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ABSTRACT The objectives of this study were to characterize the population phar-
macokinetics (PK) of efavirenz (EFV) and 8-hydroxy-efavirenz (8OHEFV) in plasma and
peripheral blood mononuclear cells (PBMCs) and to explore covariates affecting the
PK parameters. Fifty-one patients had steady-state 0-to-24-h concentrations of EFV
and 8OHEFV in plasma with corresponding concentrations in PBMCs, while 261 pa-
tients had one or two sparse concentrations at 16 � 1 h postdose at weeks 4
and/or 16. The pharmacogenetic markers CYP2B6*6, CYP3A5*3, CYP3A5*6, UGT2B7*2,
ABCB1 (3435C¡T, 3842A¡G), OATP1B1*1B, and OATP1B1*5, the presence of a
rifampin-based antituberculosis (anti-TB) regimen, baseline body weight and organ
function values, and demographic factors were explored as covariates. EFV concen-
tration data were well described by a two-compartment model with first-order ab-
sorption (Ka) and absorption lag time (Alag) (Ka � 0.2 h�1; Alag � 0.83 h; central
compartment clearance [CLc/F] for CYP2B6*1/*1 � 18 liters/h, for CYP2B6*1/*6 � 14
liters/h, and for CYP2B6*6/*6 � 8.6 liters/h) and PBMCs as a peripheral compartment.
EFV transfer from plasma to PBMCs was first order (CLp/F � 32 liters/h), followed by
capacity-limited return (Vmax � 4,400 ng/ml/h; Km � 710 ng/ml). Similarly, 8OHEFV
displayed a first-order elimination and distribution to PBMCs, with a capacity-limited
return to plasma. No covariate relationships resulted in a significant explanation of
interindividual variability (IIV) on the estimated PK parameters of EFV and 8OHEFV,
except for CYP2B6*6 genotypes, which were consistent with prior evidence. Both EFV
and 8OHEFV accumulated to higher concentrations in PBMCs than in plasma and
were well described by first-order input and Michaelis-Menten kinetics removal from
PBMCs. CYP2B6*6 genotype polymorphisms were associated with decreased EFV and
8OHEFV clearance.

KEYWORDS efavirenz, 8-hydroxy-efavirenz, peripheral blood mononuclear cells,
population pharmacokinetics

Efavirenz (EFV)-based antiretroviral therapy remains the preferred first-line treatment
option in important international guidelines, including those of the World Health

Organization (1). EFV displays a wide between-patient pharmacokinetic (PK) variability
(2, 3). This is ascribed partially to genetic variation of the CYP2B6 enzyme, which is
primarily responsible for the metabolism of efavirenz to 8-hydroxy-efavirenz (8OHEFV)
(4, 5). Efavirenz is described to have a narrow safety margin (6–8). In addition, a couple

Received 31 January 2017 Returned for
modification 14 March 2017 Accepted 21
May 2017

Accepted manuscript posted online 30 May
2017

Citation Habtewold A, Aklillu E, Makonnen E,
Yimer G, Bertilsson L, Burhenne J, Owen JS.
2017. Population pharmacokinetic model
linking plasma and peripheral blood
mononuclear cell concentrations of efavirenz
and its metabolite, 8-hydroxy-efavirenz, in HIV
patients. Antimicrob Agents Chemother
61:e00207-17. https://doi.org/10.1128/AAC
.00207-17.

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Abiy Habtewold,
abiyeyakem@gmail.com.

ANTIVIRAL AGENTS

crossm

August 2017 Volume 61 Issue 8 e00207-17 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://doi.org/10.1128/AAC.00207-17
https://doi.org/10.1128/AAC.00207-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:abiyeyakem@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00207-17&domain=pdf&date_stamp=2017-5-30
http://aac.asm.org


of recent reports in part incriminated 8OHEFV in the neurotoxic adverse reactions
associated with efavirenz administration, emphasizing the need to characterize the
time course of both EFV and 8OHEFV in the body (7, 9).

