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Recent technological advances allow determination of anticon-
vulsant blood levels. Consequently, the principles of pharmacoki-
netics can be applied in managing patients with seizures. We review
these principles as well as those of therapeutic drug monitoring
for the control of antiepileptic drug levels.
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Index terms:

Therapeutic drug monitoring (TDM) is a multidiscipli-
nary endeavor encompassing specialities such as clinical
pharmacology, clinical pathology, clinical chemistry, toxi-
cology, analytical chemistry, and medicine. Interdiscipli-
nary scientific communication, however, has been subop-
timal since journals tend to be narrowly discipline-oriented
rather than subject-oriented. Yet workers now require
broad-based knowledge from a wide variety of disciplines
in order to optimize patient care.

Both clinicians and pharmacologists have attempted to
determine why a fixed drug dosage is therapeutically effec-
tive in some individuals but not in others. For years,
appropriate dosage regimens were established empirically,
but modern analytic techniques have provided an alterna-
tive. Correlation of serum or plasma drug concentrations
and, by inference, tissue concentrations with the observed
clinical effect of a given agent has provided new therapeutic
insights. Historically, measurement of serum concentra-
tions was a function of the clinical pharmacology labora-
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tory, but increasing demand for such measure-
ments on a routine basis has exceeded the capac-
ity of many research laboratories; consequently,
drug analysis is performed routinely in clinical
chemistry laboratories. Increased demand for
this procedure has elevated TDM into a new
scientific discipline.

New analytical techniques are beginning to
clarify the interrelationships between drug dose
and pharmacological effect. The desired phar-
macological effect of many drugs is achieved only
after a specific plasma concentration is attained,
and there is usually an optimal plasma concentra-
tion range for successful drug therapy. Above
this range, patients may experience undesirable
side effects. Below this range, patients may not
gain relief from the disease or symptom. Rapid
advances in clinical pharmacology during the past
decade are directly attributable to TDM, which,
in turn, depends upon rapid advancement in the
technology for measuring drug compounds.'™

Therapeutic drug monitoring has been associ-
ated with clinical laboratory medicine since 1927
when Wuth demonstrated the value of monitor-
ing serum bromide concentrations to differen-
tiate bromide-induced psychotic behavior from
psychotic behavior attributable to organic causes.
During World War II, the search for anti-malar-
ial compounds resulted in improved analytic in-
strumentation, improved techniques for drug
quantitation, and new insights into the relation-
ship between drug concentration and therapeutic
effectiveness. The first studies correlating plasma
drug concentrations with therapeutic efficacy
were published in the late 1950s and early 1960s.

Therapeutic drug monitoring did not become
widespread until the late 1960s. Gas-liquid chro-
matography (GLC) provided a method of rapidly
separating and quantitating individual drugs
within a given class. By the early 1970s GLC
analysis of various therapeutically monitored
agents was routine in many clinical chemistry
laboratories. A major disadvantage of GLC had
been the complexity of the instrumentation,
which necessitated a highly trained and skilled
analyst. The development of the nitrogen-phos-
phorus detector and capillary GLC (gas-liquid
chromatography) columns has increased the sen-
sitivity of the instruments so much that drug
analyses can be performed routinely on micro-
volumes of plasma.’

Making TDM available to all laboratories and
physicians required simple technology that could
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be performed by a technician without special
training. Consequently, the homogeneous en-
zyme immunoassay system (EMIT), which can
perform assays on less than 40 pL of serum, was
developed. The major advantages of this system
are its microcapability and accuracy and the rap-
idity and ease of operation of the assays. More
recently, substrate-labeled fluorescent immu-
noassays (SLFIA) and fluorescence polarization
immunoassays (FPI) for the r2_17p1d quantitation of
drugs have become available.

The development of radioimmunoassay (RIA)
techniques also permitted quantitation of drug
concentrations in micro-volumes of serum. Un-
fortunately, the complexity of the technique and
the unavailability of radioimmunoassays for a
wide variety of drugs prevented its use for rou-
tine drug monitoring.

Many drugs must be therapeutically monitored
for which antibodies are not available. High pres-
sure liquid chromatography (HPLC) is the most
promising and practical method of monitoring
these agents. In the last decade, the development
of HPLC has provided laboratories with a system,
which like the homogeneous enzyme immunoas-
say system, is capable of processing microsamples
(100 L), is rapid and specific, and uses instru-
mentation that can be operated without special
training. In addition, HPLC can be adapted to
simultaneously quantitate a large variety of drugs
and their active metabolites. This technique per-
mits simultaneous drug analysis and is a valuable
tool for establishing correlations between drug
and drug metabolite concentrations in biological
fluids.”®

Therapeutic drug monitoring, however, is not
a panacea for all problems associated with drug
therapy. Specific clinical criteria for monitoring
drug concentrations are presented in Table I.
Therapeutic drug monitoring is most applicable
when the drug in question has a narrow thera-
peutic range, is used continuously, has potentially
toxic side effects if overdosed, and has minimal
therapeutic effects if underdosed. Both clinical
and molecular studies of the pharmacologic pro-
files of a wide variety of drugs have demonstrated
that a much better correlation exists between the
observed clinical effects of a drug and its plasma
concentration than between the clinical effect
and total daily drug dosage. With this in mind,
TDM can be used for the following purposes:

To recognize non-compliance. Many patients, es-
pecially those with chronic disease requiring pro-
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longed therapy, tend not to take their medica-
tions as prescribed. Moreover, patients with a
chronic disease that does not continually cause
pain or other unusual discomfort (e.g., the epi-
lepsies, asthma, or hypertension) may easily ne-
glect their medicine. Such non-compliance even-
tually exacerbates the disorder. Studies'® dem-
onstrate that patient non-compliance is a major
reason for treatment failure.

