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Aims

 

The aim of the study was to characterize the population pharmacokinetics of indinavir,
define the relationship between the pharmacokinetics of indinavir and ritonavir, and
to identify the factors influencing the pharmacokinetics of indinavir alone or when
given with ritonavir.

 

Methods

 

HIV-1-infected patients being treated with an indinavir-containing reg imen were
included. During regular visits, 102 blood samples were collected for the determina-
tion of plasma indinavir and ritonavir concentrations. Full pharmacokinetic curves were
available from 45 patients. Concentrations of indinavir and ritonavir were determined
by liquid chromatography coupled with electrospray tandem mass spectrometry.
Pharmacokinetic analysis was performed using nonlinear mixed effect modelling
(NONMEM).

 

Results

 

The disposition of indinavir was best described by a single compar tment model with
first order absorption and elimination. Values for the clearance, volume of distribution
and the absorption rate constant were 46.8 l h

 

-

 

1

 

 (24.2% IIV), 82.3 l (24.6% IIV) and
02.62 h

 

-

 

1

 

, respectively. An absorption lag-time of 0.485 h was detected in patients
also taking ritonavir. Furthermore this drug, independent of dose (100–400 mg) or
plasma concentration, decreased the clearance of indinavir by 64.6%. In contrast, co-
administration of efavirenz or nevirapine increased the clearance of indinavir by 41%,
irrespective of the presence or absence of ritonavir. Female patients had a 48% higher
apparent bioavailability of indinavir than males.

 

Conclusions

 

The pharmacokinetic parameters of indinavir were adequately described by our
population model. Female gender and concomitant use of ritonavir and non-
nucleoside reverse transcriptase inhibitors strongly influenced the pharmacokinetics
of this drug. The results support the concept of ritonavir boosting, maximum inhibition
of indinavir metabolized being observed at 100 mg.
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Introduction

 

Indinavir is a potent human immunodeficiency virus
(HIV) protease inhibitor [1–3]. The oral bioavailability
of the drug when dosed alone is decreased when admin-
istered together with food and therefore indinavir should
be taken on an empty stomach [4]. However, when co-
administered with ritonavir the pharmacokinetic profile
of indinavir is improved [5, 6]. This desirable drug–drug
interaction is caused by potent inhibition of cytochrome
P450 (CYP) 3A4-mediated metabolism in the liver by
ritonavir, resulting in a decreased elimination rate of
indinavir [7]. In addition, inhibition of drug-transporting
cellular efflux proteins such as P-glycoprotein (P-gp)
by ritonavir, might further increase the bioavailability
of indinavir [8]. However, the inhibitory potential of
ritonavir on this transporter has not been established
unequivocally [9].

Both toxicity and efficacy have been related to plasma
indinavir concentrations [10–12]. Therapeutic drug
monitoring of indinavir may be a valuable tool in the
treatment with this drug, as has been demonstrated in
treatment-naive patients [13].

The aim of this study was to characterize the popula-
tion pharmacokinetic parameters of indinavir, and, in
particular, to model the interaction between ritonavir
and indinavir, in a representative HIV-1-infected patient
population, in which various dosage regimens were
being used. In addition, patient characteristics that
might affect the pharmacokinetic parameters of indi-
navir were investigated.

 

Methods

 

Patients

 

Ambulatory HIV-1-infected patients from the outpatient
clinic of the Slotervaart Hospital, Amsterdam, the Neth-
erlands were studied. All patients were taking indinavir
as part of their antiretroviral regimen and had at least
one plasma indinavir concentration available for analy-
sis. Patients received either indinavir alone, or in com-
bination with ritonavir. Data were collected during
regular outpatient clinic visits at random time points. At
each visit, which was considered an occasion, a blood
sample was obtained for the determination of an indi-
navir and ritonavir plasma concentration. In addition to
the random samples, full pharmacokinetic profiles (8–
12 time points per patient) were available from 45
patients, which were obtained as part of several studies
performed in our hospital and in the Academic Medical
Centre, Amsterdam, the Netherlands. Full details of
these studies have been presented elsewhere [5, 14–16].
Protocols were approved by the institutional ethics com-
mittees and informed consent was obtained from all

patients. The randomly timed blood samples were
obtained within the scope of our therapeutic drug mon-
itoring program, which is in accordance with local treat-
ment guidelines.