PK models describing the disposition of efavirenz in plasma have been reported
previously (3, 10–13). A single study reported a PK model comprising both the parent
drug (EFV) and the metabolite (8OHEFV) in plasma after a single dose that was lower
than the recommended dose of efavirenz in 17 healthy Korean male subjects (14). This
study in healthy volunteers does not represent the clinical scenario, given that treat-
ment of HIV is lifelong, and the long-term administration of EFV with its complex
autoinduction phenomenon is not addressed. HIV/AIDS patients display lower relative
bioavailability of efavirenz than healthy subjects, and hence direct extrapolation of
efavirenz exposure data from healthy volunteers to the target patient population may
not be applicable (8). Moreover, since most antiretroviral drugs, including efavirenz,
exert their therapeutic effects in the target immune cells (15), characterization of the
intracellular time course of these drugs may result in the design of a more accurate and
reliable dosage regimen. We are aware of no PK models that describe the time course
of either EFV or 8OHEFV in plasma and intracellular compartments simultaneously.

Therefore, in the present study, we developed a population PK model to character-
ize the time course of EFV and 8OHEFV in plasma and peripheral blood mononuclear
cells (PBMCs). We also evaluated covariates to explain the interindividual variability (IIV)
of EFV and 8OHEFV pharmacokinetics. The explored covariates were demographic
characteristics, baseline liver and renal function indices, and pharmacogenetic vari-
ables.

RESULTS
Characteristics of study subjects. A total of 1,185 EFV concentrations in plasma

and in PBMCs (n � 689) and 1,091 8OHEFV concentrations in plasma and in PBMCs (n �

310) were included in the analysis. Table 1 summarizes the demographic characteristics
with baseline organ function values and the distribution of pharmacogenetic determi-
nants.

Pharmacokinetic model determination and parameter estimation. Concentration-
time profiles and model comparisons suggested the presence of a peripheral compart-
ment. Since EFV concentrations in PBMCs were measured in the present study, PBMCs
were assumed to represent a peripheral compartment, and models with a nonspecific
catenary or mammillary peripheral compartment were also tested. Simultaneous (com-
bined) modeling was executed using the plasma and PBMC EFV concentration data.
Since substantial accumulation occurred in the PBMCs, a nonlinear model with first-
order transfer from the central to the peripheral compartment (CLp EFV) and nonlinear
return (Vmax and Km) was explored.

EFV data were well described by a two-compartment model with PBMC concentra-
tions representing the peripheral compartment (Fig. 1). Three-compartment models,
both as catenary and mammillary compartments, did not either converge successfully
or converged at a higher objective function value (OFV) (ΔOFV � 700 points) than that
of other models. A proportional error model (constant coefficient of variation [CCV]) of
residual variability performed better than the exponential, additive, and combined error
models. The EFV absorption rate constant (Ka) and absorption lag time (Alag) values
were estimated from the full concentration-time profiles (Ka � 0.2 h�1, Alag � 0.83 h)
and fixed to these values in subsequent modeling steps that included the sparse
concentration data. The estimated values of Ka and Alag corroborated previous reports
(10, 14).

EFV concentrations in PBMCs were substantially greater than simultaneous EFV
concentrations in plasma. While EFV could be described using a first-order transfer
kinetic process from the central to the peripheral (PBMC) compartment, its return was
well described using a nonlinear saturable intercompartmental clearance process (Fig.
1). The population PK parameter estimates of EFV in plasma and PBMCs with IIV and
residual error estimates are shown in Table 2. As outlined in Materials and Methods, the
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TABLE 1 Patient characteristicsa

Variable Valueb

Continuous
Demography

Age (yr) 34.0 (28.0–40.0)
Body wt (kg) 50.5 (46.0–56.0)
BMI (kg/m2) 19.2 (17.5–21.0)

Baseline hematology
Hemoglobin (g/dl) 12.3 (10.9–13.6)
Leukocyte (109cells/liter) 4.7 (3.7–5.9)
Neutrophils (109cells/liter) 46.0 (4.0–61.0)
Thrombocytes (109cells/liter) 241.0 (182.0–312.5)
Albumin (g/liter) 3.9 (3.4–4.3)

Baseline liver function panel
AST (U/liter) 34.0 (27.5–49.0)
ALT (U/liter) 28.0 (24.0–26.0)
ALP (U/liter) 111.0 (91.0–138.5)
Total bilirubin (�mol/liter) 0.45 (0.3–0.9)
Direct bilirubin (�mol/liter) 0.1 (0.1–0.13)

Baseline renal function panel
Blood urea (mg/dl) 24.0 (19.0–30.0)
Serum creatinine (�mol/liter) 0.9 (0.7–1.0)

Baseline virology and immunology
HIV RNA (log10 copies/ml) 5.2 (4.5–5.5)
CD4 cells/mm3 101.0 (54.5–149.5)

