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Abstract. A model-based strategy was used to inform the early clinical development of anacetrapib, a
novel cholesteryl ester transfer protein inhibitor under development for the treatment of hyperlipidemia.
The objectives of this model-based approach were to enable bridging variable pharmacokinetic effects,
differences among formulations used in development, and to identify an appropriate dose for the phase
III confirmatory program. Nonlinear mixed effects PK/PD models were initially developed based on data
obtained from multiple phase I studies and later were updated with data from a phase IIb study. The
population pharmacokinetic model described differences between the liquid-filled capsule used in phase I
and phase IIb and the hot-melt extruded (HME) tablet formulation introduced in phase III, allowing for
bridging of the two formulations, and quantified the complex relationship of apparent anacetrapib
bioavailability with subject meal intake. Proportional Emax models quantified the relationships between
anacetrapib trough concentration and lipoprotein effects (LDL-C and HDL-C), with covariate effects of
study population (normal volunteers vs. patients), and co-administration with HMG-CoA reductase
inhibitor (“statin”). The interaction between anacetrapib and atorvastatin suggested pharmacological
independence, i.e., that when given together, each agent exerts the same proportional lipid effect
observed from monotherapy. Clinical trial simulation was used to examine the robustness of the effects to
random dietary indiscretion, and found that the results were robust as long as patients generally adhered
to a low-fat diet. These results allowed the selection of the 100 mg dose with the HME formulation for
phase III development even though this dose and formulation were not specifically studied in a phase IIb
trial.
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INTRODUCTION

Anacetrapib is a potent and selective inhibitor of
cholesteryl ester transfer protein (CETP) currently under
development for the treatment of primary hypercholester-
olaemia and mixed hyperlipidaemia. Anacetrapib has been
generally well tolerated in phase I and II studies, and has
demonstrated lipid-altering effects greater than any mem-
ber of its class (1–4). Key development questions for this
drug included selection of an optimal dose for phase III

development, understanding the effects of formulation or
fed state on drug exposure and lipid effects, elucidation of
a predictive exposure–response relationship between ana-
cetrapib and high-density lipoprotein (HDL-C) or low-
density lipoprotein cholesterol (LDL-C), and the likely
extent to which these effects change when patients are
treated with anacetrapib in combination with an HMG-
CoA reductase inhibitor (statin).

The pharmacokinetics of anacetrapib exhibits significant
variation in the fasted and fed states. In controlled phase I
studies of a hot-melt extruded tablet (HME), administration
of a standard high-fat breakfast with single or multiple doses
of 150 mg anacetrapib resulted in ∼7.5-fold increase in area
under curve (AUC) and ∼17-fold increase in Cmax relative to
the fasted state. A low-fat meal increased AUC ∼2.2-fold
(∼3.7-fold increase in Cmax) (2,4). An Imwitor/Tween liquid-
filled capsule (LFC) formulation was used in early phase I
development while the HME tablet was introduced in
phase III following limited phase I evaluation. The
pharmacodynamic effects of anacetrapib were reflected by
changes in CETP activity and concentrations, by increases in
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HDL and decreases LDL cholesterol (HDL-C and LDL-C,
respectively).

A model-based strategy was applied to anacetrapib
development to facilitate the (1) optimal selection of a clinical
dose for phase III that is not limited to doses specifically used
in phase IIb; and (2) characterization of a formulation with a
similar but not bioequivalent pharmacokinetic profile to that
used in phase IIb; and (3) assessment of the effects of meal
condition on pharmacokinetic (PK) exposures and effects on
lipid endpoints. Thus, the objectives of the work described
here were: (1) to characterize the population pharmacoki-
netics and pharmacodynamics of anacetrapib in healthy
volunteers and in patients with dyslipidemia for the two
formulations of interest, and under different meal conditions
and (2) to conduct appropriate simulations predicting the
mean and observed effects of anacetrapib as a function of
dose when given as monotherapy or coadministered with a
statin under different meal conditions.

METHODS

A population PK model was first developed based on
data from several completed phase I studies. Initial pharma-
codynamic models were then developed, followed by updates
to the population PK model and PD models, based on
emerging data from the phase IIb study. These are further
detailed in the following sections.

PK Model Development

The studies, doses, formulations, and sampling details for
the population PK analysis are summarized in Table IA in the
Electronic Supplementary Material. Pharmacokinetic model
development was performed in NONMEM Version 5.0 using
a first-order conditional estimation with interaction (“FOCE
INTER”) (5). Diagnostic plots, point, and interval estimates
of parameters, residuals, and the minimum value of the
NONMEM objective function (“OFV”) were used to guide
model building and to assess goodness-of-fit using standard
methods (5). Pharmacokinetic model evaluation included
various compartment structures with first-order absorption.
The model assessed effects of dose, fat content of meals,
number of capsules per dose (for LFC only), and of
formulation on bioavailability.

Pharmacokinetic/Pharmacodynamic (HDL-C and LDL-C)
Model Development

Exposure–response models for HDL-C and LDL-C
developed for the phase I dataset were used as a basis for
further model optimization in the merged dataset that
included data from the phase IIb study. Exploratory graphical
analysis and initial model development evaluated various
metrics for biomarkers of drug effect and of drug exposure as
predictors of changes in HDL-C or LDL-C levels, including
trough % CETP inhibition, 24 h average % CETP inhibition,
trough CETP activity, 24 h average CETP activity, anace-
trapib trough concentration, and anacetrapib daily average
concentration (both individual and population-predicted
trough concentrations were examined).

For the phase I dataset, several model structures were
attempted including a linear model, power model, propor-
tional Emax (Eq. 1), and additive Emax (Eq. (2).

