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Atazanavir (Reyataz; ATV) is a well-tolerated protease inhibitor (PI) that is indicated as a once-daily
treatment for HIV infections. These features of ATV, combined with its virologic potency, make it particularly
desirable for the treatment of HIV-infected pediatric patients. The objective of this study was to use a
model-based approach to recommend body weight-based ATV capsule doses for pediatric patients. ATV
concentration-time data from three adult studies and one pediatric study were described by a C0-delinked
one-compartment model to guard against introducing bias in pharmacokinetic (PK) parameter estimates due
to the potential nonadherence in outpatient studies. The apparent clearance (CL/F) and apparent volume of
distribution (V/F) were determined to increase with body weight, and CL/F was 40.9% lower in patients
receiving ATV comedication with ritonavir (RTV). The relative bioavailability (Frel) of ATV was 132% higher
with RTV comedication and was 35.5% lower for the ATV powder formulation than the capsule formulation.
Model-based simulations were used to recommend weight-based ATV capsule doses of 150 to 300 mg boosted
with 100 mg RTV for pediatric patients weighing >15 kg, such that the exposures in these patients are similar
to those obtained in HIV-infected adults treated with the recommended ATV/RTV dose of 300/100 mg.

There is an unmet medical need for the development of
potent, safe, well-tolerated, and simplified once-a-day thera-
pies for children infected with HIV. Virologic failure and long-
term drug-related toxicities have become increasingly common
in children, and thus there is a need for drugs that offer im-
proved tolerability and resistance to viral mutations, with con-
venient dosing schedules. Atazanavir (Reyataz; ATV) is an
azapeptide protease inhibitor (PI) that is approved in the
United States for the treatment of HIV-infected adults and
children in combination with other antiretrovirals (3). The
safety profile of ATV is notable for causing fewer perturba-
tions in lipids and less gastrointestinal intolerance than the
other PIs. In adult and pediatric patients, the most common
side effect of ATV is indirect bilirubin elevation due to inhi-
bition of the UDP-glucuronil transferase enzyme, which is
usually well tolerated and does not lead to treatment discon-
tinuation (9). Additionally, ATV combines virologic potency
with a high barrier for development of cross-resistance to other
PIs (16). On these grounds, ATV represents an ideal PI for the
treatment of HIV-infected pediatric patients.

The safety, efficacy, and pharmacokinetics (PK) of ATV in
HIV-infected pediatric patients, with or without ritonavir
(RTV), were studied in trial PACTG1020 (ClinicalTrials.gov
identifier NCT00006604). The ATV doses in this study were

body surface area (BSA) normalized and adjusted to target
exposures and safety criteria prespecified in the protocol. A
BSA-based ATV dose of 205 mg/m2 met the prespecified cri-
teria for patients older than 6 years taking ATV capsules with
RTV. However, given the available ATV capsule dose
strengths (100, 150, 200, and 300 mg), it is not possible to
administer the exact mg dose equivalent to the BSA dose. The
BSA dose was converted to the recommended body weight-
tiered ATV pediatric doses in the U.S. labeling requirements.
This report describes the analyses performed to further opti-
mize the body weight-based pediatric ATV doses and to obtain
approval of these doses in the European Union.

Conventional approaches to dose selection for pediatric pa-
tients have utilized size-related allometric scaling, as suggested
for physiological processes across species of different sizes (1,
11). These approaches assume PK parameters to be a function
of the allometric exponent of body weight, without apprecia-
tion of drug-specific PK or PK/pharmacodynamic (PD) data
that are available for the adult population studied previously.
Regulatory authorities, in particular the European Medicines
Agency (EMA) and the U.S. FDA, have advocated model-
based pediatric drug development, which offers the advantages
of integrating adult and pediatric data or data from different
pediatric age groups to support the use of a previously ap-
proved drug in a new target patient population (8, 19). Nu-
merous scientific publications have provided successful exam-
ples of the added value of modeling and simulation (M&S) in
pediatric drug development (5, 12, 13).

In this study, we utilized M&S as a tool to optimize the ATV
capsule doses for pediatric patients by integrating available
pediatric and adult data. Steady-state ATV PK data from three
adult studies and one pediatric study were pooled and used to
develop a population PK model. Model-based simulation was
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then applied to determine body weight-based ATV/RTV doses
for pediatric HIV patients 6 years and older that produce ATV
exposures similar to those known to be efficacious in HIV-
infected adults.