Categorical
Rifampin-based anti-TB regimen

Yes 81
No 232

Sex
Males 104
Females 209

HBsAg
Yes 17
No 296

HCV
Yes 6
No 307

CYP2B6*6 (516G¡T)
GG 144
GT 134
TT 20

ABCB1 (3435C¡T)
CC 185
CT 99
TT 14

ABCB1 (3842A¡T)
AA 222
AG 73
GG 7

CYP3A5*3 (6986A¡G)
AA 37
AG 140
GG 121

CYP3A5*6 (14690G¡A)
GG 222
GA 69
AA 7

UCT2B7*2 (372G¡A)
GG 74
GA 163
AA 65

OATP1B1*1B (388A¡G)
AA 45
AG 152
GG 105

(Continued on next page)
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CYP2B6*6 genotype was used as a modifier of clearance in the base model. Exclusion
of this modifier caused a misfit of the model and an increase in OFV by 44 points from
the best model. Therefore, CYP2B6*6 genotype status was retained in the base model.

Covariate relationships of the CL/F, central volume of distribution (Vc/F), and Vmax of
EFV were explored using delta plots and were added to the base model in a univariate
process. None of the covariates tested significantly reduced the OFV of any of the
estimates. However, inclusion of interoccasion variability (IOV) with the CL/F of EFV
significantly improved the fit (119-point reduction in OFV from the prior model).
Therefore, IOV was carried on subsequent model development steps.

As with EFV (the parent), 8OHEFV (the metabolite) was well described by first-order
distribution from the central compartment to the peripheral PBMC compartment with
saturable return (Fig. 1). While central compartment clearance (CLc/F of 8OHEFV) was
estimated (Table 3), its apparent central volume of distribution (Vc/F of 8OHEFV) was
fixed to a literature value of 10 liters due to structural nonidentifiability (14). Also,
whereas Km was estimated for the return of 8OHEFV from the peripheral (PBMCs) to the
central compartment, the apparent peripheral volume of distribution (Vp/F of 8OHEFV)
and Vmax of 8OHEFV were fixed to the EFV estimates (Table 3). In an exploration of the
effect of covariates on the estimated CLc/F of 8OHEFV, tests of the covariates sex and
UGT2B7*2 genotypes showed reductions in the OFV with an � of 0.05, but the overall
reductions in IIV were only 2.3 and 0.8%, respectively. Therefore, they were not retained
in the final model. Inclusion of IOV in the CLc/F of 8OHEFV significantly improved the
model fit.

Model diagnostics and evaluations. Overall, goodness-of-fit plots show that the
model describes the observed concentrations of EFV and 8OHEFV in plasma and PBMCs
sufficiently. The left and right top panels in Fig. 2 depict even distributions around the
line of identity for both the population and individual EFV concentration predictions in
plasma versus the observed concentrations, respectively, although with substantial
variability. The conditional weighted residuals (CWRES) are within an acceptable

FIG 1 Structural pharmacokinetic model of EFV and 8OHEFV in plasma and PBMCs. ALAG, absorption lag time.

TABLE 1 (Continued)

Variable Valueb

OATP1B1*5 (521T¡C)
TT 202
TC 82
CC 18

aBMI, body mass index; HIV RNA, RNA of human immunodeficiency virus; CD4, cluster of differentiation 4;
HBsAg, hepatitis B surface antigen; HCV, hepatitis C virus; IQR, interquartile range; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase.

bValues for continuous variables are medians (IQRs); values for categorical variables are n.
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range and are uniformly spread when CWRES are plotted versus time after dose and
versus population predictions, as in the left and right bottom panels in Fig. 2.
Although the concentrations of 8OHEFV in PBMCs appear to be evenly distributed
around the line of identity, based on CWRES, high concentrations of 8OHEFV in
plasma appear to be underpredicted. Figure 3 presents visual predictive check
(VPC) plots of EFV and 8OHEFV in plasma and PBMCs at times of full-profile sample
collections for 1,000 replicates using the final model, with observed data overlaid.
Most of the EFV and 8OHEFV concentrations in plasma and PBMCs fall within the
5th and 95th percentiles. The median, 5th, and 95th percentile lines of the observed
and predicted EFV and 8OHEFV concentrations in plasma and PBMCs are compa-
rable, but a few outlying observations led to some differences in the 95th percentile
lines.