 

Blood sampling

 

Our therapeutic drug monitoring program involves a
strict protocol in which plasma concentrations of anti-
retroviral drugs are routinely and frequently monitored
during each visit to the outpatient clinic. As a conse-
quence patients understand the need to record the time
of ingestion of the last dose. Additionally, sampling
times were recorded electronically at the department of
clinical chemistry. The sampling time after dosing was
calculated from this information.

Full pharmacokinetic profiles were determined during
an administration interval. All concentrations were col-
lected at steady state, at least 2 weeks after initiation of
an indinavir-containing regimen.

 

Drug analysis

 

Plasma concentrations of indinavir and ritonavir were
determined using liquid chromatography coupled with
electrospray tandem mass spectrometry. This method
was validated over the range 0.01–10 mg l

 

-

 

1

 

 and 0.05–
10 mg l

 

-

 

1

 

, respectively, using 100 

 

m

 

l samples of plasma.
Recoveries of indinavir and ritonavir were 105.4% and
91.7%, respectively. Within- and between-day preci-
sions were always less than 9.4% for all quality control
samples [17].

 

Population pharmacokinetic analyses

 

The nonlinear mixed effect modelling software program
NONMEM (Version V, level 1.1, GloboMax LLC,
Hanover MD, USA) using a Fortran compiler (Compaq
Visual Fortran Version 6.5, Compaq Computer Corpo-
ration, Houston, TX, USA), was used to perform all
analyses. The first-order conditional estimate method
(FOCE) procedure with interaction between interindi-
vidual, intra-individual and residual variability was used
throughout. The adequacy of the developed structural
models was evaluated using both statistical and
graphical methods. The minimal value of the objective
function (OFV) provided by NONMEM was used as
goodness-of-fit characteristic to discriminate between
hierarchical models using the likelihood ratio test [18].
A 

 

P

 

 value of 0.05, representing a decrease in OFV of
3.84 points, was considered statistically significant (chi-
square distribution, d.f. = 1). Standard errors for all
parameters were approximated using the COVARI-
ANCE option of NONMEM. Individual Bayesian esti-
mates of the pharmacokinetic parameters were obtained
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using the POSTHOC option [18]. The program PDx-
Pop (version 1.1, release 4, Globomax LLC, Hanover
MD, USA) was used as interface for conducting the
population pharmacokinetic analyses with NONMEM
and for graphical model diagnostics. In addition, the
S-plus (MathSoft, Inc, Seattle, USA) based model-
building aid Xpose 3.0 was used for graphical model
diagnosis [19].

 

Basic pharmacokinetic model

 

First-order absorption models with and without absorp-
tion lag-time were tested. Different numbers of transi-
tion compartments instead of an absorption lag-time
were also tested to describe the absorption process and
single and multiple compartment models with linear and
nonlinear elimination were used to describe its distribu-
tion kinetics.

Since ritonavir is used as a kinetic booster in indi-
navir-containing regimens, the effect of ritonavir on the
pharmacokinetics of indinavir was incorporated in the
basic model. This consisted of two phases. In the first
phase, a previously developed and validated population
pharmacokinetic model for ritonavir, that also included
data from patients treated with indinavir/ritonavir, was
used to obtain individual Bayesian estimates of the phar-
macokinetic parameters for ritonavir [20]. This model
used first-order absorption in combination with one-
compartment disposition and first-order elimination.
Clearance, volume of distribution and absorption rate
constant were 10.5 l h

 

-

 

1

 

, 96.6 l and 0.871 h

 

-

 

1

 

, respec-
tively, with interindividual variabilities of 38.3%, 80.0%
and 169% (% coefficient of variation), respectively. The
interoccasion variability in the apparent bioavailability
was 59.1%. Validation of the model indicated precise
estimation of the pharmacokinetic parameters [20].
Exposure to ritonavir over a dosing interval (AUC) was
calculated by dividing dose by clearance.

