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Abstract
Objectives—The objective of this study was to develop a simultaneous population
pharmacokinetic (PK) model to describe atazanavir/ritonavir (ATV/RTV) PK (300/100 mg) and to
assess the effect of RTV dose reduction on ATV PK. Simulations of ATV concentration-time
profiles were performed at doses of ATV/RTV 300/50 mg, 200/50 mg, and 200/100 mg once
daily.

Methods—A total of 288 ATV and 312 RTV plasma concentrations from 30 patients were
included to build a population PK model using the stochastic approximation expectation
maximization algorithm implemented in MONOLIX 3.2 software.

Results—A one-compartment model with first-order absorption and lag-time best described the
data for both drugs in the final simultaneous model. A maximum-effect model in which RTV
inhibited the elimination of ATV was used to describe the relationship between RTV
concentrations and ATV clearance (CL/F). An RTV concentration of 0.22 mg/L was associated
with 50% maximum inhibition of ATV CL/F. The population prediction of ATV CL/F in the
absence of RTV was 16.6 L/h (relative standard error, 7.0%), and the apparent volume of
distribution and absorption rate constant were 106 L (relative standard error, 8%) and 0.87 per
hour (fixed), respectively. Simulated average ATV trough concentrations at ATV/RTV 300/50
mg, 200/50 mg, and 200/100 mg once daily were 45%, 63%, and 33% lower, respectively, than
that of the standard dose.

Conclusion—Although simulated median ATV trough concentrations after dose reductions were
still more than the ATV minimum effective concentration (2.9-, 1.9-, and 3.6-fold for ATV/RTV
300/50 mg, 200/50 mg, and 200/100 mg, respectively); our modeling predicted a high proportion
of individuals with subtherapeutic trough concentrations on the 200/50 mg dose. This suggests
that 300/50 mg and 200/100 mg dosing are preferred candidate regimens in future clinical studies.
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INTRODUCTION
Atazanavir (ATV) is an HIV protease inhibitor (PI) administered once daily at a dose of 300
mg with 100 mg of ritonavir (RTV) to “boost” its plasma concentrations.1 ATV can be used
without boosting at 400 mg once daily.2,3 Although 400 mg once daily is not licensed in
Europe,4 in the United States, it is licensed for the treatment of naive patients who cannot
tolerate RTV.5

ATV is mainly metabolized by cytochrome P450 3A4 (CYP3A4), which is present in the
intestine and liver. There is marked interindividual variability in CYP3A4 expression and
function that is not explained by current knowledge of single nucleotide polymorphisms in
the CYP3A4 gene. ATV is also a substrate for ABCB1 (P-glycoprotein), and this transporter
may influence both intestinal absorption and excretion into bile.6,7 ATV plasma exposure
correlates with virological response, and a trough concentration (Ctrough) of 0.150 mg/L has
been proposed as the minimum effective concentration (MEC).8,9 An upper limit more than
0.85 mg/L has been associated with a risk of unconjugated hyperbilirubinaemia10 because of
uridine diphosphate glucuronyltransferase 1A1 (UGT1A1) inhibition.

In general, RTV boosting of PIs increases systemic exposure and decreases interpatient
variability in pharmacokinetics (PKs). This effect is mainly because of the inhibitory effect
of RTV on CYP3A4 and P-glycoprotein.11 Coadministration of RTV increases the ATV
area under the curve (AUC) 3.4-fold and the Cmax 1.9-fold, but the Cmin is raised 11.9-fold:
thus the main effect of RTV on ATV PK is inhibition of ATV clearance in the liver.12

RTV is not well tolerated and has been shown to elevate lipid levels even at doses of 100–
200 mg daily.13 In a study of healthy volunteers, higher RTV exposure was correlated with
increases in lipids.13 Recently, a PK trial of 13 healthy individuals (majority white),14

showed a Ctrough slightly lower, but significantly more than the suggested MEC, when
boosted with 50 mg or 100 mg of RTV (0.59 vs 0.79 mg/L, mean), and the lower RTV dose
was associated with a reduced impact on lipid profiles. There are clear advantages to lower
doses of RTV, including improved tolerability.

In this analysis, we used data from HIV-positive patients who were included in a previous
population PK study,15 where RTV AUC was used as a covariate. We developed separate
models for ATV and RTV, and then integrated these models to describe the interaction
between ATV and RTV in a simultaneous population PK model using a sigmoid function.
This method allowed assessment of the effect of RTV dose reduction on ATV PK.
Simulations of ATV concentration–time profiles were performed at doses of ATV/RTV
300/50 mg, 200/50 mg, and 200/100 mg once daily.