DISCUSSION

In the present study, for the first time to the best of our knowledge, we characterize
and report the population pharmacokinetics of efavirenz and its major metabolite,
8-hydyoxy-efavirenz, not only in plasma but also in peripheral blood mononuclear cells

TABLE 2 Population PK parameter estimates of EFV in plasma and PBMCsa

Parameter

Final parameter
estimate

IIV/residual
variability

Typical value %SEM %CV %SEM

Ka (1/h) 0.20b NA NE NE
Alag 0.83b NA NE NA
Vc/F (liters), EFV in plasma 100 17 120 29
Vp/F (liters), EFV in PBMCs 210 87 NE NA
Vmax (ng/ml/h), EFV 4,400 72 50 17
Km (ng/ml), EFV 710 74 NE NA

CLc/F (liters/h) for individuals with indicated
genotype

CYP2B6*1/*1 18 4.1 39 14
CYP2B6*1/*6 14 4.7 39 14
CYP2B6*6/*6 8.6 13 39 14

CLp/F (liters/h) (central to PBMCs) 32b 7.8 NE NE
RV in plasma 0.11c 8.5 34 NA
RV in PBMCs 0.42c 7.9 65 NA
aNA, not applicable; NE, not estimated; %CV, percentage of coefficient of variation; IIV, interindividual
variability.

bTypical value fixed.
cResidual variance estimate.

TABLE 3 Population PK parameter estimates of 8OHEFV in plasma and PBMCsa

Parameter

Final parameter estimate
IIV/residual
variability

Typical value %SEM %CV %SEM

Vc/F (liters), 8OHEFV in plasma 10.00b NA NE NA
CLc/F (liters/h), 8OHEFV in plasma 185.5 4.37 60.26 4.1232
RV in plasma 0.2288c 7.64 47.83 NA
Vp/F (liters), 8OHEFV in PBMCs 210.0b NA NE NA
CLp/F (liters/h), 8OHEFV in PBMCs 216.1 23.15 NE NA
Vmax (ng/ml/h), 8OHEFV 4,400b NA NE NA
Km (ng/ml), 8OHEFV 37.11 22.96 94.76 10.88
RV in PBMC 0.3134c 11.76 55.99 NA
aIndividual subject EFV model parameters were fixed for the estimation of 8OHEFV parameters in plasma.
Individual subject parameters for EFV and 8OHEFV in plasma were fixed for the estimation of 8OHEFV in
PBMCs. NA, not applicable; %CV, percentage of coefficient of variation; IIV, interindividual variability; NE, not
estimated.

bTypical value fixed.
cResidual variance estimate.
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(PBMCs), which are the target cells for antiretroviral activity. EFV and 8OHEFV accumu-
lated in greater concentrations intracellularly in PBMCs than in plasma. We also report
that the CYP2B6 genotype was the only covariate that significantly influenced the PK of
efavirenz and 8OHEFV.

The efficacy and toxicity of antiretroviral drugs may largely depend on intracellular
dispositions in addition to their systemic exposure (16–19). As reviewed by Almond et
al., measurement of intracellular concentrations may give a better indication of antiviral
exposure as the site of action (20). Besides, Rotger et al. identified intracellular EFV
concentration as a predictor of neuropsychological toxicity induced by EFV (21). Efforts
to predict safety and efficacy of EFV have focused on characterizing the systemic
pharmacokinetics (12, 22, 23). Borand et al. (24) found no association between treat-
ment failure and the recommended efavirenz concentrations in plasma below 1
mg/liter (6). This may suggest that a lack of knowledge of the relationship between
plasma and intracellular concentrations of EFV limits the ability to fully understand the

FIG 2 Goodness-of-fit plots of EFV and 8OHEFV in plasma and PBMCs.
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pharmacokinetic-pharmacodynamic relationships of EFV and to predict treatment and
toxicity outcomes. A few PK models characterizing other antiretroviral drugs in plasma
and the intracellular compartment have been developed (16, 17, 19, 25).

The present study successfully developed a pharmacogenetics-guided comprehen-
sive PK model not only for EFV (the parent drug) but also for 8OHEFV (the major
metabolite of EFV) in both plasma and intracellular spaces. The developed model can
predict the amount of EFV reaching the site of action and hence may be a useful tool
to determine more reliable dosage regimens.