MATERIALS AND METHODS

Study data. Data from 4 clinical studies (3 adult and 1 pediatric) were included
in the analysis. A summary of the study designs is shown in Table 1.

The pediatric study PACTG1020 investigated the PK, safety, and tolerability
of ATV in antiretroviral treatment (ART)-naïve and -experienced HIV-infected
infants, children, and adolescents. The eligible subjects were assigned to treat-
ment groups that were stratified by age, ATV formulation, and RTV comedica-
tion (yes/no), as shown in Table 2. The starting ATV dose for all groups was 310
mg/m2 once a day (QD). The RTV-boosted groups also received RTV at 100
mg/m2 QD (up to 100 mg QD for liquid or a 100-mg capsule QD). ATV doses
were increased or decreased based on prespecified ATV PK exposure targets and
safety criteria. Intensive PK samples collected over a 24-h period from 176
patients at weeks 1 and 56 and 2 weeks after the initiation of ATV dose adjust-
ments were included in this analysis.

The plasma concentration of ATV was determined using a validated high-
performance liquid chromatography–tandem mass spectrometry method (17). A
total of 3,939 ATV concentrations were included in the analysis data set, includ-
ing 620 from the adult studies and 3,319 from the pediatric study. Summary
statistics of the patient characteristics are listed in Table 3.

Pharmacokinetic analysis. The PK data from adult and pediatric patients were
pooled and analyzed by a nonlinear mixed-effects (population PK) model. The
population PK analysis was performed using first-order conditional estimation
(FOCE) as implemented in NONMEM software (version VI; Icon Development
Solutions, Ellicott City, MD). Postprocessing of NONMEM output was per-
formed using S-Plus (version 7.0 for Linux; Tibco Software Inc., Palo Alto, CA).

TABLE 1. Summary of clinical studies

Study Study
population Study design Study drug dosage regimena No. of

patients PK assessment

AI424008 Adult HIV
patients

Phase 2/3 active-controlled,
3-arm parallel group

ATV at 400 mg QD or 600 mg
QD (not included here) or
NFV at 1,250 mg BID (not
included here)

13 0, 0.5, 1, 1.5, 2, 4, 6,
8, 12, and 24 h
on day 29

AI424089 (ClinicalTrials.gov
identifier NCT00084253)

Adult HIV
patients

Phase 4 open label, 2-arm
parallel group

ATV at 400 mg QD or ATV/
RTV at 300/100 mg QD

27 0, 0.5, 1, 1.5, 2, 3, 4,
6, 8, 10, 12, 16,
and 24 h on day
29

AI424137 (ClinicalTrials.gov
identifier NCT00162149)

Adult HIV
patients

Phase 1 open label, two-
cohort sequential design

ATV/RTV at 300/100 mg QD
(2nd cohort only)

11 0, 0.5, 1, 1.5, 2, 2.5,
3, 4, 5, 6, 8, 10,
12, and 24 h on
day 10

PACTG1020 (ClinicalTrials.gov
identifier NCT00006604)

Pediatric HIV
patients

Phase 1/2 open label,
titration design

ATV at 100-1,200 mg QD or
ATV at 48-600 mg QD �
RTV at 26-100 mg QD

176 0, 1, 2, 3, 4, 6, 8, 12,
and 24 h at weeks
1 and 56 plus 2
weeks after a
dose adjustment

a QD, once daily; BID, twice daily; ATV, atazanavir; NFV, nefinavir; RTV, ritonavir.

TABLE 2. Stratification of treatment groups in
PACTG1020 pediatric study

Formulation

Group

Age rangeATV
without

RTV

ATV
with
RTV

Powder 1 5 Infants (3 months to �2 yr)
2 6 Children (�2 to �13 yr)

Capsule 3 7 Children (�2 to �13 yr)
4 8 Adolescents (�13 to �21 yr)

