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ARTICLE

Predicting Efavirenz Concentrations in the Brain Tissue of 
HIV- Infected Individuals and Exploring their Relationship 
to Neurocognitive Impairment 

Nithya Srinivas1^, Sarah Beth Joseph2, Kevin Robertson2, Laura P. Kincer2, Prema Menezes2, Lourdes Adamson3, Amanda P. 
Schauer1, Kimberly H. Blake1, Nicole White1, Craig Sykes1, Paul Luciw3, Joseph J. Eron2, Alan Forrest†, Richard W. Price4, Serena 
Spudich5, Ronald Swanstrom2 and Angela D.M. Kashuba1,2,*

Sparse data exist on the penetration of antiretrovirals into brain tissue. In this work, we present a framework to use efavirenz 
(EFV) pharmacokinetic (PK) data in plasma, cerebrospinal fluid (CSF), and brain tissue of eight rhesus macaques to predict 
brain tissue concentrations in HIV- infected individuals. We then perform exposure- response analysis with the model- 
predicted EFV area under the concentration- time curve (AUC) and neurocognitive scores collected from a group of 24 HIV- 
infected participants. Adult rhesus macaques were dosed daily with 200 mg EFV (as part of a four- drug regimen) for 10 days. 
Plasma was collected at 8 time points over 10 days and at necropsy, whereas CSF and brain tissue were collected at nec-
ropsy. In the clinical study, data were obtained from one paired plasma and CSF sample of participants prescribed EFV, and 
neuropsychological test evaluations were administered across 15 domains. PK modeling was performed using ADAPT ver-
sion 5.0 Biomedical Simulation Resource, Los Angeles, CA) with the iterative two- stage estimation method. An eight- 
compartment model best described EFV distribution across the plasma, CSF, and brain tissue of rhesus macaques and 
humans. Model- predicted median brain tissue concentrations in humans were 31 and 8,000 ng/mL, respectively. Model- 
predicted brain tissue AUC was highly correlated with plasma AUC (γ = 0.99, P < 0.001) but not CSF AUC (γ = 0.34, P = 0.1) 
and did not show any relationship with neurocognitive scores (γ < 0.05, P > 0.05). This analysis provides an approach to 
estimate PK the brain tissue in order to perform PK/pharmacodynamic analyses at the target site.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
✔  Sparse antiretrovirals (ARV) concentration data are 
available for human brain tissue. Previous studies have 
analyzed the relationship between cerebrospinal fluid 
(CSF) pharmacokinetics (PK) of several classes of ARVs 
and neurocognitive impairment due to HIV.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  We present a novel modeling framework using sparse 
preclinical and clinical data to predict the human brain 
tissue distribution of efavirenz (EFV) and the relationship 
between brain tissue exposure and neurocognitive im-
pairment in HIV- infected individuals.

WHAT DOES THIS STUDY ADD TO OUR  
KNOWLEDGE?
✔  This study provides novel translational and Bayesian 
modeling approaches to predict EFV distribution in human 
brain tissue.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
✔  This study provides important information on the 
extent of brain tissue distribution of EFV and the use of 
plasma concentrations as a surrogate measure. The 
study shows that CSF EFV concentrations are not an ap-
propriate surrogate for brain tissue concentrations. The 
Bayesian estimation modeling approach presented here 
can be applied to other classes of drugs to estimate tissue 
distribution using sparse data.

mailto:akashuba@unc.edu
https://doi.org/10.1111/cts.12620
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcts.12620&domain=pdf&date_stamp=2019-02-27
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People living with HIV may face a spectrum of neurocog-
nitive deficits called HIV- associated neurocognitive dis-
orders (HAND) that remain prevalent despite highly active 
antiretroviral therapy (HAART). Although the prevalence of 
HIV- associated dementia has dramatically declined from 
60% in the pre- HAART era to 5% currently,1 milder forms of 
HAND remain high at 20–50% prevalence.1