In the second phase, the influence of ritonavir on the
pharmacokinetics of indinavir was studied. Ritonavir
interacts with indinavir during the absorption and the
elimination processes, mainly due to inhibition of
CYP3A4 in the gut wall and the liver and inhibition of
P-gp. Other transporters, such as multidrug resistance
proteins (MRPs) and organic anion transporting
polypeptides (OATPs) may also be affected.

Of the models tested, the first described the mecha-
nism of the interaction assuming a time-dependent
effect of ritonavir on the pharmacokinetics of indinavir.
In this model the predicted concentration of ritonavir,
based on the Bayesian estimates of clearance, volume
of distribution and absorption rate constant, was directly
related to the elimination of indinavir (1). In the second

model, a direct relationship between the clearance of
indinavir and the total exposure to ritonavir, expressed
as the predicted AUC, was assumed (2). These relation-
ships were expressed as follows:

(1)

(2)

in which CL/

 

F

 

ij

 

 represents the indinavir clearance of the
i

 

th

 

 individual on the j

 

th

 

 occasion, 

 

q

 

1

 

 is the typical value
of clearance, E

 

max

 

 is the maximum inhibitory effect of
ritonavir, 

 

C

 

ij

 

(

 

t

 

) is the concentration of the i

 

th

 

 individual
on the j

 

th

 

 occasion at time 

 

t

 

, 

 

C

 

50

 

 is the concentration of
ritonavir that is associated with half-maximal inhibition
of the clearance of indinavir, AUC

 

ij

 

 is the AUC of the i

 

th

 

individual on the j

 

th

 

 occasion, AUC

 

50

 

 is the AUC of
ritonavir that is associated with half-maximal inhibition
of the clearance of indinavir, and 

 

g

 

 is a constant to be
estimated.

The effect of ritonavir on the apparent bioavailability

 

F

 

 was also assessed.
Population pharmacokinetic parameters such as clear-

ance, volume of distribution and the absorption rate
constant were estimated. Interindividual (IIV) and
interoccasion variability (IOV) in the pharmacokinetic
parameters were determined using an exponential error
model, according to Karlsson & Sheiner [21]. For exam-
ple, variability in clearance was estimated using the
equation

CL/

 

F

 

ij

 

  =  

 

q

 

1

 

 

 

¥

 

 exp(

 

h

 

i

 

  +  

 

k

 

ij

 

)

in which CL/

 

F

 

ij

 

 represents the clearance of the i

 

th

 

 indi-
vidual on the j

 

th

 

 occasion, 

 

q

 

1

 

 is the population value of
clearance, 

 

h

 

i

 

 is the interindividual random effect with
mean 0 and variance 

 

w

 

2

 

 and 

 

k

 

ij

 

 is the interoccasion
random effect with mean 0 and variance 

 

p

 

2

 

. The param-
eters 

 

w

 

 and 

 

p

 

 represent % coefficient of variation for
interindividual and interoccasion variability, respec-
tively. Residual variability was modelled with a com-
bined additive and proportional error model.

 

Covariate pharmacokinetic model

 

To identify possible relationships between the pharma-
cokinetics of indinavir and patient characteristics, the
following covariates were collected at baseline: age,
weight, gender, race, alanine aminotransferase (ALAT,
in U l

 

-

 

1

 

), aspartate aminotransferase (ASAT, in U l

 

-

 

1

 

),
alkaline phosphatase (AP, in U l

 

-

 

1

 

), gamma-glutamyl-
transferase (GGT, in U l

 

-

 

1

 

), total bilirubin (TBR, in

 

m

 

mol l

 

-

 

1

 

) and serum creatinine (CR, in 

 

m

 

mol l

 

-

 

1

 

).