TABLE 3. Summary statistics of patient characteristics
and covariates

Covariate

Value

Adultsa Pediatric
patientsb Total

Body wt (kg)
n 51 176 227
Mean 70.7 33.5 41.9
Range 49.7–97.1 2.6–122 2.6–122

Age (yr)
n 51 176 227
Mean 36.3 9.17 15.3
Range 22–64 0.33–21 0.33–64

ART status (no. of patients)
Naı̈ve 40 80 120
Experienced 11 96 107

RTV comedication (no. of patients)
Without RTV 28 82 110
With RTV 23 94 117

Formulation (no. of patients)
Capsule 51 112 163
Powder 0 64 64

Sex (no. of patients)
Female 16 88 104
Male 35 88 123

Race (no. of patients)
White 15 37 52
Black 34 116 150
Other 2 23 25

Region (no. of patients)
Africa 31 60 91
North America 11 116 127
Europe 9 0 9

a Subjects in studies AI424008, AI424089, and AI424137.
b Subjects in study PACTG1020.
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(i) Model development. ATV pharmacokinetics was described by a C0-
delinked one-compartment linear model with first-order absorption (10). The
ATV structural model was parameterized in terms of first-order absorption rate
(ka), elimination rate (ke), apparent volume of distribution (V/F), and relative
bioavailability (Frel). A parameter to describe the predose concentration (C0)
was estimated as a separate term in the model to guard against introducing bias
in the compartmental PK parameters due to nonadherence (10). The ATV
plasma concentration (C) at time t following an ATV dose (D) was described
using the following expression:

C�t� � C0ke�ket �
FrelDka

V�ka � ke�
�e�ket � e�kat� (1)

The random-effects model includes interindividual variability (IIV) and interoc-
casion variability (IOV) models, which are specified by the log-normal random-
effects model given by the following equation:

�ij � �TV exp��i � �ij� (2)

where �ij is the value of a compartmental model parameter for the ith individual
at the jth occasion, �TV is the typical value of the model parameter, �i denotes
the interindividual random effect accounting for the ith individual’s deviation
from the typical value, and �ij denotes the interoccasion random effect account-
ing for the ith individual’s deviation at the jth occasion. The �i and �ij values are
assumed to be independent, with a mean of zero and covariance matrices de-
noted 	IIV and 	IOV, respectively.

Residual variability was described by the following log-normal residual error
model:

ln�Yij� � ln�Cij� � εij (3)

where Yij is the observed concentration for the ith individual at time tj, Cij is the
corresponding predicted concentration based on the PK model, and εij denotes
the intraindividual (residual) random effect, which is assumed to have a mean of
zero and a variance of 
2.

The covariates of interest were selected based on clinical and pharmacological
judgment and were incorporated into the full model regardless of statistical
significance. The analysis assessed the effects of several intrinsic and extrinsic
covariates on ATV PK. The intrinsic covariates included body weight, age, sex,
race, and ART-naïve or -experienced status, and the extrinsic covariates included
formulation, RTV comedication, and study region. The covariate effects on
apparent clearance (CL/F), V/F, ka, and Frel were investigated. The relationship
between continuous covariates (xij) and the typical value of the PK parameters
(�TV,ij) was described by a power model as follows:

�TV,ij � �REF� xij

xREF
��x

(4)

where �REF and �x are the fixed-effects parameters and xREF is a reference value
of the covariate xij. In the context of this analysis, the reference values for age and
body weight are 18 years and 70 kg.

The relationship between categorical covariates (xij) and the typical value of
the PK parameters (�TV,ij) was modeled as follows:

�TV,ij � �REF�1 � �xxij� (5)

where �REF and �x are the fixed-effects parameters and xij is the indicator
variable, which is equal to 1 or 0 depending on the category of the covariates.

The covariate model was parameterized by assuming multiplicative effects for
both the continuous and categorical covariates. Wald’s approximation method
(WAM) was used to identify a final parsimonious model relative to the full
covariate model (14). To further evaluate the degree of parsimony of the final
model, forward selection followed by backward elimination was performed on
the final model. A change of objective function value (OFV) equal to the
logarithm of the number of observations was set as a cutoff criterion for the
inclusion and exclusion of the covariates to be consistent with Schwarz’s Bayesian
criterion (SBC), employed by the WAM procedure.

(ii) Model evaluation. The final population PK model was evaluated using a
visual predictive check (VPC) and posterior predictive check (PPC). VPC was
conducted by simulating 500 data sets, using the final model population param-
eter estimates. The 10th, 50th, and 90th percentiles (80% VPC interval) of the
simulated data were constructed and superimposed on the observed data in the
original analysis data set. The percentage of observed concentration data outside
the 80% VPC interval was calculated to assess the consistency of observed and
model-predicted concentration values.

