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ORIGINAL ARTICLE

Model-Based Analysis of Unbound Lopinavir
Pharmacokinetics in HIV-Infected Pregnant Women
Supports Standard Dosing in the Third Trimester

J Chen', S Malone', HMA Prince?, KB Patterson? and JB Dumond'*

Physiological changes during pregnancy can affect drug pharmacokinetics. Here we present a population pharmacokinetic
model to describe the longitudinal change of unbound lopinavir/ritonavir (LPV/RTV) PK parameters with gestational age, and
to predict unbound LPV concentrations under different dosing regimens. The changes in apparent intrinsic clearances of LPV
and RTV during pregnancy are described using an exponential function of gestational age. The unbound fractions of LPV/RTV
are not significantly different between pregnancy and postpartum. Simulation reveals that despite increases in LPV intrinsic
clearance, effective LPV inhibitory quotient (IQ) values are predicted with the standard dosing (400/100 mg b.i.d.) in >90% of
simulations, with <4-fold increase in viral ICso. As viral susceptibility decreases, higher doses increase the likelihood of
efficacy. With >40-fold increases in IC5, Qs suggest alternate regimens be considered. This approach refines previous LPV
PK reports, and supports that standard dosing is effective with susceptible virus.

CPT Pharmacometrics Syst. Pharmacol. (2016) 5, 147-157; doi:10.1002/psp4.12065; published online 22 March 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? 4 The need for a dosage increase due to decreases in total
drug concentrations of the lopinavir component of Kaletra in pregnancy has been debated in the HIV field since the early
2000s. The Food and Drug Administration recently approved a change to the Kaletra prescribing information to reflect
that dosage increases are not needed in most pregnant women receiving this treatment. ¢« WHAT QUESTION DID THIS
STUDY ADDRESS? ™ This is a secondary, model-based analysis undertaken to provide clinicians insight into when
dosage adjustments may be warranted, based on the unbound pharmacokinetics of lopinavir and pharmacodynamics
endpoints (inhibitory quotient at varying viral 1Cs values). ¢ WHAT THIS STUDY ADDS TO OUR KNOWLEDGE M This
analysis characterizes the longitudinal increase of the elimination of LPV and RTV during pregnancy from 20-32 weeks,
and reveals the insignificant change of unbound fraction of the two drugs during and post pregnancy. This study provides
recommendations for lopinavir dosing in the third trimester of pregnancy in the setting of HIV viral resistance. ¢ HOW
THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS [ Modeling of unbound antiretroviral drug
concentrations is rare, but is the most meaningful way of linking pharmacokinetics and pharmacodynamics of highly
metabolized drugs in states of profound physiologic changes, such as pregnancy.

Fully suppressive combination antiretroviral (ARV) regimens,
in combination with other interventions, have reduced the risk
of mother-to-child-transmission (MTCT) of HIV to less than
2% in the developed world." Lopinavir/ritonavir (LPV/RTV) is
a preferred first-line component of perinatal regimens in
the United States." Pregnancy induces a host of variable
changes in physiology throughout its course that can affect
the pharmacokinetic (PK) properties of ARVs.2 LPV/RTV are
highly protein-bound substrates, inducers, and inhibitors of
the CYP450 enzyme system and drug transporters,®* and
total drug exposures decrease substantially during the second
and third trimesters.>~'® Table 1 provides a brief overview of
the clinical studies documenting this effect. In 2005, LPV/RTV
was reformulated from a soft-gel capsule to a Meltrex tablet,'*
with improved bioavailability and less impact of pregnancy on
PK,” although guidelines and some experts recommended
increased doses of LPV/RTV from 400/100 mg to 600/
150 mg b.i.d. with the tablet formulation.

Despite decreases in total LPV concentrations, most
investigations into the unbound, virologically active concen-
trations of LPV have demonstrated that they remain well
above wildtype ICso values, and do not significantly
increase with increased LPV/RTV dosing.'>'” Recently, the
US Food and Drug Administration (FDA) approved a
change to the labeling of the Kaletra (AbbVie, North Chi-
cago, IL) tablet, indicating a dosage increase in pregnancy
is not needed in women with susceptible virus.'® No clinical
data exist to make recommendations regarding dosage
requirements for women who may have reduced suscepti-
bility to LPV. Using data from a study of 12 HIV-infected
pregnant women who underwent an empiric dosage adjust-
ment in the third trimester from 400/100 mg to 500/125 mg
b.i.d. where unbound LPV/RTV concentrations were meas-
ured,' a population PK model was developed. Simulations
of unbound concentrations under three dosing scenarios
and five viral resistance patterns were then undertaken to
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inform dosing recommendations with reduced viral

susceptibility.

