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FOR THERAPEUTIC DRUG MONITORING
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ABSTRACT

Free (non-protein bound) drug monitoring is very
complex but new advances in separation of protein bound
from free drug by ultrafiltration can facilitate free
concentration therapeutic drug monitoring. Free drug
can be separated from protein-bound drug by means of
ultrafiltration in which the free drug passes through
the membrane filter while the protein bound drug is
retained, The ultrafiltrate is then subjected to
chromatographic analysis (HPLC). Limitations include a
sufficient sample for these highly protein bound drugs
and detector sensitivity at the low free drug
concentrations. Free drug fractions that have been
successfully analyzed by HPLC include disopyramide,
phenytoin, carbamazepine, and propranolol. HPLC offers
important advantages over immunoassays, Since
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chromatographic methods can also measure the amount of
metabolite present. The detection of metabolites can be
important, e.g. N-desisopropyl disopyramide which
displaces disopyramide from its binding sites on alpha-
one acid glycoprotein. The main controversies
concerning free drug concentration monitoring have
revolved around the time expenditure as well as clini-
cal significance of changes in free fraction. Ob-
taining free and total drug concentrations of monitored
drugs permits an assessment of the free fraction of
drug and provides pharmacokinetic parameters for more
accurate dose prediction and dose adjustment, 1in which
HPLC can offer an attractive method of analysis.

Free drug concentration monitoring is
controversial and is not indicated for all highly
protein bound drugs (e.g., warfarin and the
sulfonylureas). Candidates for free drug monitoring
must have a relationship between pharmacologic effect
and drug concentrations, or considerable variance in
the free fraction of drug in serum. Potentially toxic
drugs demonstrating poor correlations by linear and
orthogonal regression of total drug concentrations
versus free drug concentrations are ideal for such
monitoring, For such drugs, nomograms developed to
predict free drug concentrations are often unhelpful,
particularly with seriously i11 patients., Likewise
highly protein bound drugs with metabolites capable of
displacing parent drug may also unpredictably affect
the free drug concentrations,

INTRODUCTION

Drugs are distributed in the body as free
molecules disolved in body water 6r as molecules bound
to various tissue proteins including plasma proteins,
The extent of drug binding to proteins is affected by

the affinity constants to the various tissue proteins
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and the concentrations of these drug binding proteins
(1,2). The free fraction of drug in serum represents
the percent unbound drug. Drugs greater than eighty
percent bound to serum proteins may have significant
changes in the "free fraction" due to disease, drug
displacement, or altered serum protein concentrations
(3,4). Drug displacement from protein binding sites
results from concomitant drug therapy or competative
binding by endogenous ligands (e.g., free fatty acids)
with higher binding affinity (1,5,6). It is generally
assumed that only free drug is pharmacologically ac-
tive, capable of binding to affected tissues, and avai-
lable for biotransformation (metabolism) and elimina-
tion (2,5). Though it may seem logical that the free
drug concentration should be dependent on both the free
fraction and the total drug concentration, this is not
so (1,2,7). The total serum drug concentration used in
therapeutic drug monitoring is actually dependent on
the free drug concentration and the free drug concen-
tration pharmacokinetic parameters should more ac-

curately predict actual drug disposition (7-9).
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ANALYTICAL METHODS

Separation of free drug has proved extremely
tedious by methods such as equilibrium dialysis in
which free drug will diffuse into the buffer
compartment (dialysate). In addition to being time
consuming, equilibrium dialysis poses other problems
such as: 1) variable in vitro experimental conditions
(i.e., temperature, dialysis time, and buffer
concentrations), 2) varying bound and unbound fractions
compared to pre-dialysis equilibrium, 3) adsorption of
highly ionized drugs to dialysis membrane. An
excellent review of these complications is presented by
Kwong (5).

Ultrafiltration is becoming an 1increasingly
popular method for separating protein bound from
unbound drug concentrations due to its ease of use and
low cost. Variables such as temperature (increasing
temperature causes decreased protein binding), centri-
fugal forces (1000 to 2000 X g), time of centrifugation
(approximately 10 minutes) need to be controlled. Ad-

sorption of drug to the ultrafiltration membrane must
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be measured. Ideally this is done with radioactively
Tabeled drug; however, a more practical method is to
measure the concentration of drug in an aqueous solu-
tion before and after ultrafiltration, We have suc-
cessfully used this method to verify absence of ultra-
filtration membrane binding with disopyramide (10).

The rate of filtration of free drug decreases as
the serum viscosity increases, thus the volume of
ultrafiltrate may be limited by clogging of the
membrane by sera with high protein concentrations,
The limitation of ultrafiltrate volume may be important
for highly protein bound drugs in which a large volume
is necessary to provide sufficient drug to be detected
by HPLC.