The model shows that the distribution of EFV and 8OHEFV from plasma to PBMCs
follows a first-order kinetic process. This suggests that intracellular entry might not
involve carrier-mediated transport mechanisms that are saturable in the concentrations
observed. This observation may be strengthened by the fact that attempts to investi-
gate whether EFV is a substrate of any of the influx or efflux transport processes have
not led to any conclusive outcomes (26, 27). Moreover, in the present study, covariate
analysis between the population PK parameters and influx and efflux transporter
systems did not reveal any significant impact of the transporters on the PK of EFV and
8OHEFV.

FIG 3 Visual predictive check plots of EFV and 8OHEFV in plasma and PBMCs.
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On the contrary, the model shows that the back transfer of EFV and 8OHEFV from
PBMCs to plasma follows a Michaelis-Menten kinetics capacity-limited process, a min-
imized form of a target-mediated drug disposition (TMDD) model. The existence of
poor evidence in the involvement of membrane transport mechanisms of EFV as
outlined above might suggest the presence of other unidentified processes such as
target-mediated binding. Even though the scope of the present study was not to
elucidate the mechanistic details, it is assumed that either intracellular protein or tissue
binding might limit the back transfer of EFV and 8OHEFV from PBMCs to the plasma
compartment. EFV is known to be highly bound to plasma proteins (�99%) and tissue
structures (28, 29) and 8OHEFV has been reported to have protein binding similar to
that of EFV (30). However, further in vitro-supported studies are warranted.

The overall distribution processes of EFV and 8OHEFV from plasma to intracellular
spaces and their return kinetics resulted in the net accumulation of EFV and 8OHEFV in
PBMCs. This might afford therapeutic advantages or toxicity risks. An increased amount
of EFV at the site of action might be utilized to optimize the dose of EFV-based
treatment by either lowering the dose or increasing the dosage intervals, which at the
end reduces the total exposure of both EFV and 8OHEFV. This might subsequently
ensure treatment successes with lower incidences of toxicities from both the parent
(EFV) and the metabolite (8OHEFV). Exploration of such regimen changes should be
studied only in well controlled clinical trials. Intracellular accumulation of EFV has also
been reported by a few investigators. Two independent studies, by Almond et al. (20)
and Burhenne et al. (26), showed that EFV accumulation in PBMCs was 1.3- and 1.8-fold
higher, respectively, than EFV accumulation in plasma. In the present study, we do not
argue that the peripheral compartment is solely represented by PBMCs but rather that
it may include other tissues with distribution patterns comparable to those of the
PBMCs. Our effort to include a PBMC compartment along with a nonspecific compart-
ment could not be done with the available data.

The CYP2B6*6 genotype was the only covariate that significantly explained the
IIV of EFV clearance. The CL/F estimates of EFV for individuals with the CYP2B6*1/*1,
CYP2B6*1/*6, and CYP2B6*6/*6 genotypes were 18, 14, and 8.6 liters/h, respectively. This
finding highlights the growing literature evidence that warrants a pharmacogenetics-
based dose adjustment for EFV (3, 5, 22, 31).

The influence of the coadministration of a rifampin (RIF)-based anti-TB regimen on the
PK of EFV has been the subject of dispute. Contradictory reports exist in the literature,
though recent studies, including our noncompartmental PK and PK-pharmacodynamics
(PD) relationship analyses reported on EFV using the same data, suggest the absence
of a significant effect of a RIF-based anti-TB regimen (13, 31–33). The covariate analysis
in the present study confirmed the absence of the effect of a RIF-based anti-TB regimen
on the disposition of EFV and 8OHEFV.

Demographic factors such as age, sex, baseline weight, and body mass index did not
improve the goodness-of-fit of the model, implying that they may not explain the
observed IIV in the estimated PK parameters of EFV and 8OHEFV. While Dhoro et al. and
Robarge et al. identified body weight and sex as covariates to explain the IIV of CL/F (3,
34), Abdelhady et al. did not see any influence of demographics on the PK of EFV and
metabolites (14). One potential reason for this inconsistency may be differences in
study design and PK sampling times. Robarge et al. explored the PK of EFV after a single
dose in healthy volunteers, whereas the present study used the steady-state PK of EFV
in the target HIV-infected and TB- and HIV-coinfected patient population. We and
others have previously demonstrated long-term changes in the PK of EFV due to
autoinduction (35). The other reason for the discrepancy might arise from differences
in the study population. Previously, we demonstrated differences in the PK of EFV
between Ethiopian and Tanzanian HIV patients even after controlling for the effect of
the CYP2B6*6 genotype (36). These inconsistences may indicate not only interindividual
but also interpopulation differences in the PK of EFV.