To compensate for individual variations in drug
utilization patterns. If plasma concentrations fol-
lowing a specific dosage are analyzed in a large
patient population, the distribution of drug levels
at steady state will be gaussian. Most patients will
have levels within the range expected from a
dosage based on body weight, but those who are
genetically either “fast” or “slow” drug metabol-
1zers will have levels at the extreme ends of the
curve. Fast drug metabolizers require signifi-
cantly higher doses to achieve the same plasma
concentrations and desired therapeutic effect.
Slow drug metabolizers experience side effects
from standard therapeutic doses of the drugs;
therefore, optimal drug levels can be attained
with dosages well below the standard regi-
men. 1-5,9,10

To compensate for altered drug utilization associated
with various disease states. Patients on long-term
drug therapy may become acutely ill and need
additional therapeutic agents. Drug interactions
may then cause these patients to respond unex-
pectedly to a fixed dosage of medication. Acute
or chronic uremia can dramatically decrease
elimination of a drug primarily dependent on
urinary excretion, and renal failure can alter the
binding of many drugs to albumin. In both situ-
ations, the ratio of free drug to total drug may
increase to the point where free drug concentra-
tions are high enough to produce a clinically
evident drug response although the total serum
drug concentrations are often below the optimal
therapeutic range. Moreover, free drug levels
can rise into the toxic range, whereas total drug
concentrations remain within or even below the
usual ranges.' %1

Hepatic disease can extensively alter a given
therapeutic response by impairing a patient’s abil-
ity to metabolize drugs. Most drugs depend on
liver detoxification for conversion to water-solu-
ble products, which are easily eliminated from
the body. Thus, a precipitous rise in parent drug
concentrations can occur as the drug (which nor-
mally would have been metabolized by the liver
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Table 1. Indications for monitoring plasma drug

levels

1. The drug has a narrow, well-defined therapeutic range.

2. Noncompliance is suspected.

3. Desired therapeutic effect is not achieved, or symptoms of
toxicity are observed.

4. Large intra-individual variations occur in drug utilization or
metabolism.

5. Drug utilization is altered as a consequence of secondary disease

or changing physiological state.

. Drug interaction is suspected.

. Medico-legal verification of treatment is needed.

8. Plasma concentrations associated with optimal response must be
defined.

-~

and then eliminated from the system) accumu-
lates.

To adjust therapeutic drug regimens to compensate
for changing physiologic states. Normal alterations
in physiologic state also change drug utilization
patterns. Therapeutic drug monitoring is crucial
to successful adjustment of dosage regimens in
pregnancy, puberty, and old age.

Recent studies have shown that decreased drug
absorption during pregnancy is associated with a
decrease in serum phenytoin concentration and
exacerbation of seizures in epileptic gravidas.
The use of TDM from the onset of pregnancy,
with appropriate dosage regulation to maintain
therapeutic drug concentrations, significantly de-
creases the number of seizures, thus decreasing
potential harm to the fetus.'' 19

Normal maturation involves many physiologic
changes that can dramatically alter drug utiliza-
tion. Although the rate of drug disposition in
children is increased, the optimal drug concen-
tration necessary to produce the desired thera-
peutic response is similar to that observed in
adults. Therefore, because of faster drug clear-
ance in children, larger doses (in mg/kg) must be
prescribed to achieve and maintain optimal drug
concentrations. Complex changes in drug utili-
zation patterns occur in the weeks following
birth. Older children require almost twice as
much drug per body-weight as an adult to achieve
the same therapeutic concentration. By early pu-
bescence, however, the conversion to adult pat-
terns is complete. These changes usually occur
between the ages of 10 and 13, appearing earlier
in girls than in boys. Therefore, medication given
over long time periods must be administered
carefully; blood level determinations must be fre-
quent. Failure to adjust the child’s therapeutic
regimen to compensate for the associated physi-
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ologlc changes may culminate in drug toxic-
1

As maturation continues and normal physio-
logic functions decline, so does the ability to bind
drugs to plasma protein. Geriatric patients often
exhibit reduced rates of drug -elimination,
thereby requiring reduced drug dosages. Geri-
atric patients may have total drug plasma concen-
trations within the optimal therapeutic range, but
elevated free drug concentrations capable of pro-
ducing adverse side effects. Clinical signs of drug
intoxication in the elderly often present as leth-
argy and confusion, and TDM provides a means
of distinguishing drug-mduced confusion from
organic deterioration.”''""?

To identify baseline concentrations associated with
optimal therapeutic regimen. After a patient has
undergone a strenuous work-up and an appro-
priate therapeutic regimen has been defined, the
physician can establish a baseline drug concentra-
tion at which the patient responds well. Should
the patient return in the future with uncontrolled
symptoms, the physician can rapidly determine
whether he has been compliant or whether a
different disease state has altered the pharmaco-
logic response to the drug.

Numerous factors, including individual differ-
ences in drug metabolism and excretion, age,
sex, patient compliance, disease, and drug inter-
actions (particularly during multiple drug ther-
apy), regulate the disposition pattern of a drug
within the patient. The disposition pattern, in
turn, regulates the plasma concentration and thus
the amount of drug available to interact with a
receptor. The therapeutic response observed in
the patient depends on all these processes, and is
directly related to the drug concentration in that
patient. Interactions between all factors influenc-
ing drug disposition account for the broad inter-
patient variability in plasma concentrations fol-
lowing either single or multiple drug dosages.
Individual response to a given drug dosage re-
mains constant, however, because the factors
which alter drug utilization within the individual
are relatively fixed.