CL Eij ij ij/ /maxF C t C C t= ¥ - ¥ ( )( ) + ( )( )( )q g g g g
1 501

CL E AUC AUC AUCij ij ij/ /maxF = ¥ - ¥( ) +( )( )q g g g g
1 501
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Patients were considered to have a chronic hepatitis B
or C infection when hepatitis surface antigen (HbsAg)
or antihepatitis C antibodies (anti-HCV), respectively,
could be detected at baseline. Concomitant use of the
CYP3A4-inducing drugs efavirenz and nevirapine was
documented. Age and weight were examined as contin-
uous variables and gender, race, hepatitis B infection
and hepatitis C infection as dichotomous variables. Val-
ues for ALAT, ASAT, AP, GGT, TBR and CR were
transformed to dichotomous variables by using 1.5
times the upper limit of normal (ULN) as cut-off value.
Some covariates were missing in a small subset of
patients. In order to avoid bias, a covariate was included
in the model indicating the missing data. For instance,
the influence of a dichotomous covariate X on clearance
with missing data of X for some individuals was mod-
elled as:

in which TVCL is the typical value of clearance in the
population, MIS is 1 for records with missing data and
0 for all other records, 

 

q

 

1

 

 is the typical value of an
individual with X = 0 (no missing data) and 

 

q

 

2

 

 is the
relative difference in clearance for individuals with
X = 1 (no missing data) and 

 

q

 

3

 

 is the relative difference
in clearance for individuals with missing data.

The inclusion of a covariate relationship in a pharma-
cokinetic model was based on a combination of the
statistical significance and the clinical importance of the
relationship. A stepwise forward inclusion and back-
ward elimination procedure was carried out for the
detection of covariate relations. A covariate was consid-
ered statistically significant in the forward inclusion pro-
cess when the inclusion was associated with a decrease
in the minimal value of the objective function associated
with a 

 

P

 

 value of 

 

£

 

0.05 (

 

D

 

OFV = 3.84 points, log-
likelihood ratio test). In the backward elimination pro-
cedure a 

 

P

 

 value of 0.01 combined with a clinically
relevant effect was required. Clinical relevance was con-
sidered when the typical value of the pharmacokinetic
parameter of interest changed at least 10% in the range
of the covariate, as observed in the population to prevent
the detection of a clinically unimportant, albeit signifi-
cant, relationship.

 

Statistical refinement

 

The validity of the interindividual variability model was
assessed by evaluating the correlations between individ-
ual random effects (

 

h

 

) and interoccasion random effects
(

 

k

 

) for all of the pharmacokinetic parameters [22].
When a substantial correlation was present or suspected,

TVCL X MIS MIS= -( )q q q1 2
1

3* **

 

covariance between these parameters was included in
the model.

 

Model validation

 

The bootstrap resampling technique was applied as an
internal validation for the final model [23]. Bootstrap
replicates were generated by randomly sampling
approximately 65% of the original data set with replace-
ment. The final model was fitted to the replicate data set
using the bootstrap option in the software package
Wings for NONMEM (written by N. Holford, version
406, May 2004, Auckland, New Zealand). Parameter
estimates for the replicate data set were obtained in this
way [23]. The precision of the model was evaluated by
visual inspection of the distribution of model parame-
ters. Furthermore, the median parameter values and
95% prediction intervals of the bootstrap replicates
were compared with the estimates of the original data
set.

 

Results

 

Full pharmacokinetic profiles were available from 45
patients. In addition, indinavir plasma concentrations at
a single time point were obtained from 102 patients. In
total 853 samples were used for analysis. Most patients
received 800 mg indinavir orally either three times daily
(112 occasions) or twice daily in combination with
100 mg ritonavir (201 occasions) or 400 mg indinavir
and 400 mg ritonavir twice daily (37 occasions). Alter-
native regimens and patient characteristics of the data
set are presented in Table 1. The patient population was
predominantly male and Caucasian. Information was
not available (depending on the covariable) from 0 to
19.7% of the patients. Excluding the data from the full
profiles, two to three samples per patient (range from 1
to 18, follow-up 0–64 months) were used. The concen-
tration-time data of indinavir are shown in Figure 1.

