose, for example
with salicylate or acetaminophen. In an Italian collaborative study on the utilization of
therapeutic drug monitoring, it was noted that only 16.3% of the population was given
drugs for which therapeutic drug monitoring was available in the hospital. Digoxin
was the most frequently ordered drug in their study population (4).
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2. IMPLICATIONS OF THERAPEUTIC DRUG MONITORING

When appropriate, patients gain both medically and economically from therapeutic
drug monitoring. Many reports in the literature indicate that therapeutic drug monitoring
can decrease hospital stay and have important implications on the cost of medical care.
Reduced drug-related toxicities are beneficial for patients and also diminish the liability
of physicians. Ried et al. (5) evaluated the effectiveness of therapeutic drug monitoring
in reducing toxic drug reactions by meta-analysis of 14 studies. The authors concluded
that patients monitored for appropriate drugs suffered fewer toxic drug reactions than
patients for whom therapeutic drug monitoring was not undertaken. Another study
reported that determination of serum drug concentrations and evaluation of such results
by clinical pharmacists resulted in significant cost savings (6). Crist et al. evaluated the
impact of therapeutic drug monitoring of aminoglycoside (gentamicin or tobramycin)
using 221 patients on the length of hospital stay, cost effectiveness, and related factors.
The mean length of hospital stay was 8.4 days in the patient group that received
individualized aminoglycoside doses (study group) versus 11.8 days in the control
group. In addition, the hospital cost was lower by $725 per patient in the study group
which would produce a savings of $640,000 at the author’s institution (7).

3. CHARACTERISTICS OF DRUGS REQUIRE MONITORING

Drugs that are candidates for therapeutic drug monitoring have several character-
istics. A list of commonly monitored and less frequently monitored therapeutic drugs
is given in Table [l The following are the characteristics of a drug where monitoring
is beneficial:

1. Narrow therapeutic range where the dose of a drug that produces the desired thera-
peutic concentrations is near the dose that may also produce toxic serum concentration.

2. There is no clearly defined clinical parameter that allows dose adjustments.

3. There is an unpredictable relationship between dose and clinical outcome. For
example, a certain dose may produce a desirable pharmacological response in one
patient but the same dose may cause toxicity in another patient.

4. Toxicity of a drug may lead to hospitalization, irreversible organ damage, and even
death.

5. There is a correlation between serum concentration of the drug and its efficacy as
well as toxicity. For strongly protein-bound drugs (protein binding >80%), a better
correlation may be observed between unbound (free) drug concentration and clinical
outcome rather than between traditionally monitored total drug concentration (free +
protein bound) and clinical outcome. This is particularly applicable to a special patient
population with hepatic or renal impairment. Moreover, elderly patients and critically
ill patients may also demonstrate elevated concentrations of free drugs. Therefore,
for these patients, monitoring free drug concentrations (free phenytoin, free valproic
acid, free carbamazepine etc) is strongly recommended instead of monitoring total
drug concentrations. Clinical utility of free drug monitoring is discussed in detail in
Chapter
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Table 1

Commonly and Less Frequently Monitored Therapeutic Drugs in Clinical Laboratories

Class of Drug

Commonly Monitored

Less Frequently Monitored

Anticonvulsants

Cardioactive
Antiasthmatic
Immunosuppressants

Antidepressants

Antibiotic

Antiviral

Antineoplastic

Analgesic

Phenytoin®, carbamazepine®

Valproic acid?®, phenobarbital®

Primidone?, ethosuximide®
Lamotrigine
Digoxin®, quinidine®
Disopyramide?, lidocaine®
Procainamide®, NAPA?
Theophylline®, caffeine®
Cyclosporine?, tacrolimus®
Mycophenolic acid®
Amitriptyline, nortriptyline
Doxepin, imipramine
Desipramine, clomipramine
Trimipramine, lithium®
Amikacin®, gentamicin®
Tobramycin?, vancomycin®

Methotrexate® cisplatin

Acetaminophen?, salicylate®

Diazepam, clonazepam
Felbamate, methsuximide
Gabapentin, zonisamide

Flecainide, verapamil
Mekxiletine, tocainide
Propanol, amiodarone

Sirolimus, Everolimus

Fluoxetine/norfluoxetine
Paroxetine, sertraline
Haloperidol

Ciprofloxacin, cefazolin
Chloramphenicol, nafcillin
Indinavir, nelfinavir
Ritonavir, saquinavir
Delavirdine, nevirapine
Doxorubicin, tamoxifen
Cyclophosphamide,
5-fluorouracil
Ibuprofen, pentobarbital

* Immunoassay commercially available.
b Automated assay commercially available.

4. FACTORS AFFECTING SERUM DRUG CONCENTRATIONS

The serum concentration of a particular drug is determined by absorption, distri-

bution, metabolism, and excretion of a drug. Major characteristics that affect serum
drug concentrations include genetic make up of a patient as well as age, gender, weight,
habits (such as smoking), and diet. Elderly and newborns may metabolize a particular
drug more slowly than others. Some drugs, for example theophylline, distributes to
lean weight only where other drugs, such as phenytoin, distributes to total weight.
Diseases may alter serum drug concentrations dramatically. Hepatic disease may alter
metabolism of a drug where a patient with renal failure may clear a drug in urine
more slowly than a patient with normal renal function. Pregnancy alters metabolism
of several drugs while drug—drug interactions may also significantly alter serum drug
concentrations.

4.1. Pharmacokinetics and Serum Drug Concentrations

When a drug is given orally, it undergoes several steps in the body and its concen-
tration in serum or whole blood is affected by certain steps.
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1. Liberation: The release of a drug from the dosage form (tablet, capsule, extended
release formulation)

2. Absorption: Movement of drug from site of administration (for drugs taken orally) to
blood circulation

3. Distribution: Movement of a drug from the blood circulation to tissues. This distri-
bution in most cases is reversible. Certain drugs also cross the blood brain barrier.

4. Metabolism: Chemical transformation of a drug to the active and inactive metabolites.
Cytochrome P450 enzyme system is the major drug-metabolizing agent of body.

5. Excretion: Elimination of the drug from the body through renal, biliary, or pulmonary
mechanism.

Liberation of a drug after oral administration depends on the formulation of the
dosage. Immediate release formulation releases the drugs at once from the dosage
form when administered. On the contrary, the same drug may also be available in
sustained release formulation. The rationales for specialized oral formulations of drugs
include prolongation of the effect for increased patient convenience and reduction
of adverse effects through lower peak plasma concentrations. Local and systematic
adverse effects of a drug can also be reduced by use of controlled release delivery
systems (8). Over the past decade, there has been a significant growth in the intro-
duction of these new formulations of existing drugs designed to improve patient
management (9). Controlled release dosage formulations include osmotic pumps and
zero-order kinetics system to control the release rate of a drug, bio-adhesive systems
and gastric retention devices to control gastrointestinal transit of a drug, bio-erodible
hydrogels; molecular carrier system such as cyclodextrin-encapsuled drugs; exter-
nally activated system; and colloidal systems such as liposomes and microspheres (8).
The effect of food intake on bioavailability of a drug is more apparent on a single
unit non-disintegrating dosage form, although controlled release formulations are not
completely immune from the food intake. Polymers occupy a major portion of materials
used for controlled release formulations and drug-targeting systems because this class
of substances presents seemingly endless diversity in chemistry and topology (10).
Microparticles are small solid particulate carriers containing dispersed drug particles
either in solution or in crystalline form. The importance of microparticles is growing
because of their utilization as carriers for drugs and other therapeutic agents. Micropar-
ticles are made from natural or synthetic polymers. Different materials have been
used for microparticles systems, such as albumin, gelatin, starch, ethyl cellulose, and
synthetic polymers, such as poly lactic acid, poly cyanoacrylates, and poly hydroxy-
butyrate (/7). Enteric coded formulations resist gastric acid degradation and deliver
drugs into the distal small intestine and proximal colon. Budesonide, a synthetic gluco-
corticoid with high topical anti-inflammatory activity and little or no systemic effect,
has been administered through inhalation for the treatment of inflammatory airways
infection. Budesonide is also manufactured into two commercially available oral control
release formulations, and both the formulations are enteric coded (/2). Recently, enteric
coded formulation of mycophenolic acid mofetil, a prodrug of immunosuppressant
mycophenolic acid is commercially available (/3). Solid nanoparticles were intro-
duced in the 1990s as an alternative to microemulsions, polymeric nanoparticles, and
liposomes. These nanoparticles have several advantages such as biocompatibility and
their capability of controlled and targeted drug release (14).
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Oral controlled release drug delivery systems can be further classified into two broad
categories; single-unit dosage forms (SUDFs) such as tablets or capsules and multiple-
unit dosage forms (MUDFs) such as granules, pellets, or mini-tablets. Mini-tablets are
tablets with a diameter equal to or smaller than 2-3 mm (/5). Several mini-tablets
can be either filled into hard capsules or compacted to a bigger tablet that after disin-
tegration releases these subunits as multiple dosage form. Many drugs are available
in sustained release formulations. For example, the immediate release venlafaxine, an
antidepressant formulation, requires twice-daily administration whereas the extended
release formulation is designed for once-daily administration. Another antidepressant
fluoxetine is available in a sustained release dosage form, which requires once-weekly
administration for continuation of therapy for depression (/6). Calcium channel antag-
onists are a heterogenous group of drugs with different cardiovascular effects and are
effective in the treatment of hypertension and angina pectoris. A number of these
agents are commercially available in sustained release formulations (/7). Anticon-
vulsants, such as carbamazepine and valproic acid, are also available in sustained
release formulations (18,19). Theophylline is available in prolonged release form (20).
Procainamide, a class IA antiarrhythmic drug, is also administered as sustained release
formulation (2/). McCormack and Keating (22) recently reviewed the use of prolonged
release nicotinic acid in treating lipid abnormality.

Absorption of a drug depends on the route of administration as well as drug formu-
lation. Generally, an oral administration is the route of choice in the practice of
pharmacotherapy, but under certain circumstances (nausea, vomiting, convulsions etc),
rectal route may present a practical alternative for drug administration. Rectal admin-
istration is now well accepted for delivering anticonvulsants, non-narcotic and narcotic
analgesics, theophylline, and antibacterial and antiemetic agents. This route can also be
used for inducing anesthesia in children. The rate and extent of rectal drug absorption
are often lower compared with oral absorption possibly because of small surface area
available for drug absorption. The composition of rectal formulation (solid vs. liquid,
nature of suppository) also plays an important role in the absorption of a drug. However,
for certain drugs, rectal absorption is higher compared with absorption of the same
drug given orally. This phenomenon may be due to avoidance of the hepatic first-pass
metabolism after rectal delivery. These drugs include lidocaine, morphine, metoclo-
pramide, ergotamine, and propranolol. Local irritation is a possible complication of
rectal drug delivery (23).

When a drug is administered by direct injection, it enters the blood circulation
immediately. Sometimes, a drug may be administered by the intravenous or intramus-
cular route as a prodrug if the parent drug has potential for adverse drug reactions at
the injection site. Fosphenytoin is a phosphate ester prodrug of phenytoin developed
as an alternative to intravenous phenytoin for acute treatment of seizure. However,
the bioavailability of derived phenytoin from fosphenytoin relative to intravenous
phenytoin administration is almost 100% (24).

There is considerable interest to deliver a drug through the transdermal route.
However, the skin, particularly the stratum corneum, poses a formidable barrier to
drug penetration, thus limiting topical and transdermal bioavailability of a drug (25).
As early as in 1967, it was demonstrated that the bioavailability of topically applied
hydrocortisone alcohol was only 1.7% (26). For a drug to be delivered passively
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through the skin, it should have adequate lipophilicity and a molecular weight
<500D (27). Penetration enhancement techniques are usually used to improve bioavail-
ability following transdermal delivery of a drug. This enhancement technique is based
on drug/vehicle optimization such as drug selection, prodrug and ion pairs, supersatu-
rated drug solutions, eutectic systems, complexation, liposome vesicles, and particles.
Enhancement through modification of stratum corneum by hydration, and chemical
enhancers acting on the lipids and keratin of stratum corneum are also utilized for
transdermal drug delivery (25). Major routes of administration of drugs in a patient
and its advantages and disadvantages are summarized in Table 2]

When a drug enters the blood circulation, it is distributed throughout the body to
various tissues. The pharmacokinetic term most often used to describe distribution is
called volume of distribution (V,). This is the hypothetical volume to account for all
drugs in the body and is also termed as the apparent V,

V, = Dose/plasma concentration of drug

The amount of a drug at a specific site, where it exerts its pharmacological activity
or toxicity, is usually a very small fraction of the total amount of the drug in the body
because of its distribution in tissue and blood. Even in a target tissue, only a fraction
of the drug binds with the receptors and exerts its pharmacological activity. Protein
binding of a drug also limits its movement into tissues. Muscle and fat tissues may serve

Table 2
Routes of Administration of Drugs and Their Advantages as well as Disadvantages
Route Advantages Disadvantages
Oral Route of choice because of ease of Longer time to peak level;
administration Food, alcohol may affect
levels
Sustained release formulation Gastric-emptying time,
prolonged effect First-pass metabolism affect
levels
Rectal Can be used if patient has nausea, Absorption may be low; Local
vomiting, convulsion irritation

Inducing anesthesia in children

Few drugs show higher absorption
compared with oral route because
of avoidance of first-pass
metabolism such as lidocaine

Intravenous Rapid peak concentration and action Need a intravascular access for
administration/discomfort
Intramuscular No first-pass metabolism
100% Bioavailability
Transdermal Ease of application Poor systematic absorption
Sublingual Rapid absorption and action First-pass metabolism

Ease of application
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as a reservoir for lipophilic drugs. For central nervous system drugs (neurotherapeutics),
penetration of blood brain barrier is essential. Usually, moderately lipophilic drugs can
cross the blood brain barrier by passive diffusion, and hydrogen-bonding capacity of
a drug can significantly influence the central nervous system uptake. However, drugs
may also cross the blood brain barrier by active transport (28). When a CNS drug is
given as a prodrug, a delay may be observed in the accumulation of the drug in the
brain because of the time required for conversion of the prodrug to the original drug.
Walton et al. (29) reported that when fosphenytoin, the prodrug of phenytoin, was
administered in rats, lower brain levels of phenytoin were typically observed compared
with brain phenytoin levels when phenytoin was directly administered in rats. Many
drugs do not effectively penetrate the blood brain barrier. Ningaraj et al. (30) recently
commented on challenges in delivering new anticancer drugs to brain tumors because
most new anticancer drugs that are effective outside the brain have failed in clinical
trials in treating brain tumors, in part because of poor penetration across the blood
brain barrier and the blood brain tumor barrier. However, there are also advantages
when a drug does not effectively penetrate the blood brain barrier. Second generation
antihistamines have a low tendency to cross the blood brain barrier and thus reduce
sedation and impairment in patients (37).

Drugs usually undergo chemical transformation before elimination, and the process
is termed as metabolism. Drug metabolism may occur in any tissue including the blood.
For example, plasma cholinesterase, a glycoprotein synthesized in the liver metabolizes
drugs such as cocaine and succinylcholine. Hoffman et al. (32) reported that decreased
plasma cholinesterase activity is associated with the increasing risk of life-threatening
cocaine toxicity. However, the liver is the main site for drug metabolism. The role of
metabolism is to convert lipophilic non-polar molecules to more polar water-soluble
compounds for effective excretion in urine. The drug molecule can be modified
structurally (oxidation, reduction, or hydrolysis), or the drug may undergo conju-
gation (glucuronidation, sulfation) that increases its polarity. The rate of enzymatic
process that metabolizes most drugs is usually characterized by the Michaelis—Menten
equation and follows first-order kinetics (rate of elimination is proportional to drug
concentration). However, for certain drugs for example, phenytoin, the metabolism is
capacity-limited.

The half-life of a drug is the time required for the serum concentration to be
reduced by 50%. The fraction of a drug that remains in the body after five half-lives
is approximately 0.03 (Fig. ). However, after multiple doses, usually a drug reaches
a steady state after five to seven half-lives. Half-life of a drug can be calculated from
elimination rate constant (K) of a drug.

Half-life = 0.693/K

Elimination rate constant can be easily calculated from the serum concentrations of
a drug at two different time points using the formula where Ct, is the concentration
of drug at a time point t, and Ct, is the concentration of the same drug at a later time
point t,:

InCt, —InCt,
K=———""7#¥—-—+
L—1



Chapter 1 / Therapeutic Drug Monitoring 9

0.6

1 2 3 6

4 5
Half-Life

o
o

o
N

o
N

Fraction of Drug Remaining in the Body
o
w

o
-

Fig. 1. Fraction of drug (given in a single dose) remaining in the body after different time (half-life)
periods.

A drug may also undergo extensive metabolism before fully entering the blood
circulation. This process is called first-pass metabolism. The drugs that are elimi-
nated by conjugation (estrogen, progesterone, morphine, etc.) undergo significant first-
pass metabolism because the gut is rich in conjugating enzymes. Factors such as
gender, disease state, enzyme induction and inhibition, genetic polymorphism, and food
may cause significant variability in pharmacokinetics of a drug undergoing first-pass
metabolism. Drug concentrations obtained from individuals given the same dose may
vary even sevenfold (33).

Renal excretion is a major pathway for the elimination of drugs and their metabolites.
Therefore, impaired renal function may cause accumulation of drugs and metabolites
in serum, thus increasing the risk of adverse drug effect. This may be particularly
important for drugs that have active metabolites, such as procainamide and carba-
mazepine. Moreover, other pathological conditions such as liver disease, congestive
heart failure, and hypothyroidism may also decrease clearance of drugs. Drugs may also
be excreted through other routes, such as biliary excretion. The factors that determine
elimination of a drug through the biliary track include chemical structure, polarity, and
molecular weight as well as active transport sites within the liver cell membranes for
that particular drug. A drug excreted in bile may be reabsorbed from the gastrointestinal
track or a drug conjugate may be hydrolyzed by the bacteria of the gut, liberating
the original drug, which can return into the blood circulation. Enterohepatic circu-
lation may prolong the effects of a drug. Cholestatic disease states, in which flow of
normal bile flow is reduced, will reduce bile clearance of a drug and may cause drug
toxicity (34). Moreover, drug—drug interaction may involve bile clearance pathway of
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a drug. For example, quinidine not only reduces renal clearance of digoxin but also
causes an average reduction of 42% in bile clearance of digoxin (35).

4.2. Genetic Factors Affecting Serum Drug Concentrations

There are wide variations in a patient’s response to drug therapy. One patient may
demonstrate desirable pharmacological effect after administration of a particular dose of
a drug whereas another patient may show only subtle effects. Although such variability
may be related to renal disease or liver disease or due to drug—drug interactions,
alteration of drug-metabolizing capacity caused by hereditary enzymatic deficiency or
over-expression may also lead to an altered response of a patient to a drug. As early
as in 1964, Kurt et al. (36) reported that phenytoin toxicity in a patient receiving the
usual dose of phenytoin was probably related to a rare genetic deficiency in phenytoin
hydroxylation.

Although over 15 different enzymes have been identified in the liver, in practice the
cytochrome P450 isoenzymes that mediate the oxidative metabolism of many drugs
include CYP1A2, CYP2C9, CYP2D6, CYP2EI1, and CYP3A4. These enzymes show
marked variations in different people. Some of these enzymes also exhibit genetic
polymorphism (CYP2C19, CYP2D6), and a subset of the population may be deficient
in enzyme activity (poor metabolizer). Therefore, if a drug is administered to a patient
who is a poor metabolizer, drug toxicity may be observed even with a standard dose
of the drug. Phenotyping procedures commonly involve administration of a probe drug
and calculation of the urine or plasma metabolic ratio. CYP3A4 is the most abundant
hepatic oxidative enzyme in the liver, and it accounts for almost 30% of the cytochrome
P450 enzyme system (37). This isoenzyme is also present in significant amounts in the
epithelium of the gut, and orally administered drugs, which are substrate of CYP3A4,
may undergo significant metabolism before entering circulation. CYP3A4 exhibits
significant inter-individual variation that may be as high as 20-fold. The knowledge
that a drug is metabolized by a certain cytochrome P450 enzyme is indicative that this
drug can competitively inhibit the metabolism of other drugs, which are also substrates
of this enzyme. Often the cytochrome P450 can be induced by another drug or a herbal
supplement, such a St. John’s wort resulting in a lower plasma concentration of a drug
because of increased metabolism of the drug. Drug interactions with St. John’s wort
are discussed in detail in Chapter [[3

Pharmacogenomics approach to personalized medicine is based on the utilization
of genetic information data in pharmacotherapy and drug delivery thus ensuring better
drug efficacy and safety in patient management. Currently, the concept of personalized
medicine and pharmacogenetics are likely to improve the areas of pharmacokinetics
and pharmacodynamics because genetic polymorphisms have already been detected
and analyzed in genes coding drug-metabolizing enzymes, transporters as well as well
as target receptors. The potential of applying genotyping and haplotype analysis in
future medical care could eventually lead to pharmacotyping referring to individualized
drug delivery profiling based on genetic information (38). The United States Federal
Drug Administration (FDA) has granted market approval for the first pharmacogenetic
testing using a DNA microarray, the AmpliChip CYP450, which genotypes cytochrome
P450 (CYP2D6 and CYP2C19). The test uses software to predict phenotypes and tests
for 27 CYP2D6 alleles (39). Pharmacogenomics issues are discussed in Chapter [
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4.3. Gender Differences and Serum Drug Concentrations

Biological differences between men and women result in differences in response to
drug therapy. Both pharmacokinetic and pharmacodynamic differences exist between
men and women. In general, men have a larger body size than women, which
results in larger distribution volumes and faster total clearance of many drugs in
men compared with that in women. Moreover, greater body fat in women may
lead to increases in distribution of lipophilic drugs in females (40). Slower gastric
emptying of women can significantly delay the onset of effectiveness of enteric-
coated dosage form as well as differences in gastric pH between men and women
may also affect dissolution of a drug between genders (4/). Hepatic metabolism of
drugs by Phase I (oxidation, reduction, and hydrolysis through cytochrome P450’s 1A,
2D6, and 2E1) and Phase II (conjugative metabolism by glucuronidation, glucuronyl
transferase, methyltransferases, and dehydrogenases) mechanism and by combined
oxidation/conjugative mechanism may result in faster drug clearance in men compared
with that in women. However, metabolism of drugs by CYP2C9, CYP2C19, and
N-acetyltransferase appears to be similar in both males and females. In contrast,
metabolism of certain drugs that are substrates for CYP3A4 appeared to be mildly or
moderately faster in women compared with that in men. Clearance of drugs that are
substrates to P-glycoprotein appears to be comparable in both genders (40). Additional
gender-related factors, such as intake of hormonal contraceptives, may also have
further modulating effects on CYP2D6, CYP2C19 as well as phase II metabolism of
drugs (42).

Women experience more adverse reactions to treatment with drugs than men. A
Bayesian statistical analysis of sex difference in adverse drug reactions indicated that
although about same numbers of adverse events were reported for both men and
women, those reported for women were more serious. One example of a sex difference
in toxicity of drugs is the drug-induced cardiac arrhythmia, torsades de pointe (43). The
efficacy of antiretroviral therapy in HIV-infected patients appears to be similar between
men and women, but women may experience higher toxicity profiles (44). Fleisch
et al. recently commented that because of gender differences in pharmacokinetic and
pharmacodynamic responses in drugs, more women should be recruited in clinical trials
for new drugs. Traditionally, women are underrepresented as participants in clinical
drug trials (45).

Theophylline is metabolized by CYP1A2. In one study involving 24 subjects, it
was observed that theophylline metabolism is faster in women than in men (6h in
female non-smoker vs. 9.3h in male non-smokers) (46). Phenytoin and naproxen
are mainly metabolized by CYP2C9. Rugstad et al. (47) reported that there was
an increase in plasma naproxen concentrations with age and that females also had
higher plasma concentrations of naproxen compared with males. Although women
showed slightly lower concentration of phenytoin compared with men when corrected
for body weight and height, the difference was not statistically significant (48). The
activity of CYP2C19 may be higher in males than in females. The metabolism of
mephobarbital was significantly faster in males than in females when compared after
a single oral dose of 400 mg of the drug. The sex difference was more significant
with the R-enantiomer (49). Clomipramine, which is metabolized by CYP2D6 and
CYP2C19, has a higher clearance rate in males compared with that in females (50).
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Propranolol metabolism is also faster in males than in females (5/). The metabolism of
methylprednisolone is mediated by CYP3A4, and in one report, metabolism was higher
in women than in men (52). Many other drugs are also metabolized by CYP3A4, the
major isoenzyme of human cytochrome P450 enzyme system. Higher clearance of a
drug that is a substrate of CYP3A4 in women has been reported. Wolbold et al. found
twofold higher CYP3A4 levels in women compared with that in men based on their
analysis of 94 well-characterized surgical liver samples. Higher expression in women
was also observed in CYP3A4 messenger RNA (mRNA) transcripts, suggesting a
pre-translational mechanism. Expression of pregnane X receptor (PXR), which plays a
major role in induction of CYP3A4, was also correlated with CYP3A4 in mRNA level,
but no sex difference was observed in the expression of PXR mRNA. No sex difference
was also observed in P-glycoprotein expression (53). In contrast, Bebia et al. observed
no sex difference in phenotype of CYP2C19, CYP3A4, and CYP2D6 based on a study
of 161 normal subjects. CYP2E1 showed an age-associated increase, which developed
earlier in male subjects than in female subjects (54). Many drugs are metabolized by
conjugation. In one study, acetaminophen (paracetamol) clearance was 22% greater in
young males compared with that in age-adjusted young females. This difference was
entirely because of increase in activity of the glucuronidation pathway in males, and
no sex difference was observed in other pathways of paracetamol metabolism (55).

4.4. Food Intake and Serum Drug Concentrations

It has long been recognized that food alters absorption and metabolism of many
drugs. Grapefruit juice, Seville orange juice, orange juice, and cranberry juice alter
pharmacokinetics of many drugs. Food—drug interactions are discussed in detail in
Chapter [[3

4.5. Alcohol and Drug Interactions

Fatal toxicity may occur from alcohol and drug overdoses. In many instances, in
the presence of alcohol, a lower concentration of drug may cause fatality because of
drug—alcohol interactions. In a Finnish study, it was found that median amitriptyline
and propoxyphene concentrations were lower in alcohol-related fatal cases compared
with cases where no alcohol was involved. The authors concluded that when alcohol is
present, a relatively small overdose of a drug may cause fatality (56). Although alcohol
is mostly metabolized in the liver by hepatic alcohol dehydrogenase, long-term intake
of large amount of alcohol induces other pathways of metabolism, in particular, the
microsomal alcohol-oxidizing system involving CYP2EL. In contrast, acute ingestion
of alcohol is likely to cause inhibition of this enzyme (57). CYP2E1 also metabolizes
and activates many toxicological substrates to more active products, and induction of
CYP2E1 plays an important role in oxidative stress and toxicity in ethanol-induced
liver injury (58).

There are two types of interactions between alcohol and a drug: pharmacokinetic and
pharmacodynamic. Pharmacokinetic interactions occur when alcohol interferes with
the hepatic metabolism of a drug. Pharmacodynamic interactions occur when alcohol
enhances the effect of a drug, particularly in the central nervous system. In this type of
interaction, alcohol alters the effect of a drug without changing its concentration in the
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blood (59). The package insert of many antibiotics states that the medication should not
be taken with alcohol although only a few antibiotics have reported interactions with
alcohol. Erythromycin may increase blood concentration of alcohol by accelerating
gastric emptying (59). Histamine H, receptor antagonists, such as cimetidine, ranitidine,
nizatidine, and famotidine, reduce the activity of alcohol dehydrogenase (60). DiPadova
et al. studied the interactions between alcohol and cimetidine, ranitidine as well as
famotidine using human subjects. Relative to baseline, ranitidine increased the mean
peak concentration and area under the curve (AUC) of blood alcohol by 34 and 41%,
respectively. First-pass metabolism of ethanol was also decreased significantly with an
increase in bioavailability from 79.6 to 92.6%. Cimetidine showed a greater effect on
blood alcohol levels compared with ranitidine, but famotidine showed no significant
effect. The authors concluded that patients taking cimetidine or ranitidine should be
warned of possible impairments after consumption of alcohol in quantities usually
considered as safe in the absence of therapy with these medications (6/). However,
another study contradicted these findings and concluded that under real life conditions,
the concomitant administration of alcohol and cimetidine, ranitidine, or omeprazole
is unlikely to have significant physical, social, or forensic implications because no
significant difference was found between percentage of first-pass metabolism, peak
blood alcohol concentration, or AUC following administration of cimetidine, ranitidine,
or omeprazole (62). Another report also found no significant interaction between
alcohol and lansoprazole or omeprazole (63).

The effect of alcohol, even low-dose alcohol, on the enhanced antithrombotic effect
of warfarin is of clinical significance. A 58-year-old Caucasian man was receiving long-
term anticoagulation therapy with warfarin and had a stable International Normalization
Ratio (INR). His INR increased when he started taking low-dose beer for cardiovascular
protection. After he stopped the alcohol, his INR returned to normal (64). This excessive
warfarin activity from low alcohol consumption may be related to the inhibition of
warfarin metabolism by cytochrome P450. Conversely, in people who chronically drink
alcohol, long-term alcohol consumption activates cytochrome P450 and may increase
warfarin metabolism (59).

Alcohol increases sedative effect of tricyclic antidepressants (TCAs) through
pharmacodynamic interactions. In addition, alcohol can also cause pharmacokinetic
interactions. Alcohol appears to interfere with first-pass metabolism of amitriptyline,
thus increasing serum levels of this drug. Alcohol has pharmacodynamic effects with
antihistamines, increasing the sedative effects of these over the counter and prescription
drugs. Alcohol also increases the sedative effect of phenobarbital and may also increase
its serum concentration through pharmacokinetic interactions. Interactions between
benzodiazepines and alcohol have also been reported. Alcohol consumption may result
in accumulation of toxic breakdown products of acetaminophen (59).

4.6. Smoking and Serum Drug Concentrations

Approximately 4800 compounds are found in tobacco smoke including nicotine
and carcinogenic compound, for example polycyclic aromatic hydrocarbons (PAHs)
and N-nitroso amines. Compounds in tobacco smoke can induce certain cytochrome
P450 enzymes responsible for metabolism of many drugs. PAHs induce CYPI1AL,
CYP1A2, and possibly CYP2E1. Smoking may also induce other drug metabolism
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pathways such as conjugation (65). Cigarette smoke is responsible for pharmacokinetic
drug interactions, not nicotine. Therefore, nicotine replacement therapy does not cause
hepatic enzyme induction (66).

Theophylline is metabolized by CYP1AZ2. In one study, the half-life of theophylline
was reduced by almost twofolds in smokers compared with that in non-smokers (65).
Lee et al. (67) reported that theophylline clearance was increased by 51.1% and
that steady state serum concentrations were reduced by 24.5% in children who were
exposed to passive smoking. Clinically significant drug interactions with smoking have
also been reported for caffeine, chlorpromazine, clozapine, flecainide, fluvoxamine,
haloperidol, mexiletine, olanzapine, proprandol, and tacrine. With all medications,
serum concentrations of drugs are significantly reduced in smokers because of increased
metabolism of drugs. Smokers may therefore require higher doses than non-smokers
to achieve pharmacological responses (66). Warfarin disposition in smokers is also
different compared with that in non-smokers. One case report described an increase
in INR to 3.7 from a baseline of 2.7-2.8 in an 80-year-old man when he stopped
smoking. Subsequently, his warfarin dose was reduced by 14% (68). Another report
also demonstrated an increase in INR in a 58-year-old male after cessation of smoking.
His warfarin dose was lowered by 23% (69).