Generally, interindividual variations in re-
sponse, as demonstrated by the clinical response
of a large population to a fixed drug dosage,
reflect the relationship between total daily dose
and plasma concentration rather than the rela-
tionship between plasma concentration and in-
tensity of response. In other words, the probabil-
ity of achieving a given plasma concentration
from a given drug dose is much less than the
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probability of obtaining a specific biological ef-
fect from a given plasma concentration. Conse-
quently, fixed dosages produce marked thera-
peutic response variations within a population.
When a standard drug dosage is prescribed for a
large patient population, the desired therapeutic
effect will be achieved in some patients, no ther-
apeutic effect will occur in others (usually asso-
ciated with low plasma levels), and toxicity (usu-
ally associated with elevated ylasma levels) will be
evident in still others.!~>11"!

Pharmacodynamics: site and mechanism of
drug action

The biological effect achieved following a
given drug dose is a direct consequence of the
formation of reversible bonds between the drug
and the tissue receptors controlling a particular
response. For most drugs, the intensity and du-
ration of a given pharmacological effect are pro-
portional to drug concentration at the receptor
site.*'* The exact mechanism of receptor inter-
actions, however, remains unclear. A drug can
only produce the desired biological effect when
it reaches and interacts with the receptors regu-
lating a specific reponse. In addition, disease, age,
sex, compliance, drug interactions, and individ-
ual differences in drug metabolism and excretion
contribute to different responses amongst the
patient population. Figure I depicts factors which
can alter drug concentration at a given receptor
site. Titration of drug doses via TDM is the most
precise method for achieving therapeutic plasma
concentrations, thereby indirectly influencing
concentration at receptor sites (see below) and
reducing intra-individual variations in response.

Any drug may increase, decrease, or return to
normal the physiologic function of tissues, or-
gans, or physiologic systems. The biological effect
following administration of a drug is the result
of a drug-induced change involving some physi-
ologic or biochemical process. Such effects can
only be measured and expressed by the alteration
of a specific function or process. A drug’s phar-
macodynamic activity may return a function or
physiologic process from an abnormal to a nor-
mal level of activity, or it may prevent deviation
from the normal physiologic state.

The intensity of a pharmacologic effect for
most drugs tends to be proportional to the drug
present in extracellular fluid, which can enter
tissues and interact with specific receptors to elicit
a biological effect. For example, antiepileptic
drugs are thought to prevent seizures by binding
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Fig. 1.

to neural membranes or by altering neurotrans-
mitter release. Alteration of these functions is
thought to reduce or limit the spread of excessive
electrical activity responsible for precipitating a
clinical seizure.

After absorption, a drug is distributed between
the plasma and various tissue compartments (Fig.
I). Since many drugs are partially bound to
plasma proteins, an equilibrium exists between
the concentration of protein-bound drug and the
free drug concentration in plasma water. The
drug concentration in plasma water is in equilib-
rium with that of extracellular water. Only free
drug can cross the various lipoprotein mem-
branes that surround the receptor sites. Receptor

Factors altering drug concentration ultimately achieved and maintained at a given receptor site.

site drug concentrations cannot be directly mon-
itored in vivo, but total plasma drug concentra-
tions reflect the equilibrium between tissue, ex-
tracellular fluid, and plasma water drug concen-
trations, whereas plasma free drug levels reflect
levels in the extracellular space. The latter, as-
sessed in the TDM laboratory by measuring the
free drug concentration, is thus an indirect meas-
ure of drug concentration at the site of action, that
is, the location where a given drug initiates the
events culminating in a specific biological effect.
Such an effect may be elicited by direct drug
interaction with a receptor that controls a specific
function or by alteration of the physiologic pro-
cess that regulates that function.
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The mechanism of action of a drug refers to the
actual biochemical or physical process that initi-
ates a biological response at a specific site. This
process is dependent upon the chemical interac-
tion of the drugs with a functionally viable com-
ponent of some physiologic system. The exact
molecular mechanism remains obscure, but drugs
are thought to bind with intracellular macro-
molecular receptors by ionic and hydrogen bonds
and van der Waals forces. Such a reversible com-
bination forms a drug-receptor complex of suf-
ficient stability to alter the physiologic response
of the target system, consequentlgl Eroducmg the
observed pharmacologic effect.*"!

Pharmacokinetics

Anyone using routine TDM must remember
that the plasma concentration achieved and main-
tained after administration of a fixed drug dosage
is a direct consequence of the interactions of a
wide variety of interrelated processes (Fig. I),
including drug absorption, distribution, metabo-
lism, excretion, and the physiologic status of the
patient. The study of these interrelationships
forms the basis of pharmacokinetics.

Pharmacokinetics is the study of the time-
course of drug and metabolite levels in various
fluids, tissues, and excreta of the body. Pharma-
cokinetics employs mathematical models to pre-
dict the distribution and excretion patterns of
drugs, usually at steady-state concentrations, in
response to a given dosage regimen. The theo-
retical limitations of the models must be recog-
nized, however, when using clinical pharmacoki-
netics to treat a patient on a specific drug regi-
men. For example, many models do not take into
account multiple-drug therapy or the clinical sta-
tus of the patient. Interactions between drugs can
alter the kinetics of each and affect plasma drug
concentrations as well. Therefore, unless specific
clinical data are available for a given patient,
these models should serve only as a general guide-
line.*

Techniques for monitoring drug levels in bio-
logical fluids allow correlation of a given mg/kg
dosage of drug with the observed plasma concen-
tration and clinical response in large patient pop-
ulations. The fundamental assumption of these
studies is that the patient is at steady state, i.e.,
the intake of a drug has been constant over a
period of time, and drug elimination, as reflected
in rates of drug metabolism and excretion, is also
constant. In a number of computer programs,
plasma concentration data with respect to time
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are used to calculate the drug dosage necessary
to achieve a given plasma drug concentration in
a specific patient. Unfortunately, these programs
and the information derived from them are not
yet widely available to clinical chemistry labora-
tories or practicing clinicians.