HAND persistence in HAART- treated individuals may be 
due to irreversible damage to neurons in the central nervous 
system (CNS) resulting from uncontrolled HIV replication 
and inflammation that occurred before initiating antiretroviral 
(ARV) therapy.2 The extent of ARV penetration into the CNS 
may also contribute to HAND during HAART. Restricted ARV 
brain tissue exposure could lead to ongoing viral replica-
tion and CNS damage.3 Alternatively, for ARVs that achieve 
high brain tissue concentrations, potential neurotoxicity may 
contribute to HAND. Several studies have investigated neu-
rocognitive impairment as a function of ARV cerebrospinal 
fluid (CSF) pharmacokinetics (PK) but have been inconclu-
sive.4 This may be because neurocognitive impairment was 
assessed as a function of CSF exposure. With the inability to 
obtain brain tissue in humans premortem for PK sampling, 
either CSF concentrations or CNS- penetration effectiveness 
(CPE) scores are used as surrogates.5 The CPE scores are 
derived from clinical observations regarding the ARVs’ abil-
ity to control CSF HIV replication, CSF concentrations, and 
physicochemical properties. Because ARVs act either within 
or on the surface of HIV target cells (macrophages, microg-
lia, and CD4+ T  cells) in the brain, brain tissue is the relevant 
target for PK assessment.

Modeling and simulation techniques may be useful to pre-
dict drug distribution in the brain tissue. Nonlinear mixed ef-
fects modeling (NLMEM), frequently applied to “population” 
PK/pharmacodynamic (PD) analyses, can also provide bet-
ter estimates at the individual subject level, when popula-
tion inference is not relevant. Bayesian estimation methods, 
such as the iterative two- stage (IT2S) method, are particu-
larly useful to describe individuals with sparse data.6 In such 
an approach, parameter estimates are initially defined from 
a prior distribution as in other Bayesian analyses, with an 
iterative estimation of the parameters to provide refined es-
timates for each individual. Such an NLMEM method allows 
data to be leveraged from all study samples to better de-
scribe the PK in each study subject.

In this work, we apply NLMEM to develop a model to pre-
dict efavirenz (EFV) exposure in human brain tissue based 
on PK data (plasma, CSF, and brain tissue concentrations), 
obtained in rhesus macaques, combined with sparse plasma 
and CSF concentrations, obtained in a clinical trial. EFV is 
part of a fixed dose combination regimen (Atripla, Gilead 
Sciences(R), Foster City, California; 600 mg EFV, 200 mg em-
tricitabine, and 300 mg tenofovir disoproxil fumarate given 
once daily) that is a part of the World Health Organization’s 
list of essential medicines7 and is used in several developing 
regions of the world where the HAND prevalence is compa-
rable to, or higher than, rates in the Western world.8 Given 
the clinical relevance and established link of EFV usage with 
HAND prevalence,9 we investigated whether a relationship 
could be established between model- predicted EFV brain 
tissue concentrations and  neurocognitive impairment.

METHODS
ARV dosing in rhesus macaques and preclinical study 
design
Nine adult rhesus macaques (Macaca mulatta) were dosed 
for 10 days with tenofovir 30 mg/kg and emtricitabine 16 mg/
kg subcutaneously daily, EFV 200 mg orally daily, and ralte-
gravir 100 mg/kg orally twice a day with food. Five animals 
were first infected with 104.5 TCID50 of RT- SHIVmac239 in-
travenously to determine if infection status influences EFV 
concentrations in the brain. Plasma was sampled at 0, 4, 10, 
and 24 hours after the first dose, then 24 hours postdose 
on days 4, 6, 9, and 10 (necropsy). Animals were sedated 
to collect plasma and CSF followed by euthanasia by bar-
biturate overdose. Brain tissue from four distinct regions 
(frontal cortex, parietal cortex, cerebellum, and basal gan-
glia) were collected, snap- frozen, and stored at −80°C. All 
procedures were performed according to locally approved 
Institutional Animal Care and Use Committee protocols from 
the University of California Davis (protocol 18345). One sim-
ian human immunodeficiency virus (SHIV)-infected macaque 
developed liver failure during the course of the study and 
was excluded from analysis.