The population pharmacokinetics of indinavir were
best described by a one-compartment model with first-
order absorption and elimination. Both zero-order and
first-order models with and without peripheral compart-
ments were tested. However, the use of a zero-order
absorption model or inclusion of a peripheral compart-
ment did not increase the goodness-of-fit.

Several models with and without an absorption lag-
time, as well as models with several numbers of transi-
tion compartments to describe the absorption phase [24]
were evaluated. It appeared that concomitant use of
ritonavir slowed the absorption of indinavir by introduc-
ing an absorption lag-time (0.485 h) which was there-
fore included in the model for patients taking ritonavir
(

 

D

 

OFV = 79.5, P < 0.001).
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The influence of exposure to ritonavir on the phar-
macokinetics of indinavir was modelled in two steps.
First, for 105 patients (288 occasions) who used
ritonavir concomitantly with indinavir, Bayesian esti-
mates of the ritonavir pharmacokinetic parameters were
obtained by use of the earlier developed population

pharmacokinetic model for ritonavir [20]. Thereafter,
the effect of ritonavir exposure was studied using sev-
eral models. At first, a direct time-dependent relation-
ship between ritonavir and the clearance of indinavir
was tested. However, an increase in the clearance of
indinavir during the dose-interval due to the elimina-

Table 1
Baseline characteristics of the patients (n = 147) studied on 443 occasions

Parameter

Number of
occasions
(n (%))

Number of
patients. (n (%)) Median IQR

Number of
patients
> 1.5 ¥ ULN

Missing
(n (%))

Regimen
3 ¥ 600 mg IDV 1 (0.2)
3 ¥ 800 mg IDV 112 (25.3)
3 ¥ 1000 mg IDV 26 (5.9)
3 ¥ 1200 mg IDV 4 (0.9)
2 ¥ 1200 mg IDV 7 (1.6)
2 ¥ 1400 mg IDV 5 (1.1)
2 ¥ 200 mg IDV +2 ¥ 100 mg RTV 1 (0.2)
2 ¥ 600 mg IDV +2 ¥ 100 mg RTV 18 (4.1)
2 ¥ 800 mg IDV +2 ¥ 100 mg RTV 201 (45.4)
2 ¥ 1000 mg IDV +2 ¥ 100 mg RTV 20 (4.5)
2 ¥ 1200 mg IDV +2 ¥ 100 mg RTV 2 (0.5)
2 ¥ 800 mg IDV +2 ¥ 400 mg RTV 6 (1.4)
2 ¥ 400 mg IDV +2 ¥ 400 mg RTV 37 (8.4)
1 ¥ 800 mg IDV +1 ¥ 100 mg RTV 3 (0.7) 0
concomitant NNRTI 35 (7.9) 0

Gender M/F 138/9 (93.9/6.1) 0
Age (years) 40.3 34.9–47.1 29 (19.7)
Weight (kg) 73.0 65.0–80.0 0
Race

Caucasian 121 (82.3)
Black 14 (9.5)
Asian 7 (4.8)
Latino 5 (3.4)

Clinical chemistry
Baseline ASAT (U l-1) 31.7 24.4–43.5 21 4 (2.7)
Baseline ALAT (U l-1) 34.0 22.0–48.1 20 4 (2.7)
Baseline GGT (U l-1) 37.8 22.0–62.8 27 7 (4.8)
Baseline AP (U l-1) 78.8 65.0–92.6 4 7 (4.8)
Baseline TBR (mmol l-1) 18.0 12.3–27.0 40 5 (3.4)
Baseline CR (mmol l-1) 81.0 72.0–91.0 1 4 (2.7)

Clinical immunology at baseline
CD4 cell count (106 l-1) 380  220–575 8 (5.4)
CD8 cell count (106 l-1) 1060  725–1565 12 (8.2)