In our laboratory, we use the Amicon Centrifree(R)
filter (Amicon Corp., Danvers Ma. 01923) for the analy-
sis of free phenytoin and free disopyramide, Neither
of these drugs is adsorbed by the membrane filter
(10,11). Separation is achieved by filtration of 500
uL of serum by centrifugation at 2000 X g for 10 mi-

nutes at 25° C. For the analysis of free disopyramide,
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100 uL of filtrate is combined with 25 uL of 40 ug/ml
of internal standard, p-chlorodisopyramide. Internal
standard is added following filtration to avoid any
competition of internal standard with disopyramide for
binding sites on the carrier protein (most commonly
alpha-1 acid glycoprotein) thereby factitiously in-
creasing the free fraction of drug. Disopyramide, its
metabolite (N-desisopropyl disopyramide), and the in-
ternal standard can be separated with a mobile phase (5
mM NaZHPO4 pH 7.9, acetonitrile, and methanol1,5:12:3 by
volume) which we have successfully used for tricyclic
antidepressant analysis (12) with a short (5 minute)
run time. This analysis (Figure 1) was done on a
Waters QA-1 analyzer with a 10 um cyanopropyl column,
flow rate of 3.0 m1/min, 50 uL injection volume. De-
tection is by absorbance at 254 nm with a chart speed
of 0.5 cm/min. With this method the coefficient of
varjation was 4.5 ¢ at 0.67, 6.0 %4 at 1.70, and 2.9% at
5.53 ug/m1 of free disopyramide, respectively. The
minimum detection limits of free disopyramide is 0.2

ug/mk (Figure 1) with this method. The coefficient of
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Figure 1: Separation by HPLC of n-Desisopropyl Diso-

pyramide (1), Internal Standard, p~Chlorodisopyramide
(2), and Disopyramide (3). Total run times is 5 mi-
nutes. (A) chromatogram for total drug assay (disopyra-
mide concentration in patient serum is 1.30 ug/ml) and
(B) free drug assay showing minimum detection limits
without extraction (free disopyramide concentration is
0.21 ug.ml)

variation at this low free drug concentration was 18.4%
(n=4) which we felt was acceptible for the majority
of applications. Should Tower limits of detection be
necessary, extraction of the filtrate with chloroform
and concentration can be employed (13).

The HPLC method of Kabra (14) for total phenytoin

utilizing a chloroform extraction is sufficiently sen-
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sitive to analyze free free phenytoin (if all of the
reconstituted sample is injected). Due to the high
protein binding (> 92%), any assay must be sufficiently
sensitive to detect the small proportions of free drug
present in the ultrafiltrate. Free carbamazepine has
also been successfully analyzed by HPLC (15); values by
an immunoassay method were consistently greater for
free carbamazepine due to interferences with the 10,11
epoxide metabolite.

The use of saliva to measure free drug has been
advocated for carbamazepine, ethosuximide and phenytoin
(16-23) and disopyramide (13). The rationale for
saliva as the sampling method of choice is that saliva
has much lower protein content (as an ultrafiltrate of
blood) than serum and that there exists an equilibrium
with serum free drug concentrations., Saliva varies as
greatly as two pH units and this may contribute to
variable saliva protein binding and compartmentaliza-
tion into saliva. Thus, the choice of saliva instead
of serum as a free drug monitoring sampling source is

not reliable and is thus subject to error.
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Propranolol has also been measured by HPLC (24) as
well as its metabolite with fluorometric detection.
Unbound propranolol and its metabolite had to be
assayed on two separate runs due to the variation in
excitation and emission characteristics of the parent
drug and its metabolite. The detection of unbound
metabolite may become important, since it shares
binding sites with the parent drug, e.qg. disopyramide
(25) and its metabolite N-desisopropyl disopyramide,
which also possesses some antiarrhythmic action. The
analysis of both unbound parent drug and metabolite may
offer a distinct advantage of HPLC over immunoassays

which do not detect metabolites. Other candidates for

Table 1

Drugs With Variable Protein Binding

Drug Percent Bound
Phenytoin 75 to 93
Valproic Acid 70 to 90
Carbamazepine 70 to 80
Quinidine 50 to 95
Encainide 70 to 78
Lidocaine 45 to 80

Disopyramide 35 to 95
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free drug monitoring include quinidine which is 80 - 90
% protein bound (see Table 1). The metabolite 3-0H
quinidine has been proposed to have antiarrhythmic
activity in man and the 2' oxoquinidine and O-desmethy]l
quinidine metabolites possess antiarrhythmic activity
in animals, but their activity in man has not yet been

determined (26).

CHANGES IN SERUM PROTEIN CONCENTRATIONS

Age, sex, and disease states alter serum proteins
and drug affinity. Serum albumin from elderly patients
binds acidic drugs like phenytoin less avidly and
elderly patients have higher concentrations of alpha-
one acid glycoprotein, a serum protein binding (basic)
cationic drugs (e.g., antidepressants, quinidine, diso-
pyramide, and lidocaine). Males have slightly higher
concentrations of alpha-one acid glycoprotein than do
females, but these mean differences may result from the
use by females of oral contraceptives (5,27).