METHODS

Clinical study conduct

A detailed description of study conduct has been previously
published."® Briefly, HIV-infected pregnant women receiving
LPV/RTV in combination with nucleoside agents were
enrolled at the University of North Carolina at Chapel Hill
and Northwestern University. Subjects underwent intensive
PK sampling at four visits over the course of pregnancy:
20—24 weeks’ gestation at a dose of 400/100 mg b.i.d.; 30
weeks’ gestation at 400/100 mg b.i.d., followed by a dose
increase to 500/125 mg b.i.d.; 32 weeks’ gestation at 500/
125 mg b.i.d.; ~8 weeks postpartum and at steady state of
the 400/100 mg b.i.d. dosing. Albumin and alpha-1 acid gly-
coprotein (AAG) concentrations were measured at each
visit. The UNC Biomedical Institutional Review Board
approved this study (NCT00766818).

Drug concentrations

Total LPV/RTV concentrations were measured in plasma
using validated high-performance liquid chromatography/
ultraviolet (HPLC/UV) methods."® Unbound LPV/RTV con-
centrations were measured using rapid equilibrium dialysis
and liquid chromatography/mass spectrometry (LC/MS)
methods as previously described.'32°

Population pharmacokinetic modeling and simulation
Population PK analysis was performed using NONMEM
7.3 (ICON Development Solutions, Hanover, MD). R (v. 3.1.0,
r-project.org) was used for data management, statistical anal-
ysis, and graphical analysis. Pirana (v. 2.9.2) was used for
model management and output visualization. The ADVAN13
subroutine and first-order conditional estimation (FOCE)
method with interaction was used for model development.
Noncompartmental analysis (NCA) was performed using
Phoenix WinNonlin 6.3 (Pharsight, St. Louis, MO) to calculate
the areas under the concentration vs. time curve (AUC).
Repeated measures analysis of variance (ANOVA) was used
to compare the unbound fraction of LPV and RTV, AAG
levels, and albumin levels across study visits. Data were
log-transformed to achieve a normal distribution. P < 0.05
was considered statistically significant.

LPV and RTV structural model

LPV and RTV were initially modeled separately. Unbound
and total concentrations were comodeled with unbound
drug as the central compartment. To select the protein
binding model, bound concentrations were plotted against
unbound concentrations for each subject by each study visit
to examine the protein binding behavior. One-compartment
and two-compartment models were tested for both drugs.
Zero-order, sequential first- and zero-order, first-order with
or without a lag time, and transit compartment model were
tested for each drug for its absorption model. Interindividual
variability (IIV) and interoccasion variability (IOV) were
assumed to be exponential and are presented as:

Unbound Lopinavir Pharmacokinetics in the Third Trimester
Chen et al.

;=0 X en*vi (1)

where 0; denotes individual parameter of the ith subject in
the fth occasion, 6 denotes population parameter, n; repre-
sents the deviation from the population parameter of the ith
subject, and «; represents the random variable of the ith
subject in the jth occasion. Both IIV and IOV were assumed
to be normally distributed. Correlations between 11Vs were
examined by post hoc random variable plots and their cor-
relation coefficients (R) from the correlation matrices for
random effects in the NONMEM output. Proportional, addi-
tive, and combined proportional-additive error models were
tested for residual variability. The effect of total body weight
and lean body mass®'™22 on apparent intrinsic clearance
(CL/F) and apparent volume of distribution (V/F) were
examined in both models using the empirical allometric
scaling factors, 0.75 and 1, respectively. Model discrimina-
tion was determined by objective function values (OFV),
using the likelihood ratio test (« =0.05), and diagnostic
plots.