Clinical application of these programs does not
requlre a detailed knowledge of pharmacoki-
netics.? However, knowledge of the terminology
and fundamental principles is essential:

First-order kinetics: A process associated with
drug utilization (clearance) exhibits first-order
kinetics when there is a linear relationship be-
tween plasma drug concentration and total daily
dose (mg/kg). Figure 2, curve A shows that an
increase in drug dose would be expected to result
in a proportionate increase in plasma drug con-
centration.

Zero-order kinetics:  'When the rate of a process
is independent of concentration, it is said to fol-
low zero-order kinetics. Zero-order kinetics be-
comes apparent when enzyme or transport mech-
anisms become saturated. Although plotting of
drug plasma concentration versus total daily dose
(mg/kg) initially yields an apparently straight line
indicative of first-order kinetics, a sharp upward
curve is seen as the saturation point is reached.
Changes in the rates of drug clearance beyond
the saturation point, as represented by the dis-
proportionate increase in plasma drug concentra-
tion after a given dosage increment, are the hall-
mark of zero-order kinetics (Fig. 2, curve B).

Fortunately, in clinical practice, only a few
drugs exhibit zero-order kinetics. For most
drugs, plasma concentrations achieved at thera-
peutic dosages are low relative to the concentra-
tion necessary to saturate the particular system
involved. Therefore, first-order kinetics 1s ob-
served throughout the therapeutic range. There
are notable exceptions to this rule, however, since
both phenytoin and aspirin exhibit saturation
kinetics near the upper limits of the therapeutic
range. For any drug that exhibits zero-order
kinetics, a very small dosage increment may result
in a clinically significant elevation of plasma con-
centrations. Even though the initial dose-re-
sponse curve may appear linear in drugs with
zero-order kinetics, drug clearance is altered
throughout the dosage range and at all plasma
concentrations and does not parallel the kinetics
observed in a first-order relationship.

Drug half-life:  Drug half-life, also referred to
as the elimination half-time ¢y, is the time re-
quired for elimination of half the concentration
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Drug Dose mg/kg
Fig. 2. Dose-response curves. A, first-order kinetics (linear), and B, zero-order

kinetics (non-linear or saturation).

of a drug present in the system, provided no
additional drug is administered. For example, if
the concentration of phenytoin (¢, = 24 hr) were
20 pg/mL, the time required to clear the drug
to a concentration of 10 ug/mL would be 24
hours, provided no additional doses of the drug

Drug Serum Concentration — (ug/ml)

Time to Peak
Concentration

had been given. Drug half-life reflects the indi-
vidual rates of the various processes regulating
drug clearance. Rates of drug metabolism and
excretion are the primary determinants of drug
half-life in any patient (Fig. 3).

Fate of a single drug dose: ~ After administration

Maximum Serum Drug Concentration

10 4
/ Peak of Serum Concentration
9 /

Half-Life

T T T

o 1 2 3

T T T T T T

S 6 7 8 9 10

Time After Drug Administration — Hours

Fig. 3. Dose-response curve after oral administration of a single dose of
hypothetical drug. (Abstracted by permission of the New England Journal of

Medicine, 1974; 291:234)
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of a single drug dose, a peak plasma concentra-
tion is reached when the absorption phase is
almost complete. The plasma concentration then
begins to decline, even as the drug continues to
be absorbed. The rate of decline in plasma con-
centration is dependent upon the rates of absorp-
tion, metabolism, and excretion of the drug.
Once the absorption phase is complete, the rate
of decline in plasma concentration is a reflection
of the clearance (elimination) rate, which is the
sum of the rates of excretion and metabolism of
the drug. After the absorption phase, the half-
life can be determined by measuring the decline
in plasma concentration over fixed time intervals
(Fig. 3).

Steady State: 'When long-term oral therapy is
initiated, the drug will continue to accumulate
within the body until the rate of clearance, which
comprises all tissue distribution, metabolic, and
excretion processes involved in drug disposition,
equals the rate of administration. When an equi-
librium between drug clearance and intake is
achieved, the system is said to be at a steady state,
i.e., the amount of drug ingested over a 24-hour
period is equal to the amount of drug eliminated
in the same period. Over time, body and plasma
drug concentrations will increase exponentially
until they reach a steady state or plateau. Seven
half-lives of drug administration are required
before true steady state concentration is achieved
and stabilized. Steady state processes are, how-
ever, 97% complete within five half-lives, and, as
a practical rule, five to six times the half-life of
any drug is required to achieve a steady state.
For example, phenytoin, which has a half-life of
24 hours, requires a period of 24 X 5.5 or 132
hours (five to six days) to achieve a steady state.
In contrast, drugs such as primidone or val-
proate, which usually have a half-life of six to
eight hours, require only 33-44 hours to reach a
steady state.

The same principles which govern the gradual
accumulation of a drug to a steady state also
apply when drug therapy is discontinued. For
instance, if plasma phenytoin is at a steady state
concentration, and drug administration is
stopped, a period of five to six days, or five to six
half-lives, will elapse before the drug is com-
pletely eliminated. Thus drugs with prolonged
half-lives can still be detected in plasma for three
to four weeks after administration of the last
dose. For example, phenobarbital, with a half-life
of four days, requires 22 days for complete elim-
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ination. Bromides, with a half-life of 12 days,
require 66 days for complete elimination.