HDL or LDL ¼ BLþ �BLið Þ

� 1þ ðEmax þ �EmaxiÞCtroughi

EC50 þ Ctroughi

� �
; ð1Þ

HDL or LDL ¼ BLþ �BLið Þ þ ðEmax þ �EmaxiÞCtroughi

EC50 þ Ctroughi
ð2Þ

where BL is the estimate of the baseline value of HDL-C or
LDL-C, �BLi is the intersubject error on the BL for subject i,
Emax is the maximum response, �Emax i

is the intersubject error
on Emax, Ctroughi is the anacetrapib trough concentration, and
EC50 is the trough concentration producing 50% of the
maximum response. Exploratory graphical analysis and
preliminary model development were conducted to narrow
the range of metrics for model optimization. Concentrations
were predicted from individual Bayesian post hoc or pop-
ulation-predicted PK parameter estimates to determine
trough and average daily concentrations.

Similar to the development of models based on the initial
phase I data, different pharmacodynamics model structures
were explored to assess the best fit to the HDL-C and LDL-C
data for the merged dataset combining phase I and II studies.
Exploratory graphical analysis of the data was performed to
suggest preliminary model structures and to identify potential
covariate effects. Additional patient covariates included
subject health status, i.e. normal healthy volunteers (NHV)
versus patients with dyslipidemia, and the effect of co-
administration of atorvastatin. The NLME package as
implemented in SPLUS version 8.0 (Insightful, Seattle,
USA) was used for model development.

Assessment of Model Fit

Point and 95% prediction interval estimates of parame-
ters, likelihood ratio comparisons, diagnostic plots, and
plausibility of parameter estimates were used to guide model
building and to assess the goodness-of-fit. Nontransformed
model parameter estimates were deemed significantly differ-
ent from zero if their 95% prediction interval excluded zero.
Models were compared by likelihood ratio to determine
which model provided the better fit to the data, with
increased likelihood (reduction in −2log-likelihood) indicating
the better fit. When comparing nested models, a p value <0.05
was required for statistically significant improvement in the
model likelihood and selection of the more complex model.
Diagnostic plots included predicted versus observed response
plots, exposure–response plots overlaying the observed and
population-predicted response, and residual plots. To identify
model lack of fit, weighted residual plots were examined,
including residuals or inter-individual random effects versus
time and residuals versus covariates of interest. Visual-
predictive checks of the pharmacodynamic models were used
to verify that the models adequately described the data used
to construct them.
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Simulations

Both population simulation and clinical trial simulation
approaches were used. The purpose of a population simu-
lation was to predict the expected response in a particular
population subgroup under a given treatment scenario,
irrespective of trial design constraints. In contrast, clinical
trial simulations imposed the limitations of a particular
clinical trial design, including among other characteristics, a
particular sample size, mixture of enrolled patient popula-
tions, and observation schedule, to predict the distribution of
expected outcomes from a given clinical trial.

Population Simulation

Here, population simulation was used to predict the
response to anacetrapib under various dose and/or formula-
tion scenarios possibly differing from the treatment regimens
under which the response data were generated. Population
simulations also helped to understand the effects of covariates
(e.g., formulation and food) and parameter uncertainty on the
expected exposure–response. The following algorithm was
applied for each simulated treatment condition (i.e., dose, fed
state, formulation, etc.): for each replicate (1,000 replicates
per condition), (1) a sample of population fixed and random
effects was drawn from the final approximate variance–
covariance matrix of parameter estimates, (2) the popula-
tion-predicted trough concentration was calculated, and (3)
the expected lipid response was calculated based on the
population-predicted trough concentration, the specified
treatment condition, and the population covariate conditions
of interest. The population simulations assumed that PK
parameters are distributed independently from the PD model
parameters. Simulation results were uploaded to Drug Model
Explorer® (DMX®, Pharsight Corporation, Cary, NC) to
provide a quantitative framework for exploring the efficacy
profile of anacetrapib under various scenarios of interest.

Clinical Trial Simulations

Because the PK of anacetrapib was sensitive to meals,
clinical trial simulation was used here to evaluate the
impact of prescribed diet and dietary compliance, in
conjunction with dose, on trial outcome. Three types of
meal conditions were examined in the anacetrapib clinical
development program. The standard low-fat and high-fat
breakfast employed in phase I studies were as follows: the
standard low-fat meal containing 373 kcal with 20% fat
content and contained two slices of toasted white bread,
one teaspoon low-fat margarine, one tablespoon jelly, 5 oz
skim milk, and 5 oz orange juice; a standard high-fat meal
containing 827 kcal with 57% fat content and contained
two fried or scrambled eggs, two strips of bacon, two slices
of toast with two pats of butter, 4-oz (113 g) hash browns
(fried potato), and 240 mL of whole milk. A third meal
condition was employed in the phase Ib and phase IIb
trials, and consisted of a patient-selected meal based on
protocol instructions. The meal selections conformed to the
American Heart Association’s TLC diet, and were similar
in fat and caloric content to a low-fat meal. A mix of
patient-selected meal and low-fat meals was employed in the

phase Ib study (see Table IA in the Electronic Supplementary
Material) (1).