PPC was conducted by assuming that the final model parameter estimates (�,

	, and �) followed a multivariate normal distribution, with the mean vector set
to the population parameter estimates and the covariance matrix set to the
variance-covariance matrix of the estimates (20). One thousand simulated data
sets conditioned on the study designs, dose regimens, and covariates in the
observed data set were generated by using 1,000 sets of population parameter
values sampled from the multivariate normal distribution. For each simulated
data set as well as the observed data set, the ATV trough concentration (Cmin),
peak concentration (Cmax), and area under the concentration-time curve (AUC)
were calculated for each simulated subject and used as PPC statistics. The
observed statistics were compared to the median and the 5th and 95th percentiles
of the 1,000 simulated statistics.

Model-based simulation to support pediatric dose recommendations. Model-
based simulations were conducted to evaluate a comprehensive set of weight-
based dosing scenarios for pediatric patients weighing �15 kg given ATV capsule
doses in combination with RTV. The simulation was not conducted for pediatric
patients weighing �15 kg due to insufficient data on efficacy and safety. The final
population PK model was used to simulate steady-state ATV concentration-time
curves for 10,000 hypothetical subjects for each dosing scenario. Individual body
weights for 10,000 hypothetical subjects were sampled from a uniform distribu-
tion within each weight group. Values for Cmin, Cmax, and AUC were calculated
for each of the simulated steady-state ATV concentration-time profiles. These
results were subsequently summarized by calculating the geometric mean (GM)
across the 10,000 simulated subjects.

A bridging strategy was adopted to determine pediatric doses that produced
exposures determined to be safe and efficacious in adults. Weight-based pediatric
ATV capsule doses were identified by determining the doses that produced
summary steady-state exposures (Cmin, Cmax, and AUC) that were similar to
target exposures achieved in HIV-infected adults receiving the recommended
adult dose (ATV/RTV at 300/100 mg QD). The similarity criteria for exposures
in pediatric and adult patients were defined as follows: GM of pediatric Cmin of
�75% of GM of adult Cmin, GM of pediatric Cmax of �150% of GM of adult
Cmax, and GM of pediatric AUC within 80 to 125% of GM of adult AUC.

In addition, we determined the percentage of pediatric subjects attaining
exposures within the 10th and 90th percentiles of the adult exposures produced
by the adult recommended dose. A percentage of �75% in conjunction with
exposure similarity was deemed to be appropriate for proposing weight-based
ATV pediatric doses.

RESULTS

Pharmacokinetic analysis. (i) Base model development. The
base population PK model describing steady-state ATV con-
centration-time profiles was determined to be a C0-delinked
one-compartment model with delayed first-order absorption
and first-order elimination. This modeling approach has been
shown to perform better than the conventional method (which
assumes 100% treatment adherence), based on the bias and
imprecision of parameter estimates and the power and type I
error in the likelihood ratio test for covariate effects (10, 18).
RTV coadministration was included as a fixed effect in C0 in
view of the higher ATV trough concentration with an ATV/
RTV regimen than with ATV alone. Under full adherence, C0

is expected to be dose proportional; hence, it was of interest to
assess whether C0 was dose proportional across the wide range
of ATV doses investigated in the pediatric study (48 to 1,200
mg QD). The relationship between ATV dose and C0 was
investigated by incorporating a proportional dose effect on C0

for ATV and ATV/RTV regimens. The OFVs were compared
to that for the model with no dose effects on C0. The incorpo-
ration of the ATV dose effect resulted in a large reduction in
OFV, by 84 points, and comparison of OFVs for the ATV dose
effect revealed that the reduction can be explained primarily by
the dose effect on C0 for the ATV/RTV regimen.

The random-effects model incorporates IIV effects on ka, ke,
and V/F and IOV effects on ke, Frel, and C0. The IOV effect on
C0 was modeled as having both a PK component and a non-
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adherence component. The PK-related IOV component on C0

was likely due to IOV on Frel, so the same variance component
was included on both C0 and Frel. Residual variability was
modeled using the log-transform error model as shown in
Equation 3. Separate residual variance components were in-
cluded for ATV alone and ATV/RTV, to account for the
differences in residual variability between these two treatment
regimens.