Covariate evaluation

Forward addition/backward elimination was performed for
this analysis (a = 0.05/0.01). The effects of study visit, ges-
tational week, and race were tested for CL//F, V,/F, and
absorption parameter(s). The postpartum study visit and
the African-American population were set as the referen-
ces. Week of gestation was coded as zero for the postpar-
tum visit. Parameter-covariate pairs were selected by
examining the individual predicted PK parameters vs. cova-
riate plots. Race, body mass index (BMI), pregnancy, and
the concentrations of AAG and albumin were examined on
fu. Categorical variables were incorporated in the model as:

6 = 90X91X1X62X2><...X9/X‘ (2)

where 69 is the population parameter of the reference pop-
ulation, 6, is the fold change of parameter in the ith cate-
gory from the reference, X is the tested covariate, and Xi
was assigned to 1 when the observation is within the #th
category and otherwise 0.

Continuous variables were tested with proportional linear
model, power model, or exponential model, as:

0 = 01X [1+02X(X—median(X)] (©)
0 = 01x[X/median(X)]® 4)
0 = 0, 02 [X—median(X)] (5)

where 0 is the population PK parameter, 64 is the parame-
ter of the population with the median X value, and 6, is the
covariate effect coefficient.

LPV-RTV interaction modeling

Several approaches to test the effect of RTV exposure on
LPV PK were explored: As part of the covariate evaluation,
post hoc RTV AUCs were tested for the LPV CL,/F using
exponential model, power model, and Iyax model as:

CLu,LPV — 01 X e—coef>< [AUC, gyt —median(AUCu_mv)] (6)
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CLy 1pv =061 X[AUC, grv/median(AUC, rv)] —coef 0
Iax X AUC, gy
=0 X (]— MAXTTEPUATY
CLypy=6,%(1 AUCsy + AUC, a1y (8)

where CL,;py represents the population LPV intrinsic
clearance. 61 and 6, denote the intrinsic LPV clearance
with median unbound RTV AUC and without RTV, respec-
tively. Coef presents the RTV inhibition coefficient. lyax is
the maximum inhibitory effect and is fixed to 1. AUCs is
the unbound RTV concentration resulting in 50% inhibition,
and AUC, gty represents unbound RTV area under the
curve.

In an alternative approach, the interaction of LPV and
RTV was evaluated based on the two individual models,
and was described as the influence of unbound RTV con-
centrations or AUCs on LPV intrinsic clearance. In terms of
RTV concentrations, an exponential model, a power model
and a simple Iyax model were used to characterize the
interaction, as:

CLy1pv=061X @ c0ef X[Cypvr —median(Cygry)] )

CLy1pv =01 X[Cy avr /median(Cy arv)]® (10)
Inax X

CLyipy =8 X (1— 12X Cu,prv (1)

ICso+Cy m1v

where CL,.py represents the population LPV intrinsic
clearance. 67 and 0, denote the intrinsic LPV clearance
with median unbound RTV concentration and without RTV,
respectively. Coef presents the RTV inhibition coefficient.
Iuax is the maximum inhibitory effect, and is fixed to 1. ICsq
is the unbound RTV concentration resulting in 50% inhibi-
tion, and C, gty represents unbound RTV concentration.

In terms of RTV AUCs, the same model types as
described in the covariate analysis section were evaluated.
RTV AUCs were obtained in the control stream as:

Doserry

AUC, prv= Clory/F

(12)

The interaction was tested with and without the covariate
effects on LPV intrinsic clearance. Model discrimination
was based on OFV, and a decrease of 3.84 in OFV
(o« = 0.05) was considered significant.

Model validation

The goodness of fit of all models was evaluated by obser-
vation vs. individual prediction (IPRED) and population pre-
diction (PRED) plots, and conditional weighted residuals
(CWRES) vs. PRED and time plots. Visual predictive
checks were performed after 1,000 simulations with the
final parameter estimates. Bootstrap estimates were
obtained from 500 replicates and compared to model esti-
mates to evaluate parameter precision.

Outlier determination and data exclusion

Since the sample size in this study is relatively small,
excluding data points from analysis was approached con-
servatively to include as many subjects and samples as

CPT: Pharmacometrics & Systems Pharmacology

possible. In this analysis, outliers were determined in the
conditional residual plots and those observations yielding a
|CWRES| >6 were excluded for further analysis.?*

Simulation of different LPV/RTV dosing regimens
Unbound LPV concentrations of 1,000 subjects were simu-
lated at LPV/RTV dosing of 400/100 mg, 500/125 mg, and
600/150 mg b.i.d., at 32 weeks of gestation and postpar-
tum. Unbound inhibitory quotient (IQ) were calculated from
unbound trough concentrations (Cy irougn) as:

IQ:Cu,trough/ICSO (1 3)

and were compared to the pharmacological effectiveness
thresholds, as shown below. The percentages of IQs show-
ing effectiveness or ineffectiveness at each dosing level
and each viral resistance were calculated.