Pharmacodynamic drug interactions in smokers may be due to nicotine, which may
counteract the pharmacological effects of a drug. The half-life of nicotine is approx-
imately 2 h, and the pharmacological effects of nicotine, such as heart rate increases,
blood pressure, diminishes rapidly after cessation of smoking. On the contrary, if
nicotine replacement therapy is initiated in a hospitalized patient, heart rate may
increase by 10-15 beats/min and blood pressure may increase by 5-10 mmHg (70).
The transdermal nicotine patch may have a lesser effect on blood pressure and heart
rate (71). Smokers taking benzodiazepines, such as diazepam and chlordiazepoxide,
experience less drowsiness than non-smokers, and this interaction appears to be pharma-
codynamic in nature because several studies did not find any significant difference
between metabolism of benzodiazepines between smokers and non-smokers. Therefore,
larger doses may be needed to sedate a smoker (66). Smokers may also need higher
doses of opioids (codeine, propoxyphene, and pentazocine) for pain relief (65). In one
study, to determine whether smokers require more opioid analgesic, it was found that
20 smokers (10 cigarettes a day or more for at least 1 year) required 23% more (when
adjusted for body weight) and 33% more (when adjusted for body mass index) opioid
analgesics compared with 69 non-smoking patients (72).

5. EFFECT OF DISEASE ON SERUM DRUG CONCENTRATIONS

Several pathophysiological conditions affect metabolism and excretion of drugs.
Altered drug metabolism and excretion have been reported in patients with hepatic
disease, renal impairment, thyroid disorder, cardiovascular disease, and pregnancy.
Moreover, critically ill patients often metabolize or excrete drugs differently compared
with ambulatory patients.

5.1. Effect of Hepatic Disease on Drug Metabolism

Severe hepatic disease alters the metabolism of many drugs. Mild to moderate
hepatic disease causes an unpredictable effect on drug clearance. Hepatic cytochrome



Chapter 1 / Therapeutic Drug Monitoring 15

P450 enzyme activities and gene expression can be profoundly altered in disease
states. In general, the levels of affected cytochrome P450 enzymes are depressed by
diseases causing potential and documented impairment of drug clearance causing drug
toxicity (73). In one study, it was reported that hepatocellular carcinoma decreased
expression of CYP2E1 (74). Trotter et al. reported that total mean tacrolimus dose
in year one after transplant was lower by 39% in patients with hepatitis C compared
with that in patients with no hepatitis C infection. The most likely explanation for
these findings is decreased hepatic clearance of tacrolimus caused by mild hepatic
injury from recurrent hepatitis C virus (75). Zimmermann et al. reported that oral dose
clearance of sirolimus (rapamycin) was significantly decreased in subjects with mild to
moderate hepatic impairment compared with that in controls, and authors stressed the
need for careful monitoring of trough whole blood sirolimus concentrations in renal
transplant recipients exhibiting mild to moderate hepatic impairment (76).

The liver is responsible for producing albumin and other proteins, and hepatic
impairment diminishes this process by decreasing concentrations of serum albumin
and other proteins. Many drugs are bound to serum protein, and elevated concentration
of strongly protein-bound drugs such as phenytoin and valproic acid in patients with
hepatic impairment is well documented in the literature. Because free fraction of a
drug is responsible for pharmacological action as well as toxicity monitoring, free drug
concentrations and dose adjustment based on free drug levels is required in patients
with liver disease. This issue is discussed in detail in Chapter P

5.2. Renal Impairment and Drug Clearance

Renal disease causes impairment in the clearance of many drugs by the kidney.
Correlations have been established between creatinine clearance and clearance of
digoxin, lithium, procainamide, aminoglycoside, and many other drugs. The clearance
of a drug is closely related to glomerular filtration rate (GFR), and creatinine clearance
is a valid way to determine GFR. Serum cystatin C is another marker of GFR. In
clinical practice, the degree of renal impairment is widely assessed by using the serum
creatinine concentration and creatinine clearance predicted using Cockcroft-Gault
formula (77). However, creatinine clearance may be a poor predictor of GFR under
certain pathological conditions. Caution should be exercised when medications are
prescribed to elderly patients because they may have unrecognized renal impairment.
Serum creatinine remains normal until GFR has fallen by at least 50%. Nearly half of
the older patients have normal serum creatinine but reduced creatinine clearance. Dose
adjustments based on renal function is recommended for many medications in elderly
patients even with medications that exhibit large therapeutic windows (78). Dosage
adjustments are made for amikacin, gentamicin, tobramycin, and vancomycin based
on GFR. Schuck et al. (79), based on a study with 126 patients, concluded that no
significant differences exist between serum concentrations of creatinine or its predicted
creatinine clearance by Cockcroft—-Gault formula, cystatin C, and predicted GFR with
regard to dose adjustments. O’Riordan et al. (80), using 22 healthy volunteers who
received a single dose of intravenous digoxin, concluded that serum cystatin C is no
better than serum creatinine concentration in predicting renal clearance of digoxin. In
contrast, Hoppe et al. (81) reported that serum cystatin C is a better predictor of drug
clearance than serum creatinine concentrations.
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Renal disease also causes impairment of drug protein binding because uremic toxins
compete with drugs for binding to albumin. Such interaction leads to increases in
concentration of pharmacologically active free drug concentration, which is clini-
cally more important for strongly protein-bound drugs. This topic is addressed in
Chapter &1

5.3. Thyroid Disorder and Drug Metabolism

Patients with thyroid disease may have an altered response to drugs. Thyroxin is
a potent activator of the cytochrome P450 enzyme system, and hypothyroidism is
associated with inhibition of hepatic oxidative metabolism of many drugs. Croxson
et al. (82) measured serum digoxin concentration using a radioimmunoassay in 17
hyperthyroid and 16 hypothyroid patients and observed significantly lower levels of
digoxin in patients with hyperthyroidism and significantly higher levels of digoxin
in patients with hypothyroidism. Although there is a general conception that serum
phenytoin clearance is not affected by thyroid function state, Sarich and Wright (83)
reported a case where a 63-year-old female, who developed decreased serum level of
free T,, showed phenytoin toxicity that may be related to decreased cytochrome P450-
mediated hydroxylation of phenytoin. Another case report also indicated phenytoin
intoxication induced by hypothyroidism. A 42-year-old woman with a 29-year history
of hypothyroidism and 18-year history of epilepsy was treated with phenytoin, mepho-
barbital, valproic acid, and thyroid replacement therapy. However, 1 month after
sudden withdrawal of the thyroid powder, she was sick and was admitted to the
hospital. Her serum phenytoin and phenobarbital levels were significantly elevated
over the therapeutic range (26.4 p.g/mL for phenytoin and 36.4 j.g/mL for phenobar-
bital), but her valproic acid concentration was low. The endocrinological examination
revealed hypothyroidism. Thyroxine administration was started and her phenytoin
concentration was decreased to a sub therapeutic level even with the same dose of
phenytoin (84).

Hypothyroidism also affects the metabolism of immunosuppressants. A 25-year-old
man with a renal transplant had a therapeutic trough whole blood cyclosporine concen-
tration (108—-197 ng/mL) after transplant. On the 105th day, his trough cyclosporine
concentration was elevated to 1060 ng/mL. His cholesterol was also elevated from
254 to 422 mg/dL, and the patient has an onset of hypothyroidism after transplan-
tation. The authors concluded that elevated cyclosporine concentration may be due to a
decrease in cyclosporine clearance resulting from decreased cytochrome P450 activity
in hypothyroidism. Moreover, decreased thyroid hormone level and increased plasma
lipoprotein level may have affected the distribution of cyclosporine (85). Haas et al.
reported a case where a patient developed hypothyroidism 6 months after single lung
transplantation and was admitted to the hospital for anuric renal failure. The patient
showed a toxic blood level of tacrolimus, which was resolved with the initiation of
thyroxine replacement therapy and dose reduction of tacrolimus (86).

The iodine-rich amiodarone affects the thyroid gland causing thyroid disorder, which
may affect warfarin sensitivity. Kurnik et al. (§7) described three cases where patients
developed amiodarone-induced thyrotoxicosis, resulting in a significant decrease in
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warfarin requirement. Mechanism of interaction of thyroid hormone with warfarin is
complex. One proposed mechanism is the alteration of kinetics of the clotting factors
with an increase in catabolism of vitamin K-dependent factors in patients with hyper-
thyroidism. This interaction increases sensitivity to warfarin in patients with hyperthy-
roidism but decreases sensitivity of warfarin in patients with hypothyroidism (88).

5.4. Cardiovascular Disease and Serum Drug Concentration

Cardiac failure is often associated with disturbances in cardiac output, influencing
the extent and pattern of tissue perfusion, sodium and water metabolism as well as
gastrointestinal motility. These factors affect absorption and disposition of many drugs
requiring dosage adjustment. V, and clearance of lidocaine are decreased in cardiac
failure. For drugs that are metabolized by the liver, decreased blood flow in the liver
accounts for reduced clearance, but impaired hepatic metabolism in these patients
also plays a role. Accumulation of active metabolites of lidocaine and procainamide
in these patients are clinically significant. Theophylline metabolism, which is largely
independent of hepatic blood flow, is reduced in patients with severe cardiac failure
and dose reduction is needed. Digoxin clearance is also decreased. Quinidine plasma
level may also be high in these patients because of lower V, (89). Elimination half-
life is directly related to the V, and inversely related to clearance. Pharmacokinetic
changes are not always predictable in patients with congestive heart failure, but it
appears that the net effect of reduction in V,; and impairment in metabolism usually
results in higher plasma concentrations of a drug in a patient with congestive heart
failure compared with that in healthy subjects. Therefore, therapeutic drug monitoring
is crucial in avoiding drug toxicity in these patients (90). Recently, Kotake et al. (917)
reported that heart failure elevates the serum level of the drug cibenzoline, which is
used in the treatment of arrhythmia.

Physiological changes in critically ill patients can significantly affect the pharma-
cokinetics of many drugs. These changes include absorption, distribution, metabolism,
and excretion of drugs in critically ill patients. Understanding these changes in
pharmacokinetic parameters are essential for optimizing drug therapy in critically ill
patients (92). Moreover, usually free fractions of strongly protein-bound drugs are
elevated in the critically ill patients because of low serum albumin concentrations. This
issue is discussed in Chapter Pl

5.5. Drug Metabolism and Clearance in Pregnancy

Epidemiologic surveys have indicated that between one-third and two-thirds of all
pregnant women will take at least one medication during pregnancy. Drug therapy
in pregnant women usually focuses on safety of the drug on the fetus. However,
pharmacokinetics of many drugs is altered during pregnancy. Therapeutic drug
monitoring during pregnancy aims to improve individual dosage improvement, taking
into account pregnancy-related changes in drug disposition (93). Physiological changes
that occur during pregnancy alter absorption, distribution, metabolism, and elimination
of drugs thus affecting efficacy and safety of the drugs toward pregnant women
unless careful dosage adjustments are made. During third trimester, gastrointestinal
function may be prolonged. Moreover, the amount of total body water and fat increase
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throughout pregnancy and are accompanied by increases in cardiac output, venti-
lation, and renal and hepatic blood flow. In addition, plasma protein concentrations
are reduced, increasing the unbound fraction of a drug. Therefore, careful therapeutic
drug monitoring of the free (unbound) concentration of strongly protein-bound drugs,
such as phenytoin, is recommended in pregnant women. Moreover, changes occur in
the drug-metabolizing capacity of the hepatic enzymes in pregnancy. Renal absorption
of sodium is increased. Placental transport of a drug, compartmentalization of a drug
in the embryo/placenta, and metabolism of a drug by the placenta and the fetus also
play important roles in the pharmacokinetics of a drug during pregnancy (94).

The increased secretion of estrogen and progesterone in normal pregnancy affects
hepatic drug metabolism differently depending on the specific drug. A higher rate of
hepatic metabolism of certain drugs, for example phenytoin, can be observed because
of the induction of the hepatic drug-metabolizing enzymes by progesterone. On the
contrary, the hepatic metabolism of theophylline and caffeine is reduced secondary
to the competition of these drugs with progesterone and estradiol for enzymatic
metabolism by the liver. Cholestatic effect of estrogen may interfere with the clearance
of drugs, for example, rifampin (93). By the end of pregnancy, total and unbound
phenobarbital concentrations are reduced up to 50% of the original concentration,
but primidone concentrations are altered marginally. Total phenytoin concentrations
may fall by 40% compared with serum phenytoin levels before pregnancy. Total
and free carbamazepine values may also alter because of pregnancy, but reports are
conflicting (95). Significant increases in clearance of lamotrigine have been reported
in pregnancy. Apparent clearance seems to increase steadily during pregnancy until it
peaks approximately at 32nd week when 330% increases in clearance from baseline
values can be observed (96). Another study involving 11 pregnant women also demon-
strated significant decreases in the ratio of plasma lamotrigine concentration to dose
(65.1% during second trimester and 65.8% in third trimester) compared with pre-
pregnancy values. Five patients experienced seizure deterioration during pregnancy,
and there were significant inter-patient variations in the pharmacokinetics of lamot-
rigine (97).

Lower serum concentrations of lithium have been reported in pregnancy, and this
may be related to an increase in the GFR in pregnancy. Altered pharmacokinetics of
ampicillin can be observed in pregnancy where serum concentrations may be lower
by 50% in pregnant women compared with that in non-pregnant women because of
altered pharmacokinetics. Faster elimination of phenoxymethylpenicillin (Penicillin V)
in pregnant women has also been demonstrated (93).

Combined antiretroviral therapy can reduce transmission of the human immunod-
eficiency virus (HIV) from mother to fetus significantly. However, pregnancy may
alter the pharmacokinetics of the antiretroviral drugs. Available data indicate that
pharmacokinetics of zidovudine, lamivudine, didanosine, and stavudine are not altered
significantly during pregnancy. However, nevirapine half-life is significantly prolonged
in pregnancy. For protease inhibitors, reduction of maximum plasma concentration of
indinavir was observed in pregnancy. This may be due to induction of cytochrome
P450. Standard adult doses of nelfinavir and saquinavir produced lower drug
concentration in HIV-infected pregnant women compared with that in non-pregnant
women (94).
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During pregnancy, the thyroid is hyper-stimulated resulting in changes in thyroid
hormone concentrations. Gestational age-specific reference intervals are now available
for thyroid function tests. Knowledge of expected normal changes in thyroid hormone
concentrations during pregnancy allows individual supplementation when needed (98).
Hypothyroidism is common in pregnancy, and therapeutic drug monitoring of
antithyroid drugs is important. Consistently lower serum concentrations of propy-
Ithiouracil were observed in pregnant women compared with that in non-pregnant
women (99).

6. DRUG METABOLISM AND CLEARANCE IN NEONATES,
CHILDREN, AND ELDERLY

In the fetus, CYP3A7 is the major hepatic cytochrome responsible for steroid
metabolism. Variably expressed in the fetus, CYP3AS is also present in significant level
in half of the children. However, in adults, CYP3A4 is the major functional hepatic
enzyme responsible for metabolism of many drugs. CYP1Al is also present during
organogenesis whereas CYP2E1 may be present in some second trimester fetuses.
After birth, hepatic CYP2D6, CYP2C8/9, and CYP2C18/19 are activated. CYP1A2
becomes active during the fourth to fifth months after birth (700).

In general, age is not considered to have a major influence on the absorption of
drugs from the gut except for the first few weeks of life when absorption steps may be
less efficient. Neonates and infants demonstrate increased total body water to body fat
ratio compared with adults whereas the reverse is observed in the elderly. These factors
may affect V, of drugs depending on their lipophilic character in infants and elderly
compared with that in adult population. Moreover, altered plasma binding of drugs may
be observed in both neonates and some elderly because of low albumin, thus increasing
the fraction of free drug. Moreover, drug-metabolizing capacity by the liver enzymes
is reduced in newborns particularly in premature babies but increases rapidly during
the first few weeks and months of life to reach values which are generally higher than
adult-metabolizing rates. In contrast, efficiency of cytochrome P450 enzymes declines
with old age. Renal function at the time of birth is reduced by more than 50% of adult
value but then increases rapidly in the first 2-3 years of life. Renal function then starts
declining with old age. Oral clearance of lamotrigine, topiramate, levetiracetam, oxcar-
bazepine, gabapentin, tiagabine, zonisamide, vigabatrin, and felbamate is significantly
higher (20-120%) in children compared with that in adults depending on the drug
and the age distribution of the population. On the contrary, clearance of these drugs
is reduced (10-50%) in the elderly population compared with that in the middle-aged
adults (101).

Clearance of aminoglycoside is dependent on the GFR, which is markedly decreased
in neonates, especially in premature newborns. These drugs appear to be less nephro-
toxic and ototoxic in neonates compared with that in the adult population. The V,
of aminoglycoside increases in neonates, which may also contribute to a longer
half-life of aminoglycoside in neonates. Decreased renal clearance in neonates is
responsible for decreased clearance of most beta-lactam antibiotics (/02). Higher V
and lower clearance of gentamicin was also observed in neonates (/03). Conversion
of theophylline to caffeine in human fetuses has been reported (/04). Kraus et al.
studied maturational changes in theophylline disposition in 52 infants and observed
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Table 3
Factors and Diseases Affecting Disposition of Drugs
Factor or disease Comments
Gender difference Men may have faster clearance of drugs than women

except for drugs cleared by CYP3A4
Women may be more susceptible to drug toxicity

Alcohol intake Pharmacodynamic interactions with many drugs causing
significant toxicity with lower amounts of drugs when
alcohol is present

Cimetidine and ranitidine may increase blood alcohol level

Alcohol may increase International Normalization Ratio
(INR) in patients taking warfarin

Alcohol increases serum levels of amitriptyline

Smoking Theophylline serum concentrations reduced in smokers
Reduced serum concentrations of many other drugs
Interaction with warfarin

Hepatic impairment Decreased clearance of tacrolimus and sirolimus requiring
dosage reduction
Elevated free concentrations of strongly protein-bound
drugs
Renal impairment Decreased clearance of drugs where renal excretion is the
major pathway
Elevated free concentrations of strongly protein-bound
drugs
Thyroid disease Elevated concentration of certain drugs (cyclosporine,
phenobarbital etc.) in hypothyroidism
Thyrotoxicosis may reduce warfarin requirement

Cardiovascular disease Reduced metabolism of many drugs because of decreases
in hepatic blood flow. Reduced clearance of digoxin,
theophylline, and other drugs

Pregnancy Elevated free concentrations of drugs because of reduced
plasma proteins
Increased metabolism of certain drugs (phenytoin,
indinavir), but clearance of some drugs (theophylline)
may also be reduced
Lower serum concentration of lithium

Children Increase oral clearances of many antiepileptic drugs
Conversion of theophylline to caffeine in children

that postconceptional age was an import factor in describing theophylline metabolism
in neonates. Disappearance of serum caffeine concentrations and maturation of
theophylline clearance were primarily related to the demethylation pathway that
produced 3-methylxanthine. Theophylline clearance and urine metabolite pattern
reached adult values in infants 55 weeks after postconceptional age (/05). Major factors
affecting drug distribution and metabolism are summarized in Table B



Chapter 1 / Therapeutic Drug Monitoring 21

7. THERAPEUTIC DRUG MONITORING OF INDIVIDUAL DRUGS

Usually, concentration of a therapeutic drug is measured in the serum or plasma.
However, whole blood concentration of immunosuppressant drugs such as cyclosporine
and tacrolimus is usually measured for therapeutic drug monitoring. Obtaining blood
for measurement of a drug during the absorption or the distribution phase may lead
to misleading information. Moreover, to measure the peak concentration of a drug,
timing of the sample will depend on the route of administration. After intravenous
administration, the peak concentration of a drug may be achieved in a few minutes.
On the contrary, for a sustained release tablet, the mean time to reach the peak plasma
concentration of theophylline was 7.9 h in one study (/06). The trough concentration
is clinically defined as the serum drug concentration just before the next dose. Usually,
trough concentrations are monitored for most drugs, but for aminoglycosides and
vancomycin, both peak and trough concentrations are monitored. For a meaningful
interpretation of a serum drug concentration, time of specimen collection should be
noted along with the time and date of the last dose and route of administration of
the drug. This is particularly important for aminoglycoside because without knowing
the time of specimen collection, the serum drug concentration cannot be interpreted.
Information needed for proper interpretation of drug level for the purpose of therapeutic
drug monitoring is listed in Table Fl

7.1. Therapeutic Drug Monitoring of Anticonvulsants

Phenytoin, phenobarbital, ethosuximide, valproic acid, and carbamazepine are
considered as conventional anticonvulsant drugs. Many people with epilepsy suffer
from side effects of anticonvulsants as well as suboptimum seizure control, which
can be minimized by regular medication review and dosage adjustments based on
serum drug levels (/07). All these antiepileptic drugs have a narrow therapeutic range.
Phenytoin, carbamazepine, and valproic acid are strongly bound to serum proteins.

Table 4

Essential Information Required for Interpretation of Serum Concentrations of a Drug
Patient Information Other Information
Name of the patient Dosage regimen
Hospital identification number Time of taking dosage
Age Type of specimen (serum, urine, saliva,

other body fluid). Number of specimens

Height and weight (if more than one) and type of drug

concentration requested (total vs. free)
Time of specimen collection (peak vs.

trough)
Gender (if female pregnant?*) Time of last dose
Ethnicity Concentration of the drug
Albumin level, creatinine Pharmacokinetic parameters of the drug

clearance®

* Optional information.
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Although free drug concentration can be predicted from traditionally measured total
drug concentration (free + protein-bound drug), under certain disease conditions, such
as uremia and hepatic impairment, free drug concentration may not be predicted from
total drug concentration because of impairment of the protein-binding ability of serum
for these anticonvulsants. Moreover, monitoring free drug concentration is also recom-
mended for these drugs in elderly patients, critically ill patients, pregnant women, and
patients with a low serum albumin concentrations. This topic is discussed in Chapter 2l
Minimally effective serum total phenytoin concentration is considered as 10 pg/mL,
whereas the upper end of the therapeutic range is 20 wg/mL. Carbamazepine is an
iminostilbene derivative structurally similar to the TCA imipramine. It was approved
in the USA in 1974 as an antiepileptic for many seizure disorders and in 1979 for
use in children over 6 years of age. The current uses of carbamazepine include partial
seizures with complex symptomatology, generalized tonic-clonic seizures, and mixed
seizures. Carbamazepine and phenytoin are considered as the drugs of choice for
treating these seizure disorders (/08). Carbamazepine is also frequently added to the
existing TCA therapy (109). Carbamazepine, like lithium, may help some individuals
with episodic behavioral dysfunction, such as loss of control and aggression, even in
the absence of epileptic, affective, or organic features (//0,111). TCA and anticonvul-
sants are also used in the treatment of pain in polyneuropathy (//2). The minimally
effective serum concentration of carbamazepine is 4 jug/mL, and the toxicity may be
encountered at serum level over 12 wg/mL. Carbamazepine is metabolized to an active
metabolite carbamazepine 10, 11-epoxide. Carbamazepine 10, 11-epoxide is present
in 15-20% of the total carbamazepine concentration at steady state. The concentration
of metabolite may be significantly higher in carbamazepine overdose and in patients
with renal failure. Moreover, concentration of carbamazepine 10, 11-epoxide may be
further elevated in patients also receiving valproic acid and lamotrigine. For these
patients, measuring both carbamazepine and carbamazepine 10, 11-epoxide is clini-
cally useful (/73). Another issue is the cross-reactivity of epoxide with carbamazepine
immunoassays. The cross-reactivity of carbamazepine 10, 11-epoxide with different
immunoassays may vary between 0% (Vitros Ortho Diagnosics Rariton, NJ) and 94%
(Dade Dimension Deerfield, IL) (/14). Parant et al. (115) also reported high cross-
reactivity of PETINIA (Dade Behring Deerfield, IL) carbamazepine assay with carba-
mazepine 10, 11-epoxide and negligible cross-reactivity with the EMIT 2000 assay.
Ideally, a high-performance liquid chromatography (HPLC) method should be used as
a reference method for measuring carbamazepine and carbamazepine 10, 11-epoxide
concentrations, but immunoassays are widely used for routine monitoring of serum
carbamazepine concentrations in many clinical laboratories. Therefore, caution should
be exercised in the interpretation of serum carbamazepine concentrations in light of
cross-reactivity of the specific immunoassay with carbamazepine 10, 11-epoxide.
Valproic acid is an antiepileptic drug, which is structurally unrelated to
phenytoin, phenobarbital, or carbamazepine. The chemical name of valproic acid is
2-propylpentanoic acid, which was synthesized in 1881, but the antiepileptic property
of valproic acid was not discovered until 1963. Other than epilepsy, valproic acid in the
form of divalproex sodium is used as a prophylaxis for migraine (//6). Valproic acid
is also used in treating a variety of psychiatric disorders (/77). Therapeutic responses
to valproic acid are usually observed at serum concentrations equal to or greater than
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40 wg/mL, and toxicity is encountered at serum levels exceeding 100 wg/mL. Seizure
controls of phenobarbital start with a serum concentration of 15 wg/mL, and concen-
trations greater than 40 pg/mL may cause toxicity.

In the past decade, 10 new antiepileptic drugs have been approved for use. These
drugs include felbamate, gabapentin, lamotrigine, levetiracetam, oxcarbazepine, prega-
balin, tiagabine, topiramate, vigabatrin, and zonisamide. In general, these antiepileptic
drugs (except felbamate) have better pharmacokinetic profiles, improved tolerability in
patients, and are less involved in drug interactions compared with traditional anticon-
vulsants: phenytoin, carbamazepine, phenobarbital, and valproic acid. Gabapentin,
levetiracetam, and vigabatrin are mainly eliminated by the renal route with a fraction
of unchanged drug in the urine of 65, 66, and 100%, respectively. These anticonvul-
sants are not involved in drug interactions. Other new anticonvulsants are metabo-
lized by cytochrome P450 and uridine glucuronosyltransferase enzyme and may be
involved in pharmacokinetic drug interactions with conventional anticonvulsants or
other drugs (7/78). Clinical utility of therapeutic drug monitoring as well as guide-
lines of serum drug concentrations have not been clearly established for these new
anticonvulsants. However, careful monitoring of liver function tests and blood cell
counts is strongly recommended for felbamate because of its known toxicity (/19).
The drug is only 20-25% bound to serum protein, and currently, there is no indication
for monitoring free felbamate level. There is no systematic study to establish a thera-
peutic range for gabapentin. A tentative target range of 70—120 wmol/L has been
suggested. There are more indications for therapeutic monitoring of lamotrigine. The
therapeutic range suggested is 12-55 pmol/L. Tiagabine is strongly protein bound and
is a candidate for free drug monitoring. However, more studies are needed to establish
a therapeutic range. The traditional approach to therapeutic drug monitoring does not
apply to vigabatrin (/20). Reference ranges and costs of therapeutic drug monitoring
of anticonvulsants are given in Table B

7.2. Therapeutic Drug Monitoring of Cardioactive Drug

Therapeutic drug monitoring of several cardioactive drugs, including digoxin,
disopyramide, lidocaine, procainamide, mexiletine, tocainide, and quinidine are
routinely performed in clinical laboratories because of the established correlation
between serum drug concentrations and pharmacological response of these drugs.
Moreover, drug toxicity can be mostly avoided by therapeutic drug monitoring. Digoxin
is one of the most frequently ordered drugs among all cardioactive drugs in clinical
laboratory. This drug has a narrow therapeutic window, and immunoassays employed
in monitoring serum digoxin concentration are subjected to interference from both
exogenous and endogenous compounds. This topic is discussed in detail in Chapter [

Disopyramide (4-diisopropylamino-2-phenyl-2-pyridyl) butyramide was synthesized
in 1954, and its antiarrhythmic properties were discovered in 1964. The plasma protein
binding of disopyramide is extremely variable in patients because of fluctuation of
o, -acid glycoprotein concentrations in the serum. Moreover, binding of disopyramide
to the serum proteins is stereoselective with R(-)-isomer approximately 66% protein
bound and S(+)-isomer 79% protein bound (/21). The therapeutic range of disopy-
ramide is considered as 1.5-5.0 wg/mL. Echizen et al. (/122) recommended monitoring
free fraction of disopyramide. Lidocaine is another cardioactive drug bound to o,-acid
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Table 5
Therapeutic Drug Monitoring of Anticonvulsants
Drug Specimen Requirement Therapeutic Cost*
Range’Trough (ug/mL)
Carbamazepine Serum 4-12 $
Carbamazepine, 10, Serum or plasma 0.4-4 $$
11-epoxide
Clonazepam Serum or plasma 10-50 $$
Diazepam and Serum 0.1-1.0
Nordiazepam 0.1-0.8 $$8
Felbamate Serum Range not well established $$
(very toxic)
Ethosuximide Serum or plasma 40-75 $$
Gabapentin Serum or plasma 2-12 $$$
Lamotrigine Serum or plasma 1-4 $$$
Methsuximide Serum or plasma 10-40 $$3$
Phenytoin Serum or plasma 10-20 $
Phenobarbital Serum or plasma 15-40 $
Primidone Serum or plasma 5-12 $
Valproic acid Serum or plasma 50-100 $$
Zonisamide Serum or plasma 10-40 $$$

$, < $75; 88, < $100; $$%, > $100; $$$$, > $150.
*The costs are based on published charge for these tests in our hospital laboratory and reference
laboratories.
b Therapeutic ranges are suggested ranges based on ranges used in our hospital laboratory as well as
published ranges in textbooks and test catalogues of reference laboratories. Reference ranges may vary
significantly depending on patient population, disease states, and others.

glycoprotein. Free fraction of lidocaine may vary considerably in disease state, and it is
discussed in Chapter 2l Mexiletine was synthetically developed, and this drug is mainly
metabolized by the liver to parahydroxy mexiletine, hydroxymethyl mexiletine, and
their corresponding alcohols, and metabolites are not considered active. The therapeutic
range is considered to be 0.5-2.0 wg/mL, although many patients experience toxicity
at a serum level just exceeding the upper limit of the therapeutic range (/23). Koch-
Weser (124) established that the therapeutic range of procainamide is 4—-10 pg/mL.
Procainamide is metabolized to an active metabolite; N-acetyl procainamide (NAPA).
Lima et al. (/25) reported that the combined concentrations of procainamide and
NAPA over 25-30 pg/mL increase the risk of toxicity. Decreased renal function may
cause significant accumulation of procainamide and NAPA resulting in severe intox-
ication (/26). Quinidine is a natural alkaloid found in cinchona bark. Since 1918,
quinidine has been used as an antiarrhythmic drug. Wide variations in quinidine serum
levels coupled with a narrow therapeutic range make therapeutic drug monitoring of
quinidine essential. This drug is strongly bound to «,-acid glycoprotein, and the varia-
tions of pharmacologically free fractions have been reported in altered pathological
conditions. Monitoring free quinidine concentration is discussed in Chapter
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Tocainide was developed as an oral analogue of lidocaine because lidocaine
cannot be administered orally because of high first-pass metabolism. Tocainide and
lidocaine have similar electrophysiological properties. Tocainide is cleared by hepatic
metabolism and urinary excretion of unchanged drug. Unbound drug concentration
is likely to correlate with total drug concentration, and there is no indication for
monitoring free tocainide concentration because tocainide is only poorly bound to
serum proteins (5-20%). Flecainide is a strong sodium channel blocker used in the
treatment of various supraventricular tachyarrhythmias. Flecainide is mainly metabo-
lized by cytochrome P450 (CYP2D6) and CYP2D6. The poor metabolizers of this drug
showed a 42% reduction in flecainide clearance. This population represents 5—10%
of Caucasians and less than 1% of Asians (/27). The reported therapeutic range of
trough flecainide concentration is 200-1000 ng/mL (0.2—1.0 pg/mL), although severe
adverse effect such as ventricular arrhythmia has occurred occasionally in patients
whose serum flecainide concentration exceeded 1000 ng/mL (/28). Reference ranges
and cots of monitoring of cardioactive drugs are summarized in Table

7.3. Therapeutic Drug Monitoring of Antiasthmatic Drugs

Theophylline is a bronchodilator and respiratory stimulant effective in the treatment
of acute and chronic asthma. The drug is readily absorbed after oral absorption,
but peak concentration may be observed much later with sustained release tablets.
The bronchodilator effect of theophylline is proportional to the log of serum drug
concentration over a range of 5-20 wg/mL (/29). Adverse reactions may be observed

Table 6
Therapeutic Drug Monitoring of Cardioactive Drugs

Drug Specimen Requirement Therapeutic Range® Cost*

Trough
Amiodarone Serum or plasma 1.0-2.5 pg/mL $$$
Digoxin Serum or plasma 0.8-2.0 ng/mL $
Disopyramide Serum or plasma 1.5-5.0 pg/mL $$$
Flecainide Serum or plasma 0.2-1.0 pug/mL $$
Lidocaine Serum or plasma 1.5-5.0 pg/mL $$
Mexiletine Serum or plasma 0.5-2.0 pg/mL $$$
Propanolol Plasma 50-100 ng/mL $$
Procainamide Serum or plasma 4-10 pg/mL $$ (both tests)
and NAPA 4-8 pg/mL
Quinidine Serum or plasma 2-5 pg/mL $
Tocainide Serum or plasma 5-12 pg/mL $$$
Verapamil Serum or plasma 50-200 ng/mL $$$

$, < $75; $3$, < $100; $$$, > $100; $$$$, > $150.