(ii) Final model development. Models that included all pos-
sible combinations of covariate parameters in the full model
were evaluated by the WAM procedure. The top 15 WAM-
ranked models, in order of decreasing SBC, were then fit in
NONMEM. The model with the highest actual SBC based
on the NONMEM runs corresponded to the top WAM-
ranked model, but the correlation coefficient of WAM- and
NONMEM-based SBCs was low (r  0.157). Therefore, fur-
ther ad hoc NONMEM-based model evaluations were under-
taken to confirm the selection of the final model. A combina-
tion of forward selection and backward elimination was
performed, starting with the top WAM-ranked model, using
8.279 [log(n)  log(3,939)] as the cutoff of �OFV for inclusion
and exclusion of a single covariate parameter. The ad hoc
stepwise runs did not result in the inclusion of additional co-
variates or the removal of existing covariates from the model,
suggesting that the top WAM-ranked model was parsimonious,
and therefore this model was selected as the final model.

The final model contained the following covariate effects:
age effect on ka; body weight effect on V/F; region (Africa),
body weight, sex, and RTV comedication effects on CL/F; and
formulation and RTV comedication effects on Frel. All cova-
riates had effect magnitudes outside �20% of reference cova-
riate values, except for the effects of region (Africa) and sex on
CL/F (Fig. 1 and 2). The final model parameter estimates are
provided in Table 4. The negative exponent for the age effect
on ka indicates that infants and younger children had an in-
creased rate of absorption that resulted in a higher Cmax than
that for adolescents and adults. The CL/F for a male in North
America/Europe with a body weight of 70 kg receiving ATV
alone was 34.6 liters/h, and the V/F for a subject with a body

weight of 70 kg was 266 liters. The inclusion of an RTV co-
medication effect on C0, CL/F, and Frel described the substan-
tially higher ATV exposures for patients receiving ATV/RTV
than those for patients receiving ATV alone, which is consis-
tent with the mechanism of drug interaction between ATV and
RTV (15). The PK estimates of our analysis showed some
discrepancy with previously reported data (CL/F of 12.9 li-

FIG. 1. Effects of categorical covariates on ATV PK parameters
(CL/F and Frel). An open circle shows the estimated covariate effect
compared to the reference. Error bars show the 95% confidence in-
terval (95% CI) for the covariate effect. The covariate effect for the
reference is considered 100% (vertical solid line), and dashed vertical
lines show 80% and 120% of the reference effect.

FIG. 2. Effects of continuous covariates on ATV PK parameters
(CL/F, V/F, and ka). The covariate effect (95% CI) at the 5th and 95th
percentiles of the covariate is represented by the end of the horizontal
box (horizontal line). The open and shaded areas of the box represent
the range of covariate effects from the median to the 5th and 95th
percentiles, respectively, of the covariate.

TABLE 4. Final model parameter estimates

Parametera Mean estimate �
SE IIV (%) IOV (%)

Ka (1/h) 2.04 � 0.31 173
Age � Ka �0.822 � 0.139

Ke (1/h) 0.130 � 0.006 14.6 22.2

V/F (liters) 266 � 25 42.5
Body wt � V/F 0.706 � 0.082

CL/F (liters/h) 34.6
Region (Africa) � CL/F 0.145 � 0.045
Body wt � CL/F 0.600 � 0.083
Sex (female) � CL/F �0.115 � 0.035
Comedication (with RTV) �

CL/F
�0.409 � 0.026

tlag (h)b 0.913 � 0.002

C0 (ng/ml) 118
ATV 158 � 17
ATV � RTV 672 � 61

Frel 1
Formulation (powder) � Frel �0.355 � 0.100 88.8c

Comedication (with RTV) �
Frel

1.32 � 0.24 59.4d

Residual error (%CV)
ATV 55.2
ATV � RTV 35.3

a Covariate � PK parameter, covariate effect on PK parameter.
b Absorption lag time.
c Interoccasion variability of Frel for ATV alone.
d Interoccasion variability of Frel for ATV in combination with RTV.
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ters/h for ATV alone and 7.0 liters/h for ATV/RTV, V/F of
88.3 liters, and ka of 0.405 h�1) (7). However, the ATV elim-
ination half-lives (5.3 h for ATV alone and 9.0 h for ATV/
RTV) were in accordance with published data (4.6 h for ATV
alone and 8.8 h for ATV/RTV) (7). Finally, the model pre-
dicted an approximately 35.5% reduction in bioavailability for
the powder formulation relative to the capsule formulation.