In the present study, even though individual tests of sex and UGT2B7*2 genotypes
on the CLc/F of 8OHEFV led to significant reductions in OFV (� � 0.05), the overall
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contributions of these covariates in explaining the IIV of the estimated total clearance
of 8OHEFV were small, namely, 2.3% and 0.8%, respectively. These small effects might
be assumed to be not clinically significant; therefore, they were not considered true
covariates in the final model. The present study also highlighted the absence of an
effect of genotype for the influx transporter system OATP1B1 (*1 and *5) and for the
efflux transporter ABCB1 (3435C¡T and 3842T¡C). In addition, baseline liver and renal
function tests were not significant determinants of the plasma and intracellular PK
parameters of EFV and 8OHEFV.

One limitation of the study was the assumption of 100% adherence to the
treatment and time of ingestion of the drug by all patients, which may not reflect
the real clinical scenario. Although the investigators tried to capture adherence
information in case report forms, these were purely based on self-reports by
patients. Similarly, the computation of time-after-dose values for sparse PK samples
was based on patient self-reports of the time of ingestion of EFV. The disparity in
the time of ingestion to time of sampling was likely minimized (�1 h disparity)
through a phone call to each patient reminding them to ingest the daily dose prior
to sparse PK sampling next day.

In conclusion, the present study described a population PK model of EFV (parent
drug) and 8OHEFV (its major metabolite) in plasma and PBMCs. Both EFV and 8OHEFV
followed a first-order transfer process to move from the central to the peripheral
compartment, while the reverse transfer was described by a saturable Michaelis-
Menten transport process as a simplification of the TMDD model, resulting in a net
accumulation of EFV and 8OHEFV in PBMCs. The significance of this finding may
suggest a need to explore regimens that lower the dose or increase the dosing interval
of EFV, which should only be done in the context of clinical trials. This study also
reaffirmed the need for CYP2B6 genotype-derived dose optimization of EFV. The
absence of the influences of demographic factors, RIF-based anti-TB regimen, influx and
efflux transport mechanisms, and baseline liver and kidney function tests were high-
lighted.

MATERIALS AND METHODS
Ethics. The study obtained ethical clearances from Institutional Review Boards, the School of

Medicine (Addis Ababa University), and the Karolinska Institutet. In addition, the study protocol obtained
approvals from the Addis Ababa Health Bureau, National Research Ethics Review Committee and Drug
Administration and Control Authority of Ethiopia. Written informed consent was obtained from all
patients to participate in the study. The study was conducted per the international conference for
harmonization on good clinical practice recommendations.

Study design and population. This study was a PK substudy of an umbrella study (the HIV-TB
Pharmagene study) that was previously described in detail (32, 33). Briefly, the study was an open-label,
two-arm, parallel-design, year-long prospective clinical study conducted in a tertiary level referral
hospital and eight other health centers in Addis Ababa, Ethiopia. The cohort consisted of HIV-infected
patients and TB- and HIV-coinfected patients with CD4 counts of �200 cells/mm3. Patients received 600
mg EFV per day as a part of combination antiretroviral therapy (cART). The TB-HIV-coinfected patients
were initiated on rifampin-based anti-TB regimens 4 weeks prior to the start of cART. In the present
substudy, analyzable PK data from a total of 313 patients, those with HIV infection only (n � 232) and
those with TB-HIV coinfection (n � 81), were included.

PK blood sampling. In the present PK substudy, 19 HIV-only-infected patients and 32 TB-HIV-
coinfected patients had week 16 steady-state full concentration-time profiles (0 to 24 h). Plasma samples
were collected at 0, 1, 2, 3, 4, 6, 8, 16, and 24 h, and five corresponding PBMC samples were collected
at 0, 3, 6, 16, and 24 h. Additionally, the TB-HIV-coinfected patients repeated full-profile sampling 8 weeks
after stopping rifampin-based anti-TB drugs at week 32. Two hundred sixty-one patients, who were from
either the HIV-only-infected group or the TB-HIV-coinfected group, had 1 or 2 sparse plasma samples
with corresponding PBMC samples at 16 � 1 h postdose at week 4 or week 16 or at both times. Figure
4 shows the PK sampling intervals and study design.