As part of the strategy to guide dose selection for the
phase IIb study, clinical trial simulations were performed to
also evaluate the effect of dietary indiscretion on pharmaco-
dynamic endpoints. The steps undertaken for the clinical trial
simulations were roughly analogous to those for the popula-
tion simulations: specifically, for each simulated trial: (1) a
sample of population fixed and random effects from param-
eter uncertainty variance–covariance matrix was drawn; (2) a
sample of inter-patient random effects of appropriate sample
size was drawn from the random-effects variance–covariance
matrix; (3) the population expected trough concentrations
were calculated; (4) individual lipid response to protocol-
specified treatment specified time points was then simulated;
(5) residual error was added to each patient’s expected lipid
response at each observation time point; (6) the mean lipid
response across patients was calculated; and (7) the protocol-
specified test for statistical significance was then conducted.
Each simulation was comprised of 1,000 simulated trials.
Three different dietary compliance conditions were evaluated
in the simulations. These included low-fat diet (100% of
patients), high-fat diet (100% of patients), and noncompliant
diet (75% of patients with low-fat diet and 25% of patients
fasting). The simulated clinical trial protocol included of the
following design elements: parallel design, with treatment
arms of placebo, 10, 50, 100, 150, 250, and 300 mg, with the
assumption of 45 subjects per arm (315 subjects total),
allocated by block randomization.

RESULTS AND INTERPRETATION

Data from the eight studies shown in Table IA in the
Electronic Supplementary Material were merged to form the
final combined dataset for development of the population PK
model. The total dataset included information from 576
subjects, approximately 60% of whom were patients. The
five studies shown in Table IB in the Electronic Supplemen-
tary Material comprise the final dataset used for development
of the HDL-C and LDL-C exposure–response models. The
total dataset included 546 subjects, including 474 patients and
72 NHVs.

Population PK Model

The model development process initiated with a two-
compartment model with 1st-order absorption fit to the phase
I data alone, with evaluation of covariate effects on
bioavailability. The final merged dataset included data from
both phase I and phase II studies. The initial, phase I model
development explored effects of meal fat content, number of
capsules (for LFC formulation), and formulation type (HME
tablets vs. LFC) on bioavailability. The number of capsules
was considered as a surrogate for the amount of liquid
surfactant contained in the capsule unit making up a given
dose (4). The most meaningful improvements to the model
upon addition of the phase IIb data were additional effects on
bioavailability related to food (patient-selected meals in
phase IIb), formulation effects, capsule effects, and inclusion
of covariance between apparent clearance and bioavailability.
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Final Model Description

The final population PK model parameters are provided
in Table I. A two-compartment model with first-order
absorption described anacetrapib disposition in NHVs and
patients. The final model was parameterized in terms of
systemic clearance (CL), intercompartmental clearance, cen-
tral and peripheral compartment volumes (V2 and V3), and
bioavailability (F1). Intersubject variability (IIV) could only
be identified on CL and F1. The population PK model for
anacetrapib is described by Eqs. 3–7.

Clearance is given by:

CLi ¼ CLTVe
�CLi ð3Þ

where CLi is the systemic clearance in subject i and CLTV is
the population estimate of systemic clearance.

Equation 4 describes apparent bioavailability

F1i ¼ DG1 �DG2 � Feffi � e�F1 i ð4Þ
where F1i is the bioavailability in subject i, Feffi is the effect
of the number of capsules or tablets and meal type on
bioavailability (Eq. 5), and DG1 and DG2 describe dose and
meal effects (Eq. 6) and the effect of capsule number on
bioavialibility is given in Eq. 7.

The effect of the number of capsules in the fasted state,
or meal type for fed subjects is described in Eq. 5:

Feff ¼ IFasti exp �FastðNCAPi � 5:5Þð Þ þ �HFIHFi þ �LFILFi þ �PBIPBið Þ
ð5Þ

where IFasti ; IHFi ; ILFi ; and IPBi are indicator variables for
subject i that equal 1 for fasted dosing, high-fat meal, low-
fat meal, and patient-selected meal, respectively, and 0
otherwise. The effect of NCAPi , the number of capsules, is

centered on the median number of capsules for fasted
subjects. Thus, θFAST, θHF, θLF, and θPB describe the change
in bioavailability for fasted subjects or high-fat, low-fat, or
patient-selected meals, respectively. Food and formulation
effects on bioavailability were dose-dependent. For a 100 mg
tablet, the typical value of bioavailability for fasted subjects is
0.35. For subjects on a low-fat, patient-selected, or high-fat
diet, relative bioavailability is 0.85, 1.17, or 2.07, respectively.
The dose effect is given by Eq. 6:

DG1i ¼ 1�Dmaxdosei= dosei þD50 þ �DIHFið Þ ð6Þ
where Dmax, the maximum effect of dose on bioavailability,
was fixed at 1, dosei is the anacetrapib dose for the ith subject,
D50 is the dose of half the maximal inhibition, θD is the
influence of high-fat meal on the half-maximal effect, and IHFi

is an indicator variable for consumption of a high-fat meal
prior to dosing. Higher doses of anacetrapib exhibited
decreased bioavailability, and there was significant interaction
of this effect with subject fed state. The half-maximal dose
effect was achieved at a 55 mg (44 to 66 mg) dose for the
fasted state with a low-fat or patient-selected diet. This
inhibition was mitigated by a high-fat diet, which increased
the dose required for half-maximal inhibition from 55 to
329 mg (123 to 535 mg).