*The costs are based on published charge for these tests in our hospital laboratory and reference

laboratories.

" Therapeutic ranges are suggested ranges based on ranges used in our hospital laboratory as well as
published ranges in textbooks and test catalogues of reference laboratories. Reference ranges may vary
significantly depending on patient population, disease states, and others.
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at concentrations exceeding 20 pg/mL. However, serum therapeutic concentrations
between 10 and 20 pg/mL have also been reported (/30). Theophylline is metabolized
by hepatic cytochrome P450, and altered pharmacokinetics of theophylline in disease
states have been reported. Clearance of theophylline is slow in neonates compared with
that in adults, while theophylline metabolism is also altered in hepatic disease. Acute
viral illness associated with fever may prolong the half-life of theophylline (/31).
Patients with pneumonia and episodes of severe airways obstruction also may metab-
olize theophylline slowly (/32). Altered pharmacokinetics of theophylline in pregnancy
and among smokers have been discussed earlier in this chapter. Treating debilitated
elderly patients with a nasogastric tube may significantly alter the pharmacokinetics
of theophylline. Berkovitch et al. reported that when similar doses of theophylline
were administered through nasogastric tubes and orally, patients receiving theophylline
through nasogastric tubes demonstrated unexpectedly low serum theophylline concen-
trations. For example, mean trough theophylline concentration was 3.78 pg/mL in
patients receiving theophylline through nasogastric tubes compared with a mean
theophylline plasma concentration of 8.63 wg/mL when patients received theophylline
orally. Peak plasma concentration of theophylline also differed significantly between
these two groups (/33). Reference ranges and costs of monitoring of antiasthmatic
drugs are given in Table [Z1

7.4. Therapeutic Drug Monitoring of Antidepressants

TCAs, including amitriptyline, doxepin, nortriptyline, imipramine, desipramine,
protriptyline, trimipramine, and clomipramine were introduced in the 1950s and the
1960s. These drugs have a narrow therapeutic window, and therapeutic drug monitoring
is essential for efficacy of these drugs as well as to avoid drug toxicity. Issues in
therapeutic drug monitoring of these drugs are discussed in Chapter [8 The efficacy of
lithium in acute mania and for prophylaxis against recurrent episode of mania has been
well established. Blood concentrations of lithium have been shown to parallel with
total body water and brain concentration of lithium. Therapeutic drug monitoring of
lithium is essential for efficacy as well as to avoid lithium toxicity. A guiding principle
in the use of lithium salts in the treatment of mental illness is to maintain a serum

Table 7
Therapeutic Drug Monitoring of Antiasthmatic Drugs
Drug Specimen Requirement Therapeutic Cost*
Range®Trough(ug/mL)
Theophylline Serum or plasma 10-20 $
Caffeine Serum or plasma 5-15 $$

$, < $75; $$, < $100; $$$, > $100; $3$$; > $150.
*The costs are based on published charge for these tests in our hospital laboratory and reference
laboratories.
" Therapeutic ranges are suggested ranges based on ranges used in our hospital laboratory as well as
published ranges in textbooks and test catalogues of reference laboratories. Reference ranges may vary
significantly depending on patient population, disease states, and others.
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Table 8
Therapeutic Drug Monitoring of Antidepressants
Drug Specimen Therapeutic Range® Trough Cost”
Requirement

Amitriptyline and Serum or plasma 120-250 ng/mL $$$

nortriptyline (amitriptyline +

nortriptyline)
50-150 ng/mL (nortriptyline
alone)

Clomipramine Serum 150-450 ng/mL $$$
Doxepin and Serum or plasma 150-250 ng/mL (doxepin $$$

nordoxepin and nordoxepin)
Imipramine and Serum or plasma 150-250 ng/mL (imipramine $$$

desipramine and desipramine)
Fluoxetine and Serum 300-1000 ng/mL (fluoxetine $$$

norfluoxetine and norfluoxetine)
Paroxetine Serum 20-200 ng/mL $$$$
Sertraline Serum or plasma 30-200 ng/mL $$$
Lithium Serum 0.8-1.2mEq/L $
Haloperidol Serum 2-15ng/mL $$5%

$, < $75; 83, < $100; $$%, > $100; $$$$, > $150.
#The costs are based on published charge for these tests in our hospital laboratory and reference
laboratories.
" Therapeutic ranges are suggested ranges based on ranges used in our hospital laboratory as well as
published ranges in textbooks and test catalogues of reference laboratories. Reference ranges may vary
significantly depending on patient population, disease states, and others.

lithium concentration between 0.8 and 1.2 mmol/L (/34). Lithium therapy has various
neurological, cardiovascular, and renal side effects. Serum lithium concentration of
3.5mmol/L. or higher is considered potentially lethal and hemodialysis therapy is
recommended (/35). More recently introduced antidepressants are selective serotonin
reuptake inhibitors (SSRIs), including citalopram, fluoxetine, fluvoxamine, paroxetine,
and sertraline. This class of drugs has a flat dose—response curve, thus a wide thera-
peutic index. Currently, most investigators agree that therapeutic drug monitoring of
these drugs in the majority of patients is not essential (/36). The reference ranges and
costs of monitoring antidepressants are listed in table [§

7.5. Therapeutic Drug Monitoring of Immunosuppressant Drugs

Blood concentrations of cyclosporine, tacrolimus, sirolimus, everolimus, and
mycophenolic acid are routinely monitored at transplant centers for several reasons
including avoiding rejection because of subtherapeutic levels of these drugs as well as
to avoid drug toxicity. Although whole blood concentration of cyclosporine, tacrolimus,
sirolimus, and everolimus is usually determined in clinical laboratories for therapeutic
drug monitoring, usually serum concentration of mycophenolic acid is measured. Thera-
peutic drug monitoring of immunosuppressant drugs is discussed in detail in Chapter [0l
Therapeutic ranges and costs of monitoring immunosuppressants are given in Table
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Table 9
Therapeutic Drug Monitoring of Immunosuppressants
Drug Specimen Requirement Therapeutic Cost®
Range®Trough

Cyclosporine Whole blood (EDTA) 100-400 ng/mL $$
Tacrolimus Whole blood (EDTA) 5-15 ng/mL $$$
Mycophenolic acid Serum or plasma 1-3.5 pg/mL $$$$
Everolimus Whole blood (EDTA) 5-15ng/mL $$$$
Sirolimus Whole blood (EDTA) 4-20 ng/mL $$$

EDTA, ethylenediaminetetraacetic acid.
18, < $75; $8, < $100; $$$, > $100; $$$$, > $150; The costs are based on published charge for these
tests in our hospital laboratory and reference laboratories.
b Therapeutic ranges are suggested ranges only and may alter significantly with transplant type and
with combination of other immunosuppressants.

7.6. Therapeutic Drug Monitoring of Antibiotics

The aminoglycoside antibiotics consist of two or more aminosugars joined by a
glycosidic linkage to a hexose or an aminocyclitol. Streptomycin was the first amino-
glycoside discovered in 1914. These drugs are used in the treatment of serious and often
life-threatening systemic infections. However, aminoglycoside can produce serious
nephrotoxicity and ototoxicity. Peak serum concentrations for amikacin and kanamycin
above 32-34 ng/mL are associated with a higher risk of nephrotoxicity and ototox-
icity (1/37). Sustained peak concentrations above 12—-15 pg/mL are associated with an
increased risk of developing nephrotoxicity and ototoxicity for gentamicin, tobramycin,
and sisomicin. For netilmicin, the toxicity is encountered at a peak concentration above
16 pg/mL. Peak concentration of streptomycin should not exceed 30 pg/mL (138).

Aminoglycosides are poorly absorbed from the gastrointestinal track, and these drugs
are administered intravenously or intramuscularly. The major route of elimination is
through the kidney where 85-95% of the drugs are recovered unchanged. Patients
with impaired renal function have lower aminoglycoside elimination rates and longer
half-lives compared with patients with normal renal function. Moreover, elimination
of aminoglycosides is slower in elderly patients, and many patients require prolonged
dosing interval. Children have a higher clearance of aminoglycosides. Siber et al.
reported that after 1 mg/kg dose of gentamicin, the mean peak plasma concentration was
1.58 wg/mL in children with age between 6 months and 5 years, 2.03 pg/mL in children
between 5 and 10 years, and 2.81 wg/mL in children older than 10 years. Patients with
fever showed shorter half-life and lower plasma concentrations of gentamicin (/39).

Patients with cystic fibrosis usually exhibit an altered pharmacokinetics of the antibi-
otics. After a conventional dose of an aminoglycoside, a patient with cystic fibrosis
shows a lower serum concentration compared with a patient not suffering from cystic
fibrosis. The lower serum concentrations of aminoglycoside in patients with cystic
fibrosis may be due to increased total body clearance of these drugs combined with
a larger V, (140). Bosso et al. reported that mean clearance of netilmicin was higher
in patients with cystic fibrosis compared with that in patients with no cystic fibrosis.
Therefore, patients with cystic fibrosis required larger than normal dosages of netilmicin
on a weight basis. The study also showed that the serum concentrations of netilmicin
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should be monitored carefully to individualize dosage in these patients (/4/). Another
study indicated that the major route of elimination of gentamicin in patients with mild
cystic fibrosis is through renal excretion, but aminoglycoside pharmacokinetics were
changed with progression of disease (/42). Mann et al. (143) reported increased dosage
requirement for tobramycin and gentamicin for treating Pseudomonas pneumonia in
patients with cystic fibrosis. Dupuis et al. observed significant differences in pharma-
cokinetics of tobramycin in patients with cystic fibrosis before and after lung trans-
plantation in a group of 29 patients who received at least one dosage of tobramycin
before and after lung transplant. The clearance of tobramycin was decreased by 40%
and the half-life was increased by 141% after transplant compared with pre-transplant
values (/44). Patients with cystic fibrosis are also susceptible to renal impairment from
repeated intravenous use of aminoglycosides, and these drugs should be cautiously
used in these patients with regular monitoring of renal function (745).

Renal clearance of penicillin is enhanced in cystic fibrosis because of the greater
affinity of the renal secretory system for these drugs (/46). Another study involving 11
patients with cystic fibrosis and 11 controls demonstrated that mean elimination half-
life of ticarcillin in serum was 70.8 min in control subjects and 53.1 min in subjects with
cystic fibrosis. The non-renal clearance of ticarcillin was also higher in patients with
cystic fibrosis compared with that in controls. The authors concluded that the shorter
elimination half-life and higher total body clearance of ticarcillin in patients with cystic
fibrosis are because of an increase in both renal and non-renal elimination (/47).

Therapeutic drug monitoring is also frequently employed during vancomycin
therapy. The drug is excreted in the urine with no metabolism, and there is no known
pharmacogenetic problem. Vancomycin has a low therapeutic index with both nephro-
toxicity and ototoxicity complicating the therapy (/48). It is necessary to monitor
both peak and trough concentration of vancomycin. Ranges for peak concentrations of
20-40 wg/mL have been widely quoted (/49). The given trough range of 5-10 pg/mL
has reasonable literature support. Trough concentration above 10 pwg/mL has been
associated with an increased risk of nephrotoxicity (/50,151). For infants, Tan et al.
recommended a conservative therapeutic range of 5-10wg/mL for the trough and
20-40 pg/mL for the peak concentration. A less conservative range is 5—12 pg/mL
for trough and 15-60 wg/mL for peak (/52). However, de Hoog et al. (/53) recom-
mended a trough concentration between 5 and 15ug/mL and a peak concentration
below 40 wg/mL in neonates. Zimmermann et al. (/54) reported that patients were
more likely to become afebrile within 72 h if the peak and trough vancomycin concen-
trations were greater than 20 and 10 wg/mL, respectively. Although the dispositions of
many antibiotics are altered in patients with cystic fibrosis, patients with cystic fibrosis
exhibit a disposition of vancomycin similar to that exhibited by healthy adults, and
thus, cystic fibrosis does not alter pharmacokinetic parameters of vancomycin (155).
Reference ranges and costs for monitoring antibiotics are summarized in Table

7.7. Therapeutic Drug Monitoring of Antiretroviral Drugs

HIV is the virus that causes acquired immunodeficiency syndrome (AIDS). Four
classes of drugs are used today to treat people with AIDS including nucleoside reverse
transcriptase inhibitors (NRTIs), such as zidovudine, non-NRTIs (NNRTIs), which
include nevirapine, delavirdine, and efavirenz; and protease inhibitors (PIs), such as
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Table 10
Therapeutic Drug Monitoring of Antibiotics

Drug Specimen Requirement Therapeutic Range® Cost*

Amikacin Serum or plasma <5pg/mL (trough) $$
15-25 pg/mL (peak)®

Gentamicin Serum or plasma 1-2 pg/mL (trough) $$
4-8 pg/mL (peak)®

Tobramycin Serum or plasma 1-2 pg/mL (trough) $$
4-8 pg/mL (peak)*

Vancomycin Serum or plasma 5-15 pg/mL (trough) $$
30-40 pg (peak)

Cefazolin Serum or plasma 60-120 g (peak) $$$

Ciprofloxacin Serum or plasma 3-5 pg/mL (peak) $$$

0.5-2 pg/mL (trough)

2%, < $75; 88, < $100; $$$, > $100; $$$$, > $150. The costs are based on published charge for these
tests in our hospital laboratory and reference laboratories.

" Therapeutic ranges are suggested ranges based on ranges used in our hospital laboratory as well as
published ranges in textbooks and test catalogues of reference laboratories. Reference ranges may vary
significantly depending on patient population, disease states, and others.

¢ Based on traditional dosing of aminoglycosides. Extended intravenous dosing may produce higher
peak values.

saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, lopinavir, and atazanavir. Thera-
peutic drug monitoring of these drugs is discussed in Chapter [0l Suggested reference
ranges and costs of monitoring antiretroviral drugs are given in Table [Tl

7.8. Therapeutic Drug Monitoring of Antineoplastic Drugs

Methotrexate is a competitive inhibitor of dihydrofolate reductase, a key enzyme for
biosynthesis of nucleic acid. The cytotoxic activity of this drug was discovered in 1955.
The use of leucovorin to rescue normal host cells has permitted the higher doses of
methotrexate therapy in clinical practice. Methotrexate is used in the treatment of acute
lymphoblastic leukemia (ALL), osteogenic sarcoma, brain tumors, and carcinomas
of the lung. Most of the toxicities of this drug are related to serum concentrations
and pharmacokinetic parameters. Methotrexate is also approved for the treatment of
refractory rheumatoid arthritis. Usually, low doses of methotrexate are used for treating
rheumatoid arthritis (5-25 mg once weekly). One study found that splitting a weekly
dose of 25-35mg of methotrexate into spilt doses separated by 8 h improved the
bioavailability of the drug (/56). Although toxicity from low-dose treatment is rare,
toxic manifestation with low-dose methotrexate has been reported. Izzedine et al.
commented that permanent discontinuation of methotrexate therapy in 1 of 10 patients
occurs because of toxicity. Moreover, nephrotoxicity, which is common with high
doses of methotrexate, may also occur with low doses of therapy in patients receiving
methotrexate (1/57). A frequent adverse reaction seen is myelosuppression, which
manifests as leucopenia and thrombocytopenia. Therapeutic drug monitoring is strongly
recommended during high-dose treatment of methotrexate.
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Table 11
Therapeutic Drug Monitoring of Antiretrovirals

Drug Specimen Requirement Therapeutic Range® Cost*
Trough (ng/mL)

Amprenavir Serum 150-400

Atazanavir Serum 100

Indinavir Serum 80-120 $$3$
Lopinavir Serum 700

Nelfinavir Serum 700-1000 $$$$
Saquinavir Serum 100-250 $$$%
Nevirapine Serum 150-400 $$$$
Efavirenz Serum 100

2 $$$$; >$150. The costs are based on published charge for these tests according to the 2006 catalog
price of Mayo Medical Laboratories, Rochester, MN, which offers therapeutic drug monitoring of these
antiretroviral drugs.

® Therapeutic ranges are courtesy of Jennifer King, Pharm.D., assistant professor at the division of
Clinical Pharmacology, University of Alabama at Birmingham. Reference ranges are recommended ranges
only and may vary between institutions. The Department of Laboratory Medicine of Children’s Hospital
National Medical Center, Washington, DC, performs monitoring of antiretroviral drugs. Jewish Medical
Center at Denver also offers therapeutic drug monitoring of antiretroviral drugs. This service may be
available in other medical centers and reference laboratories in the USA, which the author may not be
aware of.

The elimination half-life of methotrexate is 7-11h, and on administration, less than
10% is oxidized to 7-hydroxymethotrexate irrespective of the route of administration.
The protein-binding ranges vary from 30-70%, and albumin is the major binding
protein in the serum (/58). Peak serum concentration of methotrexate correlates with
the outcome in the treatment of osteosarcoma. Modification of the dosage to achieve a
peak serum concentration between 700 and 1000 pmol/L has been recommended (/59).
Omeprazole may delay elimination of methotrexate, and therefore, when prescribing
methotrexate to a patient, an alternative to omeprazole should be used (/60). One case
study reported that amoxicillin decreased the renal clearance of methotrexate probably
by competition at common tubular secretion system and by secondary methotrexate-
induced renal impairment (/61).

The platinum derivative cisplatin is used in the treatment of testicular cancer. In
most studies determining pharmacokinetic parameters of cisplatin, free fractions were
measured in plasma or tumor. There is a high variability between individual patients,
and the therapeutic window is narrow. Dosage is often based on body surface area.
Recently, Salas et al. (/62) described therapeutic drug monitoring of cisplatin using
total platinum measurement in plasma. Gietema et al. (/63) reported that platinum was
detectable in plasmain patients 20 years after being cured from metastatic testicular cancer
following cisplatin therapy. Impaired bioavailability of phenytoin in a 24-year-old woman
treated with cisplatin, vinblastine, and bleomycin has been reported. Data revealed mean
phenytoin absorption of 32% (normal greater than 80%) establishing malabsorption of
phenytoin because of cancer chemotherapy (/64). Since the 1960s, 5-fluorouracil has
been used either alone or as part of a combination therapy with other drugs to treat
various solid tumors and is also a standard therapy for colorectal cancer. Pharmacoki-
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netic studies showed that clinical response as well as toxicity of 5-fluorouracil are related
to AUC. Individual dosage adjustments based on pharmacokinetic monitoring lead to
higher response rate of this drug as well as survival rates associated with tolerability. A
limited sampling strategy using just two plasma concentrations can be used to predict
AUC of 5-fluorouracil (/65). Pharmacokinetic monitoring of other anticancer drugs, such
as doxorubicin, etoposide, mitoxantrone, mensa and dimensa, taxol, aminoglutethimide,
tamoxifen and acrolein, and cyclophosphamide, may also be beneficial (1/66).

There is a narrow therapeutic window between suboptimal therapy and toxicity in
the treatment with antineoplastic drugs. Genetic polymorphism in phase I and phase
Il enzymes is present in the population and may explain in part the variations in
the pharmacokinetic parameters of a particular drug between individual patients. The
potential for applying pharmacogenetic screening before cancer chemotherapy may
have applications with several cytochrome P450 enzymes, in particular with CYP2B6
(cyclophosphamide treatment), CYP2CS (paclitaxel therapy), and CYP3AS (167).

8. CONCLUSIONS

There are many effective drugs in the clinical practice today, which are also highly
toxic because of a narrow therapeutic window. Successful therapy with such drugs
require individualization of dosages based on serum drug concentrations, and thera-
peutic monitoring of such drugs are routinely offered in most hospital-based clinical
laboratories. Moreover, reference laboratories, as well as academic-based hospital
laboratories, usually offer a wider menu of drugs that can be monitored compared with
community hospital-based laboratories. Therapeutic drug monitoring is also useful to
identify non-compliant patients. Moreover, therapeutic drug monitoring is cost effective
in health care (/68). However, despite cost effectiveness and demonstrated clinical
utility, therapeutic drug-monitoring service is underutilized in patient care. A recent
report by Raebel et al. based on 17,748 ambulatory patients at 10 health maintenance
organizations indicated that 50 percent or more patients receiving digoxin, theophylline,
procainamide, quinidine, or primidone were not monitored and 25-50% of patients
receiving divalproex, carbamazepine, phenobarbital, phenytoin, or tacrolimus were not
monitored. The authors concluded that a substantial proportion of ambulatory patients
receiving drugs with narrow therapeutic ranges did not have serum drug concentrations
monitored during 1 year of use (/69). Therefore, more patient education is needed to
utilize therapeutic drug monitoring in patient management for maximum therapeutic
benefit of a drug with a narrow therapeutic window.
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Summary

Measurement of serum drug concentration may be misleading for a strongly protein-bound drug
because a drug bound to protein is inactive and only unbound or free drug is pharmacologically active.
Although free drug concentration can be estimated from total concentration in most cases, under certain
pathophysiological conditions such as uremia, liver disease, and hypoalbuminemia free drug concentration
may be significantly elevated even if the concentration of the total drug is within therapeutic range.
Drug—drug interactions may also lead to a disproportionate increase in free drug concentrations. Elderly
patients usually show increased free drug concentrations because of hypoalbuminemia. Elevated free
phenytoin concentrations have also been reported in patients with AIDS and pregnancy. Currently, free
drug concentrations of anticonvulsants such as phenytoin, carbamazepine, and valproic acid are widely
measured in clinical laboratories. Newer drugs such as mycophenolic acid mofetil and certain protease
inhibitors are also considered as candidates for monitoring free drug concentration.
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1. INTRODUCTION

Therapeutic drug monitoring is defined as the management of a patient’s drug
regime based on serum, plasma, or whole blood concentration of a drug. Therapeutic
drug monitoring is valuable when the drug in question has a narrow therapeutic index
and toxicity may be encountered at a concentration slightly above the upper end of
the therapeutic range. The protein binding of a drug can be low, moderate, or high
(> 80%). Some drugs such as ethosuximide and lithium are not even bound to serum
proteins (0% binding). Albumin, o,-acid glycoprotein and lipoproteins are major drug-
binding proteins in serum. Drugs exist in peripheral circulation as free (unbound) and
bound to protein forms following the principle of reversible equilibrium and law of
mass action. Only free drug can bind with the receptor for pharmacological action, and
concentrations of active drug molecule at the receptor site is generally considered as
related to unbound (free) drug concentration in plasma (7).

In general, there is equilibrium between free drug and protein-bound drug.

[D] +[P] = [DP]

K =[DP]/[D][P]
[D] is unbound drug concentration, [P] is binding protein concentration, [DP] represents
drug/protein complex, and K is the association constant (liters/mole). The greater the
affinity of the protein for the drug, the higher is the K value. The free fraction of

a drug represents the relationship between bound and free drug concentration and is
often referred as “F”.

Free drug concentration

"~ Total drug concentration (bound + free)

Free fraction (F,) does not vary with total drug concentration because protein-
binding sites usually exceed the number of drug molecules present. Therefore, unbound
concentration of a drug can be easily calculated by multiplying total drug concentration
with F,, and there maybe no need to measure free drug directly.

Free drug concentration = F, x Total drug concentration

For example, phenytoin is 10% free (F, = 0.1). Therefore, if total phenytoin concen-
tration is 10 wg/mL, the free concentration should be 1 g/mL. However, for certain
drugs, the number of protein-binding sites may approach or be less than the number of
drug molecules. Valproic acid exhibits saturable protein binding at the upper end of the
therapeutic range and as a result the F, of valproic acid is subject to more variation than
other highly protein-bound antiepileptic drugs (2,3). For example, albumin concen-
tration of 4.0 gm/dL is equivalent to an albumin concentration of 597 pmol/L because
the molecular weight of albumin is 67,000 D. The therapeutic range of valproic acid
is 50-100 pwg/mL or 347-693 wmol/L. Therefore, the upper end of therapeutic molar
concentration of valproic acid exceeds molar concentration of albumin and not enough
binding sites are available to bind valproic acid. Other factors also may influence
the F, such as displacement of a strongly protein-bound drug by another strongly
protein-bound drug or endogenous factors.
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2. DRUGS WHICH ARE CANDIDATE FOR FREE DRUG
MONITORING

If the protein binding of a drug is less than 80%, it is not considered a candidate
for free drug monitoring because variation in protein binding may not have clinically
significant effect in altered free drug concentrations. For example, if a drug is 90%
protein bound and the protein binding is decreased by 10%, the F, is increased by
90%. If the drug is 80% protein bound, reduction of protein to 72% will result in an
F, increase from 2.0 pg/mL (assuming again total drug concentration is 10 pg/mL) to
2.8 wg/mL, a 40% increase. If the drug is only 50% bound to serum protein, a 10%
reduction in protein binding will only alter free drug concentration by 10% (Fig. [).
An exception is free digoxin monitoring (digoxin is only 25% protein bound), which
is very useful in patients overdosed with digoxin and being treated with digibind, the
Fab fragment of antidigoxin antibody. Protein binding of some commonly monitored
therapeutic drugs is given in Table[Il In today’s practice, free drug monitoring is most
common with anticonvulsants.

The first comprehensive report demonstrating the clinical utility of free drug
monitoring dated back to 1973 (4). In a population of 30 epileptic patients, the authors
found a better correlation with toxicity (in coordination, ataxia and nystagmus) and free
drug concentrations. Blum et al. described a uremic patient who was well controlled
on a total phenytoin concentration of 3 pg/mL, which was far below the recommended

100%

90%

80% 1

70% +—

60% 1

50% 1+

40% 1—

30% 1

%Change in Free Concentration

20% 1

10% 1+

0% T T T T T E§§§§i — Y
90% 80% 70% 60% 50% 40% 20% 30%
Protein Binding of Drug

Fig. 1. Percentage change in free drug concentration because of a 10% reduction in protein binding
of a drug. Calculations are based on a total drug concentration of 10 pg/mL. Range of protein binding
of drug is from 20 to 90%.
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Table 1
Protein Binding of Commonly Monitored Therapeutic Drugs
Free Drug

Drug Protein Binding (%) Protein Type Monitoring
Amikacin <5 No

Kanamycin <5 No

Ethosuximide 0 No

Procainamide 10-15 Albumin No
Theophylline 40 Albumin No
Phenobarb 40 Albumin No
Phenytoin 90 Albumin Yes
Carbamazepine 80 Albumin Yes
Valproic acid 90-95 Albumin Yes
Primidone 15 Albumin No
Digoxin 25 Albumin Yes
Quinidine 80 a-1-acid glycoprotein Yes
Lidocaine 60-80 a-1-acid glycoprotein Yes
Cyclosporine 98 Lipoproteins Yes
Tacrolimus 97 Lipoprotein Yes
Mycophenolic acid 92 Albumin Yes

therapeutic range of 10-20 pwg/mL (5). The most likely cause of this observation was
significantly elevated F, of phenytoin because of uremia.

Albumin and «,-acid glycoprotein are the major drug-binding proteins in serum. At
least two drug-binding sites with different domains have been identified in albumin,
and a drug may bind to one or both sites. Basic drugs usually bind to either a single
protein such as albumin or an «,-acid glycoprotein. Alternatively, basic drugs may also
bind to several proteins including lipoproteins. The concentration of o-acid glyco-
protein may increase in several disease states thus may cause reduced F, of a free
basic drugs. Such conditions are given in Table Pl Acidic drugs predominately bind to
albumin, although interactions with «,-acid glycoprotein have also been reported. The
concentration of album decreases significantly under several pathophysiological condi-
tions leading to an increase in F, of acidic drugs. Such conditions are summarized in
Table B

Drug protein binding may also change with temperature and pH. For basic drugs,
the percentage of unbound drug decreases with increasing pH, but for acidic drugs, the
unbound fraction may increase, decrease, or remain independent of pH change (6).

2.1. Free Drug Monitoring of Lidocaine, Quinidine, and Other Drugs
Bound to «,-Acid Glycoprotein
Routledge et al. (7) reported in 1980 inter-individual variation in free lidocaine
concentration. The percentage of unbound lidocaine was decreased in patients with
uremia compared with that in controls (20.8% in uremic patients vs. 30.8% in control)
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Table 2
Pathophysiological Conditions that Alter a-1-acid Glycoprotein
Concentration
Elevated a-1-Acid Glycoprotein Reduced a-1-Acid Glycoprotein
Acute myocardial infarction Liver cirrhosis
Renal failure
Stroke
Burn patient
Inflammation
Infection

Pulmonary edema

Rheumatoid arthritis

Malignancy

Advanced phase of
chronic myelogenous leukemia

Crohn’s disease

Pulmonary edema

Trauma

Intensive care unit patients

Acute pancreatitis

Hypertensive patients

Smokers

as well as in renal transplant recipients. The cause of increased protein binding of
lidocaine in these patients was significant increases in concentration of «,-acid glyco-
protein (134.9 mg/dL in patients vs. 66.3 mg/dL in controls), the binding protein of
lidocaine in human serum. In contrast, unbound concentrations of diazepam increased

Table 3
Pathophysiological Conditions that
Reduce Albumin Concentration
Leading to an Increase in Free
Fraction of Acidic Drugs

Reduced Albumin Concentrations

Uremia

Pregnancy
Intensive care unit patients
Trauma patients
Liver disease
Hyperthyroidism
Burn patient
Elderly (> 75years)
Cirrhosis

Hepatic disease
Malnutrition

AIDS patients
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significantly in patients with uremia. Authors concluded that binding of basic drugs
in uremic patients may increase or decrease depending on the binding protein (8).
Shand commented that in situations where o,-acid glycoprotein concentration is altered
(particularly myocardial infarction), the usual therapeutic range of total lidocaine
may not apply and monitoring free concentration is more appropriate (9). Routledge
et al. (10) devised a free lidocaine index based on «a,-acid glycoprotein concentration
and concluded that free drug index is useful in rapidly assessing unbound lidocaine
concentrations in plasma. Displacement of lidocaine from protein binding by disopy-
ramide may result in elevated free lidocaine concentration because disopyramide has
a stronger binding affinity for «,-acid glycoprotein (/7).

Although the frequency of common alleles of «,-acid glycoprotein is the same
among Caucasians and African-Americans, the concentration of a,-acid glycoprotein
is significantly lower in the Caucasian population. However, there was no signif-
icant relationship between «,-acid glycoprotein phenotype and the protein binding of
lidocaine. In contrast, quinidine-unbound fraction was related to o,-acid glycoprotein
phenotype (7/2). Edwards et al. reported that F, of quinidine (0.129 £+ 0.019) was
constant throughout the therapeutic range in healthy volunteers. Moreover, patients
with hyperlipidemia had F, of quinidine similar to healthy volunteers, but patient
suffering from traumatic head injury had a significant increase in o,-acid glycoprotein
concentration and a decreased quinidine F, (0.075 £ 0.019) (13).