Separation of plasma and PBMC pellets. Isolation of the PBMCs from the plasma was done by
centrifugation and subsequent cell counting, as described previously (26, 35). Briefly, 8-ml venous blood
samples were collected in BD Vacutainer CPT tubes, in duplicate. To separate the red blood cells from the
plasma, the whole-blood samples were centrifuged at 1,700 � g for 20 min, within 20 min of collection.
The supernatants were decanted in conical tubes, and the tubes containing the supernatant were
subjected to centrifugation at 180 � g for 10 min to separate the plasma and PBMCs. The plasma
specimens were pipetted out into microcentrifuge tubes, and the PBMC pellets were washed two times
with 1 ml cold phosphate buffer solution (PBS) and centrifuged again at 180 � g at 4°C for 10 min. Finally,
the PBMC pellets were resuspended in a 100-�l mixture of 1:10 PBS and trypan blue staining solution,
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and cell counting was performed by trained technicians in Neubauer chambers. The plasma and lysed
PBMC pellets were stored at �80°C until bioanalysis.

Bioanalysis of efavirenz and 8-hydroxy-efavirenz. Steady-state plasma and PBMC concentrations
of EFV and 8OHEFV were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS), as
described previously (35). In brief, protein precipitation with ice-cold acetonitrile containing the internal
standards was used for sample preparation and extraction. The extracts containing EFV and 8OHEFV were
quantified using [13C6]efavirenz and [2H4]8-hydroxy-efavirenz as internal standards in chromatography
on a Phenomenex Synergi Fusion RP column with an eluent consisting of acidified 5 mM ammonium
acetate buffer, acetonitrile, and methanol and electrospray tandem mass spectrometry. The lower limits
of quantification in plasma were 10 ng/ml for EFV and 0.4 ng/ml for 8OHEFV. The EFV and 8OHEFV
calibration ranges were 10 to 10,000 ng/ml and 0.4 to 400 ng/ml, respectively. The plasma and PBMC
concentrations of EFV and 8OHEFV above the upper calibration limits were diluted with blank plasma
and PBMCs (buffy coat) and reanalyzed. Linear regression with 1/x weighting resulted in correlation
coefficients (r2) of 0.99. The intrabatch and interbatch accuracy and precision of the unknown and quality
control concentrations were less than 20%.

Genotype analysis. Genomic DNA was extracted from peripheral blood leukocytes using a QIAamp
DNA maxikit (Qiagen GmbH, Hilden, Germany). Single nucleoside polymorphisms (SNPs) of CYP2B6*6,
CYP3A5*3, CYP3A5*6, UGT2B7*2, ABCB1 (3435C¡T and 3842A¡G), SLCO1B1*1B, and SLCO1B1*5 were
detected by TaqMan and analyzed using an ABI 7500 system (Applied Biosystems, Foster City, CA, USA)
as described previously (33, 37).

Population PK model development. Population PK modeling was performed using the first-order
conditional estimation method with eta-epsilon interaction (FOCE-I) in NONMEM version 7.3. Overall, a
three-step sequential process for model development was used. First, EFV concentrations in plasma and
PBMCs were modeled simultaneously. Subsequently, the empirical Bayesian individual subject parame-
ters of this EFV model were fixed, and concentrations of 8OHEFV in plasma were modeled. Finally, the
empirical Bayesian individual subject values of these EFV and 8OHEFV concentrations in plasma param-
eters were fixed, and concentrations of 8OHEFV in PBMCs were modeled.

Initially, the model building process involved establishment of a base (structural) model by exploring
the full concentration-time profile plots of EFV in plasma. The fitting of one-, two-, and three-
compartment models with and without absorption lag time (Alag) or transit compartments was applied
initially to the full-profile data and subsequently to all EFV plasma and PBMC data. The two-compartment
models were fitted by either considering PBMCs as representing the peripheral compartment or as an
effect link compartment or with another nonspecified peripheral compartment. The following intercom-
partmental transfer models were tested in cases of fitting the two-compartment model: first order to and
from the central compartment; first order to the peripheral compartment and either zero order or
Michaelis-Menten kinetics return to the central compartment. Fitting of three-compartment models was
performed by testing either a catenary or mammillary nonspecific compartment while considering
PBMCs as a specific peripheral compartment.

