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We investigated the pharmacokinetics of zidovudine, zalcitabine, and saquinavir in AIDS Clinical Trial
Group protocol 229. Patients received either saquinavir, zalcitabine, or a combination of both, together with
zidovudine three times a day. Approximately 100 patients were enrolled in each treatment arm, and intensive
pharmacokinetic studies were performed on about 25 patients per arm at weeks 1 and 12. We estimated the
pharmacokinetic parameters of all three drugs by using parametric and nonparametric methods. The mean
values of the pharmacokinetic parameters of zidovudine (clearance [CL]/bioavailability [F], 168 liters/h;
volume of distribution [V]/F, 185 liters; half-life, 0.76 h) and zalcitabine (CL/F, 25 liters/h; V/F, 92.2 liters;
half-life, 2.7 h) were similar to those reported previously. For saquinavir, the mean pharmacokinetic parameter
estimates using parametric methods were as follows: maximum concentration of drug in serum [Cmax], 70.8
ng/ml; time to Cmax, 3.11 h; area under the curve, 809 ng z h/ml; CL/F, 989 liters/h; V/F, 1,503 liters; half-life,
1.38 h. For all three drugs, clearance decreased with age. Weight did not influence the clearance of zidovudine,
but the clearance of zalcitabine and saquinavir increased with weight. There were no differences in pharma-
cokinetic parameters between study weeks and arms, suggesting that there is no change in kinetics with chronic
administration and that there are no significant pharmacokinetic interactions among these three drugs.

Human immunodeficiency virus protease inhibitors, such as
saquinavir, are a promising new class of antiretroviral drugs.
AIDS Clinical Trial Group (ACTG) protocol 229 was designed
to test the hypothesis that a combination of saquinavir, zidovu-
dine, and zalcitabine would be more effective than the combi-
nation of saquinavir with a nucleoside analog or the combina-
tion of two nucleoside analogs. The primary results of this
study have been presented elsewhere (3).

Individualization of drug therapy requires an understanding
of the subject-specific pharmacokinetics of a drug, as well as of
the relationship between drug concentrations (drug exposure)
and biological effects. One of the sources of variability in the
individual response to similar or identical doses of antiretro-
viral therapy observed in clinical studies may be inter- and
intrapatient variabilities in the pharmacokinetics of prescribed
drugs. While zidovudine and zalcitabine pharmacokinetics
have been described previously (4, 5), the magnitude of the
variability in the pharmacokinetics of saquinavir during
chronic administration has not been reported earlier. In this
paper, we present standard nonparametric and parametric
analyses of the pharmacokinetics of zidovudine and zalcita-
bine, and for saquinavir we present an additional nonparamet-
ric analysis describing the pharmacokinetic data with longitu-
dinal splines (12). The accompanying paper (11a) reports on
other sources of variability in individual response and investi-
gates the relationship between exposure to these drugs and
viral and immunologic responses.

MATERIALS AND METHODS

Study design. ACTG 229 was a phase II randomized study of three treatment
regimens. The sample size was approximately 100 patients per treatment arm.
Patients in arm 1 received saquinavir at 600 mg three times a day (TID) (Invirase
[formerly Roche 31-8959]; Hoffman-La Roche, Nutley, N.J.) plus open-label
zidovudine at 200 mg TID (Retrovir; Burroughs Wellcome Company, Research
Triangle Park, N.C.). Patients in arm 2 received saquinavir 600 at mg TID plus
zalcitabine at 0.75 mg TID (Hivid; Hoffman-La Roche) plus open-label zidovu-
dine at 200 mg TID. Patients in arm 3 received zalcitabine at 0.75 mg TID plus
open-label zidovudine at 200 mg TID. The initial treatment duration was 24
weeks, but all of the patients were offered continuation of the same blinded
regimen for up to 56 weeks until a common closing date. Patients were required
to have documented HIV infection, CD41 cell counts between 50 and 301
cells/mm3 within 30 days of study entry, and at least 4 months of prior zidovudine
therapy with no toxicity at 600 mg/day. For further details regarding design and
patient eligibility criteria, see reference 3.