Plasma concentrations of drugs with first-order
kinetics during the steady state are linearly re-
lated to dose. For any change of dosage, after a
steady state has been achieved, the principles
regulating the time required to achieve a new
steady state still apply. For example, if the main-
tenance dose of a drug were doubled, the new
steady-state concentration would not double until
the completion of five to six half-lives. If a plasma
drug concentration is determined before achieve-
ment of a steady state, for example, after two
half-lives, it will not reflect the true steady-state
concentration of the drug. For drugs exhibiting
zero-order kinetics, half-lives increase after the
saturation point is reached. Thus, after satura-
tion, it will still take five to six half-lives to reach
steady state, but the half-life at saturation is pro-
longed. This is why a phenytoin level of 35-40
ug/mL will not drop to 17-20 ug/mL after 24
hours. At these higher levels, saturation of met-
abolic processes occurs, resulting in a half-life
longer than 24 hours.

The full therapeutic effect from a given dose
is not achieved until steady-state concentrations
are reached. Therefore, before a given dosage
regimen is considered to have failed, the clinician
should ascertain that steady-state concentrations
have indeed been achieved.

Factors that alter individual drug disposition
patterns (Table 2)

Patient noncompliance

Studies have revealed that over 60% of all
patients do not take their medications in the
manner prescribed.'”® Patient noncompliance is
the most common cause of suboptimal drug con-
centrations and consequent failure to achieve the
desired therapeutic response. Whenever a pa-
tient presents with consistently low plasma drug
concentrations, noncompliance should be consid-
ered the probable cause. Noncompliance can usu-
ally be demonstrated by careful supervision of
the patient’s daily drug intake over a specified
time interval (usually five half-lives of the drug)
with routine monitoring of serum drug concen-
trations at appropriate intervals. If serum drug
concentration increases progressively over the
time interval selected, the patient has been non-
compliant.

Administration of the recommended or aver-
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age total daily dose of a given drug without
considering the numerous factors that alter drug
disposition in each patient can also lead to con-
sistently low serum drug concentrations. Thus, if
serum concentrations remain low under super-
vised intake, other causes such as drug malab-
sorption or rapid drug metabolism should be
suspected. Finally, failure to individualize drug
therapy (physician noncompliance) is often respon-
sible for suboptimal drug concentrations.

Drug absorption: Some patients receiving ap-
propriate drug doses will have consistently low
plasma drug concentrations. Generally, these pa-
tients are either noncompliant or fast drug me-
tabolizers. Before classifying someone as a fast
metabolizer, the physician must evaluate the pa-
tient’s ability to absorb the drug. Entry of drugs
into the general circulation after parenteral ad-
ministration is generally rapid and circumvents
the problems associated with oral administration;
however, most drugs are administered orally.
The type of drug preparation, drug solubility,
concomitant administration of other drugs,
whether the drug is taken with meals, and the
presence of diarrhea or constipation can alter the
amount of drug absorbed from the gastrointes-
tinal tract after a single oral dose.

Malabsorption of an orally administered drug
can often be confirmed by measuring serial
plasma drug concentrations at given time inter-
vals after parenteral administration of the pre-
scribed dose. If altered absorption is present,
maximum plasma concentrations and observed
drug half-life following the IV dose will be sig-
nificantly higher than those achieved after the
same dose administered orally. Conversely, if the
patient is a fast drug metabolizer, plasma concen-
trations achieved or the observed half-life will
not differ significantly regardless of the route of
administration.

Drug-plasma protein binding: Upon entering
the systemic circulation, any protein-bound drug
will bind to plasma proteins, and an equilibrium
between free and bound drug will be established.
Bound drug is that portion of a drug bound to
plasma proteins. Bound drug cannot cross cell
membranes and consequently exerts no biologi-

cal effect. Only the unbound or free drug dis-

solved in the plasma water can be transported
across biological membranes to interact with spe-
cific receptors and elicit a biological response.
Each drug has its own characteristic protein-bind-
ing pattern, which depends on its physical and
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Table 2. Factors influencing interpretation of assay
data or therapeutic drug monitoring

Patient compliance, including dosage error and wrong medication
Absorption via route of administration

Drug distribution

Biotransformation

Excretion

Genetic variability

Acute or chronic disease

Drug interactions

Drug tolerance

Inappropriate drug effects

chemical properties. In general, acidic drugs are
bound primarily to albumin, and basic drugs to
globulins, particularly alpha-1-acid glycoprotein.

A drug may be either tightly or loosely bound,
as determined by its affinity for plasma proteins.
A weakly bound drug can be displaced by another
drug with greater affinity for plasma protein-
binding sites. Protein-binding of a drug also de-
pends on the physical characteristics of plasma
proteins. Tightly bound drugs will not be dis-
placed, but a weakly bound drug may be dis-
placed quite rapidly from its protein-binding sites
by elevated free fatty acids or by another drug.
Even though the total serum drug concentration
may remain unchanged, displacement of a drug
from its plasma protein-binding site can elevate
free drug concentrations, resulting in clinical tox-
icity.

gertain disease states can significantly alter
drug protein-binding. For example, uremic pa-
tients cannot completely bind drugs to plasma
proteins. In the case of phenytoin, uremic pa-
tients range from those who can bind none to
those who can bind only 60%-70% of the phe-
nytoin present in plasma. In a patient lacking the
capacity to bind phenytoin (i.e., those whose phe-
nytoin is 100% free), concentrations of 1-2 pg/
mL would result in clinical effects equivalent to
10-20 pg/mL in persons whose phenytoin is
bound normally (i.e., 10% free), and plasma con-
centrations above 2.5-3.0 ug/mL would result in
phenytoin toxicity. Altered drug protein-binding
requires careful monitoring of all drugs admin-
istered in patients with abnormal renal func-
tion.l—5, 9-15