Interindividual variability (IIV) in model parameters was modeled as log-normal. Proportional, pro-
portional plus additive, exponential, and additive error models were explored to describe the residual

FIG 4 Study design.
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error. Using only the full-profile plasma concentration-time EFV data, Ka and Alag values were estimated
and fixed to these estimates in all subsequent NONMEM runs. With the EFV full-profile model developed,
the sparse plasma concentrations were fit together with full-profile plasma data. As strong prior literature
suggests that differences in CYP2B6*6 genotypes are linked to variability in exposure measures of EFV (22,
34, 36–38), CYP2B6*6 genotype status was included as a modifier of clearance in the base model.
Individuals with CYP2B6*1/*1, CYP2B6*1/*6, and CYP2B6*6/*6 genotypes were modeled with unique �

(thetas) for EFV clearance.
Compartmental models for EFV and 8OHEFV were parameterized as volumes (Vc EFV, Vp EFV, Vc

8OHEFV, and Vp 8OHEFV) and transfer rate constants (k20, k23, k32, k45, and k54), with derived clearances
(CLc EFV and CLp EFV are first-order clearance terms for EFV, while CLc 8OHEFV and CLp 8OHEFV represent
clearances for 8OHEFV from the central to peripheral compartments, respectively). Since the absolute
oral bioavailability (F) of EFV cannot be determined in the absence of intravenous administration, the
fraction of metabolic conversion of EFV to 8OHEFV also cannot accurately be determined, and clearance
and volume of distribution terms for both EFV and 8OHEFV represent apparent values, such as CL/F and
V/F. The rate constant terms k23 and k45 describe first-order transfer processes, while k32 and k54 represent
nonlinear transfer rates defined by the Michaelis-Menten equation (equations 1 and 2). In these
equations, Vmax EFV and Vmax 8OHEFV represent the maximum rates of transfer of EFV and 8OHEFV,
respectively, and Km EFV and Km 8OHEFV are concentrations associated with half of the respective Vmax

values. CPBMC EFV and CPBMC 8OHEFV represent the concentrations of EFV and 8OHEFV in PBMCs,
respectively.

K32 �
Vmax EFV

Km EFV � CPBMC EFV
�

1

Vp EFV
(1)

K54 �
Vmax 8OHEFV

Km 8OHEFV � CPBMC 8OHEFV
�

1

Vp 8OHEFV
(2)

Covariate relationships in EFV CLc/F, Vc/F, and Vmax as well as in 8OHEFV CLc/F were explored first using
delta plots, where the delta plot represents the difference between the individual and typical parameter
values on the y axis versus the covariate values on the x axis. Where trends were observed, a stepwise
forward addition of covariates (� � 0.05) with a backward elimination (� � 0.01) was performed. The
covariates explored were demographic characteristics (baseline body weight, sex, age, and body mass
index), baseline liver function tests (alanine aminotransferase [ALT], aspartate aminotransferase [AST],
alkaline phosphatase [ALP]), baseline renal function tests (serum creatinine and blood urea), rifampin-
based anti-TB comedication, and the pharmacogenetic variables CYP3A5*3, CYP3A5*6, UGT2B7*2, ABCB1
(3435 C¡T and 3842 T¡C), OATP1B1*1B, and OATP1B1*5.

Subsequent to the development of the EFV model, the 8OHEFV concentrations in plasma were
modeled, and empirical Bayesian estimates of the individual subject EFV PK parameters were fixed in the
model of the 8OHEFV concentrations in plasma. A 77% conversion of EFV to 8OHEFV was assumed (39).
Finally, 8OHEFV concentrations in PBMCs were modeled by fixing the individual PK parameter estimates
of EFV in plasma and PBMCs as well as 8OHEFV in plasma. Since TB-HIV-coinfected patients had
participated in the PK sampling on two occasions, the influence of interoccasion variability (IOV) on
clearances of both EFV and 8OHEFV was also tested.

Model diagnostics and evaluations. Model diagnostics were performed and evaluated by graphical
and statistical methods. Graphical diagnostics and evaluation plots were generated using KIWI version
1.6 (Simulations Plus, Inc.). Comparisons of the minimum objective function value (OFV) were used to
discriminate between competing models. A decrease of 3.84 in OFV was related to a statistically
significant improvement between models (� � 0.05, �2 distribution). Parameter standard errors of the
mean (%SEM) and coefficients of variation (%CV) were obtained using the covariance option ($COV) of
NONMEM.

The comprehensive final model describing the time course of EFV and 8OHEFV in plasma and PBMCs
was evaluated by its predictive performance. Visual predictive check (VPC) was performed by simulating
1,000 replicates based on the final model parameters and examining the agreement between model-
based simulations and observed data with 5th and 95th percentile confidence intervals.
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