The protein binding of the short-acting narcotic analgesic alfentanil is affected by
disease. This drug is mainly bound to «,-acid glycoprotein, the concentration of which
can be significantly increased in patients with renal failure, myocardial infarction,
and rheumatoid arthritis and also in intensive care unit patients. Interestingly, protein
binding of alfentanil was only increased in patients with myocardial infarction. In
patients with liver cirrhosis, concentrations of both albumin and o;-acid glycoprotein
were reduced resulting in decreased protein binding of alfentanil. Dispyramide was
able to displace alfentanil from protein binding leading to an increased F, whereas
other strongly a,-acid glycoprotein-bound drugs quinidine, lidocaine, and bupivacaine
had no effect (14).

2.2. Analytical Considerations

Equilibrium dialysis technique was used by several investigators to estimate free
lidocaine concentration. Routledge et al. subjected two 1ml aliquots of plasma
to equilibrium dialysis using a Teflon equilibrium dialysis cell. The dialysis was
performed against Sorenson’s phosphate buffer (containing 0.5% w/v sodium chloride),
and the pH was adjusted to 7.4 to which lidocaine hydrochloride was added
(3 pg/mL buffer). This concentration was achieved by adding unlabeled lidocaine
hydrochloride (2.8 wg/mL) to radioactive '*C lidocaine (200 ng/mL). The buffer and
plasma compartment were separated by a Spectrapor dialysis membrane with a
molecular weight cut-off range of 12,000-14,000, and the cells were rotated in a water
bath for 3h at 37°C. The authors demonstrated that equilibrium was achieved in 3 h
and the binding was similar in heparinized plasma, citrated plasma, and serum. After
dialysis, 300wl of aliquots were withdrawn from each side of the cells, scintillation
fluid was added, and the radioactivity was measured. Quench correction was made
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Table 4
Technical Aspects of Monitoring Free Drug Concentration
Free Drug Separation from Bound Analytical Technique
Phenytoin Ultrafiltration Immunoassay
Carbamazepine Ultrafiltration Immunoassay
Valproic Acid Ultrafiltration Immunoassay
Digoxin Ultrafiltration Immunoassay*
Lidocaine Ultrafiltration® Immunoassay
Quinidine Ultrafiltration® Immunoassay
Cyclosporine Equilibrium dialysis HPLC/MS
Tacrolimus Equilibrium dialysis HPLC/MS
Mycophenolic Acid Ultrafiltration Immunoassay/ HPLC
Indinavir Ultrafiltration LC/MS
Amprenavir Ultrafiltration/ HPLC/UV
equilibrium dialysis

HPLC, high-performance liquid chromatography; UV, ultraviolet.
“Because free digoxin is almost 75% of total digoxin concentration, commercially available
immunoassays usually have enough sensitivity for accurate determination of free digoxin.
" Methods may also include equilibrium dialysis.

by the external standard ratio method, and the percentage of unbound drug in plasma
was calculated as the ratio of the absolute disintegration rates in buffer and plasma
multiplied by 100 (7). Other studies published later also used equilibrium dialysis for
estimating unbound lidocaine concentration (§,10).

Edwards et al. studied protein binding of quinidine in human plasma. The quinidine
F, was two- to threefold higher when blood was collected in evacuated blood collection
glass syringes. Other factors that affect protein binding of quinidine include addition of
heparin in vitro, condition of equilibrium dialysis, and the presence of dihydroquinidine,
which may be a common impurity in quinidine preparation. The authors subjected
400 1 of phosphate buffer solution (pH 7.4, 0.134 M) to equilibrium dialysis against
an equal volume of serum in plexiglass cells for 5h at 37°C. Postdialysis, quinidine
concentrations on each side of the dialysis membrane were determined by using liquid
scintillation counting (/3).

McCollam et al. used ultrafiltration technique and fluorescence polarization
immunoassay (FPIA) for determination of unbound concentration of lidocaine and
quinidine. For this purpose, serum pH was adjusted to 7.4 £ 0.5 by bubbling carbon
dioxide through 1 ml of the specimen. Then, ultrafiltration was performed to separate
bound fraction from F, using a Centricon-10-ultrafiltration device (Amicon, Baverly,
MA) at 2500 x g for 45 min. This ultrafiltration device has a molecular weight cut-off
of 10,000, which prevents «,-acid glycoprotein to pass through the column. The FPIA
assays were performed by using a TDx analyzer (Abbott Laboratories, Abbot Park,
IL) (12). Analytical conditions for monitoring free drug concentrations are summarized
in Table Fl
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2.3. Monitoring Free Concentrations of Immunosuppressant Drugs

Immunosuppressants such as cyclosporine, tacrolimus, and mycophenolic acid
mofetil are strongly bound to serum proteins. Cyclosporine is strongly bound in plasma
mainly to lipoproteins, and the unbound fraction is usually 2%. Some evidence also
indicates that the unbound concentration of cyclosporine has a closer association with
both kidney and heart allograft rejection than total concentrations. However, measuring
free cyclosporine concentration is inherently complex and not usually performed in
clinical laboratories (/5). Mendonza et al. described a liquid chromatography—tandem
mass spectrometric technique for determination of cyclosporine concentrations in
saliva. For a highly protein-bound drug such as cyclosporine, saliva offered a simple
way to determine free cyclosporine concentration (/6).

Another widely used immunosuppressant drug, tacrolimus, is also strongly bound
to erythrocytes and serum proteins. Warty et al. (/7) studied the distribution of
tacrolimus in 13 transplant recipients and reported that in plasma 64 + 8% of tacrolimus
was associated with lipoprotein-deficient plasma 21.0 + 8% associated with high-
density lipoprotein, 3.0 4= 3% associated with low-density lipoprotein, and 11.0 £ 3%
associated with very low-density lipoprotein. Piekoszewski et al. (/8) reported that
the plasma protein binding of tacrolimus was on average 72%. Zahir et al. reported
that unbound concentrations of tacrolimus were significantly lower during episodes of
rejection, and in patients experiencing tacrolimus-related side effects, only the unbound
concentrations of tacrolimus were found to be significantly higher. Blood distribution
and protein binding of tacrolimus also change significantly in the posttransplant period,
leading to changes in unbound tacrolimus concentrations (/9). Another study also
confirmed that unbound concentrations of tacrolimus were lower in liver transplant
recipients experiencing rejection (20).

Mycophenolate mofetil is a prodrug which is converted into mycophenolic acid. The
plasma protein binding increases with time after liver transplant from 92 to 98% causing
intraindividual variation in liver transplant recipients (2/). Atcheson et al. reported
that mycophenolic acid F, varied 11-fold from 1.6 to 18.3% whereas the metabolite
glucuronide fraction varied threefold from 17.4 to 54.1%. There were positive correla-
tions between urea and creatinine concentrations and free mycophenolic acid concen-
trations, whereas there was a negative correlation between albumin concentration and
free mycophenolic acid concentration. The authors further reported that on average
free mycophenolic acid F, was 70% higher in patients with albumin concentrations
below 3.1 gm/dL than in patients with normal albumin concentrations. Patients with
marked renal impairment showed higher free concentrations of mycophenolic acid.
The exposure to unbound mycophenolic acid was significantly related to infections
and hematological toxicity but neither free nor total mycophenolic acid concentration
was related to rejection episodes (22). High-unbound mycophenolic acid concentration
was also encountered in a hematopoietic cell transplant patient with sepsis, renal, and
hepatic dysfunction (23). Concentrations of free mycophenolic acid can be measured
in protein-free ultrafiltrate after solid phase extraction using SPE C-18 cartridges and
liquid chromatography combined with tandem mass spectrometry (24).
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2.4. Analytical Consideration

Although research indicates that there are advantages in monitoring free concen-
tration of immunosuppressant drugs, technically it is very difficult and not offered as
a routine test in clinical laboratories. First of all, unlike free anticonvulsants where
commercially available kits can be used easily combined with ultrafiltration technique
for monitoring, free phenytoin, free carbamazepine, and free valproic acid concen-
tration, there is no commercially available kit for monitoring free concentrations of
immunosuppressant drugs. Therefore, to achieve analytical reproducibility to detect
such low concentrations of drug, high-performance liquid chromatography combined
with tandem mass spectrometry (HPLC/MS/MS) is the preferred technique although
there are few reports in the literature of use of HPLC combined with ultraviolet (UV)
detection to achieve monitoring of free immunosuppressant drug concentrations.

Akhlaghi used equilibrium dialysis technique to determine the F, of cyclosporine.
The authors used radioactive [*H] cyclosporine purified by HPLC for this purpose.
Equilibrium dialysis experiments were performed using a Spectrum equilibrium
dialysis apparatus and cellulose dialysis membrane (SpectraPor 2, Spectrum Medical
Instrument, Los Angeles, CA) with a molecular weight cut-off of 12,000-14,000. To
avoid non-specific binding of cyclosporine to surfaces of the dialysis cell, original cells
were replaced with cells constructed from medical grade stainless steel and having
volume of 1.36 ml per half-cell. For the equilibrium dialysis experiment, 1 ml of plasma
was supplemented with [*H] cyclosporine and then dialyzed against isotonic phosphate
buffer at 37°C for 18 h. After dialysis, aliquots of plasma and buffer were removed
simultaneously using two glass syringes and radioactivity of specimens was measured
using liquid scintillation counter. The volume shift was determined from total plasma
protein before and after dialysis using a biuret method. Then the F, was calculated
after correction of volume shift between cells (25). The F, values reported by these
authors matched well with the values reported by Henricsson (26) who also used
equilibrium dialysis in stainless steel cells but in general lower than those observed
by Legg et al. who used ultracentrifugation method and plasma from patients who had
renal transplantation (27).

Legg et al. used ultracentrifugation technique for determination of unbound
cyclosporine concentrations. The authors added radiolabeled cyclosporine (approxi-
mately 60ng/mL) to plasma, and after performing the ultracentrifugation, individual
fractions were frozen and then sliced to measure high-density lipoprotein (HDL,
measured in the bottom section), low-density lipoprotein (LDL), very low-density
lipoprotein (VLDL, top section), and chylomicrons. The unbound fraction of lipoprotein
was measured in the middle protein-free section (27). The authors also proposed
a mathematical model to calculate for F, based on cholesterol and triglyceride
concentration.

1
F =
Y 1.346 triglyceride (mM/L) + 2.815 cholesterol (mM/L) + 1

However, the authors also commented that direct measurement of unbound
cyclosporine is more accurate than the calculated value (27). Akhlaghi et al. (25) also
proposed a model for calculating F, based on lipid parameters, but this model also had
some inherent problem.
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Several authors also used the equilibrium dialysis technique for determination of the
unbound fraction of tacrolimus. Zahir et al. used the equilibrium dialysis technique to
study the protein binding of tacrolimus using siliconized stainless steel dialysis cells to
avoid non-specific binding of tacrolimus. The authors used [*H] dihydro tacrolimus as
a tracer compound and commented that although ultrafiltration is a simple technique to
separate bound from the free, it may produce erroneous results (/9). Iwasaki et al. (28)
also used the equilibrium dialysis technique to study protein binding of tacrolimus and
reported that the binding was 99%. Piekoszewski et al. (/8) used ultracentrifugation
technique to determine the unbound concentration of tacrolimus.

Ultrafiltration is a suitable technique for separating the bound from the unbound
fraction of mycophenolic acid. Ensom et al. used ultrafiltration technique and HPLC
for measuring free mycophenolic acid concentration. Total mycophenolic acid concen-
tration was also measured using HPLC coupled with UV detection (29). Akhlaghi
et al. (30) also used ultrafiltration technique to separate free mycophenolic acid from
the bound form and then measured free mycophenolic acid in the protein-free ultra-
filtrate using liquid chromatography and tandem mass spectrometry. Atcheson et al.
placed 500 .1 of plasma specimen in a sealed ultrafiltration tube and centrifuged at
3000 x g for 20 min at 20°C, and free mycophenolic acid concentration was determined
in the protein-free ultrafiltrate using liquid chromatography combined with tandem
mass spectrometry. The unbound concentration of mycophenolic acid glucuronide was
measured using liquid chromatography combined with UV detection. Authors used the
Centrifree Micropartition system consisting of a 1-ml reservoir and a membrane with
a 30,000 D molecular weight cut-off (Amicon, Danvers, MA) (31).

2.5. Monitoring Free Concentrations of Protease Inhibitors

Antiretroviral drugs used in treating patients with AIDS demonstrate wide varia-
tions in serum protein bindings. Protease inhibitors with the exception of indinavir
are strongly protein bound (>90%) mainly to «, acid glycoprotein. Efavirenz, a non-
nucleoside reverse transcriptase inhibitor, is more than 99% bound to serum protein
(mainly albumin). The pharmacological effect of antiretroviral drugs is dependent
upon the unbound concentration of drugs capable of entering cells that harbor human
immunodeficiency virus (HIV) (32). Protein binding of indinavir varied between 54
and 70% in eight men with a mean protein binding of 61%. However, the variability of
protein binding was concentration-dependent (33). Although determination of indinavir
concentrations in saliva using HPLC is useful in determining compliance of patients
with indinavir therapy, salivary concentrations of indinavir do not correlate with
unbound concentration of indinavir in plasma if saliva collection was stimulated, but
correlate well with unbound concentration in plasma if saliva collection was not stimu-
lated (34).

The mean free plasma-unbound amprenavir concentration was 8.6% (range 4.4—
20%) in one study. Moreover, lopinavir was able to displace amprenavir from protein
binding in vitro, but another strongly protein-bound protease inhibitor ritonavir had
no effect (35). Boffito et al. studied lopinavir protein binding in vivo through a 12-h
dosing interval and measured free lopinavir concentrations using HPLC-MS/MS. The
mean unbound lopinavir concentration was 0.92% when measured using ultrafiltration
but 1.32% using equilibrium dialysis. The unbound percentage of lopinavir was also
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found to be higher after 2 h than at baseline (36). However, therapeutic drug monitoring
of free concentrations of antiretroviral drugs are at this point in the preliminary stage,
and more studies are needed with a larger patient base as well as clinical correlations to
establish guidelines for monitoring the free drug concentration of antiretroviral drugs.

2.6. Monitoring Free Digoxin Concentration

Digoxin is a cardioactive drug which is only 25% bound to serum proteins
(mainly albumin). Monitoring free digoxin concentration can be useful only under
special circumstances: (a) in patients overdosed with digoxin and being treated with
Fab fragment of antidigoxin antibody (digibind) and (b) to eliminate interference
of endogenous digoxin-like immunoreactive factors on serum digoxin measurement.
Certain Chinese medicines such as Chan Su, Dan Shen, and Ginsengs may interfere
with digoxin immunoassays. Moreover, therapy with spironolactone or potassium
canrenoate can cause significant interference in serum digoxin measurement using
immunoassays. These issues are discussed in detail in Chapter 6.

3. MONITORING CONCENTRATIONS OF FREE ANTICONVULSANTS

Anticonvulsants such as phenytoin, carbamazepine, and valproic acid are strongly
protein bound, mainly to albumin. Clinical utility of monitoring free phenytoin, free
carbamazepine, and free valproic acid has been well documented in the literature,
and many clinical laboratories offer free phenytoin, carbamazepine, and valproic acid
determinations in their test menu. Moreover, the College of American Pathologists also
has free anticonvulsant levels in their external survey specimens, and assay kits are
commercially available for monitoring free levels of phenytoin, carbamazepine, and
valproic acid.

3.1. Free Valproic Acid Concentrations and Clinical Outcome

Significant inter-individual variations can be observed in the F, of phenytoin, carba-
mazepine, and valproic acid, especially in the presence of uremia and liver disease.
Drug—drug interactions can also lead to elevated free drug concentration. When binding
is changed, the total concentration no longer reflects the pharmacologically active
free drug in the plasma. Measuring free drug concentrations for antiepileptic drugs
eliminates a potential source of interpretative errors in therapeutic drug monitoring
using traditional total drug concentrations (37). Usually, total drug concentrations
(free + protein bound) are measured in the laboratory because it is technically easier
than free drug monitoring, but changes in the extent of protein binding for highly
protein-bound drugs are clinically significant (38). For example, if the binding of
a drug changes from 98 to 96%, the total drug concentration is unaltered, but the
concentration of F, is doubled (39).

Valproic acid (therapeutic range of 50-100 wg/mL) is extensively bound to serum
proteins, mainly albumin (40). Fluctuations in protein binding occur within the thera-
peutic range because of the saturable binding phenomenon leading to variations of the
F, from 10 to 50% (41). Moreover, unbound valproic acid concentration may also
vary during one dosing interval in patients already stabilized on valproic acid (42),
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and several studies have reported problems associated with predicting a therapeutic
response of valproic acid from total serum concentrations (43,44).

Gidal et al. reported a case where markedly elevated plasma-free valproic acid in a
hypoalbuminemic patient contributed to neurotoxicity. The total valproic acid concen-
tration was 103 pg/mL, but the free valproic acid concentration was 26.8 pg/mL. This
unexpected elevation was due to a low albumin level (3.3 gm/dL) of the patient (45).
Haroldson et al. reported a case demonstrating the importance of monitoring free
valproic acid in a heart transplant recipient with hypoalbuminemia. When the valproic
acid dose was adjusted based on the free valproic acid concentration rather than total
valproic acid concentration, the patient improved and was eventually discharged from
the hospital (46). Lenn and Robertson demonstrated that the concentration of free
valproic acid has clinical significance in management of seizure as well as avoiding
undesirable side effects. The authors recommended using free valproic acid concen-
tration for routine patient management (47). Diurnal fluctuations in free and total
plasma concentrations of valproic acid at steady state have been reported (48,49).
Ahmad et al. reported that total valproic acid concentrations show higher inter-
individual variation and tend to underestimate the effect of poor compliance, but
the use of free valproic acid concentration offers an advantage in therapeutic drug
monitoring (50). Although unbound valproic acid concentration mirrors CSF valproic
acid concentration, Rapeport et al. (57) reported a lack of dc correlation between
free levels and pharmacological effects. Valproic acid is strongly protein bound and
is considered not to be removable by extracorporeal means. In the case of severe
overdose with valproic acid where free concentration is high because of dispropor-
tionate protein binding, extracorporeal means such as hemodialysis and hemoperfusion
can be used (52).

3.2. Free Phenytoin Concentrations and Clinical Outcome

Soldin (39) reported that in his personal experience, free phenytoin is the most
requested free drug level by clinicians. Phenytoin is 90% bound to serum proteins,
mainly albumin. Phenytoin does not show any concentration-dependent binding within
the therapeutic range. Kilpatrick et al. (53) reported that unbound phenytoin concen-
tration (1.2-2.5 wg/mL) reflected the clinical status of a patient equally or better
than the total phenytoin concentration. Booker (4) earlier reported that free phenytoin
concentration correlated better with toxicity, and the authors observed no toxicity at
free phenytoin concentration of 1.5 wg/mL or less. In patients with greatly decreased
albumin levels, free phenytoin is the better indicator of effective plasma concentrations
(therapeutic arrange: 0.8-2.1 wg/mL) (54). Dutkiewicz et al. showed that in hyperc-
holesterolemia and in mixed hyperlipidemia, the blood level of free phenytoin was
elevated. The effect was probably related to displacement of phenytoin by free fatty
acids (55,56). In eclampsia, free phenytoin levels are usually abnormally high although
total phenytoin levels are within therapeutic range. Unfortunately, neither total nor free
phenytoin levels are good predictors of seizure control (57). The binding of phenytoin
to serum albumin can be altered significantly in uremia. The lower protein-binding
capacity of phenytoin in uremia can be related to hypoalbuminemia, structural modifi-
cation of albumin, and accumulation of uremic compound in blood that displaces
phenytoin from protein-binding sites (58—60).
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Monitoring free phenytoin concentration is very important in patients with hypoal-
buminemia to avoid toxicity. Lindow et al. (6/) described severe phenytoin toxicity
associated with hypoalbuminemia in critically ill patients that was confirmed by direct
measurement of free phenytoin. Zielmann et al. reported that in 76% of 38 trauma
patients, the free phenytoin fraction was increased to as high as 24% compared with
10% F, in otherwise healthy subjects. The major causes of elevated free phenytoin
were hypoalbuminemia, uremia, and hepatic disease (62). The authors recommended
monitoring of free phenytoin in such patients. Thakral et al. reported a case where
a 19-year-old man who developed blurred vision and xanthopsia after administration
of phenytoin for status epilepticus. The free phenytoin level was found to be toxic.
Phenytoin was withheld, and the patient experienced partial recovery. The authors
concluded that phenytoin toxicity as revealed by an elevated free phenytoin concen-
tration contributed to this acute visual dysfunction (63). Burt et al. studied total and free
phenytoin levels in 139 patients. Free phenytoin concentrations were 6.8-35.3% of total
phenytoin concentrations (expected range 8—12%). Clinical indications responsible for
variations were hypoalbuminemia, drug interactions, uremia, pregnancy, and age. The
authors concluded that monitoring total phenytoin is not as reliable as free phenytoin
as a clinical indicator for therapeutic concentrations and recommended that therapeutic
monitoring of phenytoin should be only the free concentration (64). Recently, Iwamoto
et al. (65) also reiterated the need of free phenytoin monitoring in patients receiving
phenytoin monotherapy because free phenytoin fraction was significantly influenced
by aging, mean creatinine clearance, and serum albumin levels in the patient population
they studied. Deleu (66) recommended a dose of 6.1 mg/kg to achieve a free phenytoin
concentration of 1.5 pg/mL.

3.3. Free Carbamazepine Concentrations and Clinical Outcome

Carbamazepine is effective in the treatment of primary or secondary generalized
tonic-clonic epilepsy, all variety of partial seizure, and myoclonic epilepsy. The plasma
protein binding of carbamazepine is 70-80%. The primary and active metabolite 10,11-
epoxide is only 50% bound to serum proteins. There seems to be less variability in
the protein binding of carbamazepine compared with that of phenytoin and valproic
acid (67). Froscher et al. (68) showed that in patients with carbamazepine monotherapy,
there was no closer relationship between free concentration and pharmacological effects
compared with total concentration and pharmacological effects. Lesser et al. (69)
found a broad overlapping of unbound carbamazepine causing toxicity and no toxicity.
Because 10,11-epoxide has a greater percentage of F, and is almost equipotent to carba-
mazepine, epoxide probably contributes significantly to the pharmacological effects of
carbamazepine. Therapeutic monitoring of epoxide along with carbamazepine may be
useful especially in patients taking valproic acid or lamotrigine (70,71).

4. WHEN SHOULD FREE ANTICONVULSANT BE MONITORED?

For strongly protein-bound anticonvulsants, such as phenytoin, valproic acid, and
carbamazepine, free drug monitoring is strongly recommended in the following cases:

1. Uremic patients
2. Patients with chronic liver disease
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3. Patients with hypoalbuminemia (burn patients, elderly, pregnancy, AIDS, etc.)
4. Suspected drug—drug interactions where one strongly protein-bound drug can displace
another strongly protein-bound anticonvulsant.

5. ELEVATED FREE ANTICONVULSANT CONCENTRATIONS
IN UREMIA

Unexpected elevated concentrations of free valproic acid, free phenytoin, and free
carbamazepine are encountered in uremia. In uremia, the F, of valproic acid can be as
high as 20-30% compared with 8.45% as observed in healthy volunteers. In uremia,
F, of phenytoin can be as high as 30% whereas in normal volunteers the F, is usually
10%. Uremia also modifies the disposition of a highly metabolized drug by changes
in plasma protein binding or hepatic metabolism (72).

High free drug concentrations in uremia are related to hypoalbuminemia, as well as to
the presence of endogenous uremic compounds that can displace strongly protein-bound
drugs from protein-binding sites. Monaghan et al. studied in detail the relationship
between serum creatinine, blood urea nitrogen, albumin, and the unbound fraction of
phenytoin in patients who have undergone renal transplant. The authors concluded that
the estimation of F, of phenytoin in patients with a history of uremia and hypoalbu-
minemia should not be based on measurement of serum creatinine and albumin (73).

Hippuric acid and indoxyl sulfate, the two other compounds that are present
in elevated concentrations in uremia, can cause displacement of strongly protein-
bound drugs (74). Takamura identified 3-carboxy-4-methyl-5-propyl-2-furanpropionate
(CMPF) as the major uremic toxin that causes impaired protein binding of furosemide.
Oleate also plays a role (75). Other uremic compounds such as guanidine, methyl
guanidine, and guanidinosuccinic acid do not cause any displacement of drug from
protein binding. Another study indicates that several endogenous compounds with small
molecular weights (<500) play significant roles in displacement of strongly protein-
bound drugs, but mid-molecular uremic toxins do not displace drugs (76). Otagiri (77)
in a recent review on drug protein binding commented that reduced protein binding
of drugs in uremia can be explained by a mechanism that involves a combination of
direct displacement by free fatty acids as well as a cascade of effects from free fatty
acids and unbound uremic toxins.

5.1. Elevated Free Anticonvulsant Levels in Hepatic Disease

Patients with hepatic disease usually have hypoalbuminemia. Because albumin is
the major binding protein for phenytoin, valproic acid, and carbamazepine, elevated
free anticonvulsant concentration is expected in patients with liver disease. Elevated
free phenytoin concentration occurs in patients with hepatic disease because of hypoal-
buminemia (78). In hepatic failure, the hepatic clearance of unbound phenytoin may
also be reduced because of hepatic tissue destruction and a reduction in hepatic
enzyme activities responsible for metabolism of phenytoin. When this occurs, a
reduction of phenytoin dose is necessary to maintain unbound phenytoin concentration
below toxic level. Prabhakar and Bhatia (79) reported that free phenytoin levels are
elevated in patients with hepatic encephalopathy. Fosphenytoin is a phosphate ester
prodrug of phenytoin developed as an alternative to phenytoin for acute treatment



Chapter 2 / Monitoring Free Drugs 55

of seizures. Fosphenytoin is rapidly converted to phenytoin in vivo with a half-life
of 7-15min. The unbound plasma phenytoin concentrations achieved with standard
fosphenytoin intravenous loading doses are similar to that achieved by equivalent
phenytoin administration. However, earlier and higher unbound phenytoin concentra-
tions and thus an increase in systemic adverse effect may occur following intravenous
fosphenytoin-loading doses in patients with impairment in fosphenytoin (93-98%
bound to protein) and phenytoin protein binding (hepatic or renal disease, hypoalbu-
minemia, and elderly) (80).

Hepatic disease can alter pharmacokinetic parameters of valproic acid. Klotz et al.
reported that alcoholic cirrhosis and viral hepatitis decreased valproic acid protein
binding from 88.7 to 70.3 and 78.1%, respectively, with a significant increase in
volume of distribution. Elimination half-life was also prolonged (8/). An increase in
unbound concentration of carbamazepine has been reported in patients with hepatic
disease (82).

5.2. Free Anticonvulsant Concentrations in Patients with AIDS

Seizures are a common manifestation of central nervous system disease in patients
with HIV infection. The incidence is approximately 10% in a population of hospi-
talized patients with an advanced stage of disease (83). Phenytoin is widely prescribed
in the treatment of tonic-clonic seizures and other forms of epilepsy. Burger et al.
investigated serum concentrations of phenytoin in 21 patients with AIDS. The total
phenytoin concentrations were significantly lower in patients with AIDS than in the
control population, although phenytoin doses were significantly higher in patients with
AIDS. Calculation of Michaelis—Menten parameters demonstrated that V . values
were similar in patients with AIDS and the control group, but a non-significant trend
of lower K, values was observed in patients with HIV. The authors demonstrated
that unbound phenytoin concentrations were significantly higher in patients with HIV
and concluded that the lower protein binding of phenytoin in patients with AIDS
could be related to hypoalbuminemia. Because unbound phenytoin is the pharmacolog-
ically active fraction, authors recommended monitoring unbound phenytoin concen-
trations for patients with HIV infection receiving phenytoin (84). In vitro experiments
also confirmed the findings of Burger et al. Concentrations of free phenytoin and
free valproic acid were significantly elevated in serum pools prepared from patients
with AIDS and supplemented with phenytoin or valproic acid compared with serum
pools prepared from normal subjects and also supplemented with the same amount
of phenytoin or valproic acid. Hypoalbuminemia alone did not explain the elevation
of free phenytoin or free valproic acid. Drug—drug interactions probably play a major
role because an average patient with AIDS is receiving more than 10 medications
per day (85). Toler et al. (86) also described severe phenytoin toxicity because of
decreased protein binding of phenytoin in a patient with AIDS leading to an elevated
free phenytoin concentration of 4.9 wg/mL.

5.3. Free Anticonvulsants in Pregnancy

The pharmacokinetics of many anticonvulsants undergo important changes in
pregnancy because of modification in body weight, altered plasma composition,
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hemodynamic alteration, hormonal influence, and contribution of the fetoplacental
unit to drug distribution and disposition. Pregnancy thus affects absorption of drugs,
binding to plasma protein, distribution, metabolism, and elimination (87). At constant
dosages, plasma levels of anticonvulsants such as phenytoin, valproic acid, carba-
mazepine, phenobarbital, and primidone tend to decrease during pregnancy and then
return to normal within the first or second month after delivery. Marked decrease in
total phenytoin concentrations (about 40% of pre-pregnancy level) have been reported
while free phenytoin level decreased to a much lesser extent (88). Reports on the
decline in total and free carbamazepine during pregnancy are conflicting. One study
reports a 42% decline in total carbamazepine concentration and 22% decrease in free
carbamazepine concentration from pregnancy to delivery in 22 patients (89), whereas
another study reported only a slight decrease in total carbamazepine concentration
and an insignificant decrease in free carbamazepine concentration from pregnancy to
delivery. For valproic acid, no significant change in free concentration was observed
despite reduction in total valproic acid concentration. Tomson (90) commented that for
highly protein-bound drugs such as phenytoin and valproic acid, total plasma concen-
trations may be misleading during pregnancy, underestimating the pharmacological
effects of the drug.

6. DRUG-DRUG INTERACTIONS AND ELEVATED FREE
ANTICONVULSANT CONCENTRATIONS

Sandyk (917) reported a case where phenytoin toxicity was induced by ibuprofen.
This was due to displacement of phenytoin from protein binding by a strongly protein-
bound drug ibuprofen. Tsanaclis et al. studied plasma protein binding of phenytoin
in nine epileptic patients before and during addition of sodium valproate to the drug
therapy. The mean F, of phenytoin increased from a mean value of 13.5-18.2%.
The total phenytoin concentrations were reduced. The authors concluded that valproic
acid displaces phenytoin from plasma protein-binding sites but does not inhibit its
metabolism (92). Pospisil and Perlik (93) demonstrated in vivo significant decreases
in phenytoin protein binding because of the presence of valproic acid or primidone.
Penicillins including oxacillin and dicloxacillin were effective in displacing phenytoin
from its binding sites. In vivo, the total phenytoin concentration in serum decreased
during penicillin administration while the free phenytoin concentrations increased (94).
However, phenytoin—oxacillin interaction is not significant at a lower dose of oxacillin
usually prescribed in oral therapy. However, the interaction is significant at higher
oxacillin doses especially in patients with hypoalbuminemia (95). In vitro and in vivo
displacement of phenytoin by antibiotics ceftriaxone, nafcillin, and sulfamethoxazole
also have been reported (96). Strongly protein-bound drugs that may displace phenytoin
from protein-binding sites are summarized in Table [3

Several non-steroidal anti-inflammatory drugs such as salicylate, ibuprofen, tolmetin,
naproxen, mefenamic acid, and fenoprofen can displace phenytoin, valproic acid,
and carbamazepine from protein-binding sites (97). Blum et al. reported that tenidap
sodium (an anti-inflammatory drug) 120 mg/day at steady state increased the percentage
of protein binding of phenytoin in plasma by 25%. The authors concluded that
because tenidap increases the percentage of unbound phenytoin in plasma, when
monitoring plasma phenytoin concentration, free phenytoin concentrations also should
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Table 5
Common Strongly Protein-Bound Drugs that Displace
Phenytoin from Protein-Binding Sites and May Lead to a
Higher Free Fraction

Drugs that May Displace Phenytoin from Protein Binding

Valproic acid
Tolmetin
Fenoprofen
Oxacillin
Nafcillin
Salicylate
Naproxen
Tenidap
Dicloxacillin
Sulfamethoxazole
Ibuprofen
Mefenamic acid
Penicillin
Ceftriaxone

be considered (98). Reduced interaction between phenytoin and valproic acid with
non-steroidal anti-inflammatory drugs in uremia has been described. The reduced
interactions may be due to the presence of inhibitors (97). Unexpected suppression
of free phenytoin concentration by salicylate in uremic sera because of the presence
of inhibitor had also been reported (99). Carbamazepine-salicylate and digitoxin—
valproic acid interactions are also reduced in uremic sera because of the presence of
inhibitors (100,101 ).