Virologic parameters

Although viral susceptibility was not determined in the clini-
cal study, previous work has suggested cutoffs for LPV effi-
cacy based on calculation of the unbound Inhibitory
Quotient (IQ) from virtual viral phenotypes (reported as
fold-change decreases in susceptibility, rather than individ-
ual genetic mutations).?® Based on data in protease
inhibitor-experienced  patients, 2%2”  protein-free  ICsq
increases of 4-, 10-, 20-, and 40-fold from wildtype virus
were considered in the third trimester at the increased and
standard dosing. For each simulated subject (n=1,000),
the unbound LPV trough concentration (at 12 hours post-
dose) in the third trimester was used to calculate the 1Q
(unbound LPV trough/viral 1Csp) under five viral resistance
scenarios,?® using 0.69 ng/mL as the wildtype IC50.2° IQs
greater than 15 were considered effective, while those <4
were considered ineffective.?® The same simulations and
calculations were performed using model parameter esti-
mates for 1,000 virtual subjects postpartum.

RESULTS

Demographics of the 12 enrolled women have been pub-
lished.'® Briefly, the subjects ranged in age from 18-35
years old with a median age of 28 years. Median weight at
screening was 87.4 kg, range of 45.3—-142.6 kg. Most of the
subjects were African-American (75%) and antiretroviral-
treatment-naive (67%). Plasma protein albumin and AAG
levels (median, 25"—75™ percentile) were 4.2 (4.1-4.4) g/dL
and 82 (72-116) mg/dL at 8 weeks postpartum, respectively,
and were significantly decreased (P < 0.001 for albumin and
P=0.011 for AAG) during pregnancy. CD4 cell counts were
>400 cells/uL throughout the study. Suppressed viral load
(<48 copies/mL) was observed in all subjects in the latter
part of the study. Concentration vs. time profiles of all the
subjects across four study visits are presented in Supple-
mentary Material S1. In total, 330 plasma samples were
available for analysis. No BLQ data were present, and the
truncated concentration vs. time profiles in three subjects
were due to either missing samples or insufficient sample
volumes for unbound concentration analysis.
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a) b)
Xo, Lpv Xo, RTV
\ Frrv ’

Ka,LPV f Ka,RTV f
Tlag, LPV TIag,RTV

futey 7 furmv ™7,

Dty > | Cutpv: Vi/Fipy Currvs Vi/Frry [ >
CL/Fipy ™7 CL/Frrv*

Figure 1 Schematic illustrations of the pharmacokinetic model structure for (a) lopinavir and (b) ritonavir. Xo, oral dose; X,, amount of
drug in the absorption compartment; k,, first-order absorption rate constant; T4, absorption lag time; f,, unbound fraction; C,,
unbound concentration; C, total concentration; V,/F, apparent volume of distribution of unbound drug; V/F, volume of distribution of total
drug; CL./F, apparent unbound drug clearance or intrinsic clearance; F, bioavailability; LPV, lopinavir; RTV, ritonavir. * and f denote the
interindividual variability and interoccasion variability on the parameters in the final model, respectively.

LPV individual model

The LPV model structural is presented in Figure 1a.
Unbound LPV concentrations were well described using a
one-compartment model with first-order absorption and
elimination. A lag time was included in the absorption
phase. Zero-order, sequential zero- and first-order absorp-
tion, and transit compartment models did not significantly
improve the model. A linear protein binding model was cho-
sen to describe the relationship between the unbound and
total concentrations, as only one subject in the fourth visit
showed a minimal trend of saturable binding (data not
shown). Interindividual variability (IIV) was included on the
apparent intrinsic clearance (CL,/F) and unbound fraction
(fu). Incorporating an interoccasion variability (IOV) in CL,/
F, absorption rate constant (k,), and f, decreased the OFV
by 313.3, 17.3, and 29.3 sequentially. The empirical allo-
metric effect of body weight or lean body mass on CL./F
and apparent unbound volume of distribution (V,/F) was not
justified in the model, as determined by a likelihood ratio
test. The residual variability of both total and unbound LPV
were described using a proportional model. The final PK
parameter and bootstrap estimates are presented in Table
2.