Clinical study participants
The Tropism of HIV, Persistence, Inflammation, and 
Neurocognition in Therapy Initiation Cohort (grant PO1 
MH094177) study was conducted in full accordance with 
the Declaration of Helsinki. The study protocol was insti-
tutional review board– approved at all sites, and partici-
pants provided informed consent before study enrollment. 
This large study included several interlinked projects that 
enrolled HIV- positive participants into two distinct ob-
servational cohorts based on their length of time on ARV 
therapy. Cohort A was comprised of individuals who were 
newly diagnosed, naive to treatment, or who were off ARV 
therapy for at least 3 months. Cohort B was comprised 
of treatment- experienced individuals who were on ther-
apy for at least 1 year before study enrollment and virally 
suppressed in the plasma and CSF. All participants were 
on drug regimens chosen by their primary care physician. 
Although these distinct cohorts were enrolled to evalu-
ate two distinct hypotheses, participants from both co-
horts provided PK samples for the PK substudy analysis. 
Methods and results from the PK substudy alone are pre-
sented in this paper.

Clinical study design
A longitudinal analysis was conducted for cohort A partici-
pants. These subjects were enrolled, initiated on ARVs, and 
followed for 1 year with four distinct study visits: the study 
enrollment (baseline) visit, and 2 weeks, 6 months, and 1 year 
postenrollment. At the enrollment, 6- month, and 1- year visits, 
neurocognitive tests were administered under the supervision 
of a neuropsychologist. At the 2- week and 1- year study visits, 
blood was drawn to measure plasma concentrations, and a 
lumbar puncture was performed to measure CSF concentra-
tions. Participants were followed for 1 year to track changes 
in cognitive function over time from high viral load (entry) to no 
detectable viral replication (1 year). Cognitive tests were per-
formed every 6 months to reduce memory bias. Blood and 
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CSF sampling procedures were scheduled within 2–3 hours 
of each other, with no preselected sampling time.

A cross- sectional (single time point) analysis was con-
ducted for cohort B participants; participants enrolled into 
the study and had one study visit within 2 weeks. At this 
visit, plasma and CSF were sampled at a single time point, 
and neuropsychological tests were administered. There 
were no follow- up visits for this cohort.

Neuropsychological test evaluations
Neuropsychological performance was assessed in 15 tests 
across the following domains: premorbid verbal/language, 
learning, verbal memory, speed of information processing, 
attention/working memory, fine motor, gross motor, and ex-
ecutive functioning.

For each participant and each individual domain/test,  
z- scores were computed from the normative scores that 
were demographically corrected by adjusting for age, ed-
ucation, gender, and race. This was done by subtracting 
the raw test score from the corrected score followed by 
dividing by the normative SD.10 The total z- score for each 
participant was calculated by averaging the individual z- 
scores across the 15 tests. A score of zero reflected average 
performance, positive scores denoted better than average 
performance, and negative scores denoted lower than av-
erage performance. The global deficit score (GDS)11 was 
computed by taking individual test scores across the neuro-
psychological battery and converting them to deficit scores. 
The deficit scores ranged from 0 (normal or above normal 
performances) to five (severe impairment).12 The GDS was 
determined by averaging the deficit scores.

Quantification of EFV concentration in the fluid and 
tissue matrices
EFV concentrations in the plasma, CSF, and brain tissue 
were analyzed by liquid chromatography tandem mass 
spectroscopy assays.13,14 The lower limit of quantifica-
tion (LLOQ) was 50 ng/mL (plasma), 1 ng/mL (CSF), and 
0.005 ng/mL (brain homogenate), with intraday and inter-
day precision and accuracy within 15%. If EFV concentra-
tion was below the limit of quantification (BLOQ), then the 
concentration was imputed as half of LLOQ.