7. SALIVA AND TEARS: ALTERNATIVE TO SERUM
FOR THERAPEUTIC DRUG MONITORING

Drugs that are not ionizable or are un-ionized within the salivary pH range
(phenytoin, carbamazepine, and theophylline) are candidates for salivary therapeutic
drug monitoring (/02). Salivary flow rates vary significantly between individuals and
under different conditions. The use of stimulated saliva has advantage over resting
saliva. The salivary flow rate, pH and sampling condition, and other pathophysiological
factors may influence the concentration of a particular drug in saliva. However, under
well-controlled and standardized conditions, saliva can be used as an alternative matrix
for monitoring of carbamazepine, phenytoin, primidone, and ethosuximide. One report
also concluded that monitoring of salivary phenytoin and carbamazepine proved to be
a realistic alternative to plasma-free level monitoring because excellent correlations
were found between salivary levels and serum-unbound levels of both phenytoin and
carbamazepine (/03). However, a poor correlation was observed between serum and
salivary methadone concentration (/04). Controversy also exists for valproic acid and
phenobarbital (/05). Nakajima et al. (106) compared tear valproic acid concentrations
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with total and free valproic acid concentrations in serum and concluded that the tear
valproic acid concentrations correlated well with free valproic acid concentrations in
serum.

Berkovitch et al. reported that there was no correlation between total or free digoxin
plasma digoxin levels and salivary digoxin concentrations in children. The authors also
observed no correlation between plasma gentamicin concentration and salivary levels
when gentamicin was administered three times a day. In contrast, when gentamicin was
administered once a day, a good correlation was found between plasma and salivary
gentamicin concentrations (/07). Madsen et al. (108) reported that tobramycin could
not be detected in saliva within the first 6 h of therapy in patients with cystic fibrosis.
On the contrary, the average indinavir concentration in plasma is 70% of the serum
concentration, and saliva can be used as an alternative matrix for the therapeutic drug
monitoring of indinavir (/09). Ryan et al. (/10) reported that despite wide inter-patient
variability in saliva and serum ratio of lamotrigine, there is usually a good relation
between serum and salivary concentrations of lamotrigine.

7.1. Analytical Considerations

Many investigators used immunoassays available for monitoring serum concentra-
tions of various drugs to determine salivary concentrations of drugs. al Za’abi et al.
used the respective FPIA and TDx analyzer (Abbott Laboratories) for the determi-
nation of free carbamazepine, valproic acid, and phenytoin concentrations in serum as
well as for measuring salivary concentrations of the respective drugs (/03). Madsen
et al. used the Beckman Synchron CX system and Beckman immunoassay for deter-
mination of plasma as well as salivary concentration of tobramycin (/08). However,
for drugs where immunoassays are not available, HPLC can be used for determination
of both serum and salivary concentration of a drug. Ryan et al. (//0) used HPLC for
determination of both serum and salivary concentrations of lamotrigine.

8. ASSAY TECHNIQUES FOR FREE ANTICONVULSANTS

Ultrafiltration using Centrifree Micropartition System is the most common technique
for monitoring free drug concentrations in clinical laboratories. Usually, 0.8—1.0 ml
of serum is centrifuged for 15-20min to prepare the ultrafiltrates. Then, free drug
concentrations are measured in the protein-free ultrafiltrates. The time of centrifuging
to prepare ultrafiltrates is crucial for measuring free drug concentrations. Liu et al.
demonstrated that there is a significant difference between measured free valproic acid
concentration in ultrafiltrates prepared by centrifuging specimens for 5 versus 10 or
20 min. The measured free concentrations were low if the specimen was centrifuged
for 5Smin. Therefore, authors recommended centrifugation of specimens for at least
15min (/11). McMillin et al. recently reported that ultrafiltrate volumes were directly
proportional to the centrifugation time (15-30 min) and were inversely proportional
to albumin concentrations of serum. Although ultrafiltrate volume was significantly
increased with increasing centrifugation time, free phenytoin values did not change
significantly indicating that equilibrium was maintained between the ultrafiltrate and
serum retained in the ultrafiltration device (//2). Another issue is the add-on request
for free drug on specimens analyzed previously for total drug concentrations. Usually,
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specimens after analysis are stored for 3-7 days at 4°C. In our experience, if the
specimen is removed from a refrigerator and the ultrafiltration is started immediately,
the concentrations of free drugs are slightly lower. However, this problem can be easily
circumvented if specimens are allowed to equilibrate at the room temperature for at
least 15 min before the preparation of ultrafiltrates for free drug measurement (/173).

Although immunoassays are commercially available for determination of free
phenytoin, valproic acid, and carbamazepine concentrations in protein-free ultra-
filtrates, liquid chromatography combined with tandem mass spectrometry can
also be applied for determination of free phenytoin concentration in protein-free
ultrafiltrate (114).

8.1. Pitfalls of Using Equations for Predicting Free Phenytoin
Concentrations

Beck et al. compared free phenytoin concentrations predicted by three different
equations with measured values. The authors used the Gugler method, Sheiner—Tozer
equation, and the Sheiner—Tozer nomogram for predicting free phenytoin concentra-
tions from measured total phenytoin concentration and albumin concentration. Authors
concluded that all three methods for predicting free phenytoin concentrations suffered
from bias and should not be used for predicting free phenytoin concentrations. The
authors recommended direct measurement of free phenytoin concentration (/15).
Dager et al. (116) concluded that although the Sheiner-Tozer equation underestimates
the measured free phenytoin concentration by an average of 12.4%, the equation still
has some reliability in normalizing total phenytoin reliably in patients with hypoal-
buminemia. Tadon et al. also reported that in patients with serum albumin level in
the hyper and hypoalbuminemic range, corrected phenytoin levels for albumin using
Sheiner-Tozer equation were better indicator for clinical outcome than simply total
phenytoin level. The authors further commented that in developing countries such
as India where direct measurement of free drug level is expensive such indirect
measurement may have clinical value (//7). However, in our experience, direct measure
of free level of phenytoin is always clinically more valuable than such indirect measures
to correct phenytoin levels.

May et al. reported that although free phenytoin measured by HPLC correlated well
with free phenytoin measured by FPIA using the TDx analyzer, the free phenytoin
concentrations obtained by using FPIA showed positive bias compared with HPLC
values. Moreover, free phenytoin determined by HPLC fits better with calculated
phenytoin value in patients also taking valproic acid (//8). However, again our recom-
mendation is to measure free phenytoin concentration directly instead of using any
equation.

9. CONCLUSIONS

Therapeutic drug monitoring of strongly protein-bound antiepileptic drugs such
as phenytoin, valproic acid, and carbamazepine is useful for patients with uremia,
liver disease, and hypoalbuminemia. Drug—drug interactions may also increase F, of
antiepileptic drugs without significantly altering total drug concentrations. Monitoring
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free concentration of immunosuppressant drugs such as cyclosporine, tacrolimus, and
mycophenolic acid may have clinical value but are technically more difficult to perform.
Monitoring free protease inhibitors may be useful but need further studies for estab-
lishing guidelines. Monitoring free lidocaine and free quinidine concentrations may be
beneficial for certain patient populations.
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Summary

Different types of assays are used in clinical laboratories for determination of concentrations of
various drugs in biological fluids for therapeutic drug monitoring. Historically, concentrations of various
anticonvulsants such as phenytoin, carbamazepine, phenobarbital, and primidone in serum or plasma
were measured using gas chromatography (GC) or high-performance liquid chromatography. Later, these
assays were replaced by immunoassays because of automation as well as need for faster turnaround time.
Minimal or no specimen pretreatment is needed for analysis of various drugs in sera using immunoassays.
However, immunoassays are not available for all drugs monitored in clinical laboratories, for example
lamotrigine, protease inhibitors, and new generation of anticonvulsants. For analysis of these drugs, GC,
HPLC, or HPLC combined with tandem mass spectrometric techniques are used.

Key Words: Therapeutic drug monitoring; immunoassay; gas chromatography; high-performance liquid
chromatography; mass spectrometry.
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1. INTRODUCTION

Usually, serum or plasma is used for the measurement of concentration of a drug of
interest for the purpose of therapeutic drug monitoring (TDM). However, monitoring
whole blood concentrations of certain drugs such as various immunosuppressants is
clinically more relevant. During the 1950s, TDM of antiepileptic drugs was performed
using gas chromatography (GC). Several bioassays were available for monitoring
certain antibiotics. In the 1960s, extensive research took place to develop various
assays for therapeutic drugs using high-performance liquid chromatography (HPLC).
In the 1970s, immunoassays were available for accurate determination of concentra-
tions of various drugs in serum and plasma, thus revolutionizing the field of TDM.
Immunoassays are widely used in clinical laboratories for routine drug monitoring
because of ease of operation, simplicity, and speed. However, immunoassays are
not commercially available for all drugs currently monitored in clinical practice,
and various sophisticated techniques such as HPLC combined with tandem mass
spectrometry or GC combined with mass spectrometry are used for determination of
concentrations of these drugs in biological matrix. Usually, such specialized tests are
offered in reference laboratories, academic based hospital laboratories, and clinical
laboratories of larger hospitals.

2. IMMUNOASSAYS IN TDM

Most TDM and drugs of abuse (DAU) testing are now performed by immunoassay
methods on automated systems. Currently, there are over 25 immunoassays commer-
cially available and are routinely used in TDM/DAU laboratory analysis. Most
immunoassay methods use specimens without any pretreatment and are run on fully
automated, continuous, random access systems. The assays require very small amounts
of sample (mostly <100 L), reagents are stored in the analyzer, and most analyzers
have stored calibration curves on the system. In immunoassays, the analyte is detected
by its complexation with a specific binding molecule, which in most cases is an analyte-
specific antibody (or a pair of specific antibodies). This reaction is further utilized
in various formats and labels, giving a whole series of immunoassay technologies,
systems, and options (Table [IJ).

With respect to assay design, there are two formats of immunoassays: competition
and immunometric (commonly referred as “sandwich”). Competition immunoassays
work best for analytes with small molecular weight, requiring a single analyte-specific
antibody. In contrast, sandwich immunoassays are mostly used for analytes with larger
molecular weight, such as proteins or peptides, and use two different specific antibodies.
Since most TDM immunoassays involve analytes of small molecular size, these assays
employ the competition format. In this format, the analyte molecules in the specimen
compete with analyte (or its analogues), labeled with a suitable tag provided in the
reagent, for a limited number of binding sites provided by, for example, 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 of label can bind to the antibody
to form the conjugate. If the bound label provides the signal, which in turn is used
to calculate the analyte concentration in the sample, the analyte concentration in the
specimen is inversely proportional to the signal produced. If the free label provides the
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Table 1
Various Types of Commercial Immunoassay Kits
Immunoassay
types Analyte Assay format Example Assay Signal
Competition ~ Small Homogeneous FPIA (TDx® from Fluorescence
molecular Abbott, Abbott Park, polarization
weight IL, USA): TDM,
(<1000 D) DAU, other (e.g.,
T4, T3)
EMIT® Colorimetry
(Dade-Behring, (enzyme
Newark, DE, USA): modulation)
TDM, DAU, other
(e.g., T4, T3)
CEDIA® Colorimetry
(Microgenics, (enzyme
Fremont, CA, USA): modulation)
TDM, DAU, other
(e.g., T4, T3)
Competition  Both small Heterogeneous ADVIA Chemistry: Turbidimetry, latex
and sandwich and large Siemens, Tarrytown, micro-particle

NY, USA TDM,
DAU, other (HbAlc,
plasma proteins, etc.)
Centaur® (Siemens):
TDM, others (thyroid,
steroid, etc.)

ACCESS® (Beckman,

Fullerton, CA, USA):
TDM, others (thyroid,
steroid, etc.)

Elecsys® (Roche,
Indianapolis, IN,
USA): TDM, others
(thyroid, steroid, etc.)
AxSym® (Abbott):
TDM, others (thyroid,
steroid, etc.)

assisted

Chemiluminescence
(acridinium ester
label)

Enzyme
immunoassay
(using
chemiluminescent
substrate)

Electro-
chemiluminescence

Enzyme
immunoassay
(using fluorescence
substrate)

signal, then signal produced is proportional to the analyte concentration. The signal is

mostly optical—absorbance, fluorescence, or chemiluminescence.

There are several variations in this basic format. The assays can be homogeneous
or heterogeneous. In the former, the bound label has different properties than the free
label. For example, in fluorescent polarization immunoassay (FPIA), the free label has
different Brownian motion than when the relatively small molecular weight (a few
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hundreds to thousand Daltons) label is complexed with a large antibody (140,000
D). This results in difference in the fluorescence polarization properties of the label,
which is utilized to quantify the bound label (/). In another type of homogeneous
immunoassay, an enzyme is used as the label, the activity of which is modulated differ-
ently in the free versus the complexed conditions with the antibody. This forms the basis
of the enzyme-multiplied immunoassay technique (EMIT®) or cloned enzyme donor
immunoassay (CEDIA®) technologies (2,3). In the EMIT method, the label enzyme
glucose 6-phosphate-dehydrogenase is active in the free form but inactive in the antigen—
antibody complex. The active enzyme during reaction with the substrate also reduces the
cofactor NAD to NADH, and the absorbance is monitored at 340 nm. Because antibody-
bound enzyme is inactivated or reacts slowly with the substrate, the unbound or free
portion is responsible for the signal. Therefore, at equilibrium, the amount of unbound
enzyme-labeled analyte will be directly proportional to the drug concentration.

In the CEDIA method, two genetically engineered inactive fragments of the enzyme
beta-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
immunoassay (turbidimetric immunoassay or TIA), analytes (antigen) or its analogs
are coupled to colloidal particles, for example, of latex (4). As antibodies are bivalent,
the latex particles agglutinate in presence of the antibody. However, in presence of
free analytes in the specimen, there is less agglutination. In a spectrophotometer, the
resulting turbidity can be monitored as end-point or as rate.

In heterogeneous immunoassays, on the contrary, the bound label is physically
separated from the unbound labels, and its signal is measured. The separation is
often done magnetically, where the reagent analyte (or its analog) is provided as
coupled to paramagnetic particles (PMP), and the antibody is labeled. Conversely, the
antibody may be also provided as conjugated to the PMP, 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 (CLIA), where the label may be a small molecule which generates
chemiluminescent signal (5). The label also may be an enzyme [enzyme-linked
immunosorbent assay (ELISA)], which generates chemiluminescent, fluorometric, or
colorimetric signal. In older immunoassay formats, the labels used to be radioactive
[radio-immunoassay (RIA)]. But because of safety and waste disposal issues, RIA
is rarely used today. Another type of heterogeneous immunoassay uses polystyrene
particles. If these particles are micro-sizes, that type of assay is called microparticle-
enhanced immunoassay (6). Microparticle enzyme immunoassay (MEIA) is also used
for analysis of drugs in biological matrix.

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 now used in immunoassays. There are polyclonal antibodies, which are raised in an
animal when the analyte (as antigen) along with an adjuvant is injected into the animal.
For small molecular weight analyte, it is most commonly injected as a conjugate of a large
protein. Appearance of analyte-specific antibodies in the sera of animal is monitored,
and when sufficient concentration of the antibody is reached, blood is collected from the
animal. The serum can be used directly as the analyte-specific binder in an immunoassay
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but common practice is to purify the antibody before use. As there are many clones of
the antibodies specific for the analyte, these antibodies are called polyclonal. In newer
technologies, however, a mast cell of the animal can be selected as producing 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, termed
as monoclonal antibody, may be grown in live animals or cell-culture. There are several
benefits of the monoclonal antibodies over polyclonal ones: (a) the characteristics of
polyclonal antibodies are dependent on the animal producing the antibodies, and when the
source individual animal is changed, the resultant antibody may be quite different; (b) as
polyclonal antibodies constitute many antibody clones, these antibodies are less specific
compared with monoclonal antibodies for the analyte. Sometimes, instead of using
the whole antibody, fragments of the antibody, generated by digestion of the antibody
with peptidases, for example, Fab, Fab’ (or their dimeric complexes) are used as areagent.

The other major component of the immunoassay reagents is the labeled antigen (or
its analog). There are many different kinds of labels used in commercially available
immunoassays, generating different kinds of signals. As described earlier, an enzyme
may be also used as the label.

Even though the immunoassay methods are now widely used, there are few limita-
tions of this technique. Antibody specificity is the major concern of an immunoassay.
Many endogenous metabolites of the analyte (drug) may have very similar structural
recognition motif as the analyte itself. There maybe other molecules unrelated to the
analyte but producing comparable recognition motif as the analyte. These molecules
are generally called cross-reactants. When present in the sample, these molecules
may produce false results (both positive and negative interference) in the relevant
immunoassay (7-9). Other components in a specimen, such as bilirubin, hemoglobin,
or lipid, may interfere in the immunoassay by interfering with the assay signal, thus
producing incorrect results. These effects have been described in Chapter3l A third type
of immunoassay interference involves endogenous human antibodies in the specimen,
which may interfere with components of the assay reagent such as the assay antibodies,
or the antigen-labels. Such interference includes the interference from heterophilic
antibodies or various human antianimal antibodies and is described in Chapter [[2

3. GAS CHROMATOGRAPHY

Gas-liquid chromatography also commonly referred to as GC is a separation
technique first described in 1952 by James and Martin. In most GC column, the
stationary phase is a liquid and the mobile phase is an inert gas, thus the name gas—
liquid chromatography. Typically, the stationary phase has a low vapor pressure so that
at column temperature it can be considered nonvolatile. Introduction of the capillary
column dramatically improved resolution of peaks in GC analysis. Resolution equiv-
alent to several hundred thousand theoretical plates can be achieved using a fused
silica capillary column, which was originally derived from the fiber-optic technology.
Depending on the stationary phase composition, a GC column may have low polarity,
intermediate polarity, or high polarity. Research is ongoing to develop new polymers
for use as a stationary phase in GC column. Mayer-Helm reported development of a
novel dimethylsiloxane-based copolymer for use as stationary phase in GC column (/0).
Microprocessor control of oven temperature and automatic sample injection techniques
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also enhanced both performance and ease of automation of GC technique in clinical
laboratories. The sensitivity and specificity of GC analysis depends on the choice of
detector. Mass spectrometry can be used in combination with a gas chromatograph, and
mass spectrometry is capable of producing a mass spectrum of any compound coming
out of the column of gas chromatograph. Nitrogen phosphorus detector is specific
for nitrogen- and phosphorus-containing compounds and is very sensitive. Electron
capture detector can detect any halogen-containing compounds. Flame ionization and
thermal conductivity detectors are also used in GC. The major limitation of GC is that
this technique can only be applied to volatile substances with relatively low molecular
weights. Polar compounds cannot be analyzed by this technique. However, a relatively
polar compound can be chemically converted to a nonpolar compound (derivatization)
for analysis by GC.

4. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

Application of GC as a separation technique is limited to volatile molecules.
However, HPLC can be used for separation of both polar and nonpolar molecules.
Usually, derivatization is not necessary for HPLC analysis. HPLC is based on the
principle of liquid-liquid chromatography where both mobile phase and stationary
phase are liquid. Liquid chromatography using column was first described in 1941.
In normal liquid chromatography, the stationary phase is polar and the mobile phase
(eluting solvent) is nonpolar. In reverse phase chromatography, the stationary phase is
nonpolar and the mobile phase is polar. Several detectors can be used for monitoring
elution of peaks from HPLC column including ultraviolet detector, fluorescence
detector, conductivity detector, and refractive index detector. Ultraviolet detection is
commonly used in clinical laboratories although other detection techniques such as
fluorescence technique and electrochemical detection technique are also used.

5. MASS SPECTROMETRY

Mass spectrometer is capable of analyzing charged particle based on their mass.
A typical mass spectrometer consists of an inlet system, which supplies the pure
compound (separated from complex biological matrix by GC or HPLC) to the mass
spectrometer, an ion source, a mass analyzer, and a detector. The ion source is respon-
sible for fragmentation pattern of the compound of interest in characteristic pattern
depending on the functional groups and other structural features of the molecule.
The detector plots a chromatogram listing all ions generated and separated by their
mass to charge ratios as well as abundance. Mass spectrum is usually considered as a
molecular fingerprint of a compound, not only for relatively small molecules but also
for macromolecules such as proteins and DNA (/17,12). Mass spectrometer is often
used as a detector for compounds eluting from a gas chromatograph or column of an
HPLC. Gas-chromatography—mass spectrometry (GC/MS) is widely used in clinical
toxicology laboratories for detection and quantification of DAU in biological matrix
such as urine because of its specificity, sensitivity, and the availability of larger number
of mass spectra in standard drug libraries. Coupling of HPLC with mass spectrometry
enables the analysis of thermally labile compounds, polar compounds, or compounds
with high molecular weights that cannot be analyzed by GC or a combined GC/MS.
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Electron ionization (EI) at 70 eV produces reproducible mass spectrum, which is a
common ion source used in GC/MS analysis of therapeutic drugs especially DAU. As
far as combining HPLC with a mass spectrometer, only moving belt and particle beam
interfaces are compatible with EI (/3). The electrospray interface is very common in
HPLC/MS analyzer used in clinical laboratories. The electrospray interface produces
singly or multiple charged ions directly from a solvent system by creating a fine spray
of highly charged droplets in the presence of a strong electric field with assistance
from heat or from pneumatics. In this process, nonvolatile and polar compound can
be ionized. The atmospheric pressure chemical ionization interface produces sample
ions by charge transfer from reagent ions. The reagent ions are produced from solvent
vapor of the mobile phase.

After producing charged particles from the analyte eluting from the column, a mass
spectrum is produced by detecting these charged particles (positive or negative ion) in
the detector of the mass spectrum. The major types of mass spectrometric analyzers
are quadrupole analyzer, ion trap analyzers, and time-of-flight analyzer. Quadrupole
detector can be used for quantification of drugs (/4). Mass spectrometer is usually
operated in a selected ion-monitoring mode or single ion-monitoring mode.

6. APPLICATION OF GC, GC/MS, HPLC, AND HPLC/MS
FOR DRUG ANALYSIS

Although immunoassays are widely used for routine TDM in clinical laboratories,
other analytical techniques such as GC, HPLC, GC/MS, and HPLC/MS are also used
for determination of concentrations of various drugs in clinical laboratories (Table D).
These alternative techniques, especially GC/MS and HPLC/MS, are very sensitive and
specific for a chosen analyte whereas immunoassays suffer from multiple problems
including interferences from compounds with similar structures, hook effect, and
sensitivity. There is no commercially available immunoassay for analysis of antiretro-
virals used in the treatment of patients with HIV infection. HPLC methods or HPLC
combined with tandem mass spectrometry are the only available techniques for thera-
peutic monitoring of these drugs. GC, GC/MS, and HPLC are also preferred methods
for TDM of tricyclic antidepressants because commercially available fluorescence
polarization immunoassay (FPIA) cross-reacts with all tricyclic antidepressants and
their metabolites. Although immunoassays are available for routine monitoring of
certain immunosuppressant drugs, these assays suffer from many limitations and HPLC
combined with tandem mass spectrometry can be used for therapeutic monitoring of
these drugs (15).

6.1. Analysis of Anticonvulsants

Immunoassays are commercially available for TDM of antiepileptic drugs including
phenytoin, carbamazepine, phenobarbital, ethosuximide, primidone, and valproic acid.
Before development of immunoassay techniques, conventional antiepileptic drugs
were analyzed by GC and HPLC in clinical laboratories. Kuperberg (/6) described
a GC method for quantitative analysis of phenytoin, phenobarbital, and primidone in
plasma. Another GC method for simultaneous analysis of phenobarbital, primidone, and
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Table 2

Application of Gas Chromatography (GC) and High-Performance Liquid Chromatography
(HPLC) for Analysis of Drugs in Serum/Plasma Where There is No Commercially Available

Immunoassay

Drug Class Analysis Reference
Carbamazepine Anticonvulsant HPLC (20)
and 10,11-epoxide GC/MS (21)
Gabapentene Anticonvulsant HPLC (23)
Lamotrigine, Anticonvulsant HPLC (24)
Oxcarbazepine, Felbamate GC/MS (25)
Lamotrigine
Pregabalin Anticonvulsant HPLC (26)
Mexiletine Cardioactive HPLC (33)

GC/MS (34,35)
Flecainide Cardioactive HPLC (37)

GC/MS (38)
Tocainide, Verapamil Cardioactive HPLC (30)
Amiodarone and other drugs Cardioactive
Encainide HPLC (31)
Fluoxetine, Citalopram Antidepressant HPLC/MS (42)
Paroxetine, Venlafaxine Paroxetine Antidepressant HPLC and GC/MS (41)
and 12 other
Sisomicin, Astromicin Antibiotic HPLC (47)
Netilmicin, Micronomicin Antibiotic HPLC/MS (51)
Metronidazole, Spiramycin
Amphotericin B Antibiotic HPLC (52)
5-Fluorouracil Antineoplastic HPLC (56)
Irinotecan Antineoplastic HPLC (57)
Docetaxel, Paclitaxel Antineoplastic HPLC (58)
Imatinib Antineoplastic HPLC (59)
Doxorubicin and other Antineoplastic HPLC (60)
Ifosfamide Antineoplastic GC/MS (62)

MS, mass spectrometry.

phenytoin in patient’s sera utilized N, N-dimethyl derivatives of these drugs and “on-
column” derivatization technique (/7). Atwell et al. developed an HPLC assay for deter-
mination of phenobarbital and phenytoin in plasma using a porous particle silicic acid
column. The mobile phase was composed of chloroform dioxane—isopropanol-acetic
acid (310:9:7:1.0:0.1 by volume). The elution of drugs was monitored at 254 nm (18).
Later, commercially available immunoassays took the place of these techniques for
routine monitoring of anticonvulsants in clinical laboratories. Good correlations were
observed between results obtained by immunoassays and GC analysis of phenytoin,
phenobarbital, primidone, carbamazepine, and ethosuximide. Moreover, precision
observed in these immunoassays for anticonvulsants was superior to GC analysis, and
immunoassays were also relatively free from interfering substances (/9). However,
immunoassays also have certain limitations. Carbamazepine is metabolized to an active
metabolite carbamazepine 10, 11-epoxide. This active metabolite may accumulate in
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patients with renal impairment and therapeutic monitoring of carbamazepine 10, 11-
epoxide along with carbamazepine is recommended in certain patient populations.
Currently, there is no commercially available immunoassay in the market to measure
concentration of this metabolite. Moreover, cross-reactivity of this metabolite with
carbamazepine immunoassays varied from very low (0—4%) to very high (94%) as
discussed in Chapter [l Berg and Buckley described an HPLC protocol for simul-
taneous determination of carbamazepine, carbamazepine 10, 11-epoxide, phenytoin,
and phenobarbital in serum or plasma using a manual column-switching technique,
an isocratic mobile phase, and UV detection. Diluted plasma or serum was injected
directly to the system and reporting of results was achieved within 5Smin (20). A
GC/MS method for simultaneous detection of carbamazepine and carbamazepine 10,
11-epoxide has also been reported. After microcolumn extraction of carbamazepine
and its metabolite, the compounds were analyzed using a GC/MS. The capillary GC
column used for the analysis was 25 m long with a 0.2-mm internal diameter and a film
thickness of 0.33 wm (cross-linked with 5% phenyl-methylsilicone) (27). A sensitive
method for simultaneous determination of carbamazepine and its active metabolite
carbamazepine 10, 11-epoxide has also been described using HPLC combined with
tandem mass spectrometry. After liquid-liquid extraction, the specimen was analyzed
using a Phenomenex Luna C18 column (150 x 2 mm, particle size 5 um) using a mobile
phase composition of acetonitrile, methanol, and 0.1 % formic acid (10:70:20 by
volume). Detection was achieved by a Micromass Quattro Ultima mass spectrometer
(LC-MS-MS) using electrospray ionization, monitoring the transition of protonated
molecular ion for carbamazepine at m/z 237.05, and carbamazepine 10, 11-epoxide at
m/z 253.09 to the predominant ions of m/z 194.09 and 180.04, respectively. Using only
0.5 mL plasma, authors achieved a detection limit of 0.722 ng/mL for carbamazepine
and 5.15 ng/mL for carbamazepine 10, 11-epoxide (22).

For newer antiepileptic drugs, HPLC or HPLC combined with mass spectrometry
is used because of lack of commercially available immunoassays. Bahrami and
Mohammadi (23) described an HPLC protocol for analysis of gabapentin in human
serum after derivatization with 4-chloro-7-nitrobenzofuran, fluorescent-labeling agent.
In this process, sensitivity was improved compared with o-phthalaldehyde derivati-
zation. Contin et al. (24) described an HPLC method for simultaneous determination of
lamotrigine, oxcarbazepine monohydroxy derivative, and felbamate in human plasma
using only 0.5 mL specimen and a reverse phase HPLC column with UV detection.
Although most reports for determination of lamotrigine concentration use HPLC, lamot-
rigine in serum can also be analyzed using GC/MS after extraction and conversion into
tert-butyldimethylsilyl derivative (25). Berry and Millington (26) reported an HPLC
method for determination of a new antiepileptic drug pregabalin using a C8 column
and derivatization of pregabalin with picryl sulfonic acid.

6.2. Analysis of Cardioactive Drugs

Immunoassays are commercially available for many drugs including digoxin,
procainamide, lidocaine, quinidine, and disopyramide. The FPIA for disopyramide was
used for determination of both total and free disopyramide concentration in serum. Chen
et al. (27) observed good correlation between total and free disopyramide concentra-
tions determined by FPIA assay and HPLC protocol. The EMIT assay of disopyramide
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can also be used for measuring both total and free concentrations of disopyramide (28).
Several immunoassays are commercially available from different diagnostic companies
for determination of serum digoxin concentrations. However, these immunoassays are
subjected interferences. This aspect is discussed in detail in Chapter [@@ HPLC/MS
method, which is very specific for digoxin measurement in biological matrix, is useful
to investigate fatal poisoning of digoxin in medical legal situation (29).

Verbesselt et al. described a rapid HPLC assay with solid phase extraction for
analysis of 12 antiarrhythmic drugs in plasma: amiodarone, aprindine, disopyramide,
flecainide, lidocaine, lorcainide, mexiletine, procainamide, propafenone, sotalol,
tocainide, and verapamil. Because most of these drugs are basic compounds, alkalin-
ization of column produced good absorption of these drugs in the extraction column.
However, for amiodarone, an acidic pH (3.5) was maintained, and aprindine was eluted
at neutral pH. After washing with water, the compounds were eluted with methanol
except for amiodarone, which was eluted with acetonitrile and acetate buffer (8:5 by
volume) at pH 5. Chromatographic separation was achieved by using a Spherisorb
hexyl column (150 x 4.6 mm ID with particle size of 5pum) and mobile phase was
composed of a mixture of acetonitrile or methanol with phosphate or acetate buffer at a
different pH. Detection of peaks was achieved by either a UV detector or a fluorescence
detector (30).