Pharmacokinetic study design, sampling, and analytical methods. In a sub-
group of patients at three designated sites, intensive blood sampling over one
dosing interval was performed at week 1 and again at week 12, yielding intensive
pharmacokinetic studies of 20 to 25 patients per arm. Samples were collected
immediately predose and at 1, 2, 3, 4, 6, and 8 h after dosing. A breakfast was
consumed 30 min before taking the dose, since it had been shown that the
presence of food increases the bioavailability (F) of saquinavir. All study medi-
cations were taken simultaneously, and patients did not receive additional study
medications within the pharmacokinetic assessment sampling period.

Plasma was separated by centrifugation within half an hour of blood collection,
stored at 220°C, and shipped. Samples were assayed for saquinavir by a validated
radioimmunoassay developed by Roche within the Bioanalytical Group of the
Department of Metabolism and Pharmacokinetics, Huntingdon Center Ltd.,
Cambridgeshire, United Kingdom. Briefly, standards and samples were incu-
bated overnight at ambient temperature with sheep saquinavir antiserum and
iodinated tracer (125I-tyrosyl-saquinavir). Bound and free saquinavir were sepa-
rated by addition of a second antibody covalently coupled to cellulose followed
by an incubation (20 min) and a centrifugation step. Radioactivity was measured
in the bound fraction using a gamma counter. The detection limit was 1 ng/ml.
The mean levels of interassay precision for standards and quality control samples
were 68.0% and 69.4%, respectively. The mean levels of intra-assay precision
and accuracy for the quality control samples were 65.0% and 12.4%.

Zidovudine was assayed by high-pressure liquid chromatography with UV
detection. The detection limit was 25 ng/ml. The mean levels of interassay
precision for standards and quality control samples were 63.8% and 64.4%,
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respectively. The mean levels of intra-assay precision and accuracy for the quality
control samples were 67.3% and 15.7%.

Zalcitabine was assayed by using solid-phase extraction coupled to atmo-
spheric pressure ionization and mass spectrometry/mass spectrometry detection.
The detection limit was 0.5 ng/ml. The mean levels of interassay precision for
standards and quality control samples were 66.5% and 68.0%, respectively. The
mean levels of intraassay precision and accuracy for the quality control samples
were 64.8% and 10.27%.

Pharmacokinetic analysis. For patients in the intensive pharmacokinetics
group, we estimated Cmax, Tmax, AUC, and clearance (CL)/F for all three drugs,
for each week and arm separately, by standard nonparametric methods. Cmax was
established as the maximum observed concentration of drug in plasma and Tmax
was as the time to Cmax. The area under the plasma concentration-time curve
(AUC) was calculated by using the trapezoidal rule. CL/F was calculated as
dose/AUC. Mean values were calculated as follows. For patients who had inten-
sive pharmacokinetic sampling done at weeks 1 and 12, the mean of the param-
eter estimates for both weeks was used as the mean value. For patients who had
intensive pharmacokinetic sampling at only 1 week, the single estimate was used
as the mean value. Subsequently, the arithmetic average, standard deviation
(SD), and standard error of the mean (SEM) of all of the individual means were
calculated. The interpatient variability, expressed as the percent coefficient of
variation (CV), was calculated by dividing the SD of each parameter estimate by
its mean and multiplying the result by 100. The intrapatient-interoccasion vari-
ability was obtained by calculating the CV of the ratio of individual week 12 to
week 1 parameter estimates for Cmax, Tmax, AUC, and CL/F.