Other diseases causing alpha-one acid glycoprotein

rises include myocardial infarction (6), chronic
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inflammatory disease, physical stress, burns, and
malignancy (1). Many of these patients will have hypo-
albuminemia as well. The lipoproteins in hyperlipidemia
increase the total blood concentrations of cationic
drugs. Apparent increases in total drug concentrations
must be evaluated for free concentrations and signs of
drug toxicity (2,5,28), Patients with diseases
augmenting drug protein binding demonstrate poor
correlations between therapeutic response and total
blood drug concentrations,

Patients with thermal injuries (burns),
malnutrition, the nephrotic syndrome, and rapidly
progressive chronic liver disease are hypoalbuminemic.
Chronic therapy with highly protein bound drugs, would
be expected to increase serum free drug concentrations
in hypoalbuminemic patients. This rise in free drug
concentrations 1is transient because hepatic drug
clearance is increased (2,28). The free drug concen-
tration is dependent only on the dose, the dosing
interval, and the clearance of the drug. Ultimately it

is the total drug concentration which is dependent on



Downl oaded At: 15:27 24 January 2011

334 TAYLOR AND ACKERMAN

the free drug concentration (7). Thus, with hypo-

albuminemia hepatic clearance is increased.

CHANGES IN PROTEIN BINDING AND FREE DRUG CLEARANCE

Changes in serum protein concentrations of
albumin, alpha-one acid glycoprotein, and lipoproteins
alter the free fraction of drugs, their disposition,
and their pharmacologic effects. Uremia decreases drug
binding to albumin and likewise aspirin exposure
decreases albumin binding (1,2,4,6,29-32). Elevated
free fatty acids decrease valproate and phenytoin pro-
tein binding (5) and heparin exposure has been
implicated to elevate free fatty acids through lipopro-
tein lipase activation (1,6). For others, the pharma-
cologic effects may fail to correlate well with total
serum concentrations perhaps due to differences in free
drug concentrations (1,2,33,34). This is apparently
the case with the newer antidysrhythmic agents (34,35).

Free drug concentrations, as well as being pharma-
cologically active, are available for metabolism and

excretion from the body. The biotransformation (meta-
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bolism) of drugs is a complex process described by
simplified pharmacokinetic models which permit changes
in protein binding. HPLC offers distinct advantages
over immunological methods due to the ability of HPLC
to simultaneously measure parent compound and
metabolites. Displacement of parent drug from binding
sites by metabolites thereby affects free drug
clearance. Changes in hepatic clearance are partially
dependent on the liver's capacity to extract free drug
from blood (the extraction ratio). High extraction
ratio drugs do not fit these models well, but most
clinically used drugs may be referred to as Tlow
extraction drugs which fit these pharmacokinetic models
well (36).

Drug displacement from binding proteins
potentially can affect the free drug concentrations and
ultimately the total serum concentrations being
monitored. Drugs displaced from albumin may bind to
alpha-one acid glycoprotein or vise versa (37).
Increased free concentrations due to drug displacement

will reflect the intrinsic distribution volume and
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smaller distribution volumes will have more significant
changes. When protein bound drug is displaced, drug
metabolism is increased and little change in the
pharmacologic response occurs. Displacement of drug
from serum proteins often lengthens the half-1ife in
serum, while displacement from tissue proteins shortens
the serum half-life (due to a decreased free
concentration distribution volume).

A significant drug interaction between phenytoin
and valproic acid results in a decrease in the total
phenytoin concentration and changes in tissue binding.
The free fraction of 0,5 to 12 percent for phenytoin
alone 1is increased to 12 to 23 percent with this
combination (38,39). A similar problem occurs with
patients treated with disopyramide where high
production of the mono-alkylated metabolite will
displace the parent compound and further complicate the

pharmacokinetics of disopyramide (40).

CONCENTRATION DEPENDENT BINDING AND FREE DRUG CLEARANCE

Disopyramide and valproic acid demonstrate serum

concentration dependent saturable protein binding in
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Figure 2: Concentration dependent protein binding of
disopyramide, pooled sera was spiked with varying
concentrations of disopyramide.

which increased doses result in non-proportional total
serum concentrations (Figure 2). Because the intrinsic
distribution volume more accurately predicts needed
dose adjustments, some have advocated free serum
concentration monitoring of patients (41). Over the
normal therapeutic range of disopyramide the free frac-
tion ranges from 22 to 54 percent of total disopyramide
(42). Correlations of free to total drug concentra-
tions are complicated by normal variance in alpha-one

acid glycoprotein which almost exclusively binds
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disopyramide (43). Changes in pH and the degree of
congestive heart failure also did not correlate with
changes in disopyramide disposition (44,45) and this is
reasonable since the free drug distribution volume
remains unchanged (45). Because the free fraction of
drug changes over the dosing interval for these two
drugs, clearance is non-linear and thus the elimination
rate constant is serum concentration dependent. An
apparent disappearance constant can be determined from
free phenytoin concentrations and may be applicable to
disopyramide dosing as well (46). The ultimate goal of
free drug monitoring is to utilize pharmacokinetic data
based on free drug concentrations to adjust patient

doses,
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