In patients who present with either clinical
toxicity or a nontherapeutic response, when total
plasma concentrations are known to be optimal,
altered protein-binding should be considered.
Until recently, direct determination of protein-
binding was a time-consuming, tedious proce-
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dure. Since only free drug crosses into the saliva,
the protein-binding status of a patient can be
assessed indirectly by measuring salivary drug
concentrations. Nevertheless, caution is indi-
cated. Salivary levels are a good indicator of free
drug levels for any drug that has an ionization
constant (pK,) signficantly different from the pH
of plasma, e.g., phenytomn. However, for drugs
with a pK, similar to plasma pH, e.g., phenobar-
bital, salivary concentrations will not reflect true
free drug concentrations. In addition, salivary
drug levels will not reflect the actual free concen-
tration of drugs actively transported into the
saliva. Rapid ultrafiltration systems, which di-
rectly assess free plasma drug concentrations,
circumvent this problem and should enhance our
ability to identify patients who cannot bind drugs
to plasma proteins normally.

Drug metabolism: Any foreign compound that
enters the body must be eliminated. As one pro-
ceeds up the phylogenetic scale from fish to man,
drug elimination mechanisms become more com-
plex. The body is increasingly able to alter for-
eign substances into compounds which are more
water-soluble and thus more readily excreted.
The liver’s ability to metabolize drugs probably
evolved as a mechanism for detoxifying poison-
ous substances ingested with food.

The drug-metabolizing enzymes of the liver
interact with a wide variety of chemical struc-
tures. Metabolites of many drugs are conjugated
within the liver to either glucuronic acid, amino
acids, or sulfates, thus increasing water solubility
even more, and, consequently, the rate of renal
excretion. For example, p-hydroxyphentoin, the
major metabolite of phenytoin, is conjugated
with glucuronic acid, which increases its water
solubility almost 100 times.

Most drug metabolism occurs within the micro-
somal fraction of the hepatocyte, which also me-
tabolizes endogenous steroids. The microsomal
enzyme systems do not recognize specific drugs;
rather, they act upon classes of compounds with
similar structures. The same enzyme responsible
for the hydroxylation of phenytoin also hydrox-
ylates many other drugs containing an appropri-
ate phenyl ring. Thus phenytoin administered
simultaneously with one of these drugs may sig-
nificantly alter drug concentrations as a direct
consequence of competition for metabolic sites.
Clinically, one would anticipate higher serum
concentrations of the drug with the least affinity
for the enzyme. Phenytoin has a very low affinity
for microsomal enzymes. Administration of a
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drug with a greater affinity for the enzyme than
phenytoin will decrease phenytoin’s rate of me-
tabolism, thus elevating plasma phenytoin con-
centrations. Not all compounds, however, are
metabolized at the same site. An individual can
be a fast metabolizer of one group of compounds
and metabolize others normally. Likewise, one
compound may displace phenytoin from its met-
abolic site, whereas another substance will have
no effect.

The hepatic microsomal system can be induced
to metabolize drugs at a faster rate. As increasing
doses of drug are administered, the body syn-
thesizes new proteins, in the form of enzymes, to
metabolize that drug. Drug-metabolizing enzy-
matic systems do not necessarily increase their
activity with every dosage increment or with the
addition of another drug to the patient’s regi-
men. There is a maximum rate at which protein
synthesis can occur. Thus, if a patient has been
regularly receiving a drug with known enzyme-
induction properties, a second drug of similar
structure added to the patient’s therapeutic reg-
imen will not necessarily markedly increase the
rate of metabolism of both drugs.

Genetic factors are major determinants in a
patient’s ability to metabolize drugs.*”* Individ-
uals of vdrious ethnic origins and certain families
metabolize drugs, e.g., phenytoin or isoniazid, at
a faster or slower rate than the general popula-
tion. A fast drug metabolizer will require a larger
daily dose (mg/kg) than a normal individual to
achieve the same serum concentration. Con-
versely, a slow drug metabolizer given standard
drug dosages will invariably exhibit symptoms of
toxicity.

Absolute identification of fast and slow drug
metabolizers depends upon quantitative identifi-
cation of urinary drug-metabolite excretion pro-
files as well as on serial determination of plasma
drug concentrations. Generally, slow metaboliz-
ers will have significantly higher plasma drug
concentrations than those in the general popula-
tion receiving the same mg/kg/day dosage. Con-
sistently high plasma concentrations on normal
or low drug doses suggest slow drug metabolism,
although a drug interaction or disease process
blocking drug metabolism will also result in ele-
vated plasma concentrations. On the other hand,
fast drug metabolizers usually exhibit consistently
low plasma concentrations on standard dosage
regimens. Since plasma drug levels in noncom-
pliant patients mimic those observed in fast me-
tabolizers, noncompliant patients are sometimes
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mistaken for fast metabolizers. Use of plasma
drug concentrations alone to identify fast and
slow metabolizers can therefore be misleading.
Urinary excretion patterns help to clarify
whether plasma drug levels are due to metabolic
alterations, non-compliance, or another problem.