In addition, the intensive pharmacokinetic data for all three drugs were also
fitted to a one-compartment model with first-order absorption by using the
NONMEM software program (1). This program produces estimates of the pop-
ulation mean parameters of the one-compartment model, including lag phase,
absorption rate constant (ka), CL/F, and volume of distribution V/F. The obser-
vations at weeks 1 and 12 were modeled together, as statistical analysis of the
estimates obtained by the nonparametric methods described above showed no
difference in parameters between weeks. We investigated the influences of age,
weight, and length of prior zidovudine therapy on the individual CL and V of all
three drugs. The interindividual variability in all parameters was assumed to
follow a log-normal distribution. For zidovudine, we did not include any inter-
individual variability for ka because of limited data during the absorption phase.
Intraindividual variability was modeled by using a constant plus proportional
variance model according to the expression Cobs 5 Ce 1 =(Ce

2 1 u2) z ε1, in
which Cobs is the observed concentration, Ce is the expected concentration, u is
a parameter to be estimated, and ε1 is a normally distributed random variable
with mean zero and unknown variance s2. The population estimates of the
intensively studied group provided a prior distribution from which we produced
individual empirical Bayes estimates of each patient’s parameters. We calculated
the individual estimates of Cmax, Tmax, AUC, and half-life (t1/2) by using the
individual empirical Bayes estimates for ka, CL/F and V/F and calculated the
mean, SD, and SEM of the different parameters from the individual Bayes
estimates. Interpatient variability, expressed as the percent CV, was subsequently
calculated by dividing the standard deviation of each parameter by its mean and
multiplying the result by 100.

Since the saquinavir data were not well described by any standard pharmaco-
kinetic model, we used longitudinal splines (12) to describe the individual sa-
quinavir concentration-versus-time profiles, from which individual Cmax, Tmax,
AUC, and CL/F values could then be estimated. A longitudinal spline is com-
posed of a template spline, common to all subjects, and a distortion spline
describing the subject’s difference from the template. The individual longitudinal
spline estimates are empirical Bayes estimates, as above. Each individual spline
was constrained to have identical values at the beginning and end of a (steady-
state) dosing interval, to have a decreasing tail, and to have its Tmax near the
population mode of individual data-based Tmax values. The mean, SD, SEM, and
interpatient and intrapatient-interoccasion variabilities were computed as de-
scribed above for the standard nonparametric methods.

Statistical analysis. Analysis of variance was used to test for differences in
weight, age, and prior zidovudine therapy among treatment arms. Analysis of
variance was also used to test for differences among treatment arms in the
estimates of Cmax, Tmax, AUC, and CL/F of zidovudine obtained by nonpara-
metric methods and in the individual empirical Bayes estimates of ka, CL/F, V/F,
Cmax, Tmax, AUC, and t1/2 of zidovudine obtained by parametric methods. We
used a paired t test to test for differences in pharmacokinetic parameters ob-
tained by nonparametric methods for all three drugs between weeks. In doing so,
we pooled individual drug kinetics across treatment arms. An unpaired t test was
used to test for differences between treatment arms in the estimates of Cmax,
Tmax, AUC, and CL/F obtained by nonparametric methods and in the individual
empirical Bayes estimates of ka, CL/F, V/F, Cmax, Tmax, AUC, and t1/2 obtained
by parametric methods for saquinavir and zalcitabine. For all estimates obtained
by nonparametric methods, we used the mean values as described above for
pharmacokinetic analysis to test for differences between treatment arms.

RESULTS
There were no significant differences in weight, age, or prior

zidovudine therapy among treatment arms for patients in the
intensive pharmacokinetics groups. The mean ages (6SD) of
patients exposed to saquinavir, zidovudine, and zalcitabine
were 41.5 6 9.74, 39.4 6 9.66, and 38.8 6 9.21 years, respec-
tively. The mean weights (6SD) of patients exposed to sa-
quinavir, zidovudine, and zalcitabine were 78.1 6 11.6, 77.1 6
11, and 77.2 6 11.1 kg, respectively, and the median duration
of prior zidovudine therapy (range) was 740 days (15 to 2,252
days).