In the covariate analysis, while study visit and the week
of gestation were both significant covariates on CL,/F, the
latter could describe the change of the apparent intrinsic
clearance across the study period in a more parsimonious
manner, and this relationship was well described by an
exponential function as:

CLU/FvazexecoefX WEEK (14)

where 6 is the population parameter estimate of LPV appa-
rent intrinsic clearance at week zero of gestation, coef is
the week effect coefficient, and WEEK denotes the gesta-
tional week. Post hoc estimates of CL,/F and the back-
calculated total body clearance for the four study visits are

summarized in Table 3. Compared to 8 weeks postpartum,
the median CL/F of LPV increase by 38%, 56%, and 61%
at 20-24 weeks, 30 weeks, and 32 weeks of gestation,
respectively.

For LPV f,, none of the tested covariates, including AAG,
albumin levels, BMI, race, study visit, and pregnancy were
significant (Supplementary Material S2). This result was
consistent with the insignificant difference of the unbound
AUC fractions across study visits analyzed by repeated-
measures ANOVA (Supplementary Material S3a,c).

RTV individual model

The structural model of RTV, as presented in Figure 1b,
was similar to that of LPV, except for that in the RTV
model:

1. Both CL,/F and V,/F were adjusted for body weight using empirical
allometric rule;

2. 1IV were included on CL,/F and f,, with an estimated off-diagonal
relationship;

3. In addition to IOVs on k, and f,, including IOV on bioavailability (F)
significantly improved the model fit, while IOV on CL,/F was not
significant after IOV on F was incorporated.

Again, week of gestation was the most significant covari-
ate for CL,/F, and the effect size of gestation week for RTV
apparent intrinsic clearance was larger than that for LPV,
with the estimated coefficient of 0.0184 for RTV vs. 0.0148
for LPV.

Including lean body mass in the structural model did not
perform better than total body weight. 11Vs on the coefficient
were not justified for either LPV or RTV, implying the similar
change of the clearance among the studied subjects. Cova-
riate analysis of RTV f, found no significant effects of the
tested variables (Supplementary Material S2), and this
was confirmed with the repeated-measure ANOVA on
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www.wileyonlinelibrary/psp4



Unbound Lopinavir Pharmacokinetics in the Third Trimester
Chen et al.

152

Table 2 Parameter estimates of final lopinavir and ritonavir models

Lopinavir Ritonavir
Parameter (units) Estimate Bootstrap estimates (95% CI) Estimate Bootstrap estimates (95% Cl)
CL/F (L/h) 167 167 (136, 202) 160 (per 70kg) 157 (120, 202)
CL/F (L/h)® 4.31 — 23.8 (per 70kg) —
VJ/F (L) 3430 3325 (2655, 4256) 1560 (per 70kg) 1630 (1040, 2100)
V/F (L)® 88.5 — 232 (per 70kg) —
ka (h™ 1) 1.07 0.906 (0.582, 1.78) 1.01 1.01 (0.340, 2.00)
fy (%) 2.58 2.58 (2.48, 2.71) 14.9 14.8 (12.1, 18.1)
Lag time (h) 1.77 1.75 (1.25, 1.93) 1.86 1.86 (1.67, 1.94)
Coefficient of gestational week impact on CL/F 0.0148 0.0148 (0.00835, 0.0223) 0.0184 0.0188 (0.0129, 0.0262)
Interindividual variability (%CV)
CL/F 2.70 2.10 (0.32, 11.4) 8.5 10.6 (1.92, 19.0)
fu 4.60 3.81(0.32, 10.3) 24.4 23.3 (12.2, 34.4)
IV correlation (r)
nCL -uf, — — -0.95 —
Interoccasion variability (%CV)
CL/F 247 23.4 (16.1, 29.7) — —
Ka 138 135 (82.9, 202) 141.8 142 (81.5, 201)
F — — 36.2 30.9 (17.1, 46.1)
fy 10.0 9.98 (4.68, 13.3) 235 20.8 (12.6, 28.6)
Residual error (%CV)
Unbound 244 24.0 (21.1, 27.8) 42.7 43.0 (38.2,50.5)
Total 18.4 18.1 (14.0, 23.2) 26.9 27.8 (23.1, 33.4)
Residual correlation (r)
Gunbound ~ Ctotal 0.614 — 0.611 —

CL/F, apparent intrinsic clearance; CL/F, apparent total body clearance; V,/F, apparent volume of distribution of unbound drug; V/F, apparent volume of distri-
bution of total drug; k,, first-order absorption rate constant; f,, unbound fraction; 11V, interindividual; CV, coefficient of variation; Cl, 95% confidence interval; r,
correlation coefficient.