Molecular biology at baseline
Plasma log10 HIV-1 RNA (copies/ml) 2.30 2.30–3.67 6 (4.1)

HBV/no HBV 5/133 (3.4/90.5) 9 (6.1)
HCV/no HCV 8/130 (5.4/88.4) 9 (6.1)

IDV = indinavir, RTV = ritonavir, M = male, F = female, ASAT = aspartate aminotransferase, ALAT = alanine aminotransferase,
GGT = gamma-glutamyltransferase, AP = alkaline phosphatase, TBR = total bilirubin, CR = creatinine, HBV = hepatitis B infec-
tion, HCV = hepatitis C infection, IQR = interquartile range.
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tion of ritonavir over time could not be demonstrated.
Thereafter, a continuous relationship between exposure
to ritonavir, expressed as AUC, and the clearance of
indinavir was tested. The OFV of this model decreased
substantially in comparison with that without the effect
of ritonavir. However, AUC50 was estimated to be very
small and Emax was 0.638, indicating complete inhibi-
tion of indinavir metabolism at very low exposure to
ritonavir. Therefore, in the final model the effect of
ritonavir was modelled as a dichotomous variable (drug
present or not). This model resulted in a decrease in the
OFV of 137.4 points (P < 0.001) compared with the
model that did not take account of the effect of
ritonavir.

No relationship between exposure to ritonavir and the
apparent bioavailability of indinavir could be demon-
strated (DOFV = 2.4, P = 0.121).

A correlation between the individual random effects
of the clearance and volume of distribution (hCL and hV)
of indinavir was observed and the covariance between
these parameters was added to the model. The correla-
tion coefficient was 0.729.

The results from the basic pharmacokinetic model are
summarized in Table 2. Clearance was estimated to be
49.3 l h-1 with an IIV and IOV of 34.8% and 21.2%,
respectively. Corresponding values for the volume of
distribution and absorption rate constant were 77.2 l
(IIV = 28.5%) and 02.64 h-1, respectively. Ritonavir
decreased the clearance of indinavir by 64%.

The different covariates were introduced separately
into the basic model on clearance, volume of distribu-
tion and apparent bioavailability, using a univariate pro-
cedure. Gender, baseline TBR and concomitant use of
efavirenz or nevirapine showed a statistically significant
relationship with clearance and apparent bioavailability.
None of the covariates was related to the volume of
distribution.

From the backwards elimination, concomitant use of
efavirenz or nevirapine (DOFV = -34.8, change in
clearance = 41%) and gender (DOFV = -8.6, change in
apparent bioavailability = 48%) had statistically signifi-
cant and clinically relevant influence on the pharmaco-
kinetics of indinavir. The effect of efavirenz and
nevirapine was similar and inclusion of separate effects

Figure 1
Concentration-time data for indinavir. Open 

circles (�) represent concentrations at single 

time points, dots connected with hairlines 

(�) represent full pharmacokinetic profiles

0.001

0.01

0.1

1

10

100

0 2 4 6 8 10 12

Time after ingestion (hrs)

In
di

na
vi

r 
co

nc
en

tr
at

io
n 

(m
g/

L
)



B. S. Kappelhoff et al.

282 60:3 Br J Clin Pharmacol

for each drug did not improve goodness-of-fit. Further-
more, this change in the pharmacokinetics of indinavir
was independent of ritonavir. The results of the final
model are summarized in Table 2. The model predicted
and individual predicted concentrations vs. observed
concentrations of indinavir using the final model are
presented in Figure 2. The model based predictions were
symmetrically distributed around the line of identity,
indicating that the model adequately describes the phar-
macokinetics of indinavir. Figure 2C shows the plot of
the weighted residuals vs. time after ingestion.