Zidovudine and zalcitabine. Table 1 shows the results ex-
pressed as mean values 6 SEM from parametric and nonpara-
metric analyses of the pharmacokinetics of zidovudine and
zalcitabine. The mean values based on parametric or nonpara-
metric individual estimates were comparable. In the paramet-
ric analysis of the zidovudine population, CL/F appeared to
decrease nonlinearly with age and was modeled by using the
equation CL 5 u1 z exp[u2 z (age 2 50)] for ages .50 and u1 for
ages #50, where u1 and u2 were population values to be esti-
mated and 50 was the age estimated by the NONMEM pro-
gram at which clearance started to decrease significantly with
age. Of 73 patients exposed to zidovudine, six were older than
50.

In the zalcitabine population analyses, CL appeared to di-
minish with age and to increase with weight. V was not influ-
enced by these covariates. CL was modeled by using the equa-
tion CL 5 u1 z exp[u2 z (age 2 mean age)] 1 u3 z weight, where
u1, u2, and u3 were population values to be estimated. We also
included a nonrandom lag phase to improve the fit.

Scatterplots of the data from the intensively studied group
and the fitted curves and concentration-versus-time curves of
individual representative patients are shown in Fig. 1. As is
apparent in the right-hand panels, the pharmacokinetics of
zidovudine and zalcitabine are reasonably well described by a
one-compartment model. In a number of cases, however, the

TABLE 1. Mean pharmacokinetic parameters of zidovudine and zalcitabine for all arms at weeks 1 and 12a

Drug (no. of
patients) and

method
Log phase (h) ka (h21) Cmax (ng/ml) Tmax (h) AUC (ng z h/ml) CL/F (liters/h) V/F (liters) t1/2 (h)

Zidovudine (73)
Nonparametric NAb 435 6 23.8 2.12 6 0.09 1,020 6 44.1 243 6 15.0 NA NA
Parametric 0.52 347 6 14.7 1.29 6 0.06 1,260 6 36.1 168 6 4.43 185 6 28.0 0.76 6 0.11

Zalcitabine (53)
Nonparametric NA 6.97 6 0.26 2.69 6 0.14 29.5 6 1.07 27.5 6 1.07 NA NA
Parametric 0.649 1.48 6 0.19 5.31 6 0.16 1.75 6 0.10 31.8 6 1.15 25.0 6 0.79 92.2 6 1.93 2.70 6 0.12

a The values are means 6 SEM calculated as described in Materials and Methods.
b NA, not available.
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observed concentrations showed considerable departure from
the smooth model predictions, resulting in different estimates
of Cmax and Tmax by parametric and nonparametric methods.

There were no significant differences between weeks or
treatment arms in the individual estimates of ka, CL/F, V/F,

Cmax, Tmax, AUC, or t1/2 of zidovudine and zalcitabine ob-
tained by parametric or nonparametric methods (data not
shown).

Table 2 shows the interpatient and intrapatient-interocca-
sion variabilities of the different parameters. For both drugs,
but for zidovudine in particular, the interpatient and intrapa-
tient-interoccasion variabilities were fairly large.

Saquinavir. Table 3 shows the results expressed as means 6
SEM for parametric and nonparametric analyses of the phar-
macokinetics of saquinavir. We chose to present all three
methods to allow comparison to previous or future analyses of
saquinavir pharmacokinetics using one of the three methods.
As can be seen in Table 3, the parameter values estimated by
parametric or nonparametric methods were fairly similar, ex-
cept for Cmax, for which the estimate was much lower by
parametric methods. This is probably due to the fact that the
data are not well described by the pharmacokinetic model used
here. A scatterplot of the data of the intensively studied group
and the fitted curve is shown in Fig. 1 together with a concen-
tration-versus-time curve of an individual patient. CL ap-
peared to diminish with age and to increase with weight. V was
not influenced by these covariates. CL was modeled by using
the equation CL 5 u1 z exp[u2 z (age 2 mean age)] 1 u3 z
weight, where u1, u2, and u3 were population values to be
estimated. As demonstrated in Fig. 1C, the plasma concentra-
tion-versus-time curve for saquinavir showed considerable
variability and was not well described by the one-compartment
pharmacokinetic model. For this reason, we have also de-
scribed the data by means of splines (see Materials and Meth-
ods).