The effect of capsule number on bioavailability is given
by Eq. 7:

DG2¼ 1� Cap50= Cap50þNCAPið Þ ð7Þ
where Cap50 is the number of capsules for a half-maximal
effect on bioavailability and NCAPi is the number of capsules
dosed for subject i. An increase in the number of capsules
increases bioavailability by an Emax relationship for fed
subjects (high-fat, low-fat, or patient-selected diet), and
increases bioavailability exponentially for fasted subjects

Table I. Population PK Model Parameter Estimates

Parameter Description Estimate SE % CV

KaTV
(1/h) Typical absorption rate constant 0.48a Fixed –

CLTV (L/h) Typical clearance from central compartment 7.6 1.0 13.4
V2TV (L) Typical central volume of distribution 55 7 13.4
QTV (L/h) Typical intercompartmental clearance 5.3 0.7 13.9
V3TV (L) Typical volume of peripheral compartment 244 33 13.6
D50 Dose of half-maximal effect on bioavailability 55 5 10.0
Dmax Maximal effect of dose on bioavailability 1 Fixed –
�D Interaction of high-fat meal on bioavailability 274 99.5 36.3
Tlag Lag time for appearance of drug in plasma 0.918 0.006 0.67
�Fast (—) Effect of capsule number on bioavailability in fasted subjects 0.07 0.02 21.1
�HF (—) Effect of high-fat meal on bioavailability 2.7 0.3 11.7
�LF (—) Effect of low-fat meal on bioavailability 2.4 0.4 14.3
�PB (—) Effect of patient-selected meal on bioavailability 3.3 0.4 13.1
C50 Capsule number for half-maximal effect on bioavailability 0.67 0.14 20.4
�CL Intersubject variability on CL 0.098 9.4e−3 9.6
�F1 Intersubject variability on F1 0.21 0.02 8.9
�Cov CL�F1ð Þ Covariance between �CL and �F1 0.04 8.2e−3 20.5
�proportional Proportional error 0.184 7.4e−3 4.0
�additive Additive error 32.4 9.16 28.3

Q intercompartmental clearance, SE standard error of parameter estimate
a Parameter was fixed at previously estimated value to achieve convergence (rounding errors were preventing convergence)
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(when NCAP>5.5 capsules). A two-capsule dose increases
bioavailability by 25% in fed subjects and 35% in fasted
subjects. For a six-capsule dose, the increase in fasted subjects
is 113% compared with a 50% increase in fed subjects.

Model Assessment

Model parameters were generally well estimated. The
final PK model parameters are given in Table I. Figure 1
shows the model diagnostic plots for the final model. The
lower panels show that residual errors are distributed well
over the range of predicted concentration and that the
residuals are approximately normally distributed around a
mean of zero with a standard deviation ∼1. Weighted
residuals show no unexplained variability by trial, diet,
number of capsules, dose, formulation, or subject health
status (data not shown).

PK/PD Model Development

Exploratory data analyses were performed before mod-
eling exposure–response relationships with the pharmacody-
namic parameters of interest of HDL-C and LDL-C. Several
metrics were evaluated including trough % CETP inhibition,
24 h % CETP inhibition, trough CETP activity, 24 h average
CETP activity, anacetrapib trough concentration, and anace-
trapib daily average concentration, to determine the metric
that was the best predictor of lipid-altering effects.

Exploratory plots of the relationship between HDL-C
and trough CETP activity and 24-h average CETP activity

showed somewhat paradoxical behavior. Initially, HDL-C
levels increased with declining CETP activity, as expected;
however, at later time points HDL-C appears to increase with
increasing CETP activity. These characteristics are due to the
fact that CETP activity declines sharply on the first day of
dosing, but the effect is not as pronounced after subsequent
doses, even though the lipid effects do not change appreciably
over time with continuous daily dosing (2). Trough CETP
inhibition and 24 h average CETP inhibition were also not
consistently predictive of HDL-C levels. Additionally, the
largest increases in HDL-C occur over a relatively narrow
range of CETP inhibition. Because of the inconsistent
exposure–response relationship between CETP activity and
relative efficacy of different doses, a mechanistic model
relating drug to target engagement biomarker (i.e., CETP
activity and concentration), and the pharmacodynamic effect
(changes in lipid parameters) was not pursued further.

However, HDL-C levels did display consistent relation-
ships with predicted anacetrapib trough concentrations and
24 h average concentrations. Of these, the predicted anace-
trapib trough concentration was most predictive of changes in
subject lipid levels.

Final PK/HDL-C and PK/LDL-C Model Development

The final models for HDL-C and LDL-C were devel-
oped using a combined dataset that included 72 NHVs and
474 patients. Several structural models were attempted
including linear, additive Emax, and proportional Emax. Effects

Fig. 1. Model diagnostic plots for the population PK model. The dashed line is smooth through the data. The solid line is the
line of unity in the upper panels and a horizontal line with intercept zero in the lower left panel
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of study population (NHVs vs. patients) and of atorvastatin
were also investigated.

The proportional Emax model provided the best fit to the
observed HDL-C data. Parameter estimates for the final
model fit to the phase I and phase IIb data alone and to the
integrated dataset (phase I and phase IIb) are provided in
Table II. Relative to the earlier phase I analysis, the
integrated dataset includes approximately five times as many
observations in almost seven times as many patients. Not
surprisingly, Emax and EC50 were more precisely estimated
with the larger dataset (i.e., with phase I and phase II data),
but the parameter values were similar among the analyses.

The final proportional Emax model for HDL-C (Eq. 8)
includes intersubject random effects on baseline HDL-C and
on the maximal drug effect. No significant distinctions
between patient populations or with respect to statin admin-
istration on the baseline HDL-C or the maximum effect of
anacetrapib were revealed.

Equation 8 Final HDL-C exposure–response model

HDL ¼ BLþ �BLið Þ 1þ
Emaxþ�Emaxi

� �
Ctroughi

EC50 þ Ctroughi

0
@

1
Aþ"ij ð8Þ

The final parameter estimate for the maximum drug
effect, Emax, is 1.76 suggesting that at maximum effect,
anacetrapib provides an increase of 176% (95% CI, 162%
to 190%) over baseline HDL-C levels. As shown by the
visual-predictive checks in Fig. 2, the observed data are
mostly very well predicted by the final model (additional
diagnostic plots are found in Figs. 1 and 3 in the Electronic
Supplementary Material). There is some lack of fit among
normal volunteers at the highest exposure levels (C24h>
400 ng/mL; 400 mg dose, six subjects receiving high-fat meal).
However, the overall model fit is dominated by the large
amount of data at lower doses in both NHV and dyslipidemic
patients. As shown in Table II, the parameter estimates
changed only slightly when the phase IIb data were added to
the initial phase I data.