Generally, drugs are metabolized from phar-
macologically active agents to inactive products,
incapable of eliciting a given therapeutic re-
sponse. For example, the addition of sodium
valproate to the regimen of a patent receiving
phenytoin may markedly decrease total pheny-
toin concentrations. This decrease is a direct
consequence of the displacement of phenytoin
from its plasma protein-binding sites. The dis-
placed phenytoin is rapidly converted to its.inac-
tive metabolite: p-hydroxyphenytoin. The ob-
served fall in total phenytoin levels indicates an
altered rate of phenytoin disposition. Most ana-
lytical techniques for routine therapeutic drug
monitoring measure the parent compound and
not drug metabolites. There are excep-
tions: some organic metabolites have a greater
biological activity than the parent compound. For
example, diazepam is rapidly metabolized to des-
methyldiazepam, the most active ant1anx1ety
agent of the diazepam metabolites.’ Generally,
when a compound has a less polar active metab-
olite, the half-life of the active metabolite is sig-
nificantly longer than that of the parent com-
pound. Such is the case with procainamide and
N-acetylprocainamide (NAPA). The half-life of
procainamide is three to four hours, whereas
NAPA has a half-life of six to nine hours in
patients with normal creatinine clearance. Thus
NAPA, the active metabolite, will accumulate
within the system and at its site of action.'®

A patient’s clinical status can also dramatically
alter drug utilization patterns. Hepatitis impairs
the metabolism of drugs. If the liver has lost its
reserve capacity, patients with hepatitis can be-
come severely intoxicated when given drugs de-
pendent upon hepatic degradation. Congestive
heart failure can significantly alter the distribu-
tion of drugs to tissues, thus precipitating altered
drug utilization and response patterns.

Renal excretion: Urinary excretion eliminates
most drugs and their metabolites. Changes in
renal function will alter plasma concentrations of
any drug not extensively metabolized. Impaired
renal function may elevate drug plasma concen-
trations.

Renal drug clearance is decreased in uremic
patients and in those with congestive heart fail-
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Table 3. Information needed for interpreting drug

levels

Patient’s age, weight, and sex

Names and dosages of all drugs the patient is receiving
Total daily dose of all drugs

Dosage regimen and form of each drug

Time the last dose was administered

Clinical status of the patient

Time the specimen was drawn

ure. Interestingly, drug metabolites are so water-
soluble that a significant decrease in urinary out-
put will not, of itself, result in increased plasma
concentrations of most conjugated drug metab-
olites.!™**

Pharmacogenetic alterations of drug disposition in
healthy individuals: Genetic factors significantly
affect drug clearance. If a large patient popula-
tion were given the same mg/kg dosage of a drug,
individuals within the population would differ
markedly in their ability to utilize the drug. Ge-
netic differences are reflected in the marked
variability of the steady-state plasma concentra-
tions observed.' 1718

For example, in a patient population receiving
phenytoin at a standard therapeutic dose of 5
mg/kg/day, one would theoretically expect all
patients to have a therapeutic drug level of 15
pg/mL. In reality, plasma concentrations will
range from 0 pug/mL, which suggests drug mal-
absorption, noncompliance, or fast drug metab-
olism, to levels of 40-50 pg/mL, which may
indicate drug reactions, hepatic or renal disease,
or genetically slow drug metabolism.”

Consider the incidence of fast and slow metab-
olism in patients receiving isoniazid, which is
commonly used to treat tuberculosis. Approx-
mately 40% of all Caucausians are rapid acetyla-
tors of isoniazid, whereas in Japanese and Eski-
mos, the rate is 90%. Such genetic variability
requires individualization of therapeutic regi-
mens to ensure optimal isoniazid concentrations.

Interpretation of drug concentrations

Individuals vary widely in their utilization of
drugs as a direct consequence of genetic factors,
multiple drug therapy, age, and weight. Success-
ful TDM individualizes drug therapy based upon
assessment of plasma concentration, the patient’s
clinical status, and the therapeutic goals. To max-
imize knowledge of the patient’s pharmacological
status, each laboratory engaged in TDM should
have the following information available when a
drug is monitored.'™'® (Table 3):
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Age: There are marked age-dependent differ-
ences in drug utilization, particularly in the tran-
sition between neonate and infant, child and ad-
olescent, and adult and the elderly.

Weight: 'The patient’s weight is essential for
mathematical calculations of the relationships be-
tween the drug dose, plasma concentration, and
drug clearance. Any factor altering drug half-life
(clearance) will alter the drug’s steady-state con-
centration. During multiple drug therapy, two
drugs may compete for the same metabolic site.
This competition will decrease the metabolic rate
of the drug excluded from the site and prolong
its half-life. Since the half-life is prolonged (clear-
ance is decreased), a new, higher steady-state
drug concentration will be achieved and main-
tained, as long as multiple drug therapy is contin-
ued.

Other drugs: Knowledge of other drugs being
taken is essential for identification of potential
drug interactions which might alter plasma con-
centrations as well as for the identification of
compounds which may interfere with a given
analytical technique. Multiple drug therapy can
also alter absorption, protein-binding, and renal
clearance of a given agent. Change in any of
these factors can result in altered steady-state
concentrations.

Total daily dosage: Knowledge of the total
daily dosage for each drug administered is nec-
essary to mathematically determine the patient’s
total daily drug dose in mg/kg. Without this
information it is impossible to correlate the pa-
tient’s actual with his expected plasma concentra-
tion. Knowledge of the mg/kg dose allows the
prediction of the patient’s expected plasma drug
concentration using the concentration:dose ratio
(CDR) for that drug. Predicted drug concentra-
tions can then be correlated with the observed
(measured) drug concentration.