Table 4 shows the interpatient and intrapatient-interocca-
sion variabilities of the different parameters of saquinavir ob-
tained by different methods. For all of the methods used, the
interpatient and intrapatient-interoccasion variabilities were
very large. This is further illustrated in Fig. 2, which provides
an overview of the spread of the estimates of Cmax, AUC, and
CL/F. For the estimates per week, only the estimates based on
nonparametric methods are shown since observations at weeks
1 and 12 were modeled together by using parametric methods.
As can be seen in Fig. 2, the spread of the estimates of CL/F
was less when longitudinal splines or parametric methods were
used. There were no significant differences between weeks or
treatment arms in the individual empirical Bayes estimates of
ka, CL/F, V/F, Cmax, Tmax, AUC, and t1/2 obtained by paramet-
ric methods, standard nonparametric methods, or nonpara-
metric spline methods (data not shown).

FIG. 1. Concentration-versus-time curves of patients in the intensive group.
(Left) The concentrations (conc.) of zidovudine (A), zalcitabine (B), and sa-
quinavir are plotted versus time after dose administration to intensive-pharma-
cokinetics patients. The solid lines represent the population mean estimated
from the NONMEM fit, using a one-compartment model (as described in Ma-
terials and Methods). (Right) The observed concentrations (closed circles) of
zidovudine (A), zalcitabine (B), and saquinavir are plotted versus time after dose
administration for a representative individual patient. The solid lines are pre-
dicted values (Bayes estimates generated by NONMEM).

TABLE 2. Interpatient and intrapatient-interoccasion variabilities of zidovudine and zalcitabine pharmacokinetic parameters

Analysis method, variability,
and drug

CV (%)a

ka Cmax Tmax AUC CL/F V/F t1/2

Nonparametric
Interpatient

Zidovudine NAb 47 36 37 53 NA NA
Zalcitabine NA 27 38 26 28 NA NA

Intrapatient-interoccasion
Zidovudine NA 75 58 85 67 NA NA
Zalcitabine NA 27 51 20 24 NA NA

Parametric, interpatient
Zidovudine NA 36 43 27 23 130 120
Zalcitabine 92 22 41 26 23 15 32

a The values were determined as described in Materials and Methods.
b NA, not available.
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DISCUSSION

As presented in Results, both interpatient and intrapatient-
interoccasion variabilities in the kinetics and exposure of sa-
quinavir, zidovudine, and zalcitabine are large. It has previ-
ously been shown that the F of this formulation of saquinavir
is about 18 times higher in the presence of food, but even with
food the extent of absorption is only 4% with a CV of 60%
(14). The low F is thought to be due largely to first-pass me-
tabolism by cytochrome P-450 CYP3A4. It is well known that
small changes in the extent of absorption or metabolism of
drugs with extensive first-pass metabolism can result in large
changes and substantial variability in the concentrations in
plasma. The F of zidovudine is about 64% in the absence of
food. The incomplete absorption of zidovudine is the result of
first-pass hepatic glucuronidation (2). The administration of a
standard breakfast has been shown to prolong Tmax and de-
crease Cmax without any change in the total AUC or CL of
zidovudine (9, 11). Recent studies in patients have also dem-
onstrated considerable between-patient variability in zidovu-
dine F, with low F being associated with the presence of mild
diarrhea and/or low CD41 counts (6). These factors may ex-
plain the high interpatient and intrapatient-interoccasion vari-
abilities of zidovudine observed in this study.

The values obtained for the pharmacokinetic parameters of
saquinavir by using splines are generally intermediate between
the standard nonparametric methods obtained without splines
and the parametric model estimates. However, the CL/F ob-
tained by using splines is about two-thirds of that obtained
without splines and is comparable to the value estimated by
NONMEM using the one-compartment pharmacokinetic
model. Although the mean AUC increases by only 17% using
splines, the mean CL/F calculated as dose/AUC decreases by
33%. This appears to be a result of the distribution of the
AUC. The fact that the parametric model and the nonpara-
metric spline method generate values that are not too dissim-

ilar is reassuring evidence that these estimates are probably
close to the true population values.