METHODS
Patients

The PK model was developed using data from previously reported studies15-17 in HIV-
positive patients receiving a regimen containing ATV/RTV 300/100 mg once daily. All
individuals were recruited and assessed at one UK study centre (St Stephen’s Centre,
Chelsea and Westminster Foundation Trust, London, UK); the study was approved by the
local Research Ethics Committee, and patients provided written informed consent.
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A total of 288 ATV and 312 RTV plasma concentrations from 30 patients were available; 27
were men, 5 were receiving tenofovir (TDF) 300 mg once daily and the median (range) age
and body weight were 43 (22–62) years and 75.5 (46–110) kg, respectively. Blood samples
were collected from each individual on a single occasion. The majority of the patients were
white (5 Black-Africans and 3 Hispanics). The patients had median HIV viral load of 61
copies/mL (,50–72) at baseline. The median number of samples per patient was 11. Plasma
was isolated (1000 g; 10 min; 48°C) within 2 hours of collection and stored (−80°C) until
analyzed. ATV and RTV were quantified by a fully validated high-pressure liquid
chromatography–tandem mass spectrometry method. Details of assay performance have
been reported previously.18

Population PK Modelling
A nonlinear mixed-effect model was used for the population analysis in which the ATV and
RTV concentration profiles were described simultaneously, assuming a direct relationship
between RTV concentration and ATV clearance:

where CL/FATV is the ATV clearance, CL0/FATV is the ATV clearance in the absence of
RTV, and I(t) is the inhibition of ATV by RTV, which can be modeled as a linear or a
sigmoid function. A sigmoid function best described the data:

where IMAX is the maximum inhibitory effect of RTV on CL/FATV, and IC50 is the CRTV
producing 50% of the IMAX.

The model-building process was in 3 stages: (1) a separate model was developed for ATV,
(2) a separate model was developed for RTV, and finally, (3) a combined model was
developed, incorporating the influence of RTV concentration on ATV clearance,
simultaneously.

Population PK analysis was performed using MONO-LIX nonlinear mixed effects modeling
software (version 3.2, http://wfn.software.monolix.org).19 The stochastic approximation
expectation maximization (SAEM) algorithm combined with the Markov chain Monte Carlo
simulation procedure with no approximations was used to estimate the maximum likelihood
of the model. In all the model-building stages, the strategy was as follows. One- and 2-
compartment models with first- or zero-- order absorption without and with lag time were
fitted to the data using the SAEM algorithm. Proportional, constant, and combined
proportional and constant error models were evaluated to describe residual variability.
Interindividual random effects were described by an exponential model: θi = θ × exp (ηi),
where θi is the PK parameter of the ith individual, θ is the average population value, ηi is
the interpatient random effect assumed to have a mean of zero and variance ω2.

The likelihood ratio test, including the log-likelihood, the Akaike information criterion, the
Bayesian information criterion, visual inspection of goodness-of-fit plots, and precision of
parameter estimates were used to test different hypotheses regarding the selection of the
final model, including covariate selection for the separate models for ATV and RTV. The
effect of each patient covariate was systematically tested via generalized additive modeling
on the basic model.
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The following covariates were explored: gender, ethnicity, body weight, age, and TDF
coadministration. For continuous variables (eg, body weight), plots of covariates versus
individual predicted PK parameters were performed to determine possible relationships.
Continuous variables were introduced into the model by linear functions. For dichotomous
variables, here defined as X (such as male/female sex), the following equation was applied,
using CL/F as an example:

where CL/F is the typical value of the ATV clearance in the population for a male (denoted
by X = 0, and thus equal to θ1), and θ2 is the relative difference in the CL/F for a female (X
= 1).

To assess the stability and performance of the model, a visual predictive check20 was carried
out. A thousand data sets were simulated using the parameter estimates defined by the final
model. From the simulated data, 90% prediction intervals (P5–P95) were constructed, and
observed data from the original data set were plotted together; the agreement between
simulations and observations was assessed visually; the percentage of observed data outside
the 90% prediction interval from the simulated data was calculated to assess the model. At
least 90% of data points within the prediction interval (5% above and below) was indicative
of an adequate model. The standard errors of all parameters were also calculated using a
stochastic approximation of the Fisher information matrix.

Simulation of Dose Reductions
One thousand simulations of the original data set were performed by using the fixed and
random effects of the final model at ATV/RTV doses of 300/50 mg, 200/50 mg, and
200/100 mg once daily; trough concentrations were compared.