Exploratory data analyses of the LDL-C response
revealed differences between dyslipidemic patients and
healthy subjects at baseline, as expected, as well as a
significant additional effect of atorvastatin treatment. The
relationship between anacetrapib trough concentration and
LDL-C in patients remains evident with or without atorvas-
tatin, though patients treated with a combination of atorvas-

tatin and anacetrapib exhibit a larger response than those
treated with either drug alone. There was a clear dose–
response with respect to anacetrapib in patients treated with
atorvastatin. Several structural models were attempted
including linear, additive Emax, and proportional Emax.
Population-specific parameters (NHVs vs. patients) and the
effect of atorvastatin were also investigated. Both the additive
and the proportional Emax models produce an acceptable fit
to the observed LDL-C data. Though the additive model
provided a somewhat better fit on the basis of −2log-Like-
lihood values, the proportional Emax model is biologically
more plausible. The proportional model fit the observed data
adequately with a single estimate for Emax across populations
(healthy subjects and patients) while the additive model (data
not shown) required separate population-specific Emax esti-
mates, and the fit of the proportional model was very similar
to that of the additive model.

Table III displays the final parameter estimates for the
proportional Emax LDL-C model fit to both population- and
individual-predicted anacetrapib exposures; these parameter
estimates do not differ meaningfully. As shown in the visual-
predictive check Fig. 3, the observed data are reasonably well
described by the proportional Emax model (additional diag-
nostic plots are shown in Figs. 2, 4, and 5 in the Electronic
Supplementary Material). The proportional model includes
differences in baseline LDL-C between NHV and dyslipi-
demic patients, an atorvastatin effect and an interaction
between the effects of anacetrapib exposure and atorvastatin.
The baseline estimates were almost identical to the estimates
from the additive model, with a baseline LDL-C about 33 mg/
dL (27 to 40 mg/dL) higher in patients than healthy subjects
(Fig. 4 in the Electronic Supplementary Material). In the
proportional model, no difference in drug treatment effect
was found between patients and NHVs. Daily treatment with
atorvastatin, 20 mg acts to reduce LDL-C 44.2% (95% CI,
42.5% to 46%) from baseline, which is comparable to a
published value of 42.7% reduction for the effect of a 20 mg
atorvastatin dose (6). The estimate of the interaction
parameter in the proportional model is 0.99 (0.88 to 1.1),
which suggests pharmacologic independence between the
effects of atorvastatin and anacetrapib. When given in
combination with atorvastatin, the anacetrapib reduces
LDL-C a further 43.8% (38% to 50%) (Fig. 5 Electronic
Supplementary Material).

Despite the statistically better fit of the additive Emax

model to the data (not shown), the proportional model was

Table II. Parameter Estimates for HDL-C Exposure–Response Model

Parameter

Estimate (SE)

Phase 1 data alone Phase IIb data alone Integrated dataset

Baseline HDL-C (mg/dL) 53.8 (1.6) 50.6 (0.6) 50.8 (0.5)
Emax (dimensionless) 1.6 (0.10) 1.6 (0.07) 1.76 (0.07)
EC50 (ng/mL) 140 (13%a) 108 (10%) 135 (8%)
wBL 13.2 (1) 11.4 (0.4) 11.7 (0.4)
wEmax — 0.38 (0.03) 0.40 (0.04)
σ 6.5 (0.2) 7.3 (0.1) 7.6 (0.1)
Nobservations 617 2,515 3,089
Nsubjects 79 473 545

aThe error for EC50 is an approximate coefficient of variation
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Fig. 2. Visual-predictive check of HDL-C model versus trough anacetrapib concentration
a, all data; b, by category. (Abbreviations: NHV normal healthy volunteers, Pt patients)

Table III. Parameter Estimates for the Proportional Emax LDL-C Exposure–Response Model

Parameter Symbol

Estimate (SE) based on

Population-predicted PK Individual-predicted PK

Baseline-volunteers (mg/dL) BLNHV 107 (3) 103 (3)
Baseline LDL-C-patients (mg/dL) BLPts 140 (1) 141 (1)
Effect of atorvastatin, 20 mg/d �A −0.442 (0.009) −0.445 (0.008)
Emax for anacetrapib in monotherapy Emax −0.80 (0.04) −0.78 (0.04)
EC50 (ng/mL) EC50 237 (25) 240 (24)
Anacetrapib–atorvastatin interaction effect γ 0.99 (0.06) 0.95 (0.05)
Between-subject variability in baseline LDL-C wBL 25 (0.9) 24 (0.8)
Residual variability σ 16 (0.2) 16 (0.2)

Nobervations 3,078 3,078
Nsubjects 544 544
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used for subsequent simulations. The proportional model is
biologically plausible and was able to fit the observed data
with a single Emax estimate rather than the population-specific
estimates required for the additive model. This model is given
by Eq. (9):

LDLij ¼ BLNHVINHVi þ BLPtsIPtsi þ �BLið Þ

� 1þ �AIAtorvai þ
EmaxCtroughi

EC50 þ Ctroughi
1þ g�AIAtorvaið Þ

� �

þ "ij

ð9Þ
where INHVi and IPtsi are indicator variables for healthy
subjects (NHV) or patient with dyslipdemia, respectively.
IAtorvai is an indicator for atorvastatin treatment. The
parameters Emax and EC50 have their usual definitions for
the effect of anacetrapib trough concentration. The parame-
ter, γ, is the value for the interaction effect between
anacetrapib and atorvastatin. A value of γ=1 represents
pharmacologic independence, i.e., that each drug has its full
effect, irrespective of the effect of the other drug. A value γ>
1 represents a synergistic effect, where the effects of the drugs
together are amplified, while γ<1 suggests that the drugs,
while possibly having effect greater than each alone, may
have a smaller effect than would be suggested by examining
monotherapy alone. For anacetrapib and atorvastatin, the
estimated value of γ=0.99 suggests that each agent acts
essentially independently.