(iii) Final model evaluation. The predictive performance of
the final model was evaluated by VPC and PPC. The VPC plot
(see Fig. S1 in the supplemental material) demonstrated that
model predictions were largely in agreement with the observed
data. The percentages of observations outside the 80% VPC
intervals were close to the nominal value of 20%, with the
exception of a few age groups that had percentages of �10%
(see Table S1).

Figure 3 shows the final model posterior predictive distribu-
tion (medians with 5th and 95th percentiles) of GMs for Cmin,
Cmax, and AUC overlaid with the observed GMs for ATV at
week 1 in pediatric and adult subjects. The PPC of GMs (and
standard deviations) of Cmin, Cmax, and AUC provided an
evaluation of the model-predicted central tendency (and vari-
ability) of these exposure measures. The PPC was stratified by
the 8 pediatric age/treatment groups in PACTG1020, and
groups 1 and 5 were further stratified into younger (3 months
to 1 year) and older (1 to 2 years) infants to assess the ade-

quacy of the model for predictions of exposures in younger
infants. Two additional stratification groups, for adults receiv-
ing ATV alone or ATV/RTV, were also included. The ob-
served GMs for Cmin, Cmax, and AUC generally fell within the
5th and 95th percentiles of the predictive distribution for the
final model across the pediatric age groups as well as the adult
groups, with the exception of Cmin for the younger infants in
group 1 and AUC for the younger infants in group 5. Group 1
had only one subject younger than 1 year, resulting in less
precision in the prediction than that for the other groups. The
GM of observed AUC in group 5 was calculated from 6 sub-
jects and is about 20% less than the 5th percentile limit (16.3
versus 20.7 �g � h/ml). The observed GMs for Cmin, Cmax, and
AUC at week 56 generally fell within the 5th and 95th percen-
tiles of the predictive distribution (see Fig. S2 in the supple-
mental material).

Model-based simulation to support ATV capsule dose rec-
ommendations for pediatrics. A series of ad hoc simulations
were conducted to evaluate comprehensive dosing scenarios
for RTV-boosted ATV capsules in HIV-infected pediatric pa-
tients in selected weight groups (�15 kg, with 5-kg incre-
ments). The proposed weight-based pediatric ATV/RTV cap-
sule doses are presented in Table 5. The body weight ranges in
Table 5 were obtained by collapsing the weight ranges that had
the same doses meeting the similarity criteria. Figure 4 pres-

FIG. 3. Posterior predictive check of ATV population PK model. The observed geometric means of week 1 Cmin, Cmax, and AUC in pediatric
and adult patients (solid circles) are compared with the medians (open circles) and 5th and 95th percentile ranges (horizontal bars) of the
geometric means for exposures calculated from 1,000 simulations.

TABLE 5. Summary of simulated ATV exposure measures at model-proposed pediatric ATV capsule doses boosted with RTV

Body wt
range (kg)

ATV/RTV
dose (mg)

Cmin Cmax AUC

GM
(ng/ml) %a GM

(ng/ml) %a GM
(ng � h/ml) %a

15 to �20 150/100 504 76.8 5,213 81.4 42,902 82.0
20 to �40 200/100 562 78.0 4,954 80.7 42,999 81.0
�40 300/100 691 78.1 5,040 79.4 46,777 79.4
Adult 300/100 661 80 4,153 80 40,615 80