RESULTS
ATV and RTV PK Models

Separate models for ATV and RTV were developed. A 1-compartment model with first-
order absorption and a combined proportional–constant error model best described the data
for both drugs. A 1-compartment model with zero-order absorption or a 2-compartment
model did not improve the fit. The incorporation of an absorption lag time also improved the
fit. Interindividual variability was included for the apparent oral clearance (CL/F), apparent
volume of distribution (V/F), absorption rate constant (ka), and lag time. For RTV
covariance in the random effects structure between CL/F and V/F was found to improve the
model fit.

None of the demographic covariates or comedication (TDF) showed a significant
improvement of the model fit and therefore, they were not retained in the final model.
Parameter estimates for the separate final models are summarized in Table 1.

Simultaneous Combined ATV-RTV Model
A total of 600 plasma concentrations (288 ATV and 312 RTV) were combined and
analyzed, simultaneously. A 1-compartment model with first-order absorption best described
both drugs. The residual variability was best described by a proportional structure for ATV
and RTV. The final estimates of the separate ATV and RTV models were used as initial
parameter estimates for the combined model. The initial value for the CL/FATV without
RTV was set to a value previously published.21 Estimation of all parameters simultaneously
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produced numerical instability. To attain a successful minimization of the model, ka for
ATV and RTV were fixed to the final estimates of the separated models. The inhibition of
ATV CL/F by RTV concentrations was described by a maximum-effect model. The
maximum inhibitory effect of RTV on ATV CL/F was estimated to be 0.988. The estimated
concentration of RTV associated with half-maximal inhibition of ATV CL/F (IC50) was
0.221 mg/L. Final estimates for fixed and random effects for ATV and RTV are summarized
in Table 2, and diagnostic plots are shown in Figures 1A, 2A, respectively.

Internal Model Validation
A 90% prediction interval was generated from 1000 simulations for ATV/RTV 300/100 mg
once daily. Observed data from patients used in the model-building process were
superimposed onto the prediction interval. Of 288 plasma ATV concentrations, 4.3% were
more than P95 and 4.5% were less than P5; of 312 RTV concentrations, 5.1% were more
than P95 and 3.8% were less than P5. These results suggested that, overall, the final
combined model performed adequately for both drugs (Figs. 1B, 2B).

Simulations of the Dose Reduction Strategy
To evaluate the clinical impact of the ATV/RTV dose reduction, simulated concentration–
time courses of ATV/RTV (at steady state) were carried out at doses of ATV/RTV 300/50
mg, 200/50 mg, and 200/100 mg once daily. Overall, the mean (SD) predicted ATV trough
concentration was 0.437 (0.366) mg/L in patients receiving ATV/RTV 300/50 mg daily,
0.303 (0.278) mg/L in patients receiving ATV/RTV 200/50 mg daily, and 0.520 (0.448) mg/
L for a dose of 200/100 mg ATV/RTV. The proportion of a thousand simulated individuals
with potentially subtherapeutic (ie, less than proposed MEC) ATV trough concentration
were 17.8% with a dose of 300/50 mg, 33.9% with a dose of 200/50 mg, and 15.3% with a
dose of 200/100 mg (Fig. 3). At the licensed dose of 300/100 mg, the simulated mean and
proportion of individuals less than MEC were 0.80 mg/L (0.676) and 6%, respectively.

DISCUSSION
ATV is a PI with a low pill burden, favorable lipid profile, and PK, which allows once-daily
dosing.22 Conversely, RTV is associated with a number of dose-related adverse effects.
Diarrhea has been shown to be the most common adverse event, followed by nausea,
elevations in cholesterol, triglycerides and liver enzymes, gastrointestinal symptoms and
circumoral parasthaesia.12,23 The lipid elevations and gastrointestinal adverse events
experienced during treatment with RTV boosted ATV and also with other PIs may be partly
caused by RTV. The reduction of RTV dose could minimize the risk of developing adverse
events and also lower medication costs. In the present study, we evaluated the impact of
RTV dose reduction on ATV plasma concentrations, developing and evaluating a model to
describe the ATV PK as a function of the RTV plasma concentration. A direct-effect model
with a maximum-effect function best described the relationship between RTV and the
inhibition of the ATV CL/F. This type of model was used previously to describe the PK of
lopinovir/ritonavir.24-27 This approach, with the estimation of the inhibition effect of RTV,
has not been reported for boosted ATV.