Concentrations of encainide and its metabolites can be determined in human plasma
by using HPLC (37). A liquid chromatographic analysis of mexiletine in human
serum with alternate application to determine concentrations of procainamide and its
active metabolite N-acetyl procainamide has also been reported. The authors used
N-propionyl procainamide as the internal standard (32). McErlance described stere-
oselective analysis of mexiletine enantiomers using HPLC. Resolution of mexiletine
enantiomers as their 2-napthol derivatives was achieved by using a Prikle type 1A chiral
phase column and fluorescence detection (33). However, concentration of mexiletine
in serum can also be measured by GC couple with mass spectrometry with selected
ion monitoring after derivatization of mexiletine and the internal standard. Minnigh
et al. used p-chlorophenylalanine as the internal standard. The drug and the internal
standard were extracted from plasma by a combination of ethyl acetate, hexane,
and methanol (60:40:1 by volume) followed by evaporation of organic phase and
derivatization to pentafluoropropyl derivatives. The mass spectrometer was operated
in a selected ion-monitoring mode (34). Other derivatization techniques for determi-
nation of mexiletine concentration in serum have been described. Mexiletine can be
extracted from alkaline serum with dichloromethane followed by derivatization with
2,2,2-trichloroethyl chloroformate. The reaction was completed in 30 min at 70°C. N-
propylamphetamine was used as the internal standard. The derivatized internal standard
separated well from derivatized mexiletine. A representative total ion chromatogram
showing analysis of mexiletine in serum is given in Fig.[ll The mass spectrometer was
operated in selected ion-monitoring mode (m/z at 58, 102, 122, 232, 234 monitored for
derivatized mexiletine and mz/z at 56, 91, 131, 260, and 262 for derivatized internal
standard). The total ion chromatogram (EI) of mexiletine is given in Fig. B The
assay was linear for serum mexiletine concentrations between 0.2 to 2.5 mg/L (35).
GC/MS analysis of mexiletine in human serum after extraction and derivatization
with perfluorooctanoyl chloride has also been reported (36). Although an FPIA assay for
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Fig. 1. Total ion chromatogram analysis of a patient’s sample containing 0.6 mg/L of mexiletine.
Peak A was derivatized internal standard (N-propylamphetamine) whereas Peak B was derivatized
mexiletine (2,2,2,-trichloroethyl carbamate).
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Fig. 2. Electron ionization full scan mass spectrum of 2,2,2-trichloroethyl carbamate derivative of
mexiletine.

flecainide was commercially available from the Abbott Laboratories, Abbott Park, 1L
in the past, this assay is no longer available and HPLC is the preferred method of
determination of flecainide concentration in serum. Determination of serum flecainide
concentration along with its metabolites using HPLC can be achieved by using octade-
cylsilyl silica (ODS) column and fluorescence detection. Flecainide and its metabolites
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were extracted from serum with ethyl acetate (37). Another report described GC/MS
validation of HPLC analysis of flecainide enantiomers in serum (38).

6.3. Analysis of Antiasthmatic, Antidepressants, Inmunosuppressants,
and Antiretroviral Drugs

Immunoassays are commercially available for TDM of antiasthmatic drugs
theophylline and caffeine. The manufacturer of the FPIA assay for determination of
total tricyclic antidepressants (TCA) in serum only recommends this assay for screening
of TCA in serum in a patient with suspected overdose and cautions against using this
assay for routine TDM of TCA. A patient overdosed with carbamazepine may show
a falsely elevated TCA level if the FPIA assay is used because of cross-reactivity
of carbamazepine with the antibody used in this immunoassay (39,40). Both HPLC
and GC or GC combined with mass spectrometry can be used for routine TDM of
various TCA. Methods for TDM of TCA are discussed in detail in Chapter[8l Recently,
Wille et al. (41) reported HPLC and GC/MS analysis of 13 new-generation antide-
pressants (venlafaxine, fluoxetine, viloxazine, fluvoxamine, mianserin, mirtazapine,
melitracen, reboxetine, citalopram, maprotiline, sertraline, paroxetine, and trazodone)
together with eight of their metabolites. Juan et al. reported HPLC combined with
electrospray ionization mass spectrometric determination of fluoxetine, citalopram,
paroxetine, and venlafaxine in plasma. These drugs were extracted by solid phase
extraction from alkalinized plasma, and HPLC separation was achieved by a reverse
phase C18 column (42).

Although immunoassays are available for certain immunosuppressant drugs, HPLC
and HPLC/MS are widely used in clinical laboratories for routine TDM of various
immunosuppressants because of the superior sensitivity and specificity of these
technique compared with various commercially avail immunoassays. This is discussed
in depth in Chapter [9 Currently, there is no commercially available immunoassay for
TDM of antiretroviral drugs, and HPLC or HPLC/MS are the only available techniques.
This topic is discussed in Chapter [0}

6.4. Analysis of Antibiotics

Immunoassays are commercially available for frequently monitored antibiotics
including amikacin, gentamicin, tobramycin, and vancomycin. However, GC and
in most cases HPLC assays are also available for determination of concentrations
of antibiotics in biological matrix. Owing to lack of volatility, chromophore, and
hydrophilicity of aminoglycosides, most methods require derivatization of these drugs
before analysis. Packed column separation was generally used for GC methods.
However, for HPLC methods, reverse phase, ion pair, ion exchange, and normal
phase separation protocols have been reported (43). Lai and Sheehan (44) described
a reversed-phase HPLC method for determination of tobramycin using pre-column
derivatization with o-phthalaldehyde followed by fluorescence detection. Another
HPLC method for determination of amikacin used pre-column derivatization of
amikacin with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. The derivatization
reaction can be conducted in aqueous medium at room temperature with borate buffer
at pH 8.0. The formation of the derivative is instantaneous, and the derivative is
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stable for more than 36 h. Detection was performed by using UV absorption instead of
fluorescence (45). Nicoli and Santi used 1-fluoro-2,4-dinitrobenzene for derivatizing
amikacin for analysis by HPLC using a C18 column and mobile phase composition
of acetonitrile—water—acetic acid (47:53:0.1 by volume). The column temperature was
maintained at 45°C (46). Kawamoto et al. described an HPLC protocol for determi-
nation of serum concentrations of sisomicin, netilmicin, astromicin, and micronomicin
using an amino acid analyzer system. The aminoglycosides were separated by reverse
phase ion-pair chromatography on Zorbax C8 and ODS columns and detected by post
column derivatization technique (47). Soltes (48) reviewed HPLC techniques for deter-
mination of aminoglycoside concentrations in biological specimens developed in last
two decades.

Aminoglycosides can also be determined by HPLC technique without derivatization
using evaporative light scattering detection technique (49). Some investigations also
used liquid chromatography combined with mass spectrometry for analysis of amino-
glycosides. Kim et al. analyzed kanamycin, neomycin, and gentamicin after deriva-
tization with phenylisocyanate. The authors used a liquid chromatography combined
with electrospray ionization mass spectroscopy for separation and final analysis of these
aminoglycosides (50). An analytical method using liquid chromatography combined
with mass spectrometry has also been reported for simultaneous determination of
metronidazole and spiramycin I in human plasma, saliva, and gingival crevicular fluid.
Ornidazole was used as the internal standard. After liquid-liquid extraction, drugs were
analyzed using a 5-pm Kromasil C18 column (150 x 4.6 mm ID, particle size 5 pum)
and a mobile phase composed of acetonitrile, water, and formic acid with a solvent
gradient (5/). Amphotericin B is used for the treatment of invasive and disseminated
fungal infections. Lee et al. described a sensitive liquid chromatography tandem mass
spectrometric method for quantification of total and free amphotericin B in biological
matrices. The authors used a C18 column for HPLC analysis (52). Azithromycin in
serum can be analyzed by HPLC using electrochemical detection. Fouda and Schneider
described an HPLC combined with atmospheric pressure chemical ionization mass
spectrometric method for quantitative determination of azithromycin in human serum;
deuterium-labeled azithromycin was used as the internal standard (53).

6.5. Analysis of Antineoplastic Drugs

The most widely monitored neoplastic drug is methotrexate, and commercially
available immunoassays are usually used for routine TDM of methotrexate in clinical
laboratories. However, trace level of this drug cannot be detected using immunoassays
because of sensitivity issues. Truci et al. described an HPLC-tandem mass spectro-
metric technique for determination of trace amount of methotrexate in human urine of
hospital personnel exposed to this neoplastic agent. After solid phase extraction, HPLC
analysis was carried out using an octadecyl silica SPE column (54). Concentrations
of methotrexate along with its metabolite 7-hydroxy methotrexate can be determined
using HPLC. HPLC methods are also available for TDM of other antineoplastic drugs
including doxorubicin, etoposide, 5-fluorouracil, mitoxantrone, mensa and demensa,
taxol, aminoglutethimide, tamoxifen, and acrolein. GC with a capillary column can be
used for analysis of cyclophosphamide, lomustine, and carmustine (55).
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Using chlorouracil as the internal standard, Maring et al. (56) developed an HPLC
method for the determination of concentration of 5-fluorouracil as well as the concen-
tration of its metabolite 5,6-dihydrofluorouracil in plasma using a reversed-phase C18
column and UV diode array detector. Schoemaker et al. developed an HPLC protocol
for simultaneous measurement of anticancer drug irinotecan (CPT-11) and its active
metabolite SN-38 in human plasma after converting both CPT-11 and SN-38 to their
carboxylate form by using 0.01 mol/L. of sodium tetraborate. HPLC separation was
achieved using a Zorbax SB-C18 column and detector used was a fluorescence detector.
The detection limit was 5.0 ng/mL for CPT-11 and 0.5 ng/mL for SN-38 (57). Deter-
mination of docetaxel and paclitaxel concentrations using HPLC with UV detection
has also been reported after liquid-liquid extraction of these antineoplastic agents
from human plasma (58). Quantification of imatinib, a selective tyrosine kinase
inhibitor, in human plasma using HPLC combined with tandem mass spectrometry
has been reported. The authors used a reversed-phase C18 column with a gradient
of acetonitrile-ammonium formate buffer (4 mmol/L at pH 4.0) for HPLC analysis.
Imatinib was detected by electrospray ionization mass spectrometry with multiple-
reaction monitoring mode (59). Fogil et al. described a method for determination of
daunorubicin, idarubicin, doxorubicin, epirubicin, and their 13-dihydro metabolites in
human plasma using HPLC and spectrofluorometric detection of all these anthracy-
clines using excitation and emission wavelength of 480 and 560 nm, respectively. After
extraction of these drugs from human plasma, HPLC analysis was carried out using a
Supelcosil LC-CN (25cm x 4.6 mm ID, particle size 5 um, Supelco Bellefonte, PA)
column (60). Concentrations of these anthracyclines in human serum can also be deter-
mined using liquid chromatography combined with electrospray mass spectrometry.
Lachatre et al. determined concentrations of epirubicin, doxorubicin, daunorubicin,
idarubicin, and active metabolites (doxorubicinol, daunorubicinol, and idarubicinol) in
human plasma using aclarubicin as the internal standard. After solid phase extractions,
these drugs were analyzed using a reversed-phase C18 column (61).

GC combined with nitrogen phosphorus detector or mass spectrometry can also
be used for determination of specific neoplastic drugs. Kerbusch et al. determined
concentration of ifosfamide, 2- and 3-dechloroethylifosfamide in human plasma
by using gas chromatography coupled with nitrogen phosphorus detector or mass
spectrometry without any derivatization. Sample preparation involved liquid-liquid
extraction with ethyl acetate after adding trofosfamide as the internal standard and
making the serum alkaline. The authors concluded that gas chromatography with
nitrogen phosphorus detector was more sensitive for analysis of these compounds
compared with gas chromatography combined with positive ion electron-impact ion
trap mass spectrometry (62).

7. OTHER ANALYTICAL TECHNIQUES

Lithium has been used in the treatment of manic-depressive disorder since 1970,
and the narrow therapeutic index of lithium with the nonspecific nature of lithium
toxicity prompted routine therapeutic monitoring for these patients. Methodologies
available for routine determination of lithium in human serum or plasma include flame
atomic emission spectroscopy, flame atomic absorption spectroscopy, potentiometry
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with lithium ion-selective electrodes, and colorimetric methods with spectrophoto-
metric determination of lithium concentration and reflectometry methods. Sampson
et al. evaluated determination of lithium by five ion-selective electrodes and one
colorimetric method by comparing the results obtained by flame atomic absorption
and flame atomic emission spectroscopy. The colorimetric method was based on the
shifting of absorbance of a crown ether chromophore when it binds lithium (Vitros;
formerly Ektachem slide) (63). For colorimetric determination of lithium, aromatic
organic reagents such as crown ethers and amide ionophores are used. Crown ether
and cryptands provide best selectivity for lithium. The cryptand phenol exhibits greater
than 4000:1 selectivity for lithium compared with sodium for binding because of rigid
configuration of a binding site for lithium to form the complex. This complex is also
water-soluble. Crown ether with bulky groups inhibits formation of 2:1; crown : sodium
complex while allowing 1:1; crown : lithium complex (64).

The frequent use of platinum complexes in cancer therapy may require therapeutic
monitoring of platinum in serum. Using 400 L specimen, Kloft et al. described a rapid
flameless atomic absorption spectrometric assay of platinum in serum or in the protein
free ultrafiltrate (free platinum). The limit was detection for platinum was 40 ng/mL
in serum and 20 ng/mL in ultrafiltrate (65).

Superecritical fluid and microbore liquid chromatography may have potential appli-
cation for drug analysis. In supercritical fluid chromatography (SFC), the mobile phase
is a gas (for example, carbon dioxide) maintained at its supercritical state. This mobile
phase has low viscosity of a gas and high diffusivity between that of a gas and liquid.
SFC analysis can be performed with a GC or LC detector and mass spectrometry can
certainly be used as a detector for SFC. Potential applications include analysis of a
small amount of specimen (5-200 wL) for pediatric and neonatal TDM as well as drug
confirmation for toxicology (66). Graves et al. (67) used SFC for characterization of
a labile digitalis-like factor.

8. APPLICATION OF CAPILLARY ELECTROPHORESIS
FOR DRUG ANALYSIS

Capillary zone electrophoresis (CZE) and micellar electrokinetic capillary
chromatography (MECC) have application in determining concentration of drugs
and metabolites in body fluid. In CZE, nanoliter amount of specimen is applied
at one end of a fused silica capillary column (usually 15-100cm long with an
internal diameter between 25 and 75 um) filled with buffer. When a high-voltage
DC field is applied, charged solutes migrated through the capillary column by the
combined action of electrophoresis and electro-osmotic bulk flow and are separated
and detected at the other end of the column. Common detection techniques applied are
on-column direct and indirect absorbance, direct and indirect fluorescence detection,
occasionally radiometry or amperometry, as well as off-column detection, such as mass
spectrometry. Only charged particles can be separated by CZE and neutral compounds
cannot be analyzed by this method. In MECC, the buffer contains charged micelles
(such as dodecyl sulfate), and both charged and uncharged solutes are separated based
on differential partitioning between the micelles and the surrounding buffer. The
separation is of chromatographic nature and elution order is based on partitioning.
For charged solutes, separation is based on both chromatography and charged effect
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including electrophoresis. This technique can separate acidic, neutral, and basic drugs
in human serum. Several drug levels determined by this technique correlated well with
values obtained using immunoassay and HPLC (68).

Teshima et al. used CZE for simultaneous determination of sulfamethoxazole and
trimethoprim in human plasma. The authors used ethyl acetate to extract these drugs
from human plasma and used UV detection at 220 nm. The analysis was performed
at 20kV and 25°C using 15mM phosphate buffer (pH 6.2) (69). Another report
described CZE determination of methotrexate, leucovorin, and folic acid in human
urine using a capillary column (60 cm x 75 wm) and 15 mM phosphate buffer solution.
The analysis was carried it using 25kV at 20°C (70). A method of coupling CZE
with electrospray ionization mass spectrometry has also been reported for TDM of
lamotrigine in human plasma. Tyramine was used as the internal standard. The linearity
of the assay was from 0.1 to 5.0 pg/mL of serum lamotrigine concentration, and the
limit of detection of was 0.05 wg/mL. The run time was less than 6 min (7/). A
solid phase extraction followed by CZE analysis of tobramycin in serum has also
been reported (72). Determination of several analgesic and anti-inflammatory drugs
(acetaminophen, ibuprofen, indomethacin, and salicylic acid) using CZE and micellar
electrokinetic chromatography has also been reported (73). Huang et al. described
a micellar electrokinetic chromatography with direct UV detection for determination
of concentration of cisplatin in human serum. The main hydrolytic metabolite was
determined using a CZE method (74).

9. CONCLUSION

Although immunoassays are widely used for determination of therapeutic drug
concentrations in clinical laboratories, other analytical techniques such as GC, HPLC,
GC/MS, and HPLC combined with tandem mass spectrometry also have applica-
tions for TDM. Immunoassays can provide a result rapidly because of ease of
operation, but these assays also suffer from specificity because of cross-reactants.
Moreover, immunoassays are not available for all drugs monitored in clinical labora-
tories. Therefore, HPLC, GC/MS, and especially HPLC combined with tandem mass
spectrometry are essential for TDM especially in reference laboratories and hospital
laboratories of academic medical center and referral hospitals.
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Summary

The pre-analytical phase for samples collected for the analysis of therapeutic drugs and toxins is as
critical as the analytical phase. One of the most important aspects to this phase is the knowledge of the
time at which the sample was collected and its relationship to the time of dosing or ingestion. These
pieces of information are absolutely necessary for interpretation of the results. In addition, samples must
be collected using the proper devices and processed or stored under conditions that minimize alterations to
the drug concentration. In this chapter, I will review the elements that have repeatedly led to investigations
and issues within the laboratory.

Key Words: Pre-analytical; blood collection tube; anticoagulants; storage.

1. INTRODUCTION

Much focus is placed on the analytical portion of drug testing. Specifically, the
instruments we use for these activities often attract more attention than any other
aspect of the total process. Unfortunately, this means that the pre-analytical phase of
the process is often downplayed or even forgotten—that is, until one spends hours
troubleshooting what seems to be an analytical problem only to trace the issue back to
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an earlier step in the process. These steps are just as critical as those during the analysis
to delivering valid results for therapeutic drug monitoring (TDM) and toxicology.
Without attention to and knowledge of the conditions under which a given sample was
obtained and prepared for testing, the data generated from its subsequent analysis may
lead to erroneous conclusions and inappropriate, even dangerous, treatment. Thus, it is
crucial that we pay close attention to the steps involved during method development
or evaluation and that we implement processes to detect problems once a method
is put into use. In this chapter, I will cover aspects of the pre-analytical phase key
to TDM and toxicology testing and will give examples of problems that have been
reported. These include issues associated with the timing of sample collection, sample
containers, processing, and storage.

2. IT IS A MATTER OF TIME

Time is a critical factor in both TDM and toxicology, and its importance and roles
repeat throughout discussions of these services. Results, including both serum drug
concentrations and urine toxicology screens, are best interpreted with respect to the
time of dosing or exposure and the time at which the samples are acquired. In TDM,
sample collection is not a random process, but one that must be carefully controlled with
collection taking place within specific windows of time in conjunction with the dosing
regimen. Unfortunately, the steps involved in sample collection are often out of the
hands of the analyst, a situation that represents a continuous source of frustration. This
can somewhat be minimized by maintaining open lines of communication with, and
providing detailed guidelines and resources to, the staff involved in sample collection.

Most commonly, the best window of collection takes place during the 30-60 min
preceding a dose when circulating concentrations necessary for the drug to be effective
are lowest. Samples collected at this time are referred to as trough samples. When
a drug is most effective over a very narrow concentration range and toxicity is a
concern, monitoring may be most effective using peak concentrations when maximal
concentrations are achieved. This type of collection is difficult to control as the time at
which peak concentrations are achieved vary with the individual for each drug collected
in this manner and may even vary with the formula, dosing route, and coingestion
of food.

Samples are also collected at other points in the dosing cycle, for example, as with the
once-daily dosing protocols used for aminoglycoside or vancomycin administration. In
these protocols, samples are collected at defined points within the dosing cycle. Some
laboratories call these “random” samples because they are neither peak nor trough and
the time of collection may vary, but this is an inaccurate use of the term because for
the result to be useful, the collection time must be controlled and known—not random.
The once-daily protocols for aminoglycosides differ from other protocols in another
manner. Usually, peak samples are used to assess toxicity, but in these protocols,
trough concentrations are used because at this time the patient should have completely
cleared the drug. The finding that the aminoglycoside remains in the circulation at this
time indicates reduced clearance and hence the likelihood of toxicity.

Over the years, numerous studies and surveys have shown that samples for digoxin
monitoring are among the most problematic to collect at the optimal time. Because
digoxin exhibits a long distribution phase, there is a significant lag in the time between
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dosing and when the maximum pharmacological response is observed. As a result,
samples for digoxin measurement should be collected no earlier than 6-8 h after dosing
and preferably after 12 h. Samples collected before distribution is complete are often
elevated. Although these elevated concentrations are not associated with toxicity, they
are nevertheless confusing and lead to misinterpretation of the results. The problem of
incorrect timing of sample collection is not new and has been described since digoxin
testing began in earnest in the 1970s! In 1991 and in 2004, the College of American
Pathologists conducted Q-probe surveys on the problem (7,2). The recent study focused
on outpatients, included results from 59 institutions, and correlated the collection time
with the concentration measured for 1571 outpatients. It showed that for every five
specimens for which toxic concentrations were obtained, three were inappropriately
collected with respect to the dosing interval (2). Unfortunately, this study shows no
improvement in processes from the previous survey conducted in the early 1990s (/).
Given the interest in patient safety and utilization of health care resources, this is one
area that cries out for attention. One institution looked at the problem closely and
implemented a nighttime dosing regimen for both their inpatients and outpatients. This
has reportedly worked well for this facility and could serve as an effective solution for
others (3).

In an effort to improve efficiency, prepare patients for discharge earlier in the
day, and minimize the use of blood, many hospitals have consolidated phlebotomy
collections and begin routine collection rounds often as early as 0400 h. This has led
to some TDM samples being collected as part of these very early routine chemistry
and hematology collections. Unfortunately, this means that the sample is often being
collected prematurely if the drug is scheduled to be given mid-morning or later. Such
samples do not represent true troughs, and although the results may fall within the
therapeutic range, they pose the risk of toxicity if used for calculating subsequent
doses.

An example of this is seen with a recent inquiry from one of our transplant coordi-
nators regarding a patient who was receiving tacrolimus. Following admission, the
patient was found to have an elevated concentration and the team contacted the
laboratory to question whether the result could be falsely elevated as the patient’s
dose had not been altered. Although the team was certain that the sample had been
appropriately collected as a trough, we were able to document that the sample had
been collected 7.5 h early. With no change in the patient’s dose, subsequent samples
collected at the appropriate time were within the targeted range.

In contrast, samples for toxicology testing are typically random. For serum-based
monitoring, i.e., in situations involving salicylate or acetaminophen ingestions, the
patient may not be willing or able to recall and give an accurate time of ingestion (4).
For this reason, it may be useful to obtain more than one sample. Repeat measure-
ments can be used to assess whether absorption is continuing as might happen with
extended release preparations or when bezoars form and to calculate the half-life of the
compound. Urine drug-screening results pose interesting dilemmas in that some health
care providers often wish to use the results to estimate when the ingestion may have
taken place. As a random urine collection represents a snapshot of the individual’s
metabolic and excretion pattern, this is simply not possible. At best, one can apply
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average windows of detection reported for drugs with the caution that variations occur
related to differences in pharmacokinetics and pharmacogenetics.

3. CONTAINERS: DEALING WITH GLASS, PLASTICS, GELS,
AND ADDITIVES

Continuing in the pre-analytical phases of TDM and toxicology, it is important
to think about the sample type needed and collection container. For most chemistry
analyses, serum or heparinized plasma is the preferred specimen. To facilitate later
steps in sample handling and testing, laboratories prefer to collect blood for these in
separator or gel-barrier tubes, as the barrier formed between the serum or the plasma
and the erythrocytes during centrifugation protects and stabilizes some of the measured
chemistry constituents. Additionally, most laboratories have also transitioned from
glass tubes to plastic for safety reasons. The previous generations of gels and other
materials used in these tubes were found to adsorb many commonly monitored drugs
in an unpredictable manner (5-9). Investigators found the degree of adsorption varied
with the amount of drug present, the amount of blood in the tube, the environmental
temperature, and the duration of exposure. There was also evidence that adsorption
varied between lots of tubes in that the adsorption observed with one lot did not
replicate with a subsequent lot. Because of these observations and studies, most TDM
laboratories adopted the use of plain evacuated tubes containing no additives. A few
laboratories adopted the use of trace metal (royal blue tops) tubes to reduce confusion
among non-laboratory personnel who are involved in the collection process and likely
do not appreciate the distinction between the various red- and gold-top tubes.

Over the past few years, manufacturers have introduced plastic tubes containing
separator gels reportedly formulated to minimize adsorption. Unfortunately, the liter-
ature contains few reports validating the suitability of these tubes; but the studies
conducted by Bush et al. (/0) demonstrate the types of studies useful in validating
performance of such tubes. Serum pools containing commonly monitored drugs were
prepared and aliquoted into plain tubes (containing no gel) as a control and two types
of gel separator tubes. The respective drug concentration was measured immediately,
at 4h and at 24 h. When the results were compared with those obtained initially and
with those obtained from the samples in the plain tubes, the investigators found no
significant difference in the concentrations of most of the drugs for the samples in
contact with the SST II gel separator tubes. Additional studies did reveal small effects
using samples collected from patients receiving phenytoin or carbamazepine, two drugs
for which adsorption has been shown to be a significant problem. Previous investiga-
tions had shown adsorption was more likely if the tube was partially filled or if the
sample was allowed to remain in contact with the gel for extended periods of time.
The investigators thus performed an extended study in which full tubes of blood were
collected from patients receiving one of these two drugs. The tubes were processed
and tested immediately. These results were compared with those obtained after the
samples had been held at room temperature for 8 and 24 h, and stored at 4°C for 7
days. A third set of experiments were conducted simulating partial filling of tubes by
placing 2ml of serum in each of the types of tubes and the samples stored at 4°C,
room temperature, and 32°C for 4, 24, and 48 h. After storage for 7 days at 4°C, the
concentration of carbamazepine declined by 10% whereas that of phenytoin declined
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by 4%. Loss of analyte was less than 5% for the other conditions tested, well within
the analytical precision of the analyses. At the time this chapter was prepared, there
were few reports regarding the suitability of other reformulated barrier tubes and the
previous study did not test all possible drugs or multiple lots. It is thus left to the
individual laboratories to validate the claim that these new formulations do not adsorb
the drugs we seek to measure. The studies outlined by Bush et al. are a reasonable
approach to such studies.

Chemicals from the stoppers of the tubes, as well as chemical additives used to
enhance clotting or prevent adsorption to the tubes themselves, have been found
to interfere with analyses. This problem was first recognized in the 1970s when
it was recognized that tris(2-butoxyethyl)phosphate (TBEP), a plasticizer, found in
some stoppers, interfered with the measurement of propranolol, alprenolol, lidocaine,
chlorimipramine imipramine, nortriptyline, meperidine, and quinidine (/7). The
mechanism of interference was interesting in that it was discovered that upon leaching
into the blood sample, TBEP displaced these basic drugs from their binding sites on
alpha-1 acid glycoprotein. The free drugs were postulated to then diffuse from the
plasma/sera into the erythrocytes effectively reducing the total amount detected in the
sera (12,13).

TBEP is no longer an issue, but problems continue to arise from interferences
related to new stoppers, contaminants within the glass or plastic, or additives used
enhance clotting or reduce adsorption (/4-22). Methods using chromatography or
mass spectrometry are particularly susceptible to some of these interferences as these
materials result in extraneous peaks, co-eluting peaks, and more subtle problems of ion
suppression or enhancement. For example, Murthy (/4) reported a sudden appearance
of an extraneous peak in a high-performance liquid chromatography (HPLC)-based
method for amiodarone when a brand of evacuated tubes had been replaced by another.
Unfortunately, the events that led to this problem are neither unique nor isolated.
Someone outside the laboratory made the decision to switch to a different brand of
tubes and did not communicate the information to the laboratory performing the testing.
The potential for the collection tube to cause interferences was demonstrated by Drake
et al. (15). This group tested for potential interferences from sample collection tubes
for MALDI TOF mass spectrometry-based analyses by incubating 1 ml of phosphate-
buffered saline (pH 7.2) in various sample collection tubes. To assure all surfaces of
the tubes were considered and to maximize the ability to detect interferences, the tubes
were gently rocked at room temperature for 4 h. The solutions were then processed,
extracted, and analyzed. Multiple peaks were observed in the m/z range from 1000 to
3000 for solutions incubated in seven of 11 tube types.

Interferences from collection tubes extend beyond chromatography-based methods
to other types of methods (/9-24). For example, Sampson et al. (/9) documented inter-
ference from a silica clot activator when using an ion-selective electrode-based method
for measuring serum lithium. This particular report demonstrates the complexity of
the interferences and the difficulty in detecting and investigating such problems.
The problem was identified when a double-blind study of lithium, carbamazepine,
and/or valproic acid therapy was initiated and lithium concentrations of approximately
0.1 mmol/L were reported for a patient who was not receiving lithium. The investigators
found that the electrode membrane erroneously detected lithium when first exposed
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to samples that contained the silica clot activator, but after repeated exposure to the
activator, the electrodes did not appropriately detect lithium present in patient samples.
In other words, the lithium concentrations were falsely decreased. Most importantly,
quality control material prepared using a bovine protein matrix was not affected and
would not have detected the problem.

After considerable investigation, Bowen et al. determined that an organosilicone
surfactant, Silwet L-720, was the culprit interfering with several immunoassays
for thyrosine, cortisol, progesterone, thyroid-binding gobulin, and triiodothyronine
(21-22). After contact with collection tubes containing this compound, results for
these analytes determined using specific immunoassays were increased by as much as
11-36%. The surfactant was found to desorb antibodies from the solid phase beads used
in the immunoassays leading to a reduction in the chemiluminescent signal generated
and falsely increasing the apparent hormone concentration. Although the tests involved
were hormonal, TDM or toxicology analyses could just have easily been involved.

Other tubes or devices, for example, microfuge tubes and filtration devices, used in
the analyses should also be considered. Yen and Hsu (23) determined that contami-
nants from polypropylene microcentrifuge tubes yielded extraneous peaks in an HPLC
electrochemical detection-based method for the measurement of antioxidants. In this
case, none of the peaks interfered with the analyses as the measurements were made
at multiple potentials, but as the authors cautioned, had a single potential been used
for detection, interference would have been much more likely. As with several of
the studies we have discussed, the extraneous peaks were not consistent across all
brands tested and emphasize the lessons above that what may be perceived to be
inconsequential changes to materials or methodologies may indeed be monumental.

That we continue to experience such interferences suggests that we need to continue
to be diligent to detect such problems. Not only should the problems be reported
to the manufacturers involved but should also be reported to the Food and Drug
Administration (FDA) by accessing the MedWatch system through their Web site
(www.fda.gov).