8CL/F =f, X CL/F.

PV/F =1, X V/F.

unbound RTV AUC fraction (Supplementary Material
S3b,d).

exponential model in expression of unbound RTV concen-
trations provided the lowest OFV; however, incorporating
the interaction did not improve the model fit significantly

LPV-RTV interaction modeling (Supplementary Material S4). The coefficient value of the

When tested as a covariate, unbound RTV AUC did not
have significant influence on LPV PK (Supplementary
Material S2). When the interaction was tested in the joint
model, the PK parameters of RTV were fixed to reduce the
complexity of the modeling process. The basic model for
this analysis was the combination of the LPV and RTV final
model from the above analysis, with the correlations of their
residual errors estimated. Similar values were obtained
for LPV CL,/F (167 L/h vs. 167 L/h) and gestational week
coefficients (0.149 vs. 0.148) from this basic model and
the individual model. Among the six tested models, the

Table 3 Post hoc clearance estimates across visits

interaction was 0.0028, corresponding to —3% to +11% of
inhibition on LPV clearance, given the 5™ and 95" percen-
tile of unbound RTV concentration. When the interaction
was evaluated without the gestational age effect on LPV
clearance, the OFV increased by 13.0, indicating the RTV
concentrations could not sufficiently explain the longitudinal
change of LPV clearance, even though a slight decrease of
gestational week effect on LPV clearance (Supplementary
Material S4) compared to the basic model was observed.
Therefore, the interaction model was not adopted in sub-
sequent analysis. NONMEM control streams for individual

Visit 1 (20-24 weeks)

Visit 2 (30 weeks)

Visit 3 (32 weeks) Visit 4 (8 weeks postpartum)

ClLy.pv/F (L/hr)
CLipv/F* (L/hr) 5.92
CLyrrv/F (Lhr) 273
CLarv/F* (L/hr)

232 (226, 237)

(
(
(161, 421)
38.2 (26.0, 42.1)

261 (255, 264)
5.22, 7.22) 6.69 (5.73, 8.21)

337 (184, 473)
52.3 (33.6, 74.1)

269 (263, 276)
6.94 (5.90, 8.46)
357 (191, 508)
58.5 (32.6, 93.6)

167 (165, 168)
4.28 (3.65, 5.25)
178 (101, 257)
26.9 (16.6, 37.5)

The clearance estimates are presented as median (range). CL, p\/F, lopinavir apparent intrinsic clearance; CL_p\/F, lopinavir total body clearance; CL, grv/F,

ritonavir apparent intrinsic clearance; CLgry/F, ritonavir total body clearance.
*Total body clearance = intrinsic clearance X lopinavir unbound fraction.
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Figure 2 Diagnostic plots. (a—d) Unbound lopinavir (LPV), (e—h) total LPV, (i-l) unbound ritonavir (RTV), and (m-p) total RTV. From
the left to the right are observation (DV) vs. individual prediction (IPRED), observation vs. population prediction (PRED), conditional
weighted residual (CWRES) vs. time and conditional weighted residual vs. population prediction plots. The solid lines in the left two col-
umns represent the lines of unity. The blue dashed lines are loess regression lines. The red dashed lines in right columns are loess
regression lines of the absolute residual values. Values from different visits are denoted in different shapes.

and interaction models are provided in Supplementary
Material S5.

Model validation

The diagnostic plots for LPV and RTV (Figure 2) and indi-
vidual goodness of fit plots (Supplementary Material S6)
showed that the observed data were fairly well predicted,
with no obvious bias in the model. The visual predictive
check demonstrated a good performance of the model in
predicting both LPV and RTV (Figure 3) concentrations,
with the observed percentiles well captured by the pre-

dicted percentiles and corresponding 95% confidence
intervals.