A 1-compartment model with first-order absorption and elimination with the presence of lag
time described the PK of both ATV and RTV separately, which was consistent with
previous studies.10,15,24,25,27,28 Zhang et al26 described a 2-compartment model for RTV,
using a transit absorption model. We tried to incorporate the transit absorption, however, the
model had problems converging, so was not included in the final combined model.
Population estimates for ATV CL/F were similar, and as with previous analyses, the
interindividual variability (IIV) of parameters was relatively wide, particularly ka (78%).
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However, previous studies reported IIV in excess of 100%.10,28 This could be partially
attributed to few samples being taken in the absorption phase. ATV absorption can be
affected by food intake and it is highly dependent on gut pH, which is also variable between
subjects. Among the different demographic covariates tested, there was no apparent effect of
age, gender, ethnicity, or body weight on ATV PK parameters, which confirmed previous
studies.10,21,28 No significant differences were observed with concomitant use of TDF,
which has been shown in some29,30 but not all studies10,28 to lower ATV
concentrations.29,30 However, our analysis is underpowered to evaluate this interaction as
only 5 of the 30 individuals were receiving TDF.

Population estimates for RTV were difficult to compare with other PK models because there
are no data describing RTV PK in the presence of ATV. None of the covariates tested
showed a significant effect on any of the PK parameters. The goodness-of-fit diagnostic
plots and visual predictive check for the separate models showed adequate predictions. RTV
structural model of RTV is similar to previous reported studies.24,25

The interaction between ATV and RTV was described by a combined model using a direct
concentration-dependent relationship. This strategy allowed us to evaluate the effect of RTV
on ATV plasma concentrations estimating the RTV concentration necessary for producing
half the inhibition of ATV CL/F (IC50) and simulate different dosing scenarios. The
estimation of ka was difficult, thus, to have a successful-minimization, the ka of the drugs
were fixed using the estimates from the separate models, which provided stability. RTV
dose reduction could affect the absorption because RTV is an inhibitor of gut CYP3A and P-
glycoprotein. However, the study by Estevaz et al14 showed an ATV Cmax and Tmax not
significantly different between 300/100 mg and 300/50 mg, which indicates that the effect of
reducing the RTV dose (from 100 mg to 50 mg) is not affecting the ATV ka. Thus, the
fixing of ka could be considered an acceptable approximation.

The estimate of ATV CL/F without RTV was 16.6 L/h, which was similar to the value
reported in a previous population PK study of unboosted ATV (18.4 L/h).21 The addition of
IIV on ATV CL/F contributed to the instability of the model. This might be because of over
parameterization of the model in combination of a relatively small number of subjects, thus
IIV on ATV CL/F was not included in the final model.

It is important to note that the present model assumes only the inhibition of ATV CL/F by
RTV and does not take into consideration any influence that ATV may have on RTV
concentrations. Although RTV is given in combination with PIs to boost concentrations,
other PIs may also impact RTV PK, as it is not only an inhibitor of CYP3A4 but also a
substrate. Previous data showed that RTV plasma concentrations increase in the presence of
ATV by approximately 70% compared with those of RTV administered alone.31 Although
this or inhibition of transporter-mediated efflux transport were not taken into consideration,
the model for RTV still provided a reasonable fit to the data. The main focus of this study
was not to model the influence of ATV on RTV PK but to describe the changes in ATV
concentrations and to evaluate the effect of dose reduction on ATV plasma trough
concentrations. This was successfully accomplished. We previously reported an association
between homozygosity for the T allele for PXR63396 and higher unboosted ATV
clearance.21 This polymorphism may have an effect on the present study, which may also
explain the relatively high IIV of some parameters. However, the boosting action of RTV is
probably limiting the effect of PXR63396 on ATV clearance.

The recent study by Estevez et al of ATV/RTV PK in 13 healthy volunteers14 showed that a
dose of ATV/RTV of 300/100 mg and 300/50 mg once daily generated mean ATV trough
concentrations (0.79 and 0.59 mg/L, respectively) similar to the trough concentrations
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reported in our study (0.80 and 0.44 mg/L, respectively). Additionally, in the present study,
a dose reduction to 200/50 mg was considered and the model prediction of the mean ATV
trough concentration was more than the recommended MEC. However, some of the
simulated individuals in the 90% prediction interval were below the MEC. The reduction to
200/100 mg once daily showed a Ctrough similar to the dose 300/50 mg. However, the main
difference was in predicted mean maximum concentration and the AUC, which were higher
for 300/50 mg (2.85 vs 2.19 mg/L and 36.6 vs 32.3 mg·h/L, respectively). A study32 in Thai
HIV-1–infected adults showed that a lower dose of 200/100 mg once daily has proven to be
effective and well tolerated. Currently, a clinical study is in progress to assess the efficacy
and safety of the 200/100 mg regime in a Thai population.33 Hill et al12,34 have published a
number of analyses showing the potential benefit of reducing the dose of RTV for several
PIs (eg, reduction of cost and toxicity) and have suggested the development of a 50-mg RTV
tablet, which could also have useful paediatric applications.