Simulations of Efficacy Endpoints

The final HDL-C model and the final proportional Emax

LDL-C model were used in population simulations to under-

stand the predicted effects of covariates and model uncer-
tainty on the expected (mean) exposure–response. The
simulations estimated the size of the drug effect alone or in
combination with atorvastatin on HDL-C and LDL-C.
Population simulations were conducted using SPLUS version
8.0 (Insightful, Seattle, USA).

The only covariates impacting HDL-C response are diet
and anacetrapib formulation. The largest HDL-C response is
seen in high-fat regimens which results in significantly
increased exposure to anacetrapib, while fasted patients are
predicted to experience the smallest response in HDL-C
(Fig. 4). Low-fat and patient-selected regimens reflect similar
responses (Fig. 4). Because neither atorvastatin nor the
patient population impact the HDL-C response, these simu-
lation results hold true for a range of atorvastatin dosing
regimens.

The LDL-C response is influenced not only by diet and
anacetrapib formulation, but is also strongly influenced by
patient population and co-administration with atorvastatin.
Figure 5 in the Electronic Supplementary Material shows the
mean predicted % decrease in LDL-C versus dose for
anacetrapib monotherapy and in combination with 20 mg
atorvastatin. The impact of fed state and fat content of meals
is similar to that for HDL-C, with fasted patients experiencing
the smallest LDL-C decrease and patients on high-fat
regimens experiencing the largest decrease in LDL-C
(Fig. 4). The expected response in combination with atorvas-
tatin is substantially greater than for anacetrapib alone
(Fig. 4). In a fasted patient, the expected response of 50 mg
anacetrapib, for example, in combination with 20 mg atorvas-
tatin is a 52.4% (46.3% to 58.8% and 90% uncertainty
interval) decrease in LDL-C, compared with 16.3% (13.7% to
19.8%) without atorvastatin. In a patient on a high-fat
regimen, the expected response with atorvastatin is a 67.3%
(62.5% to 72.4%) decrease in LDL-C, compared with 42.2%

Fig. 3. Visual-predictive check of LDL-C model in normal healthy volunteers (NHV) and
dyslipidemic patients treated with and without atorvastatin (Abbreviations: NHV normal
healthy volunteers, Pt patients)
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(39.3% to 45.3%) without atorvastatin. The expected
response for atorvastatin, 20 mg, alone is a 43.1% (36.1% to
50.4%) decrease in LDL-C without regard to diet.

Higher doses of atorvastatin in combination with anace-
trapib were also evaluated, with the atorvastatin response
based on the model developed by Mandema et al. (6).
Increasing doses of atorvastatin is predicted to result in an
increased LDL-C response, as shown in Fig. 4; however, the
increase in predicted effect is small. The 20 mg atorvastatin
dose is very close to the maximum in the dose–response
curve. The predicted LDL-C response increases from 37%
(30.3% to 43.7%) at 10 mg to 54.5% (46.6% to 62.2%) at
80 mg atorvastatin. With increasing doses of anacetrapib, this
increase is somewhat mitigated and increasing atorvastatin
produces only a modest effect on LDL-C decrease.

DISCUSSION

A model-based strategy was employed in the develop-
ment of anacetrapib, and this strategy contributed signifi-
cantly to understanding the effects of meals and formulation
on drug exposure, to describing dose–response of lipids to
anacetrapib treatment and the combined effects of anacetra-
pib and atorvastatin, and to the selection of the phase III
anacetrapib dose. The objective of the initial population PK
and PK/PD modeling was primarily descriptive, with the goal
of integrating a diverse set of studies and data in a unified,
quantitative framework. Population and clinical trial simula-
tions used these models predictively to inform key develop-
ment decisions. Both the models and the simulations evolved
with emerging data as exemplified by the phase IIb study

results. The new information served an informal check on the
overall structure of the models, and was ultimately incorpo-
rated in the modeling framework to further refine the
predictions.

Although most of the PK and PD data were generated
using an Imwitor/Tween LFC formulation (six studies and 474
subjects for LFC), the intended late phase development and
commercial formulation was a HME formulation (two trials, a
single 78 subject bridging study and 24 subject food effect
study for HME; Table I in the Electronic Supplementary
Material). In addition, food has a large effect on anacetrapib
exposure for both formulations. The models developed here
included all of these data in order to determine the impact of
formulation and meals on drug exposure and lipid-altering
effects. Biopharmaceutics studies performed in support of
formulation development activities revealed that the PK of
the two formulations were generally similar (unpublished
data). Early results with LFC indicated that a standard low-
fat meal increased the exposure of anacetrapib by approx-
imately 3.6-fold and increased the Cmax by approximately 6-
fold relative to the fasted state. A high-fat meal increased the
AUC of anacetrapib by approximately 9-fold and increased
Cmax by approximately 18-fold. The effect of food on AUC
was generally similar for both formulations; the fed/fasted
AUC geometric mean ratios at the HME, 150 mg dose was
approximately the same as that observed at the LFC, 125 mg
dose. In contrast, the fed/fasted Cmax geometric mean ratio
for the HME, 150 mg formulation were somewhat higher
than that for the LFC, 125 mg dose due to a lower Cmax in the
fasted state with the HME formulation. For the single doses
of the HME formulation, the AUC0�1, Cmax, and C24h