Simulated unbound LPV inhibitory quotients (1Qs)

The unbound LPV IQs at 32 weeks gestation and postpar-
tum, under three different dosing strategies, are summarized
in Table 4. The percentage of 1Qs showing effectiveness
(>15) were calculated for each scenario. Overall, the per-
centage of effective 1Qs in the third trimester were no greater
than those in postpartum. With up to a fourfold increase in
unbound ICsy, over 90% of the simulated subjects were
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Figure 3 Visual predictive checks. (a—d) Unbound lopinavir (LPV), (e-h) total LPV, (i-I) unbound ritonavir (RTV), and (m-p) total RTV.
The colored lines represent the prediction percentiles: red solid lines for medians and blue dashed lines for 5 and 95™ percentiles of
prediction. The black lines represent the observation percentiles: solid lines for medians and dot-dash lines for 5" and 95™ percentiles
of observation. The black dots represent the observed data. The colored shaded areas are the 95% confidence intervals (Cl) of the
prediction percentiles: red shading for 50" percentiles and blue shading for 5" and 95™ percentiles.

predicted to have effective 1Qs, and the difference between
the third trimester and postpartum was minimal. When
unbound 1Csy was increased 10-fold, the percentage of
effective 1Qs significantly decreased to less than 50% in the
third trimester, with the standard dose of 400/100 mg. With
dose increased by 25% and 50%, this percentage could be
brought up to 60% and 77%, respectively. Postpartum, the
effect of increasing the dose was less than that in the third
trimester, with 89-98% effective 1Qs predicted. When
unbound ICsy was increased 20-fold, less than 20% of the

CPT: Pharmacometrics & Systems Pharmacology

effective 1Qs were predicted for the third trimester, regard-
less of an increased dose. For subjects in the postpartum
period, increasing the dose could bring this percentage from
30% to 70%. When unbound ICsq increased 40-fold, 90% or
more of simulated subjects did not achieve effective |Qs.
The full comparison across the three dosing strategies
including the percentage of ineffectiveness (IQ <4) are pre-
sented in Supplementary Material S7 for 32 weeks of ges-
tation (third trimester) and Supplementary Material S8 for
postpartum.



Table 4 Simulated inhibitory quotients (IQs) at different dosing strategies in the third trimester and postpartum and their effectiveness to different viral resistance levels

500/125 mg twice daily 600/150 mg twice daily

400/100 mg twice daily

Postpartum Third trimester Postpartum Third trimester Postpartum

Third trimester

Viral resistance

pattern

%lQ>15 1Q (mean+SD) %IlQ>15 1Q (mean+=SD) %IQ>15 1Q (mean+=SD) %IlQ>15 1Q (mean+SD) %IlQ>15 1Q (mean=SD) %lQ>15

1Q (mean + SD)

100

1

394.2 +152.5
98.6 = 38.1
39.4+152
19.7+7.6

100
99.7

223.9 +93.6

100
100

182.7 £79.3 100 321.7+129.3
98.7
95

100
99.7

100 257.9 +98.9

95.4

146.3 + 60.4
36.6 = 15.1

Wild-type 1Cs0*

00

56.0 =23.4
224+94

80.4+32.3
32.2+129
16.1 6.5

45.7+19.8
18379

9.1

64.5+24.7
25.8+9.9

4-fold ICsq increase

98.4
6!

77.3

59.8
8.0

88.9
30.4

40.9

146+6

10-fold ICs increase

11.2+47 18.3 9.9
9.9

51.1

129+49
6.4

1.9

7.3+3

20-fold 1C5q increase

9.9+3.8

0.3

ICsp, half maximal inhibitory concentration; SD, standard deviation; %IQ>15 represents the percentage of the simulated subjects with inhibitory quotients that is greater than 15. IQs greater than 15 are consid-

ered to be effective.

5.6+2.3

3.7

8+3.2

4.6

0.3

25

1.5

40-fold ICsq increase

*Wildtype ICso: 0.69 ng/mL.
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DISCUSSION

A population pharmacokinetic model describing longitudinal
PK and intrinsic unbound clearance of LPV and RTV in
HIV-infected pregnant women was developed. Distinct from
other analyses that have detected the pregnancy effect at a
single point, this secondary analysis of the unbound and
total LPV and RTV profiles from four study visits was able
to quantify the trajectory of clearance changes for these
two drugs during pregnancy and postpartum. The post hoc
PK estimates showed that the LPV apparent intrinsic clear-
ance increased by 61% at 32 weeks of gestation, com-
pared to postpartum. The unbound fractions of neither LPV
nor RTV were significantly affected by the physiological
alterations of pregnancy, e.g., decreased AAG and albumin
concentrations or increased BMI. Based on 1,000 simulated
subjects, the current standard LPV/RTV dose of 400/
100 mg was predicted to produce effective unbound LPV
IQs in over 90% of subjects with a <4-fold increase in viral
ICs0, lending further support to the recent recommenda-
tions for maintaining Kaletra dosing at the standard dose in
pregnancy.'*