The following equation describes the final model for
clearance and F:

CL = 46.8 ¥ 0.354RTV ¥ 1.41NNRTI

F = 1 ¥ 1.48SEX

in which RTV is 1 when ritonavir is administered and 0
when it is not, NNRTI is 1 when efavirenz or nevirapine
are administered and 0 when they are not, and SEX is
0 for males and 1 for female patients. In Figure 3 typical
concentration-time data of the three most commonly
used indinavir-containing regimens are shown (three
times daily 800 mg indinavir, twice daily 800 mg indi-
navir with twice daily 100 mg ritonavir, twice daily
400 mg indinavir with twice daily 400 mg ritonavir).

From the original data set 1000 replicate bootstrap
data sets were generated and used for the evaluation of
the precision of the parameter estimates. In addition to
those for the basic and final model, Table 2 lists the
results of the bootstrap procedure, presented as medians
and 95% prediction intervals. Median values from the
bootstrap analysis were close to the parameter estimates
from the original data set, and all parameters could be
estimated with acceptable precision.

Discussion
A population pharmacokinetic model was developed
that characterized the interaction between indinavir and
ritonavir with a dichotomous effect of exposure to the
latter on the clearance of the former drug. The developed
model enabled adequate description of the pharmacok-
inetics of indinavir. Our estimates of clearance (46.8 l
h-1) and volume of distribution (82.3 l) fell within the
wide range (25.6–110 l h-1 and 30–195 l, respectively)
of values found in previous studies [25–29].

The effect of ritonavir on the pharmacokinetics of
indinavir was found not to be time-dependent. Further-
more, it appeared that the boosting effect of ritonavir
was independent of dosage (100 mg or higher). Con-
comitant use of ritonavir caused a decrease in clearance

Table 2
Parameter estimates for the final pharmacokinetic model for indinavir and the results of bootstrap analysis

Basic model Final model Bootstrap analysis
Est RSE (%) Est RSE (%) Median 95% PI

CL/F (l h-1) 49.3 6.19 46.8 5.75 46.6 41.5, 55.3
qritonavir* 0.362 7.27 0.354 6.07 0.357 0.314, 0.406
qconcomitant NNRTI* – – 1.41 4.78 1.41 1.27, 1.56

V/F (l) 77.2 5.03 82.3 4.70 81.8 74.4, 102.
ka (h-1) 2.64 16.4 2.62 16.0 2.59 1.90, 3.93
Lag-time (h)# 0.483 2.40 0.485 1.79 0.485 0.431, 0.545
IIV CL/F (%) 34.8 24.1 24.2 44.5 24.4 11.2, 52.3
IIV V/F (%) 28.5 50.6 24.6 52.3 24.0 10.6, 77.7
Correlation IIV CL/F-V/F 0.729 44.4 0.629 84.8 0.757 -1, 1-
IOV CL/F (%) 21.2 40.6 20.9 37.0 20.5 11.5, 32.6
IOV F (%) 22.8 48.3 23.1 50.7 22.2 7.74, 56.5

qfemale* – – 1.48 16.7 1.46 0.882, 2.040
Additive error (mg l-1) 0.0491 17.0 0.0491 16.7 0.0492 0.0306, 0.0782
Proportional error (%) 35.0 6.06 35.3 6.18 34.8 25.0, 39.4

*Relative change in pharmacokinetic parameter in the presence of the covariate, resulting in the following equations: CL/
F = 46.8 ¥ 0.354RTV ¥ 1.41NNRTI, V/F = 77.2, F = 1 ¥ 1.48SEX. #Only estimated when indinavir and ritonavir were combined. CL/
F = clearance, V/F = volume of distribution, F = apparent bioavailability, ka = absorption rate constant, IIV = interindividual
variability, IOV = interoccasion variability, Est = parameter estimate, RSE = relative standard error, PI = prediction interval.
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Figure 2
Population (panel A) and individual (panel B) 

predicted concentrations vs. observed 

concentrations of indinavir, and weighted 

residuals vs. time after dosing (panel C) using 

the final model
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of 64%, resulting in an increase in the elimination
half-life from 1.2 h to 3.4 h. In contrast to the findings
of Saah et al. [30], our data indicate that 100 mg of
ritonavir may be sufficient for maximal inhibition of
indinavir metabolism.