Fig. 4. Population mean predicted HDL-C and LDL-C effects. The population mean predicted effect of fed state and meal type on HDL-C in
patients treated with anacetrapib monotherapy (a, top left). The population mean predicted effect of fed state and meal type on LDL-C in
patients treated with anacetrapib monotherapy (b, top right) or in combination with 20 mg atorvastatin (c, bottom left). The population mean
predicted effect of atorvastatin dose on LDL-C in patients treated with anacetrapib in combination with atorvastatin (d, bottom right)

187Model-Based Anacetrapib Development



increased in a less than dose proportional manner in the 50 to
300 mg dose range. Multiple dose accumulation in the 50 to
300 mg dose range when administered with a low-fat meal as
an HME tablet was approximately 1.2–1.9-fold, roughly as
expected from single dose data. A subsequent biopharma-
ceutics study revealed that the HME formulation had a
slightly (∼25%) greater exposure than the LFC formulation
when 200 mg anacetrapib were administered with a high-fat
meal (unpublished data). The results also indicated that in the
fasted state, the AUC0�1 and C24h following administration
of 200 mg LFC or HME formulations, HME formulation
showed a smaller Cmax than the LFC formulation (∼40%
decrease). Although these modest differences in overall drug
exposure and food effects were apparent between the two
formulations, the population PK model was able to describe
these differences, and was subsequently used in the PK/PD
modeling to provide a common framework to examine the
lipid-altering effects of the two formulations, and to integrate
this information in support of later development decisions.

Because of the variation in PK with food and formula-
tion, and in order to identify an appropriate dose for further
development, it was important to understand the relationship
between anacetrapib exposure and lipid response. Initial
efforts in this regard focused on the use of the proximal
target engagement biomarker for anacetrapib, namely CETP
activity. The goal was first to describe the relationship
between drug exposure and CETP activity, and then to relate
CETP inhibition to lipid effects. Accordingly, PK/PD models
were constructed between anacetrapib exposure and CETP
activity. However, changes in anacetrapib’s effect on CETP
activity between days 1 and 14 (steady state) were readily
apparent in multiple dose studies, with drug effect on the
biomarker apparently diminishing with repeated dosing,
possibly due to an increase in CETP concentration due to
treatment with anacetrapib. In the same studies, the lipid
effects on both HDL-C and LDL-C remained approximately
constant at steady state, suggesting an inconsistent relation-
ship between the biomarker and lipid levels. These effects
were also noted in reports of torcetrapib’s effects on CETP
activity, suggesting that the increases in CETP concentrations
was mechanism related (7).

For these reasons, the focus of the analysis was on
examining the direct relationship between drug exposure and
lipid effects. Of the various metrics of drug exposure, trough
anacetrapib concentration (C24h) proved to be the most
predictive of lipid effects. Models with trough concentrations
based on individual-predicted PK parameter values were
consistent with results obtained using population-predicted
PK parameter estimates. Use of the population-predicted
values was selected for use in the final models since this
allows for prediction of future lipid effects, given the treat-
ment population and fed state, in subjects who may or may
not have PK data available.

The pharmacokinetic data generated in the fasting state
and with meals, low-fat and high-fat meals, allowed the
simulations to span a wide range of exposures with the high-
fat meal representing a highest exposure scenario. Based on
developed PK/LDL-C or PK/HDL-C models, it was deter-
mined that trough plasma concentrations were a predictor of
efficacy Of the three key pharmacokinetic parameters, the
C24h parameter was relatively less influenced both in magni-

tude and variability, in the presence of food. The findings
from the phase IIb study, wherein patients were instructed to
take anacetrapib with a meal, lend credibility to the
hypothesis, in that the effects on HDL-C and LDL-C were
as predicted. In the modeling strategy, “patient-selected”
meal was used to reflect conditions wherein patients were
instructed to take anacetrapib with a prescribed AHA TLC
diet with an assumption that patients stayed compliant and
not deviating significantly from the prescribed diet (approx-
imating to fat intake slightly higher than a low-fat meal).
Simulations based on the PK/PD model, inclusive of the
phase IIb data, suggests that the predicted response following
a patient-selected meal is similar to the predicted response
following a low-fat or a high-fat meal.

The pharmacodynamic models showed consistent
increases in HDL-C following treatment with anacetrapib,
and there were no apparent differences in either baseline
values or drug effects between healthy subjects and dyslipi-
demic patients. The maximal increase in HDL-C was
estimated to be 176%, and plasma level for half-maximal
effect (EC50) was estimated at 140 ng/mL. HDL-C is
predicted to increase approximately 120% at a dose of
100 mg in subjects consuming a patient-selected, low-fat meal.

The models of LDL-C showed an expected difference
between healthy subjects and dyslipidemic patients at base-
line, with patients having approximately 30% higher LDL-C
levels than healthy subjects. The final model for LDL-C
described the decrease in LDL-C as a proportional change
relative to the baseline level, and showed no distinction in
effect size between healthy subjects and patients. Interest-
ingly, the EC50 for changes in LDL-C was 70% higher than
that estimated for an increase in HDL-C, suggesting that
LDL-C is somewhat less sensitive to changes with anacetra-
pib than is HDL-C. The model also described the effects of
combination treatment with atorvastatin. The interaction
effect, with estimated value γ=0.99, was suggestive of
pharmacologic independence of the two agents. Treatment
with 20 mg atorvastatin is predicted to reduce LDL-C
approximately 45%, while treatment with 100 mg anacetrapib
under a patient-selected meal is expected to yield approx-
imately 42% lowering in LDL-C. Pharmacologic independ-
ence suggests that additional treatment with anacetrapib will
further reduce LDL-C from 55% of baseline (following statin
treatment) to 32% of the original baseline LDL-C value, for a
net reduction of 68% in LDL-C. The model, and approximate
pharmacologic independence, also suggests a 42% (90%
prediction intervals, 40.9–43.8%) reduction due to anacetra-
pib in patients already under treatment with atorvastatin at
the start of observation. Clinical trial simulations (Fig. 5) with
these models showed that, although both LDL-C lowering
and HDL-C raising effects are expected to be sensitive to
diet, neither of these endpoints is expected to be overly
sensitive to random, dietary indiscretions as long as patients
generally adhere to a low-fat diet, and take anacetrapib with
meals.