To our knowledge, this is the first model to use an expo-
nential function to describe the longitudinal change of the
apparent intrinsic clearance for LPV and RTV in pregnant
women. The model indicated that gestational age has a
more profound effect on the elimination of RTV than LPV,
implying that RTV is more sensitive to physiologic changes,
including the potential alteration of metabolic enzyme activ-
ity.?® The increase in CLy pv/F is 38%, 56%, and 61% at
22 weeks, 30 weeks, and 32 weeks, respectively, of gesta-
tion compared to postpartum in terms of the median post
hoc PK estimates. Decreases in the drug bioavailability,
increase in metabolic enzyme activity, or both could explain
this increase; however, our model could not quantitatively
differentiate the effect of these two factors due to lack of
i.v.-administration PK or a direct assessment of metabolic
activity.

It has been theorized that the decrease in AAG during
pregnancy might result in increased unbound fraction,'® but
this assumption was made based on saturation of protein
binding in plasma. According to the protein binding analysis
for each individual at each visit, most of the subjects did
not exhibit a noticeable saturation in protein binding, even
with very high concentrations. Therefore, a linear protein
binding model was sufficient to describe the unbound and
total concentrations. The concentrations of AAG and albu-
min did not have a significant effect on the unbound frac-
tions of either LPV or RTV in the covariate analysis. In vivo,
even though binding to AAG is subject to capability limiting,
albumin is unlikely to be saturated®; thus, the subtle altera-
tion in protein binding due to decreases in AAG and albu-
min concentrations might not be detected in this analysis,
with limited sample size. The post hoc repeated-measured
ANOVA testing of the difference among the unbound AUC
fractions across the four study visits show no significant
findings (P > 0.05) for LPV and RTV, which is consistent
with the results in the population PK analysis.

The known interaction between LPV and RTV is not well
characterized in this analysis. Neither unbound RTV AUCs
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nor its concentrations could further improve the LPV model
while accounting for the gestational age effect. The interac-
tion analysis in terms of AUC is consistent with insignifi-
cance of the post hoc unbound RTV AUCs in the covariate
analysis. This is probably because the clinical study was
not designed to detect the interaction; therefore, the data
are not ideal for quantifying this, given the small sample
size and time-varying pharmacokinetics inherent in the
study design. Nevertheless, our analysis reports an interac-
tion coefficient of 0.0028, or 0.00041 in terms of total RTV
concentration, which is consistent with the interaction value
of 0.00064 reported by Wang et al.,*® using the same inter-
action function form.

The current analysis further extends the perspective on
the use of the standard dose in HIV-infected women in the
context of viral resistance. While the standard dose is suffi-
cient for pregnant women with susceptible virus, increased
doses are indicated in 10-fold increases in ICso. When ICsq
increases by >20 fold, an alternative regimen to LPV/r
should be considered for pregnant women, especially in the
third trimester.

While useful, this work does have some limitations. First,
the viral susceptibility to LPV was not measured in these
women, and thus this work is based on the literature and
simulations and not clinical data. Additionally, the clinical
data available to us did not include dosing at the 600/
150 mg regimen, and the population model was used to pre-
dict these concentrations. Our simulated total concentrations
are consistent with the literature,®'" so we believe this
approach is reasonable. For the protein-binding model at this
dose, we assume that the protein-binding behavior of LPV at
this dose does not differ substantially from the observed
behavior at the lower doses, supported by data that LPV pro-
tein binding is constant over a wide range of concentra-
tions.' As with most studies in pregnancy, the sample size
is small, potentially limiting model robustness and generaliz-
ability. These women, however, were intensively studied lon-
gitudinally, and contribute to one of the most comprehensive
characterizations of LPV PK in pregnancy.

In summary, this model-based approach extends and
refines the previously reported PK results for LPV, and sup-
ports the standard dosing regimen of LPV/RTV in preg-
nancy. These results are consistent with the observations
that despite lower plasma LPV concentrations in pregnancy,
virologic failure and risk of MTCT are rare events in preg-
nant women with susceptible virus.
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