In the early days of cyclosporine measurements, small clots were found to result
from the use of heparin salts and to reduce extraction efficiency. For this reason,
EDTA-anticoagulated whole blood has been the sample of choice for cyclosporine
and subsequent immunosuppressives found to also partition into the erythrocytes. One
characteristic of cyclosporine that was not recognized for some time was its ability
to adsorb to some types of plastics (25-27). I first encountered this problem when
trying to automate the tedious pipetting associated with the early cyclosporine radioim-
munoassays. Unfortunately, this characteristic is still not appreciated by many. Any
plastic that comes into contact with these drugs should be tested before use in collection,
storage, or analysis. An example of the type of study that should be conducted is
seen in that reported by Faynor and Robinson (28) in which they determined that
cyclosporine did not significantly adsorb to the Vacutainer PLUS evacuated tubes
(Becton Dickinson Vacutainer Systems) over a 7-day period.

It may seem to be a fairly obvious statement, but lithium heparin should not be
used to collect samples for lithium determinations. One practice to decrease the sample
preparation time has been to adopt the use of plasma as a specimen for routine chemistry
analyses. EDTA-anticoagulated blood is of course unsuitable, but lithium heparin is a
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popular specimen and avoids issues with sodium or potassium measurements. Which
heparin salt is present within a green-top tube cannot be easily determined simply by
looking at the color of the stopper. One must be able to read the contents on the label,
and this may be difficult to do if the label is covered with the patient identification
label. More than one laboratory has spent time investigating unexpected, elevated
lithium concentrations for patients who had no evidence of toxicity only to find a
lithium heparin tube had been inadvertently used for collection.

4. PROCESSING AND STORAGE

Serum, plasma, and whole blood are complex matrices. We tend to forget that
after collection and subsequent processing, the samples are far from static. As the
samples are allowed to sit, carbon dioxide is lost and the pH changes. Enzymes present
may lose activity or gain activity. Chemical interactions between various endogenous
and exogenous chemicals occur between and amongst each other. Recognizing the
potential for these and understanding how they impact the stability of a given drug is
important (29,30).

One of the best examples comes from toxicology when cocaine needs to be measured
in blood. The metabolism of this drug by circulating cholinesterases continues unless
fluoride is used to inhibit the process. Similarly, interactions between two drugs admin-
istered may continue after sample collection. For example, it is not unusual for several
antibiotics to be used sequentially to treat some infections. One practice involves the
use of both an aminoglycoside and a beta-lactam antibiotic. The drugs are not co-
administered in the same infusion because it is known that beta-lactams will inactivate
aminoglycosides rendering the aminoglycoside ineffective against the microorganism
for which it is intended and unrecognizable by the antibodies in the immunoassays used
to quantify serum concentrations. The rate at which inactivation occurs depends upon
the aminoglycoside involved, the beta-lactam antibiotic involved, as well as the time
and temperature of exposure (37). Although administered sequentially to avoid this in
vivo, both drugs may be present in the circulation and subsequently in the collection
tube when samples are collected. Consequently, the amount of measurable aminogly-
coside will decline over time leading to lower and lower apparent concentrations. It
is therefore advisable to process, separate, and analyze the samples immediately or to
freeze the samples if testing is delayed (317).

Methotrexate has long been considered to be unstable. Limelette et al. (32) investi-
gated this question by spiking methotrexate into whole blood collected from healthy
donors. The blood was collected on citrate—phosphorus—dextrose. Using an HLPC-
based method, they compared whole blood and plasma methotrexate concentrations
from these samples over time and various storage conditions. The whole blood stability
study was performed using a pool, which was then divided into three sub-pools. The
sub-pools were stored at room temperature exposed to light, at room temperature
protected from light, and at 4°C protected from light. Aliquots were tested immedi-
ately after preparation and at intervals up to 144 h. Visual inspection of the graphic
display of the resulting data shows similar changes in the methotrexate concentrations
regardless of the storage conditions from initial preparation until 48 h later. Concen-
trations declined slightly, but the deviation from baseline was less than 10%. After
48 h, there was little change in the levels observed for the light-protected pool stored
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at 4°C. Interestingly, of the two pools retained at room temperature, the one protected
from light showed the greatest loss of methotrexate with changes of more than 20%
occurring by 100 h.

When the investigators tested three plasma pools under the same conditions, they
found that the drug concentrations also steadily declined by approximately 17% over
the first 3 days of testing before leveling off. Little change was observed over an
additional 7 days. The study has the following limitations: only one concentration
of methotrexate was tested, the samples were prepared pools not patient samples,
and the blood used to prepare the pools did not simulate typical patient samples
in that it contained citrate—phosphorus—dextrose. Because the use of methotrexate
extends beyond its use as a chemotherapeutic agent for leukemia and other cancers and
monitoring is widely performed, it would thus be of great use to clinical laboratories
to simplify the collection, processing, and storage of specimens.

5. AVOIDING SURPRISES: ASSESSING PRE-ANALYTICAL PROCESSES
AND TROUBLESHOOTING

Surprises are fun when hosting birthday parties or when one wins a sweepstakes.
They are not enjoyable when encountered in the laboratory. By taking time to include
the evaluation of a few pre-analytical characteristics when considering new analytes
or methods, one can minimize later surprises. In addition to assessing the effects of
hemolysis, lipemia, and icterus remember to evaluate the tubes and devices used in the
sample collection, storage, or preparation. The pharmaceutical literature is often a good
place to start. Descriptions of the stability (or lack thereof) of a drug in a pharmaceutical
solution often provide insight into the stability of the drug in our samples. When
considering changes in vendors of established materials, remember to obtain supplies
in advance to assess comparability. Make sure your purchasing agent does not have the
authority to make changes in sources without approval and validation. Our laboratory
has found that the recording of lot of changes facilitates troubleshooting. This is not
easy to do, but it is amazing how often a lot of buffer or solvent is found to be the
culprit.

Although I have focused on the samples used in TDM, the lessons are applicable to
those used in toxicology as well. Because of forensic needs, for example, the need to
be able to replicate results with retesting at later dates, the stabilities of these analytes
are probably better documented than most therapeutically monitored drugs.

6. CONCLUSIONS

As shown by the literature reviewed, the pre-analytical phase of TDM is extremely
important. Care must be taken to assure samples are collected at the right time, under
the right conditions. Although I have focused on the samples used in TDM, the lessons
are applicable to those used in toxicology as well. Because of forensic needs, for
example, the need to be able to replicate results with retesting at later dates, the
stabilities of these analytes are probably better documented than most therapeutically
monitored drugs.
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Summary

Among the endogenous interferents affecting assay results, the most common are bilirubin, hemoglobin,
lipids, and paraproteins. These interferents may affect therapeutic drug monitoring (TDM), drugs of
abuse (DAU) testing, and toxicology assays of any format where the sample is used directly for analysis
without any pretreatment of specimen. Immunoassays are commonly used in clinical laboratories where
analyte-specific antibody or binding agents are used to estimate the analyte concentration in the specimen.
Some enzyme and chemistry assays are also utilized in TDM and DAU analysis. Such assays use various
types of signals, the most common being colorimetry, fluorimetry, and chemiluminescence. Assays may
be prone to interference depending on the format or label used. Commercial assay kits report the result
of such interference in the kit inserts (up to levels of >20mg/dL bilirubin, >500 mg/dL. hemoglobin,
and >1000 mg/dL lipids). The interference is caused by the optical, fluorescent, or chemiluminescent
properties of these interferents. Thus, bilirubin interferes by its absorption and fluorescence properties,
hemoglobin by its absorption, fluorescence and chemiluminescence properties, and lipids interfere mostly
from their light-scattering (turbidity) properties. Bilirubin and hemoglobin may also interfere because of
side reactions in the assay. Modern auto-analyzers can detect all three interferents and flag the results.
Flagged results should be carefully reviewed for the accuracy. Both hypo- and hyper-proteinemia can
affect assay results. Paraproteins interfere in many assays by precipitating out during the sample blanking
step thus producing false results. Another source of interference may be from probe (sample or reagents)
or reaction cuvettes carryover contamination in random-access auto-analyzers. If the validity of test results
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is questioned, the assay should be repeated either by removing the interferent from the sample or by using
different method which is known to suffer less from that type of interference.

Key Words: Bilirubin; hemoglobin; lipids; interference; assays.

1. INTRODUCTION

Most therapeutic drug monitoring (TDM) and drugs of abuse (DAU) testing are
performed in clinical laboratories by using automated systems. There are two main
technologies used in such determination. The most common one is immunoassay,
which has been described in detail in Chapter Bl Immunoassay has the benefits of high
sensitivity and specificity and thus has become the major technique in TDM and DAU
assays. The second method used in TDM/DAU is enzymatic and/or chemistry methods.
In these assays, the specificity of an enzyme is used to generate analyte-specific signals
(in direct or indirect reaction), and the concentration is calculated based on generated
signal. There are four major sources of “endogenous” interference that derive from

specimen condition, especially in serum or plasma (Table [I)).

Table 1

Specimen Appearance and Causative Interferents

Specimen appearance

Causative Interferent

Comment

Greenish, icteric

Red, hemolyzed

Turbid

Nothing specific.
Hyper-proteinemia may
make the specimen
viscous. There may be
protein fibers in stored

plasma or serum samples

Bilirubin; Reference
Range (NR):

<1 mg/dL; High levels
up to 20 mg/dL may
be found in jaundiced
patients

Hemoglobin; NR:
<1mg/dL; Higher
concentrations

are found in vivo
(hemolytic diseases) or
in vitro (preanalytic
causes)

Lipids (chylomicrons
and VLDL)

Protein (includes
paraproteins)

Different conjugates of bilirubin;
interference caused by photometric
or fluorimetric properties of
bilirubin. Bilirubin may participate
in side reactions interfering with the
assay. Additionally, bilirubin may
interfere in free drug assays by
changing the distribution of drug
between free versus complexed
compartments

Hemoglobin has photometric,
fluorimetric, and chemiluminescent
properties which may interfere in
immunoassays using such signals

Lipids interfere mainly by light
scattering and absorption of
lipoprotein micelles

Both hypo- and hyper-proteinemia
may cause assay interference

VLDL, very-low-density lipoproteins.
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2. MECHANISM OF INTERFERENCE

Most TDM immunoassays involve analytes of small molecular size, and these assays
employ the competition format where the analyte molecules compete with limited
number of specific binding sites, e.g., on specific antibodies, with labeled analyte
molecules in a reaction (details described in Chapter Bl). Signals generated by the
bound label are converted into the analyte concentration in the assay. The signals are
mostly optical in nature including absorbance, fluorescence, or chemiluminescence.
The assays can be homogeneous or heterogeneous. In the former format, the bound
label has different properties than the free label, thus the method is simpler, requiring
no separation and the difference in signal between bound and free labels is utilized
to quantify the analyte. In heterogeneous immunoassays, the bound label is physically
separated from the unbound labels and then the signal is measured.

As explained in Table [l most of the interference from bilirubin, hemoglobin,
lipids, or paraproteins are caused by the fluorimetric or photometric properties of the
interferents, which interfere with the generation of signal. Thus, such interference is
more common in homogeneous than in heterogeneous assays. In certain assay formats,
the interference enhances the signal. As in most competitive immunoassays the signal is
inversely proportional to the reported specimen analyte concentration, such interference
generates false-negative results. In some other assay formats, the increased signal
causes false-positive results.

Bilirubin absorbs around 450-460nm. Hemoglobin begins to absorb from 340
to 560nm and absorbance peak is observed at 541 nm (oxyhemoglobin). Therefore,
hemolysis affects assays that use the absorbance properties of nicotinamide adenine
dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate (NADPH) (1) at
340 nm. Selecting a longer wavelength (>650 nm) for detection may minimize the inter-
ference from bilirubin or hemolysis in a turbidimetric immunoassay. But because lipid
interferes mostly by light scattering, lipid may still interfere with the method.

Bilirubin and hemoglobin can also interfere in assays through unintended side
reactions. Both participate in redox reactions, commonly used in TDM or DAU assays
that are not immunoassays. The Package Inserts from most commercial assay Kkits
normally lists the effect of these interferents. Most manufacturers follow the EP7-P
protocol from National Committee for Clinical Laboratory Standardization (NCCLS,
currently called Clinical Laboratory Standards Institute or CLSI), where the inter-
ference is studied at two different steps (2). In the “Screening” protocol, serum pools
containing a clinically important concentration of the analyte are spiked with various
concentrations of the interferent, and the assay results are compared with a suitable
control sample (without spiked interferent). Interference is judged significant when the
results of a spiked sample are statistically different from the control sample and the
difference between the two means is >10%. The protocol also recommends plotting
analyte versus interferent concentrations to find the pattern of interference, if any. If
there is more than single clinically relevant analyte concentration, then the interference
should be studied with serum pools containing each of those analyte concentrations (3).
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Table 2
Clinical Laboratory Standards Institute (CLSI) (NCCLS)-Recommended Interference Levels

Highest Interferent Concentration

Interferent NCCLS Recommended Manufacturer Reported

Common Unit (mg/dL) SI Unit Common Unit (mg/dL) SI Unit

Bilirubin 20 342 wmol/L 30 513 pmol/L
Hemoglobin 500 5.00 g/L 2000 20.00 g/L
Lipid®* 1000 11.3 mmol/L 2000 22.6 mmol/L

2As triolein.

The CLSI-recommended levels of interfering substances up to which interference
should be studied are summarized in Table P21 However, many package inserts report
results beyond those levels.

2.1. Specimen Types

Serum and plasma are the most common type of specimen used in TDM. These
specimens may be interfered by all four types of interferents covered in this chapter.
Additionally, collection tube additives for plasma or whole blood specimens, such
as ethylene-diamino-tetra-acetate (EDTA), heparin, citrate, fluoride, and oxalate may
chelate metal ions and thus interfere with label enzymes such as alkaline phosphatase
and thus generating false-positive or false-negative results.

Whole blood specimens must be used for most of the immunosuppressant drugs.
For such samples, hematocrit in addition to the main four sources of interference
can also affect the assay results. Thus, false-positive tacrolimus results were reported
in a microparticle enzyme immunoassay (MEIA) for patients with low hematocrit
values and high imprecision at tacrolimus concentration <9 ng/mL (4). The enzyme-
multiplied immunoassay technique (EMIT assay) for tacrolimus was not affected.
When the authors divided the study specimens in three groups by hematocrit percentage
(<25, 25-35, and >35%), the difference between MEIA and EMIT assays increased
as hematocrit percentage decreased. Moreover, false-positive results were reported in
63% of specimens with MEIA where patients did not receive any tacrolimus but only
2.2% of specimens using EMIT. Such false-positive values in the MEIA and EMIT
methods ranged up to 3.7 and 1.3 ng/mL, respectively.

Urine is the most commonly used specimen for DAU testing. Urine samples
less frequently contain measurable amounts of hemoglobin and bilirubin to cause
measurable interference with an assay. Turbidity interference is possible in urine, but
the cause is most likely bacterial growth. Preservatives in urine, such as acetic acid,
boric acid, or alkali may interfere in some urine assays.

Cerebrospinal fluid (CSF) specimens are rarely used in TDM or DAU. Most common
CSF interferent is hemolysis. Interference from turbidity is also possible in such
specimens.
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3. INTERFERENCE OF VARIOUS AGENTS

In this section, common agent, bilirubin, hemoglobin, lipids etc., that may cause
interference with various assays when present in high amounts will be discussed.

3.1. Bilirubin

Bilirubin is derived from hemoglobin of aged or damaged red blood cells (RBC).
Bilirubin does not have iron and is rather a derivative of the heme group. Some part
of serum bilirubin is conjugated as glucuronides (“direct” bilirubin); the unconjugated
bilirubin is also referred as indirect bilirubin. In normal adults, bilirubin concentrations
in serum are from 0.3 to 1.2 mg/dL (total) and <0.2 mg/dL (conjugated) (5). In different
forms of jaundice, total bilirubin may increase to as high as 20 mg/dL, but the ratio
of direct versus indirect bilirubin also varies. In obstructive jaundice, the increase in
total bilirubin is contributed mainly by direct bilirubin. In hemolytic and neonatal
jaundice, the increase is mostly in indirect bilirubin. Both fractions of bilirubin increase
in hepatitis.

Elevated bilirubin causes interference, proportional to its concentration. The inter-
ference of bilirubin in TDM/DAU assays is mainly caused by bilirubin absorbance at
454 or 461 nm. Thus, it may interfere in colorimetric enzyme-linked immunosorbent
assay (ELISA) that use alkaline phosphatase label and p-nitro phenol phosphate
substrate (measured at 405 nm measured at). However, if the assay is enzymatic or
colorimetric, bilirubin may interfere also by reacting chemically to the reagents (6).

In one case study (7), a severely jaundiced 17-year-old male patient (total bilirubin
19.8 mg/dL) with abdominal pain and increased serum transaminase results was
suspected of acetaminophen overdose, although the patient himself denied using any
medications containing acetaminophen within the previous week. The apparent plasma
acetaminophen concentration by an enzyme method was found to be 3.4 mg/dL.
In this method, acetaminophen is enzymatically (by arylacylamidase) hydrolyzed
to p-aminophenol, which is condensed with o-cresol in the presence of periodate
to form the blue indophenol chromophore. The method was run on the Roche
Modular chemistry analyzer, with absorbance measurement at 600 nm (2-point rate)
and background correction at 800nm. To investigate false-positive results from
elevated bilirubin, the authors spiked twelve hyperbilirubinemic plasma samples and
bilirubin linearity calibrators with various levels of acetaminophen concentrations and
measured them in the acetaminophen assay. Plasma specimens with bilirubin (range:
15.9-33.8 mg/dL), but without any acetaminophen spiking (the patients from whom
these specimens were collected had no recent acetaminophen exposure), showed false-
positive acetaminophen (0.6-1.8 mg/dL) results. The false-positive acetaminophen
results plateaued at 2.5-3.0 mg/dL at total bilirubin concentrations of 23-35 mg/dL.
The acetaminophen dilution profiles of these samples were non-linear, reaching to
undetectable levels (the expected results) after fourfold dilution with the assay diluent.
Because the background correction failed to correct the bilirubin interference in this
assay, the authors hypothesized that bilirubin, with substantial reducing activity, might
have reacted with periodate to produce a product that absorbed more strongly at
600 nm than did unreacted bilirubin. The authors also found that accuracy of spiked
(5.0-15.0 mg/dL) acetaminophen results was not affected by high bilirubin (92-97%
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recovery), suggesting that the nominal cross-reactivity of bilirubin with the aryla-
cylamidase or periodate-catalyzed reaction was at a competitive disadvantage in the
presence of acetaminophen.

Another example of bilirubin interference was noted in the acetaminophen assay
but utilizing different assay technology (8). Fifteen serum samples, none containing
acetaminophen, but with total bilirubin concentrations between 2.2 and 16.7 mg/dL,
when tested in an acetaminophen assay involving the reaction of the analyte with
ferric-2,4,6-tripyridyl-s-triazine, demonstrated false-positive results between 0.7 and
13.6mg/dL. This is critical, because detoxification treatment of acetaminophen is
indicated when the serum levels of the drug exceed 5.0 mg/dL. The authors found
that the interference could be minimized by using the protein-free ultrafiltrate because
bilirubin is mostly bound to proteins, but acetaminophen is not.

Wood et al. (9) reported a case where increased bilirubin (22.6 mg/dL), specially
consisting of high percentage of conjugated fraction (82%), caused negative inter-
ference in a fluorescence polarization immunoassay (FPIA) for vancomycin. In their
study, the authors first compared 28 plasma samples with total bilirubin <5.9 mg/dL,
between two different Abbott’s vancomycin assays, by using a TDx analyzer and
AxSYM analyzer. Vancomycin, a glycopeptide antibiotic used in treating serious infec-
tions, is toxic with plasma concentration >20 pg/mL (trough) and >80 pg/mL (peak).
The method used in the TDx analyzer is a homogeneous FPIA, using a polyclonal
sheep antibody and fluorescein-labeled antigen. The assay on the AxSYM analyzer
also uses the same assay principle but utilizes a different, monoclonal mouse antibody.
The vancomycin results from these 28 samples, ranging from 2.0 to 34.5 pg/mL,
were in close agreement between the assays performed using two different analyzers
(correlation coefficient r* = 0.996). When the authors analyzed plasma specimens
containing abnormal bilirubin, they observed discordant results between the two
vancomycin assays. For example, in specimen containing 22.6 mg/dL of total bilirubin,
the vancomycin concentration observed by using the TDx analyzer was 2.6 pg/mL but
the corresponding value obtained by the AxSYM analyzer was 8.0 pg/mL (9).

Suspecting the elevated bilirubin as the source of discordance between the two
vancomycin methods, the authors spiked vancomycin in 10 plasma specimens from
jaundiced patients (total bilirubin ranging from 9.5 to 28.2 mg/dL; direct bilirubin
ranging from <1.0 to 16.0 mg/dL) not receiving vancomycin and measured the samples
using both vancomycin assays. By the Wilcoxon rank-sum test, they found vancomycin
recoveries using the assay on the TDx analyzer significantly were lower than with the
recoveries using the assay on the AXSYM (p < 0.001) analyzer (mean TDx and AxSYM
recoveries were 79.7 £ 13.1% and 102.2 £ 6.4%, respectively). The lower recovery
of the assay using the TDx analyzer was inversely related to the direct (conjugated)
bilirubin concentration in the specimens (1> = 0.54, p < 0.005). No such correlation
was found between the recovery and the total bilirubin. The negative interference in
the assay using the TDx analyzer was probably caused by direct bilirubin generating
falsely increased fluorescence blanks. The authors noted that for the assay method
for the TDx analyzer, the package-insert reported interference of <5% for bilirubin
concentrations of 15 mg/dL. This suggested a possibility that the package insert data
were generated using unconjugated bilirubin, which as the authors’ data demonstrated,
does not interfere with the assay. The authors concluded that the assay on the AxSYM
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analyzer somehow was not affected by high direct bilirubin (because of either the
antibody difference, or method difference), whereas the assay on the TDx analyzer
demonstrated false-negative results for such samples (9).

3.2. Hemoglobin and Blood Substitutes

Hemoglobin is mainly released from hemolysis of RBC. Hemolysis can occur in
vivo, during venipuncture and blood collection or during processing of the sample.
Hemoglobin interference depends on its concentration in the sample. Serum appears
hemolyzed when the hemoglobin concentration exceeds 20 mg/dL (/0). However,
icteric serum may contain higher concentration of hemoglobin before hemolysis can
be noticed. Hemoglobin interference is caused not only by the spectrophotometric
properties of hemoglobin but also by its participation in chemical reaction with sample
or reactant components as well (//). The absorbance maxima of the heme moiety
in hemoglobin are at 540- to 580-nm wavelengths. However, hemoglobin begins to
absorb around 340 nm, absorbance increasing at 400-430 nm as well. The iron atom
in the center of the heme group is the source of such absorbances. Of the many
variants of hemoglobin, methemoglobin (where the iron is in 3" oxidation state) and
cyanmethemoglobin (cyanide complex of hemoglobin) also absorb at 500 and 480 nm,
respectively. Methods that use the absorbance properties of NADH or NADH (340 nm)
may thus be affected by hemolysis. When hemoglobin is oxidized to methemoglobin,
the absorbance at 340 nm decreases.

In renal failure as well as damage to kidney or urinary pathways, the heme or
its derivatives may be present in urine, generating hemolytic interference similar to
that of serum. Urine may also have interference from myoglobin, the oxygen-binding
protein in striated micelles, also containing the heme group. Whereas hemoglobin is a
tetramer of the heme and globin complex, myoglobin is a monomer and, consequently,
is smaller than hemoglobin by three-fourths. Thus, when there is injury to skeletal or
cardiac muscle, myoglobin may be released and then excreted in urine (myoglobinuria).
Under such condition, urine samples have a color similar to that of a cola drink or
black coffee and show interference similar to that of hemolysis in serum.

If the type of blood for a patient is in short supply, many hospitals now use
blood substitutes, which are mostly derivatized or polymerized hemoglobin. The blood
substitutes interfere in many analyses in the same way as hemoglobin. Thus, it was
demonstrated that Hemolink®, an O-raffinose cross-linked hemoglobin blood substitute,
showed positive or negative interference in many routine chemistry and immunochem-
istry assays (/2). Another type of blood substitute is polyfluorocarbon, which also has
been reported to interfere with immunoassays.

3.3. Lipids

All the lipids in plasma exist as complexed with proteins. Lipoproteins, consisting
of various proportions of lipids, range from 10 to 1000 nm in size (the higher the
percentage of the lipid, lower is the density of the resulting lipoprotein, and larger
is the particle size). Chylomicrons (diameter 70—1000 nm, density <0.95 g/mL) are
present in plasma after a person ingests a fatty meal. These particles originate in the
intestinal epithelial cells and consist mostly of lipids. Chylomicrons are absorbed by
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the adipose tissue and liver. Liver secretes lipoprotein particles called very-low-density
lipoproteins (VLDL, density <1.006 g/mL), low-density lipoproteins (LDL, density =
1.006-1.063 g/mL), and high-density lipoproteins (HDL, density = 1.063—1.21 g/mL)
containing decreasing amounts of lipids in that order. The lipoprotein particles with
high lipid contents are micellar and are the main source of assay interference. Unlike
bilirubin and hemoglobin, lipids normally do not participate in chemical reactions
and mostly cause interference in assays by their turbidity. The micellar particles
scatter light, and the amount of light scattered is higher at lower wavelength. Because
scattered light does not follow Lambert-Beer law of absorbance, scattering normally
reduces absorbance producing false results (positive or negative, depending on the
reaction principle) (13). Lipemic interference is most pronounced with spectropho-
tometric assays, less important with fluorimetric methods, and rarely interferes with
chemiluminescent methods. Thus, assays that use turbidimetry for signal are the ones
most affected by lipid interference (/4). Lipemia may also interfere with assays for
fat-soluble analytes, such as steroids and their derivatives. In such cases, interference
arises from solvent partitioning and solute exclusion of the analyte between the lipid
and the aqueous phases.

Like bilirubin and hemolysis, package inserts do report the extent of lipid inter-
ference in a commercial assay. Lipids, however, present a special problem because of
lack of readily available standardized materials. Most manufacturers use IntraLipid,
a synthetically produced emulsion containing soybean oil and egg phospholipids, for
intravenous administration, to spike specimens to simulate lipemic samples. However,
samples with IntraLipid do not perfectly mimic lipemic samples (/5). Sometimes
native lipemic samples have falsely low results in certain assays, but Intralipid-spiked
samples containing same triglyceride concentration do not. This can be understood
from the fact that native plasma lipids are very heterogeneous with a wide variety of
micellar particle size distribution. Size, charge, and shapes of the particles influence
their light-scattering capabilities. Among the plasma lipoproteins, chylomicrons and
VLDL particles only scatter light. VLDL exists in three size classes: small (27-35
nm), intermediate (35-60nm), and large (60—200nm). Only the latter two sizes of
VLDL scatter light. Chylomicron particles vary greatly among individuals, and even
in the same individual, depending upon the time that the sample is collected after the
meal (/6). Thus, even though Kazmierczak and Catrou (/7) argue that interference
studies need to be done with specimens from patients with hyper-lipidemia, or hyper-
bilirubinemia, the subject to subject variation makes it impossible to guarantee that an
assay will not be subjected to interference from these interferents. Therefore, studies
performed using IntralLipid-spiked lipemic specimens may not necessarily represent
lipemic samples from a patient. These results, at best, may be taken as a guideline,
rather than final. Assay results from lipemic samples must be interpreted with caution.

3.4. Proteins and Paraproteins

Interference from proteins is possible both in hypo- and in hyper-proteinemia (normal
serum protein concentration is about 6-8 g/dL, and in plasma fibrinogen adds to
total protein by about 0.2-0.4 g/dL). Such interference is most apparent where the
specimen is used in assay without pretreatment, e.g., in immunoassays. Although the
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calibrator matrix for an immunoassay is often pooled serum or plasma, or protein-
containing buffered solutions, specimens vary in plasma protein concentration from
subject to subject and even in a same subject over time or during the day. Plasma
protein concentrations change as people age or in various physiological states, such
as pregnancy or in various disease states. Often, such kinds of effects are included
in the vaguely defined “matrix effect” in an immunoassay. Ezan et al. (/8) attempted
to estimate such effect on TDM assays in plasma samples. The authors spiked a
seven-amino-acid peptide experimental drug for the treatment of chronic diarrhea in
pooled plasma to generate the calibration curve in their experimental immunoassay
for the drug. When they compared the recovery of the spiked drug at two different
concentrations in plasma from 25 different subjects, the recoveries ranged from 70 to
152% at the low concentration spike and from 79 to 114% at the high concentration
spike. The authors suggested that the differences arose from differences in plasma
proteins.

Plasma specimens, which have been refrigerated for prolonged periods or which have
undergone freeze-thaw cycles, demonstrate another facet of protein interference. Fibrins
precipitate under such conditions. These fibrin clots may block auto-analyzer sample
probes, generating incorrect results. Such samples should be centrifuged to remove any
precipitates before assay. However, most modern auto-analyzers include clot-detection
and alert systems to flag results suspected to be subject of clot interference.

Manufacturers of commercial assays normally report the effects of hypo- (up
to 3g/dL) and hyper-proteinemia (up to 12.5g/dL) in the package inserts. Hyper-
proteinemia may increase the viscosity of the specimen, thus interfering with accurate
sampling for the assay.

Paraproteins circulate because of multiple myeloma or similar diseases. The concen-
trations of a specific class and idiotype of immunoglobulins (Ig) are greatly increased.
There have been many literature examples of paraproteins interfering with all kinds
of clinical chemistry assays, including immunoassays. In most cases, the mechanism
of paraprotein interference in colorimetric or turbidimetric assays is their precipitation
when the specimen is treated with the first reagent in acidic or alkaline reaction condi-
tions. Such condition causes turbidity. This occurs especially in methods using sample
blanking, because turbidity causes larger blanking, mostly generating false-negative
results.

Hullin reported a case study, where a 77-year-old man whose plasma samples
had 500 mg/dL of paraprotein (IgMk monoclonal component) ingested 100 tablets
of acetaminophen before 18 h (/9). Serum acetaminophen concentration, using a
commercial enzyme assay kit, was 5.3 mg/dL (toxic >5-20mg/dL, depending on
ingestion time before sampling). But the sample-blanking absorbance (absorbance
measured after the addition of sample to the enzyme reagent, but before adding the
chromogen) was very high (0.145, compared with <0.01 for normal sera). Suspecting
this acetaminophen result, the authors assayed the sample by a high-performance liquid
chromatography (HPLC) method for acetaminophen, the result being 8.6 mg/dL. The
sample showed non-linear dilution in the enzymatic assay. Presence of paraprotein in
the sample was indicated by the formation of flocculent precipitate when a drop of
serum was added to water (the Sia water test) (20).
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4. FALSE RESULTS CAUSED BY SYSTEMS ISSUES

Today most of TDM and DAU assays are performed on automated systems, where
the system pipette probe automatically picks up the required volume of a specimen,
dispenses it into a reaction chamber (cuvette), adds reagents, separates and washes the
bound label (if required), measures the signal, and converts it into reported results.
Unless the system uses disposable pipette tips, the pipette probe is washed between
successive specimens. On the contrary, if the system can do analyses in random
access, the reagent pipette is also washed between two different reagent pipetting
and dispensation procedures. The reaction cuvettes, if not disposable, are also washed
between successive tests. In most cases, such washing is highly effective to prevent
cross contamination of specimens or reagents. Furthermore, most system manufacturers
test their system for such “carryover” and, if necessary, add extra washes or special
washing solutions to prevent carryover. However, one must consider the possibility of
specimen or reagent carryover as a potential source of discordant results on automated
random access systems.

5. HOW TO DETECT AND CORRECT INTERFERENCES

The best way to detect false-positive results caused by the interferents described in
this chapter is to observe the appearance of the discordant sample. At the interferent
concentrations that may cause significant interference, hemolysis, icterus (caused by
increased bilirubin), and turbidity (caused by lipids) are easily detectable visually.
However, in practice the collection tubes have so many labels and barcode stickers
outside, it is often difficult to inspect the specimen within. Many automated analyzers
can measure the degree of hemolysis, icterus and turbidity in the sample, and post alert
in the results. The degree of interference, if any, is noted by an “index.” The index
for lipids is generated mostly by spiking specimens with IntraLipid. For example,
Table Bl presents the representative system flag indices corresponding to the specimen’s
approximate interferent (hemoglobin, bilirubin, and triglyceride) concentrations in an
auto-analyzer.