The absorption of indinavir was also influenced by
ritonavir. The latter may have caused delayed gastric
passage [31], since only in patients using indinavir com-
bined with ritonavir could a lag-time be detected. Fur-
thermore, and as observed in other studies [5, 30], the
maximum concentration of indinavir occurred later
when given with ritonavir, whereas the absorption rate
was similar.

No relationship between exposure to ritonavir and the
apparent bioavailability of indinavir was demonstrated.
At clinical doses indinavir concentrations in the intesti-
nal lumen are substantially higher than its Km (140 mM)
for P-gp efflux [32]. As a result, it is likely that intestinal
P-gp is saturated by indinavir at these doses. Thus it was
not expected that ritonavir would substantially increase
the oral bioavailability of indinavir through inhibition of
intestinal P-gp, despite the finding that ritonavir is a
moderate inhibitor of P-gp [33].

Treatment with efavirenz and nevirapine was associ-
ated with a 41% increase in the clearance of indinavir.
This induction of metabolism, an effect observed by
others [34–36] was also seen when ritonavir was co-
administered. No patients took the latter at a dose higher
than 100 mg when they were being treated with NNR-

TIs. Therefore, we were unable to determine whether
higher doses of ritonavir may offset the enzyme induc-
tion by NNRTIs. In our study we could not demonstrate
a difference in the interaction between efavirenz and
nevirapine with indinavir, since no additional increase
in the goodness-of-fit was gained by the inclusion of
individual data for either drug. A marked decrease in the
interindividual variability in indinavir clearance was
observed when the effects of nevirapine and efavirenz
were included in the model.

Gender had a significant effect on the pharmacokinet-
ics of indinavir. Female patients had 48% higher bio-
availability compared with male patients, indicating that
females develop higher plasma concentrations, an
observation also made by Csajka et al. [29]. Investiga-
tions using midazolam as a probe of intestinal CYP3A4
and verapamil, a mixed CYP3A and P-gp substrate,
showed higher bioavailability of these drugs in women
compared with men [37]. The pharmacokinetics of indi-
navir are probably influenced by both differential
expression of drug transporters and CYP enzymes.
Hence the factors influencing its transport and/or metab-
olism can be expected to affect both clearance and
bioavailability.

No other tested covariables showed an influence on
the pharmacokinetics of indinavir.

Despite significant interoccasion variability, the pres-
ence of a relationship between plasma concentration and
efficacy and/or toxicity and the substantial interindivid-

Figure 3
Concentration-time points for three indinavir-

containing regimens. The solid dots represent 

three times daily 800 mg indinavir, the open 

circles represent two times daily 400 mg 

indinavir in combination with 400 mg ritonavir, 

and the crosses represent two times daily 

800 mg indinavir with 100 mg ritonavir
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ual variability in clearance indicates the usefulness of
monitoring plasma concentrations to optimize indinavir-
containing therapy [13]. Bayesian estimates of individ-
ual pharmacokinetic parameters for indinavir based on
the developed model can be used to determine maxi-
mum and minimum plasma concentrations from a ran-
domly timed blood sample. Appropriate therapeutic
drug monitoring can then be performed, thus preventing
toxicity and/or virologic failure, especially in females
and in patients also taking efavirenz or nevirapine.

In conclusion, a model to describe the pharmacoki-
netics of indinavir was developed and validated. To this
end, a large outpatient population was used, and con-
centration-time points over the complete dosing interval
were incorporated into the model. Cotreatment with
ritonavir delayed the absorption of indinavir and sub-
stantially affected its elimination. The influence of
ritonavir on the clearance of indinavir was independent
of dosage and it was found that that 100 mg of ritonavir
is sufficient for maximal inhibition of the CYP3A4-
mediated metabolism of indinavir. In contrast, concom-
itant use of NNRTIs increased the clearance of indinavir.

Competing Interests: None declared.
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