For the other two drugs, the CL/F values obtained by non-
parametric methods are comparable to those obtained by using
a parametric model. Moreover, the mean values of the phar-
macokinetic parameters of zidovudine are similar to those
reported in previous studies, taking into account the 64% bio-
availability of zidovudine and a mean population weight of 70
kg (5; for a review, see reference 13). The finding that the CL
of zidovudine decreases in patients over 50 is consistent with
the finding of a longer t1/2 in patients over 60 (7). For zalcita-
bine, the values of the pharmacokinetic parameters reported
here are similar to those reported previously (4). There have
been no previous reports on the influence of age on the phar-
macokinetics of zalcitabine with which to compare our finding
that CL decreases with age.

The absence of differences in the pharmacokinetic parame-
ters of zidovudine and zalcitabine between arms indicates that
these drugs do not affect each other’s pharmacokinetics. This
agrees with previous findings (8). No differences in pharmaco-
kinetic parameters for saquinavir between arms were observed.
However, power calculations demonstrate that there was only
a 30% chance of finding as much as a 30% difference in the
AUC between arms 1 and 2, indicating that only interactions
that result in large effects could have been detected.

As mentioned in the introduction, understanding of the
pharmacokinetics of a drug is a prerequisite for optimization
and individualization of drug therapy. Although high interpa-
tient variability in pharmacokinetics generally implies that
therapeutic drug monitoring may be useful in detecting pa-
tients with undetectable or very low drug concentrations, ad-
ditional high intrapatient-interoccasion variability decreases
the utility of such drug monitoring. In a recently published
monotherapy study, exposure to a saquinavir dose of 3,600
mg/day was associated with a higher mutational rate and de-

TABLE 3. Pharmacokinetic parameters of sequinavir for all arms at weeks 1 and 12a

Analysis method
(no. of patients) ka (h) Cmax (ng/ml) Tmax (h) AUC (ng z h/ml) CL/F (liters/h) V/F (liters) t1/2 (h)

Nonparametric
Standard (46) NAb 185 6 24.2 3.98 6 0.2 621 6 68.8 1,740 6 190 NA NA
Spline (45) NA 163 6 23.2 3.76 6 0.09 717 6 65.2 1,110 6 74.5 NA NA

Parametric (45) 0.137 70.8 6 6.14 3.11 6 0.27 809 6 70.2 989 6 77.0 1,503 6 188 1.38 6 0.24

a The values shown are means 6 SEM calculated as described in Materials and Methods.
b NA, not available.

TABLE 4. Interpatient and intrapatient-interoccasion variabilities of the pharmacokinetic parameters of saquinavir

Variability and analysis method (no. of patients)
CV (%)a

Cmax Tmax AUC CL/F V/F t1/2

Interpatient
Parametric (45) 58 58 58 52 84 120
Nonparametric

Standard (46) 89 34 75 74 NAb NA
Spline (45) 95 17 61 45 NA NA

Intrapatient-interoccasion, nonparametric
Standard (41) 105 73 88 62 NA NA
Spline (42) 67 37 61 47 NA NA

a The data shown were calculated as described in Materials and Methods.
b NA, not available.
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velopment of drug resistance than exposure to a dose of 7,200
mg/day (10), stressing the importance of high drug exposure.
Unfortunately, the high intrapatient-interoccasion pharmaco-
kinetic variability of this formulation of saquinavir suggests
that drug monitoring on one occasion would not be predictive
of other occasions. Since we were able to demonstrate a pos-
itive relationship between exposure to saquinavir, as part of a
triple combination, and a maximum increase in CD41 cell
count and a maximum decrease in the level of RNA in plasma
in the study described in the following paper (11a), therapeutic
drug monitoring may be justifiable if a new formulation of
saquinavir with a larger F becomes available for patients in

whom the recommended doses of saquinavir result in low
immunological and viral responses.
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