One of the key decisions in any drug development
program is the selection of a dose or doses for progression
to phase III study and, ultimately, for registration. The
models developed here were used for this purpose. To enable
dose selection for phase III, assumptions were made of how
patients will be taking their dose of anacetrapib with respect
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to food. This assumption was categorized into a meal type
(fasting, low fat, patient-selected, or high fat) and entered
into the updated PK/PD model (based on the integration of
the phase Ib and IIb data) to generate the 100 mg dose that
was selected for phase III. The population simulations
rationalized that a 100 mg dose will result in lipid-altering
effects that are at or near the pharmacodynamic plateau and
a dose level or two lower than 100 mg at the midpoint of the
pharmacodynamic range. A threshold for a simulated
observed LDL-C lowering effect of 40% was selected as the
minimum target lipid effect. Based on population simulations
at the 100 mg dose there was a mean predicted ∼42%
decrease in LDL-C and a ∼116% mean predictive increase in
HDL-C. The dose of 100 mg is also supported for anacetrapib
when coadministered with atorvastatin. A dose of 100 mg as a
HME formulation appears to produce LDL-C lowering
effects that are at or near the pharmacodynamic plateau.
Specifically, 100 mg anacetrapib/20 mg atorvastatin results in
∼67% mean predictive decrease (95% CI, 62–72). From
Fig. 4, it was noted that the 100 mg dose was predicted to
meet this threshold, and that further increases in dose were
not expected to lead to substantial additional efficacy.
Because anacetrapib is somewhat more potent with respect
to increases in HDL-C than it is for its LDL-C lowering
effect, it is not surprising that the 100 mg dose was also
predicted to result in HDL-C increases that were very close to
the maximum expected for a given meal condition.

It should be noted that only a 20 mg dose of atorvastatin
was used in the phase IIb study. Thus, it is unclear whether
dose/response observed between anacetrapib and 20 mg
atorvastatin will differ meaningfully relative to different
statins and different doses of statins. Notably, Mandema et
al. have modeled the exposure/LDL-C lowering relationships
of statins (atorvastatin, lovastatin, pravastatin, simvastatin,
rosuvastatin) and various doses of statins (5 to 80 mg) (6). In
their work, the reduction in LDL-C with statins was best
described by a dose–response model with a common Emax

(maximal effect) and a different ED50 (potency) for each of
the statins. There were no statistically significant difference in
Emax or Hill coefficient (n) found between the statins. This
indicates that all of the statins, sharing common mechanism of
action, are expected to share a similar shape of the dose–
response relationship with a similar maximal effect of about
∼79% LDL-C decrease over placebo (estimated maximum
effect at infinite dose). If atorvastatin is considered as a
reference, then the relative potencies of rosuvastatin, simvas-
tatin, lovastatin, and pravastatin were found to be 0.33, 2.3,
6.3, and 7.4, respectively (6). This model was leveraged in the
model-based strategy for anacetrapib where the response to
atorvastatin was found to be close to maximum at 20 mg and
any additional increases in atorvastatin doses may result in
modest incremental benefit. Thus, selection of anacetrapib
dose on top of atorvastatin as a representative statin is
considered reasonable based on these simulations. For these
reasons, a dose of 100 mg was selected for further study
following the characterization of different sources of variation
due to the formulation, diet, and study population. This
selection was made prospectively, and based on the recently
completed add-on phase III study, DEFINE (published
during the review of this manuscript), the lipid-altering effects
at the 100 mg anacetrapib dose are remarkably similar to
those predicted in this model based approach (8,9). Specifi-
cally, LDL-C was reduced by 39.8% and HDL-C was
increased by 138.1% at an anacetrapib dose of 100 mg once
daily in patients with high risk coronary heart disease for
18 months (9). The modeling and simulation strategy
supported that anacetrapib be dosed with a meal to increase
compliance and preserve the efficacy of anacetrapib. Clinical
trial simulations have showed that the variability was not
overt when individual patients undertake dietary indiscretion
consistent with the hypothesis that intrasubject day-to-day
variability in meal content is unlikely to have an impact on
efficacy given the pharmacokinetic and pharmacodynamic
half life of anacetrapib. This is supported by data from the
phase IIb study (3) as well as the recently reported phase III
study (9), which showed that the variability in pharmacody-
namic responses were not as large as those associated
typically with pharmacokinetics. Whereas the phase I studies
were controlled clinical studies where the subjects consumed
prespecified and prescribed meals, the phase IIb and III
studies was more realistic of the clinical and real world
condition, where patients eat differently from each other and
from day to day.

In conclusion, a 100 mg dose and a formulation (HME)
have been selected for continued development of anacetrapib.
The model-based strategy utilized here enabled the develop-
ment team to successfully pursue a dose and formulation in
phase III that were not specifically studied in a phase IIb study.

Fig. 5. Simulation based assessment of the exposure/response
relationship under compliant and noncompliant conditions
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