a Percentage of pediatric subjects attaining exposures within the 10th and 90th percentiles of the target adult exposure at the adult label-recommended dose
(ATV/RTV at 300/100 mg).
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ents comparisons of pediatric GMs with target values for each
of the evaluated weight-based dose regimens. ATV/RTV at
200/100 mg is predicted to produce a sufficiently high Cmin for
pediatric patients weighing �40 kg; however, this dose pro-
duces an excessively high Cmax and AUC for patients weighing
�20 kg. Hence, ATV/RTV at 150/100 mg is proposed for
children in the 15 to �20 kg weight group. We noted that
ATV/RTV at 250/100 mg appeared to be a more appropriate
dose than ATV/RTV at 200/100 mg for the 35 to �40 kg
weight group, as it satisfied the similarity criteria while attain-
ing higher exposures than ATV/RTV at 200/100 mg. However,
this dose is not recommended because the 250 mg ATV
dosage strength requires the use of two different capsule
strengths (100 mg and 150 mg) and is therefore prone to
dosing errors. Pediatric patients weighing �40 kg are rec-
ommended to take the adult, label-recommended dose. The
percentage of pediatric subjects with Cmin, Cmax, and AUC
values within the 10th and 90th percentiles of the adult
values is either higher than or close to 75% for all the
proposed ATV capsule doses (Table 5).

DISCUSSION

The present study illustrates the optimization of ATV/RTV
capsule dose regimens for pediatric patients by utilizing M&S
to bridge adult and pediatric data. The proposed ATV doses
listed in Table 5 were recently approved by the European
Union for use in HIV-infected pediatric patients of 6 years and
older (4). These doses are predicted to achieve exposures in
pediatric patients similar to those observed in adult patients
receiving the recommended ATV/RTV dosing regimen (ATV/
RTV at 300/100 mg once daily) that has been shown to be
effective and safe. The extrapolation of efficacy from adults to
pediatric patients based on similar systemic exposures was jus-
tified according to the International Conference on Harmoni-
zation (ICH) E11 guideline, in recognition that adults and
children are similar in HIV pathophysiology and efficacy end-
point for drug treatment (19).

The final population PK model determined the effect mag-
nitudes of several extrinsic and intrinsic factors on ATV PK
parameters and provided adequate predictive performance of
the key measures of ATV exposure (Cmin, Cmax, and AUC)
that were used to evaluate and inform the pediatric dose rec-
ommendations. The population PK modeling approach (C0-
delinked model) accounts for a potential lack of adherence to
drug dosing recommendations by disassociating the predose
concentration (which could be impacted by a lack of adherence
to prior doses) from the estimation of compartmental PK
model parameters. The C0-delinked model isolates the varia-
tion in exposures due to nonadherence to the C0 parameter,
thereby allowing for more accurate estimation of the compart-
mental PK parameters (i.e., ka, V/F, and CL/F) following the
known dosing time and amount of the most recent dose re-
corded in the clinic. Essentially, variation in C0 can be thought
of as a parameter that accounts for nonadherence without
requiring any imputation or additional assumptions regarding
the unknown dosing history prior to the predose sample. The
extent of nonadherence, quantified as the ratio of C0 under
nonadherence versus full adherence, was assessed for typical
individuals (body weights of 17.5, 30, and 55 kg) given the
proposed, weight-based ATV/RTV capsule doses (150, 200,
and 300 mg ATV, respectively, boosted with 100 mg RTV). C0

values under nonadherence were estimated to be 336, 448, and
672 ng/ml, respectively, and the corresponding C0 ratios were
65.8, 83.8, and 110%. The results suggest that higher ATV
exposures translate to improved patient adherence.

To optimally balance the benefit and risk, ATV capsule dose
selection for pediatric patients was targeted to achieve a GM
AUC within 80 to 125% of the GM AUC in adults, while
keeping the GM Cmin at �500 ng/ml (approximately 75% of
the adult GM Cmin) and the GM Cmax at �6,230 ng/ml (150%
of the adult GM Cmax). The determination of target exposures
was supported by the efficacy and safety data observed in adult
ATV clinical trials. Exposure-response analysis of data from
adult studies AI424-089 and AI424-138 (ClinicalTrials.gov
identifier NCT00272779) suggested that patients who achieved
a Cmin of �130 ng/ml were predicted to have a �90% proba-
bility of achieving an HIV RNA reduction to �400 copies/ml
and a �75% probability of achieving an HIV RNA reduction
to �50 copies/ml at week 48 (2, 21). The selected target for the
ATV GM Cmin (500 ng/ml) is anticipated to result in �90% of
pediatric patients achieving a Cmin of �130 ng/ml at the pro-
posed ATV doses. With regard to safety, it was found that
Cmax-dependent asymptomatic PR prolongation was more fre-
quent in pediatric patients than in adults. Pediatric subjects
who reached a Cmax of 7,000 ng/ml or above may present with
PR prolongation, mostly borderline, at higher rates than sub-
jects with a lower Cmax (42% versus 14% of 101 pediatric
subjects). Given that the PR prolongations were asymptomatic,
even in pediatric subjects with Cmax values as high as 20,000
ng/ml, the ATV GM Cmax of �150% of the adult value was
determined as the target for Cmax which corresponds to �90%
of pediatric patients having a Cmax of �16,000 ng/ml at the
proposed ATV doses. Since the peak-to-trough concentration
ratios in pediatric patients are much more pronounced than
they are in adults, the higher Cmax values in pediatric patients
are inevitable in order to maintain an adequate Cmin to support
efficacy. The proposed ATV pediatric doses strike a balance