Clinical status: Acute or chronic disease can
dramatically alter drug utilization patterns, es-
pecially in hepatitis or renal failure. Drug clear-
ance is dramatically altered by renal and liver
disease because the rates of drug elimination are
changed. New steady-state levels may differ sig-
nificantly from those observed in healthy individ-
uals. Without knowing the clinical status of the
patient, it is impossible to distinguish an altered
drug utilization pattern associated with a given
disease state from other factors (non-compliance,
drug interactions, etc.) which can present with a
similar pattern.
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Critical time intervals: Knowing when the last
drug dose was administered and when the last
specimen was drawn is essential for assessing
whether the actual plasma concentration repre-
sents a peak or trough. Knowledge of the actual
sampling time and dosage interval is vital for
accurately interpreting plasma concentrations of
drugs with short half-lives, such as theophylline
and lidocaine.

As arule, specimens for TDM should be drawn
at a trough, i.e., when the concentration is lowest
for that dose interval. Measurement of peak con-
centrations after oral administration is difficult
because of marked inter-individual variability in
drug absorption patterns. Peak levels are indi-
cated, however, in certain situations after IV
administration, and are reportedly useful in mon-
itoring antibiotics, theophylline, valproic acid,
and certain antiarrhythmic drugs.

When a specimen is drawn in relation to drug
administration depends on the pharmacokinetic
properties of the drug and the dosage form. The
patient should be at or near steady state. After
dose adjustment, equilibrium should be reestab-
lished with the new dosage regimen before an-
other specimen is drawn. Specimens drawn im-
mediately before administration of the next oral
dose provide trough serum levels for drugs ad-
ministered on a continuous basis; the trough level
ideally should be above the minimum effective
serum level. Specimens for peak levels are gen-
erally drawn 15-30 minutes after IV administra-
tion, one to two hours after intramuscular (IM)
administration, and one to five hours after oral
administration (depending on the rate of drug
distribution). When the specimen is to be drawn
during an infusion, it should be taken from the
opposite limb.

Plasma drug concentrations must always be
interpreted in conjunction with the clinical status.
The clinician should be concerned with optimal
concentrations, not therapeutic ranges. The op-
timal concentration of a drug is defined as that
present in plasma or some other biological fluid
or tissue which provides the desired therapeutic
response in most patients. The severity of the
disease process determines the amount of drug
necessary to achieve a given therapeutic effect.
Thus it is possible that the desired therapeutic
effect may be achieved at a plasma concentration
well below the optimal range. Other patients may
require levels above those usually deemed opti-
mal, and may tolerate these levels without evident
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toxicity. Still others will not achieve the desired
therapeutic effect even with plasma concentra-
tions in the toxic range. If the desired therapeutic
effect is achieved at suboptimal plasma concen-
trations, the dose should not be increased. The
dose should be increased in a second patient who
does not achieve the desired effect at a subopti-
mal plasma level, and prescribing additional
drugs simply to increase the plasma concentra-
tion into the therapeutic range should be
avoided. Obviously, the interpretation of plasma
drug concentrations must incorporate factors
which can alter the steady-state plasma concen-
tration achieved on a given dosage regimen.

Determining dosage intervals: Generally, in or-
der to maintain a constant steady-state drug con-
centration, dosage intervals should be half of
each drug’s half-life. For example, phenytoin is
given every 12 hours since its half-life is 24 hours.
Primidone would be given every three hours,
since its half-life is six to eight hours with poly-
therapy; in monotherapy it would be every eight
hours since its half-life is 15 hours.’

Short dosage intervals (three to four hours) are
often impractical in our patients, but drugs with
short half-lives should be administered at least
once each half-life. The goal is to maintain the
trough drug concentration above the minimum
effective concentration (MEC), while avoiding
peak concentrations which reach toxic levels. An
appropriate steady-state concentration will be
maintained so long as the dosage schedule and
the interval between doses allow no significant
fluctuations between peak and trough concentra-
tions. If the dosage interval exceeds the half-life
of the drug, plasma concentration just prior to
the next dose may not provide the desired ther-
apeutic effect. For example, a patient whose
phenytoin level falls from 14 pg/mL to 9 ug/mL
may have a seizure at the lower level but not at
the higher. Adhering to an appropriate dosage
schedule allows plasma concentration to remain
within the optimal therapeutic range at all times.

If a patient’s drug absorption is very rapid, or
if dosage intervals are excessively short, he may
experience drug intoxication which presents clin-
ically with symptoms characteristic of that drug.
These symptoms appear transiently at fixed in-
tervals after drug administration. Toxicity results
from a peak plasma concentration above the op-
timal range shortly after drug administration.
Side effects may be eliminated by increasing the
dosage interval or decreasing the dose.
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Monitoring  steady-state  drug  concentrations:
When long-term oral therapy is initiated, the
drug will accumulate within the body until the
rate of clearance (elimination) equilibrates with
the total daily intake. The time required to reach
a stabilized steady state is seven half-lives after
institution of drug therapy or alteration of total
daily dose, although steady-state processes are
97% complete within five half-lives. If one knows
when the drug therapy was initiated, one may
extrapolate steady-state plasma concentrations by
correcting for the number of half-lives expired
before sampling. This technique, however, pro-
vides only a rough estimate of the expected
steady-state concentrations. The pharmacologi-
cal activity of the drug may be eliminated even
though its metabolite is still present, and a sudden
change in measured steady-state drug concentra-
tions usually indicates altered disposition of the
pharmacologically active (parent) compound.

Conclusion

The clinical utility of TDM in managing pa-
tients is firmly established. The number of drugs
routinely monitored will continue to grow, and
the success of this expansion will depend on the
development and application of current technol-
ogies as well as on the growth of new ones. Over
the next few years, because of their reliablity and
ease of operation, the major technologies for
drug monitoring will likely be the homogeneous
enzyme immunoassay system and HPLC. Contin-
uing education of both physicians and laboratory
personnel in the new technologies and their clin-
ical application is essential to ensure appropriate
application of TDM in improving patient welfare.
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