In conclusion, a population model to simultaneously describe the PK of ATV and RTV was
developed and validated in HIV-infected individuals. The simulated median ATV trough
concentrations after dose reductions were lower than those achieved with the licensed dose
but were still more than the recommended ATV MEC (2.9-, 1.9-, and 3.6-fold for ATV/
RTV 300/50 mg, 200/50 mg, and 200/100 mg, respectively). Simulated data for the 300/50
mg regimen were consistent with clinical data. However, a high proportion of individuals on
200/50 mg (33.9%) had simulated Ctrough less than the MEC. This figure was lower and
comparable between 300/50 and 200/100 mg, suggesting that these 2 doses would be better
candidate regimens for clinical evaluation. Given that PK differences between 200/100 and
300/50 mg are anticipated to be relatively minor, the choice may be determined by the
likelihood of known gastrointestinal intolerance and lipid elevation with higher dose of RTV
on the one hand and lack of a 50-mg tablet formulation of RTV on the other. This modeling
approach aids our understanding of the interaction between ATV and RTV and informs the
design of dose reduction strategies, particularly in relation to RTV.
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FIGURE 1.
A, Goodness of fit plots for the final PK model illustrating population and individual
predictions of ATV versus observed concentrations (milligrams per liter). The continuous
line shows the line of unity. B, The figure shows the 90% prediction intervals determined
from simulated data of boosted ATV 300 mg once daily. The gray areas are the 90%
confidence intervals for the median, 5th percentile, and the 90th percentile of the simulated
data. Observed concentrations are displayed as circles.
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FIGURE 2.
A, Goodness of fit plots for the final PK model illustrating population and individual
predictions of RTV versus observed concentrations (milligram per liter). The continuous
line shows the line of unity. B, The figure shows 90% prediction intervals determined from
simulated data of RTV 100 mg once daily. The gray areas are the 90% confidence intervals
for the median, 5th percentile, and the 90th percentile of the simulated data. Observed
concentrations are displayed as circles.
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FIGURE 3.
ATV mean plasma concentration predictions determined from 1000 simulations at 3
different doses.
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TABLE 1
Parameter Estimates of the Separate PK Models for ATV and RTV

Parameter Mean Estimate RSE (%)

ATV

 CL/F (L/h) 7.17 9

 V/F (L) 91.2 11

 ka (per hour) 1.81 22

 Lag-time (h) 0.87 13

 IIV CL/F (%) 70.1 13

 IIV V/F (%) 75.5 14

 IIV ka (%) 88.7 28

 IIV Lag-time (%) 76.8 17

 Residual error

  Proportional (%) 44.8 6

  Additive (mg/L) 0.0611 37

RTV

 CL/F (L/h) 13.2 10

 V/F (L) 81 10

 ka (per hour) 0.898 12

 Lag-time (h) 1.05 9

 IIV CL/F (%) 72.8 14

 IIV V/F (%) 73.3 15

 IIV ka (%) 69.1 30

 IIV Lag-time (%) 67.2 15

 Correlation (V, CL) 0.873 6

 Residual error

  Proportional (%) 51.6 5

  Additive (mg/L) 0.00115 65

CL/F, apparent oral clearance; IIV, interindividual variability; RSE (%), relative standard error; RSE defined as: (SEestimate/estimate) × 100,

where SE is standard error; V/F, apparent volume of distribution; ka, absorption rate constant.
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TABLE 2
Parameter Estimates of the Combined PK Models for ATV and RTV

Parameter Mean Estimate RSE %

CL/FRTV (L/h) 13.2 12

CL/FATV (L/h) 16.6 7

V/FRTV (L) 124 11

V/FATV (L) 106 7

Lag TRTV (h) 1.05 1

Lag TATV (h) 0.87 2

kaRTV (per hour) fixed 0.898 —

kaATV (per hour) fixed 1.81 —

Imax 0.988 1

IC50 0.221 13

Correlation (CLRTV, VRTV) 0.75 13

IIV CL/FRTV (%) 77 14

IIV V/FRTV (%) 73 16

IIV V/FATV (%) 53 23

Residual error

  ProportionalRTV (%) 73 5

  ProportionalATV (%) 63 18
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