FIG. 4. Geometric means of ATV exposures (AUC, Cmax, and
Cmin). Model-based simulations were conducted to evaluate a compre-
hensive set of weight-tiered ATV capsule doses for pediatric patients
weighing �15 kg to determine optimal RTV-boosted ATV capsule
dose recommendations for pediatric patients. The proposed, weight-
based ATV doses are labeled by crosses. The vertical dashed line in
each panel represents the respective target adult exposure (80% and
125% of adult GM AUC, 150% of adult GM Cmax, and 75% of adult
GM Cmin).
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between Cmin and Cmax exposures so as to achieve an AUC
similar to that in adults.

ATV capsule doses of 150 to 300 mg boosted with 100 mg
RTV were recommended for ART-naïve or -experienced pa-
tients weighing �15 kg. The proposed weight-based ATV cap-
sule doses were compared with the protocol-specified BSA-
based dose (205 mg/m2) (3) that was administered in the
PACTG1020 pediatric study. The results indicated that these
weight-tiered ATV doses were similar to BSA-based doses
except for the weight group of individuals weighing �40 kg,
where the BSA-based dose was higher than the weight-based
dose (data not shown). This is related to the fact that the
patients in the PACTG1020 study were allowed to receive
ATV doses higher than the label-approved 300 mg (with RTV
boosting), while the weight-based doses proposed from model-
based analysis were capped at the 300 mg adult dose. In addi-
tion, the model-based ATV dose recommendations were com-
pared with the ATV pediatric doses currently approved in the
United States and some other countries. The ATV dose regi-
mens proposed by this model-based approach have the follow-
ing advantages: (i) uniform dose recommendations for ART-
naïve and -experienced patients; (ii) recommendation of an
ATV capsule dose for ART-experienced patients weighing as
little as 15 kg (according to the CDC growth chart [6], the
median body weight for children at age 6 years who are able to
swallow capsules is approximately 20 kg); and (iii) elimination
of potential dosing errors resulting from the 250-mg dose,
which requires the use of ATV capsules at two different
strengths.

The RTV doses administered in the PACTG1020 study
ranged from 26 mg to 100 mg. An ad hoc analysis was con-
ducted to investigate whether the RTV dose explained addi-
tional variation in CL/F beyond the covariate-CL/F relation-
ships determined in the final model (data not shown). A CL/F
submodel with the covariate effects of body weight, RTV co-
medication (dichotomous effect due to the presence or absence
of RTV), region (African), and sex was expanded to include
the RTV dose effect. The submodel was fit to the individual
post hoc CL/F estimates. The change in OFV (�OFV  0.118)
between the submodels with and without the RTV dose effect
suggested that RTV dose explained little additional variation
relative to the dichotomous RTV comedication effect after
adjusting for the other covariate effects that were included in
the final model. In the context of this analysis, we concluded
that there were insufficient data to substantiate the identifica-
tion of the optimal RTV dose for each weight group. As a
result, the protocol-adopted RTV regimen (100 mg RTV cap-
sule) was proposed in combination with ATV capsules for
pediatric patients.

In conclusion, the population PK model developed in this
analysis quantified the magnitudes of covariate effects on ATV
PK and quantitatively described ATV PK in adult and pediat-
ric patients. The use of model-based simulation in conjunction
with the PK bridging strategy enabled optimization of ATV
dosing regimens for pediatric patients. Future work will apply
this modeling framework to the ATV powder formulation,
which is currently being evaluated in HIV-infected pediatric
patients younger than 6 years of age.
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