There have been several reports about the accuracy of such indexes. Sonntag and
Glick (10) found that the Hitachi serum index for hemolysis correlated well with the
hemoglobin concentration. Dahlin found a linear relationship between serum indices
and interferent concentrations: hemoglobin, R = 0.9976 (range 0.0-9.9 g/dL), and
bilirubin, R = 0.9851 (range <1.0-10.6 mg/dL) (21). However, because of the hetero-
genic nature of serum lipids (as described earlier), lipid indexes often do not correlate
with the actual triglyceride levels of the specimen, which is often measured by Fossati’s
method of forming Trinder chromophore from the glycerol that is generated by triglyc-
eride hydrolysis (22). Thus, the lipemic index of an auto-analyzer, which is measured
by blank absorbance at 700nm (scores 1-6 to correspond to Intralipid concentra-
tions of 0-3000 mg/dL) correlated poorly with the triglyceride concentrations in 1115
patients (23).

Sample blanking is a very effective way to minimize interferences from bilirubin,
lipid, and hemoglobin in homogeneous assays. In this method, applicable ideally for
two reagent methods, the sample is treated with the first reagent, followed by signal
measurement—the “sample blank.” Reagent 2 is then added and final signal reading is
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Table 3
System Flags Commonly Used for Bilirubin, Hemoglobin, and Lipid Interference in
Autoanalyzers
Interferent Concentration
Interferent System Flag Index  Common Unit (mg/dL) SI Unit
Bilirubin + 1.7 29 pwmol/L
++ 6.6 113 pmol/L
+++ 16.0 274 pmol/L
+4+++ >30 513 wmol/L
Hemoglobin + 50 0.5g/L
++ 150 1.5g/L
+++ 250 2.5¢g/L
++++ >500 5.0g/L
Lipids (triglyceride, as triolein) + 24 0.27 mmol/L
++ 65 0.73 mmol/L
+++ 280 3.16 mmol/L
++++ >650 7.35 mmol/L

taken. The difference between the two readings is the actual signal arising from analyte
reaction and is converted to equivalent analyte concentration. Thus, when sample
blanking was introduced to the turbidimetric determinations of immunoglobulin A, G,
or M, there was significant improvement in interferences observed (24,25).

Modification of reagents such that assay signal can be generated at wavelengths
farther away from where the interferents absorb (or fluoresce) is another way to reduce
these interferences. An example of this approach is reformulations of triglyceride and
uric acid reagents on an auto-analyzer, which moved the absorbance measurement
wavelength from 520/600 to 660/800 nm (primary/secondary wavelengths) to reduce
interferences (26).

6. REMOVAL OF INTERFERING SUBSTANCES

If the methods described above to correct the interference do not work or cannot
be applied, then interference can be resolved by removing the interferents and
re-assaying the treated specimen. Because bilirubin in plasma is mostly bound to
plasma proteins, wherever possible, free drug measurement or assay with protein-free
ultrafiltrate (e.g., digoxin) can avoid bilirubin interference. An example is the removal
of bilirubin interference in the enzymatic acetaminophen assay as described earlier (8).
Some commercial assays (TDx Digoxin from Abbott Diagnostics, Abbott Park, IL,
USA) routinely use sulfo-salicylic acid precipitation of proteins to make protein-free
specimens, which are then assayed in the analyzer.

Hemoglobin and blood substitutes, however, are soluble and cannot be removed
this way. A report in 1997 described a synthetic solid phase anionic polyelectrolyte,
Hemoglobind®, which, when used with a hemolytic sample could effectively remove
most hemoglobin or hemoglobin derivatives (27). The authors reported the removal of
hemoglobin of 91% at 1000 mg/dL, 86% at 1500 mg/dL, and 84% at 2000 mg/dL of
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hemoglobin. In this simple protocol, 250 wL of the solid agent is added to the 500 wL
of the hemolyzed specimen, centrifuged at 3000 x g for 10 min, and the supernatant is
used for the assay. However, the method could remove only up to 0.6 g/dL. Hemolink.

Because the interfering triglyceride particles, chylomicron and VLDL, have lower
density than the serum, they can be removed by ultra-centrifugation (they remain in
the supernatant and the remaining serum in bottom layers).

7. CONCLUSION

Increased levels of bilirubin, hemoglobin, and lipids interfere in assays through their
spectrophotometric, fluorimetric, or chemiluminescence properties, or through side
reactions. Protein interference can occur in both hypo- or hyper-proteinemia because
of alteration in matrix composition. Such interference occurs mostly in immunoassays.
In addition to watching for interference from these four sources, one must consider
the potential of sample or reagent carryover in probes and cuvettes in the auto-
analyzers. Assay developers undertake steps such as sample blanking to minimize such
interferences. Auto-analyzers may include measurements of icterus, hemolysis, and
turbidity to flag results that may be affected by such interferents. Sample blanking
and robust assay design can be used to minimize these interferences, including matrix
effect arising from protein and other non-specific constituent in the specimen. When
suspected, the interferents may be removed from the specimen by specific agents,
ultrafiltration, or centrifugation, before reanalysis. Alternatively, the specimen may be
analyzed by a different method that is known to be free from such interference.
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Summary

Digoxin is a cardioactive drug with a narrow therapeutic range. Both endogenous and exogenous
compounds interfere with the determination of digoxin in serum by using immunoassays. Endogenous
compounds are termed as digoxin-like immunoreactive substances (DLIS) and elevated DLIS concen-
trations are encountered in volume-expanded patients such as those with uremia, essential hypertension,
liver disease, and preeclampsia. DLIS cross-reacts with anti-digoxin antibodies and may falsely elevate
(positive interference) or falsely lower (negative interference) serum digoxin concentrations, thus causing
problems in interpreting results. Exogenous compounds that interfere with digoxin assays are various
Chinese medicines such as Chan Su, Lu-Shen Wan, and oleander-containing herbal preparations. Therapy
with spironolactone, canrenone, or potassium canrenoate may also interfere with digoxin immunoassays.
However, endogenous DLIS as well as components of various Chinese medicines are strongly protein
bound whereas digoxin is weakly protein bound (25%). Taking advantage of the differences in protein
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binding, interference of both endogenous DLIS and Chinese medicines in serum digoxin measurement can
be mostly eliminated by monitoring digoxin concentrations in the protein-free ultrafiltrates. Monitoring
free digoxin also eliminates spironolactone interference (if used in moderate dosage) in serum digoxin
measurement using immunoassay.

Key Words: Digoxin; DLIS; Chinese medicines; spironolactone; free digoxin.

1. THERAPEUTIC DRUG MONITORING OF DIGOXIN

Digitalis glycosides have been in use in medicine over 200 years. The main pharma-
cological effects include a dose-dependent increase in myocardial contractility and a
negative chronotropic action. Digitalis also increases the refractory period and decreases
impulse velocity in certain myocardial tissue [such as the atrioventricular (AV) node].
The electrophysiological properties of digitalis are reflected in the ECG by short-
ening of the QT interval. Both digoxin and digitoxin have narrow therapeutic index;
thus, therapeutic drug monitoring is essential for achieving optimal efficacy as well
as to avoid toxicity. The therapeutic range of digoxin usually is 0.8-2.0 ng/mL, but
there is a substantial overlap between therapeutic and toxic concentrations. Moreover,
mild-to-moderate renal failure may also significantly increase the risk with digoxin
therapy (/). Digoxin toxicity may occur with a lower digoxin level, if hypokalemia,
hypomagnesemia, or hypothyroidism coexists. Likewise, the concomitant use of drugs
such as quinidine, verapamil, spironolactone, flecainide, and amiodarone can increase
serum digoxin levels and increase the risk of digoxin toxicity. A recent clinical trial
indicated that a beneficial effect of digoxin was observed at serum concentrations
from 0.5 to 0.9 ng/mL whereas serum concentrations at or over 1.2ng/mL appeared
harmful (2).

Although digoxin concentration in serum or plasma can be detected accurately
by sophisticated analytical techniques such as high-performance liquid chromatog-
raphy (HPLC) combined with tandem mass spectrometry, in clinical laboratories
digoxin immunoassays are the preferred method because of automation and rapid
turnaround time. Immunoassays are subjected to interference by endogenous digoxin-
like immunoreactive substances (DLIS) because of structural similarity with digoxin.
Moreover, several Chinese medicines such as Chan Su, Lu-Shen-Wan (LSW),
and oleander-containing herbs may interfere with serum digoxin measurements by
immunoassays because of structural similarity of components of these alternative
medicines with digoxin. Spironolactone and anti-digoxin antibodies used in treating
patients overdosed with digoxin also interfere with digoxin measurement using
immunoassays (3).

2. DISCOVERY OF ENDOGENOUS DLIS

Digoxin is a cardiac glycoside, and after the discovery of endorphins, the endogenous
equivalent of opiates, there was a hypothesis for the presence of an endogenous equiv-
alent of cardiac glycosides. It was further hypothesized that anti-digoxin antibody may
be able to detect the presence of DLIS in body fluids. Gruber et al. (4) first demon-
strated the presence of endogenous DLIS in 1980, in volume-expanded dogs. Then
Craver and Valdes reported an unexpected increase in serum digoxin concentration in
a renal failure patient who was taking digoxin. Apparent serum digoxin level was still
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present after discontinuation of digoxin therapy (5). Balzan et al. (6) also confirmed
the presence of DLIS in human plasma and urine. DLIS were found in various human
body fluids and tissues including cord blood, placenta, amniotic fluid, bile meconium,
cerebrospinal fluid, and saliva (7,8). DLIS cross-react with anti-digoxin antibodies as
well as inhibit Na, K-ATPase.

2.1. Detection of DLIS in Human Body Fluids

DLIS can be detected in serum and other body fluids by using commercial
immunoassays for digoxin, taking advantage of the cross-reactivity of DLIS with
anti-digoxin antibody. Apparent digoxin concentrations as detected by radioim-
munoassay (RIA) digoxin assays had been reported in the 1980s by several inves-
tigators in patients not receiving digoxin (9,7/0). Some of those RIA digoxin assays
were later discontinued because of high interference with DLIS. Early reports also
indicated cross-reactivity of DLIS with the fluorescence polarization immunoassay
(FPIA) marketed by the Abbott Laboratories (Abbott Park, IL) (/7). Many investi-
gators used commercially available digoxin assays for detecting DLIS in body fluid.
However, other approaches have also been reported. Panesar (/2) used bufalin as an
antigen and developed polyclonal antisera for detecting DLIS. Lin et al. developed
a polyclonal antibody-based ouabain enzyme immunoassay for detecting DLIS. The
authors also developed a Fab fragment of the anti-digoxin antibody-based enzyme
immunoassay for this purpose. The authors concluded that a polyclonal antibody-
based ouabain assay was more efficient to detect DLIS in human blood (/3). More
specific high-performance liquid chromatographic techniques using reverse phase
columns had also been used for detecting DLIS in biological fluid (/4,15). However,
these techniques are time consuming and technically more difficult than automated
immunoassays.

2.2. Criteria for DLIS

DLIS can be divided into two groups. One class of DLIS interferes only with digoxin
immunoassays because of their cross-reactivity with anti-digoxin antibody, and the
other class of compounds inhibits or binds with Na, K-ATPase. These compounds may
also cross-react with anti-digoxin antibody. Because of the ability of DLIS to inhibit Na,
K-ATPase, it was hypothesized that DLIS is a natriuretic hormone. Several studies have
been reported where investigators took advantage of digoxin-like immunoreactivity
and Na, K-ATPase-binding ability of DLIS to purify these compounds from intact
cells or isolated receptors. These investigators also studied the biochemical and or
physiochemical parameters of isolated DLIS (16-18).

2.3. DLIS Concentrations: Healthy Individuals versus Disease
2.3.1. HEALTHY INDIVIDUALS

DLIS concentration in sera of subjects not taking any digoxin depends on the
particular immunoassay used. The FPIA marketed by the Abbott Laboratories has
significant cross-reactivity with DLIS. However, even with the FPIA, the concen-
trations of DLIS in healthy individuals are usually below the detection limit of the
instrument (<0.20ng/mL) in most cases. One of the factors that may contribute to
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significant interference of the FPIA with DLIS is the use of a rabbit polyclonal
antibody against digoxin in the assay design of FPIA. Newer digoxin immunoassays,
which utilize a more specific monoclonal antibody against digoxin, are subjected to
significantly less interference with DLIS.

2.3.2. VOLUME EXPANSION

Volume expansion is a major cause of elevated DLIS in blood. Elevated concen-
trations of DLIS have been reported in uremia, essential hypertension, hypertension
of water volume expansion, liver disease, preeclampsia, liver and kidney transplant,
congestive heart failure, premature babies, and other conditions (/9-24).

2.3.3. CRITICALLY ILL PATIENTS

Howarth et al. reported elevated DLIS in plasma of intensive care unit patients.
Although some patients showed either hepatic or renal dysfunction, another 42 patients
who showed elevated DLIS had neither hepatic nor renal dysfunction. The authors used
an FPIA for measuring DLIS. The DLIS concentrations ranged from 0.0 to 1.69 nmol/L
in 16 patients with coexisting hepatic and renal dysfunction, whereas 38 patients with
hepatic dysfunction but normal renal function showed a range of DLIS concentration
of 0.0-0.77 nmol/L. Four patients with renal dysfunction only had DLIS concentrations
between 0.0 and 0.34 nmol/L, and the remaining 42 patients had DLIS concentrations
ranging from 0.0 to 36 nmol/L (25).

Berendes et al. reported that different types of endogenous glycosides are elevated
in significant proportions in critically ill patients. The authors used FPIA for digoxin
and digitoxin for measuring DLIS in patients not treated with cardiac glycosides. Of
the 401 critically ill patients, 343 (85.5%) did not show any measurable concentration
of DLIS but the remaining 58 patients (14.5%) had measurable DLIS. Of these 58
patients, 18 patients showed significant digoxin levels (0.54 + 0.36 ng/mL) and 34
patients showed measurable digitoxin levels (2.28 £ 1.7 ng/mL). Interestingly, mean
endogenous ouabain concentrations were ninefold increased in DLIS-positive patients
and only threefold increases were observed in DLIS-negative patients. The mortality
of DLIS-positive patients was 12% whereas mortality in DLIS-negative patients was
only 3.2% (26).

2.3.4. PEDIATRIC POPULATION

Concentration of DLIS may be significantly increased in cord blood as well as
in sera of neonates. Chicella et al. measured DLIS concentrations in 80 pediatric
patients never exposed to digoxin by using both FPIA and microparticle enzyme
immunoassay (MEIA). Both digoxin assays are marketed by the Abbott Laboratories.
The authors reported that 48% of the specimens showed measurable DLIS using the
MEIA and 79% of the specimens showed measurable DLIS using FPIA, whereas
values obtained by the FPIA were higher than the corresponding values obtained
by the MEIA. The highest apparent digoxin concentration was 0.38ng/mL, and a
poor correlation was noted between patient age, serum creatinine, total bilirubin,
and DLIS concentration (27). Ljiri et al. reported that although DLIS concentrations
were elevated in neonates with jaundice (0.58 + 0.13 ng/mL before phototherapy
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and 0.33 £+ 0.06 ng/mL after phototherapy) compared with that in neonates without
jaundice (0.34 + 0.04 ng/mL), a fluorescent compound related to bilirubin increased
the blank intensity measurement in the FPIA. This compound was not related to
DLIS (28).

Concentrations of DLIS in cord blood may be significantly elevated compared with
that in maternal blood. In one study, the mean DLIS concentration in umbilical cord
plasma was 0.55 ng/mL whereas the average DLIS concentration in maternal plasma
was 0.23 ng/mL (measured using FPIA). Moreover, dehydroepiandrosterone sulfate
in maternal plasma and progesterone in maternal and umbilical cord plasma may be
measured as digoxin by the FPIA (29).

2.4. DLIS Concentrations and Therapeutic Range of Digoxin

The issue of interference of DLIS in serum digoxin measurement depends on
the choice of immunoassay. If the FPIA (Abbott Laboratories) assay is used for
the determination of serum digoxin concentrations, the interference of DLIS may be
significant in volume-expanded patients. Miller et al. (30) reported a DLIS concen-
tration of 0.88 ng/mL in a patient who never took digoxin. A DLIS concentration of
1.15 ng/mL in another patient with liver failure had also been reported (37). Logoglu
et al. used an RIA (double antibody RIA) for detecting DLIS in sera of patients
with normal and preeclamptic pregnancies. The mean DLIS concentration in the
normotensive group (n = 14) was 0.29 ng/mL, whereas the mean was 0.31 ng/mL in
the preeclamptic group (n = 17). The authors concluded that there was no statis-
tical difference between DLIS concentrations in these two groups (32). Doolittle
et al. (33) described a case where a residual level of 1.0ng/mL of digoxin was
observed for 11 days in a patient despite no digoxin being administered. Garbagnati
measured DLIS concentrations in children (age: 5-16 years) using a FPIA digoxin
assay. The authors observed measurable DLIS concentrations in 50% of the children
(range 0.03-0.35ng/mL) (34).

Lusic et al. reported comparable plasma and cerebrospinal fluid levels (CSF) of
DLIS in 40 patients diagnosed with aneurysmal subarachnoid hemorrhage. On the first
day, DLIS concentrations were detected in sera of 34 patients (range: 0-0.86 ng/mL,)
and CSF of 32 patients (range: 0-1.01 ng/mL). On the seventh day post hemorrhage,
DLIS were present in plasma of 37 patients (range: 0-1.52ng/mL) and in CSF of
38 patients (range: 0-1.67 ng/mL). The authors used an FPIA (Digoxin II, Abbott
Laboratories) for their study (35).

2.5. Decreased DLIS in Bipolar Disease

Although most reports in literature described increased DLIS concentration, Grider
et al. reported decreased concentrations of DLIS in patients with manic bipolar
disorder compared with that in normal controls. The authors used an RIA for
measuring DLIS concentrations. The mean DLIS concentration in the control group was
296.6 pg/mL whereas the mean DLIS concentration in the bipolar disorder group was
143.6 pg/mL (36). Conditions that cause abnormality or change in DLIS concentrations
are summarized in Table [
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Table 1
Conditions that Cause Abnormality or Change in Digoxin-Like Immunoreactive Substances

(DLIS)

Disease Method for Measurement

Essential hypertension 1 RIA, Ouabain binding

Hypertension/volume expansion 1 Rubidium uptake

Uremic syndrome 4 RIA, FPIA, ACA"

Liver disease, liver failure 1 EMIT, FPIA

Transplant recipients 1 FPIA, RIA, ACA

Premature babies/new born 1 FPIA

Pregnancy and preeclampsia 1 RIA, FPIA, Na, K-ATP inhibition

Congestive heart failure 1 FPIA

Hypertrophic cardiomyopathy 1 FPIA

Myocardial infarction 1 FIA, mass spectrometry

Intensive care unit patients 1 FPIA

Diabetes 1 FPIA

Mucocutaneous lymph node syndrome 1 RIA

Aneurysmal subarachnoid hemorrhage 1 FPIA

Postmortem blood 1 FPIA

Bipolar disorder (decreased DLIS) |, RIA

RIA, radioimmunoassay; FPIA, fluorescence polarization immunoassay; ACA, affinity-mediated
immunoassay; FIA, fluoroimmunoassay.

3. POSITIVE AND NEGATIVE INTERFERENCE OF DLIS IN SERUM
DIGOXIN MEASUREMENT: IMPACT ON TDM OF DIGOXIN

Positive interference of DLIS in the FPIA digoxin assay (Abbott Laboratories) is
very well documented in literature. Many investigators used this assay to measure
DLIS levels in various patients not receiving digoxin. Avendano et al. reported 89%
false-positive digoxin values in blood drawn from peripheral veins of neonates and a
striking 100% false-positive digoxin levels in the corresponding cord blood when FPIA
(Digoxin II) was used for the measurement. The authors also observed 60% false-
positive values in patients with severe hepatic disease and concluded that digoxin levels
must be interpreted very carefully in these patients (37). Frisolone et al. studied apparent
serum digoxin levels in patients with liver disease using FPIA (Digoxin II, TDx
analyzer), RIA (Gamma goat I 125), and a fluorometric assay (Stratus, Dade). These
patients did not receive digoxin or spironolactone. The authors observed measurable
apparent digoxin concentrations in 57% of the patients using the RIA (range: 0.2—
0.6 ng/mL), 55% in patients using the FPIA (range: 0.2-1.56 ng/mL), and only 28%
patients with the fluorometric assay (range: 0.2-0.38 ng/mL) and concluded that FPIA
and RIA digoxin assays were more susceptible to DLIS interference (/0). Datta et al.
studied potential interference of DLIS with different digoxin assays and concluded
that chemiluminescent assay (CLIA on ACS:180 analyzer, Bayer Diagnostics) and the
fluoroimmunoassay (Stratus, Baxter Corporation) showed almost no interference from
DLIS compared with an RIA (Magic, Ciba-Corning) (38).
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Miller et al. studied analytical performance of the CLIA digoxin assay on the
ACS:180 analyzer (Ciba-Corning currently marketed by Bayer Diagnostics) by
comparing this assay with the FPIA (Digoxin II), Stratus II digoxin assay, and an RTA
digoxin assay (Magic RTA, Ciba-Corning). The authors detected no DLIS in sera using
CLIA, but measurable concentrations of DLIS were observed with the FPIA, Stratus
II digoxin assay, and the RIA method. The authors also compared digoxin levels in
121 sera from 49 patients and observed comparable values with all digoxin assays.
However, 11 patients showed discrepant digoxin values (>2S, , from the regression
line). These patients had renal disease or hepatic disease. The discrepant digoxin
values were always lower with the CLIA compared with other digoxin assays. The
authors concluded that the CLIA digoxin assay on the ACS:180 analyzer had improved
specificity for digoxin (30).

Way et al. evaluated Vitros digoxin assay (Johnson and Johnson) for interference
from DLIS. The Vitros digoxin assay is an enzymatic heterogeneous competitive
immunoassay that uses dry slide technology. The authors compared this assay with
the Online digoxin assay (Roche), which is a homogenous microparticle immunoassay
based on the aggregation of digoxin-coated microparticles in the presence of anti-
digoxin antibody. Digoxin in the specimen partly inhibits aggregation, and thus, the
rate of aggregation (as measured by light scattering) is inversely proportional to digoxin
concentration. The authors also used an MEIA (Abbott Laboratories) that utilizes
digoxin—alkaline phosphatase conjugate and 4-methyllumbelliferyl as a substrate. The
authors compared three digoxin assays using 26 adult patients receiving digoxin and
observed mean digoxin concentrations of 1.30 £ 0.69 ng/mL (SD) by Roche assay, 1.34
4 0.58 ng/mL by the Abbott assay, and 1.46 + 0.68 ng/mL by the Vitros digoxin assay.
To study the potential interference of DLIS (suspected cause of such discrepancy) in
these assays, the authors added known amounts of digoxin to serum samples prepared
from newborns (high DLIS) and adults (no DLIS). The samples from newborns showed
a mean digoxin level of 0.41 ng/mL by the Roche method and 0.7 ng/mL by the Vitros.
The specimens from adults showed a mean value of 0.7 ng/mL by the Roche method
and 0.8 ng/mL by the Vitros. The authors concluded that the positive bias in the Vitros
assay compared with Roche OnLine assay was probably because of DLIS (39).

Bonagura et al. (40) reported high specificity of the Roche OnLine assay for digoxin,
which had no cross-reactivity with DLIS and negligible cross-reactivity with noncar-
dioactive metabolites of digoxin. Marzullo et al. (4/) reported that the EMIT 2000
digoxin immunoassay and the Roche OnLine digoxin immunoassay were least affected
by DLIS compared with other digoxin assays. Saccoia et al. also confirmed improved
specificity of the EMIT 2000 digoxin assay and very low cross-reactivity from DLIS
compared with the FPIA digoxin assay and concluded that the EMIT 2000 had adequate
specificity, sensitivity, precision, and accuracy for routine monitoring of digoxin in
clinical laboratories (42). More recently marketed digoxin immunoassays such as a
turbidimetric assay on ADVIA 1650 analyzer and an enzyme-linked immunosorbent
digoxin assay on the ADVIA IMS 800 I system (both marketed by Bayer diagnostics)
are virtually free from DLIS interference (43,44). This may be related to the use of
specific monoclonal antibodies targeted against digoxin in this new assay compared
with rabbit polyclonal antibody targeted against digoxin in the FPIA.
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Although most investigators reported positive interference of DLIS with serum
digoxin measurement, negative interference (falsely lower digoxin values) of DLIS
in the MEIA for digoxin has been reported (45). This may result in digoxin toxicity
because a clinician may increase a digoxin dose based on a falsely low digoxin
concentration because of elevated DLIS (46).

3.1. Elimination of DLIS Interference in Digoxin
Immunoassay by Ultrafiltration

Although several monoclonal antibody-based digoxin immunoassays are virtually
free from DLIS interference, ultrafiltration technique can be used to completely
eliminate DLIS interference in serum digoxin measurement by immunoassays.
Valdes and Graves (47) reported strong serum protein binding of DLIS. Therefore,
DLIS is usually absent in the protein-free ultrafiltrate. Taking advantage of
high protein binding of DLIS and poor protein binding of digoxin (25%), both
positive and negative interference of DLIS in serum digoxin measurement, can
be completely eliminated by measuring digoxin concentration in the protein-free
ultrafiltrate (48,49). Protein-free ultrafiltrate of digoxin can be easily prepared
by centrifuging the specimen at 1500-2000 xg in a Centrifree Micropar-
tition System (Ultrafiltration device, Amicon, distributed by Millipore Corpo-
ration; Molecular weight cutoff 30,000 Da) for 20-30 min at room temperature.
Digoxin is only 25% protein bound and approximately 75% of digoxin is found
in the ultrafiltrate. Immunoassay kits used for monitoring total digoxin concen-
tration have adequate sensitivity to measure free digoxin concentration in the
protein-free ultrafiltrate. It is also possible to calculate true total digoxin concen-
tration and the extent of DLIS interference in digoxin measurement by measuring
albumin, total and free digoxin concentrations, and then using mathematical
equations (50).

4. IS DLIS A NATRIURETIC HORMONE?

Serum DLIS concentrations are elevated in volume-expanded patients. DLIS can also
inhibit Na, K-ATPase. In addition, it has been associated with natriuresis, thus raising
the possibility that DLIS play a role in water and sodium homeostasis. Garbagnati
demonstrated that children with elevated concentrations of DLIS showed significantly
lower natremia, higher urinary and fractional excretion of sodium, and increased
systolic blood pressure compared with children with no measurable DLIS concen-
tration (34). Ebara et al. (5/) prepared DLIS from cord blood of healthy full-term
infants by acetone/hydrochloric acid extraction followed by purification with a gel-
filtration column and demonstrated natriuretic activity of DLIS in a rat model. Goodline
reported a case where the blood pressure of a pregnant woman with preeclampsia was
reduced significantly after intravenous treatment with the Fab fragment of anti-digoxin
antibody. This was probably because of binding of free DLIS with Fab (52). However,
there are other reports in the literature that dispute the link between elevated DLIS and
natriuresis. Scott et al. (53) did not find any difference in circulating levels of DLIS
in normotensive and hypertensive rabbits despite marked alteration in dietary sodium
intake. Trachtman et al. (54) concluded that a rise in DLIS concentration does not lead
to an increase in blood pressure.
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4.1. Structure of DLIS

Instead of being a single compound, DLIS may be a class of compounds. Several
investigators identified nonesterified fatty acids, phospholipids, and lysophospholipids
as DLIS (55,56). When the first anti-digoxin antibody was introduced, it was recog-
nized that most steroids cross-react to some extent with these antibodies. Several
investigators reported progesterone, 17-OH progesterone, cortisol, and glycodihydroxy
and glycotrihydroxy bile salts as DLIS (57). Shaikh et al. (58) reported that DLIS
has a molecular weight of 780 Da comprising one 390-Da aglycone and several sugar
moieties. De Angelis et al. (59) characterized DLIS as a single peak by HPLC from
human serum with similar retention time as digoxin and concluded that the structure of
DLIS was similar to digoxin. Qazzaz et al. reported that subtle structural differences
exist between DLIS and digoxin at or near the lactone ring as well as in the nature of
sugar. Moreover, deglycosylated congeners of DLIS also exist in human serum (60).
Bagrov et al. (6/) characterized DLIS as marinobufagenin with a molecular weight
of 400 Da. Qazzaz et al. (62) also reported de novo biosynthesis of digoxin-like
immunoreactive factors.

5. EFFECT OF FAB FRAGMENT OF ANTIDIGOXIN ANTIBODY
ON DIGOXIN IMMUNOASSAYS

The Fab fragment of antidigoxin antibody is commercially available as Digibind
and DigiFab. Digibind has been available in the USA since 1986 (Glaxo Wellcome
Inc.), and more recently in 2001, the Food and Drug Administration of the USA
approved DigiFab for treating potentially life-threatening digoxin toxicity or overdose.
Digibind is produced by immunizing sheep with digoxin followed by the purification
of the Fab fragment from blood, whereas DigiFab is prepared by injecting sheep
with digoxindicarboxymethylamine followed by purification of fab fragment. The
molecular weight of DigiFab (46,000 Da) is similar to that of Digibind (46,200 Da).
The approximate dose of Fab fragment is 80 times the digoxin body burden (in mg),
or if neither the dose ingested nor the plasma digoxin concentration is known, then
380 mg of Fab fragment should be given. The half-life of the Fab fragment in humans
is 12-20h, but this may be prolonged in patients with renal failure (63). The Fab
fragment is also effective in treating digitoxin overdose.

The concentration of digoxin in myocardium is substantially higher than the corre-
sponding digoxin concentration in serum. The Fab binds free digoxin in serum because
of its high affinity for digoxin and effectively removes pharmacologically active free
digoxin from serum. Therefore, the equilibrium between free and bound digoxin in
serum is disturbed and digoxin bound to myocardium is released back in serum and
subsequently binds with the Fab fragments. In this process, toxicity because of digoxin
can be reversed.

The Fab fragment is known to interfere with serum digoxin measurements using
immunoassays, and the magnitude of interference depends on the assay design and the
specificity of the antibody used. The MEIA of digoxin (on the AXSYM analyzer) as
well as the Stratus digoxin assay show digoxin values that are higher than measured
free digoxin concentration in the presence of Fab fragment (64). McMillin et al. studied
the effect of Digibind and DigiFab on 13 different digoxin immunoassays. Positive
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interference in the presence and absence of digoxin was observed with Digibind and
DigiFab, although the magnitude of interference was somewhat less with DigiFab. The
magnitude of interference varied significantly with each method whereas IMMULITE,
Vitros, Dimension, and Access digoxin methods showed highest interference. The
magnitudes of interference were in the order of Elecsys, TinaQuant, Integra, EMIT,
and Centaur methods whereas minimal interferences were observed with FPIA, MEIA,
Synchron, and CEDIA methods (65).

5.1. Elimination of Fab Interference by Ultrafiltration

The molecular weight of the Fab fragment (46,000 or 46,200 Da) is much higher than
the cutoff of the Amicon Centrifree filters (30,000) used in the preparation of protein-
free ultrafiltrate for measuring free digoxin concentrations. Therefore, Fab fragment is
absent in the protein-free ultrafiltrate, and monitoring free digoxin concentration is not
subjected to the interference by the Fab fragment. Jortani et al. reported that analysis
of serum ultrafiltrate for digoxin concentration remains the most accurate approach
in monitoring unbound digo