Development of the preclinical PK model
EFV concentrations in the plasma, CSF, and brain tissue 
of the macaques were fit sequentially in ADAPT version 
5.0 (Biomedical Simulation Resource, Los Angeles, CA).15 
First, plasma concentrations alone were fit in each ma-
caque using the IT2S NLMEM approach.16 Then the individ-
ual macaque plasma PK parameter estimates were fixed, 
and the CSF and brain data were added into the model and 
fit using a pooled analysis from all macaques to get initial 
estimates for the CSF and brain parameters. This approach 
was used because the plasma data were sufficient to ob-
tain macaque- specific estimates, but the CSF and brain 
data were limited. The volume of the CSF in macaques 
(0.015 L) was obtained from the literature17 and fixed due to 
issues with identifiability. In the final PK analysis, plasma, 
CSF, and brain tissue exposure data from all eight animals 
(79 concentrations in all three matrices) were comodeled 

by IT2S. Table S1 includes detailed modeling methods and 
total data available at each step. Weighting of data was by 
the inverse of the estimated observation variance, contain-
ing additive and proportional components. Model discrim-
ination was by Akaike’s Information Criterion.18 Bias and 
precision were evaluated based on the objective function, 
relative standard error (RSE)%, and goodness- of- fit diag-
nostic plots, such as the observation vs. individual model 
prediction and conditional weighted residuals vs. time.

Development of the clinical PK model
A sequential approach was also used to fit the clinical data. 
The plasma data were initially fit alone by the IT2S method.6,19 
The structural PK model was the same as for the macaques, 
and the parameter estimates used to initially describe the 
study subjects were derived from a previously published 
population PK model.20 Then the individual plasma PK 
parameters were fixed in each participant, and the CSF 
concentrations were added to fit the CSF and brain tissue 
parameters. CSF volume of distribution (VCSF) in humans 
was fixed to a physiologically relevant volume of 0.15 L,21 al-
lometrically scaled from the macaque CSF volume. The ini-
tial estimate of brain tissue volume of distribution (Vbrain) was 
allometrically scaled from the macaque model, whereas the 
initial estimates of distributional rate constants describing 
movement among the plasma, CSF, and brain tissue were 
based on the final macaque model. Finally, all parameters 
other than the VCSF were re- estimated using IT2S. Model 
discrimination and residual variance weighting was as de-
scribed for the macaque model. The final PK model was 
used to simulate EFV concentrations at steady  state over a 
24- hour dosing interval in the plasma, CSF, and brain tissue 
in the study volunteers. The model was validated by mea-
suring EFV in brain tissue samples from the National Neuro- 
AIDS Tissue Consortium (NNTC) repository. Postmortem 
brain tissue concentrations from three HIV- positive partic-
ipants were overlaid with the final model predictions.

PK/PD correlation analysis
Individual concentration vs. time profiles were simulated 
from the final model in the plasma, CSF, and brain tissue 
and the trough concentration (C24h), and the area under the 
concentration- time curve over the dosing interval (AUC0–24 h) 
were determined in the various matrices. The individual 
AUC0–24 h was correlated with the neurocognitive scores.

Statistical analysis
Comparison of EFV concentrations between brain tissue 
regions, and by gender and infection status in the rhe-
sus macaques was performed by the Kruskal-Wallis test. 
Correlation analyses were performed using the Spearman 
test. PK estimates are presented as geometric means and 
model- predicted PK parameters are presented as median 
(range). Data were analyzed using SigmaPlot version 13.0 
(Systat Software, San Jose, CA).

RESULTS
PK model for EFV in rhesus macaques
The EFV concentration was 691 ng/g (280–1,929 ng/g) in 
the cerebrum, 687 ng/g (232–2,440 ng/g) in the cerebellum,  
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758 ng/g (213–2,139 ng/g) in the basal ganglia, and 
834 ng/g in the parietal cortex (190–1,890 ng/g). Because 
these concentrations were similar (P = 0.95), median brain 
tissue concentration was used per animal. There were also 
no differences in EFV concentrations by infection status 
(P = 0.1; Figure S1). EFV disposition was best described 
by an eight- compartment PK model with log- normal error 
model, which included the central and peripheral com-
partments, one compartment each representing the CSF 
and brain tissue, and three transit compartments to ac-
commodate delayed EFV absorption (Figure 1). Models 
without a peripheral compartment were also tested, and 
the number of transit compartments was determined 
by adding in these compartments sequentially until the 
best fit was obtained. The best fit was defined as when 
the run showed successful minimization (no near singu-
lar matrix and low SEs for the parameter estimates) and 
individual plasma R2 values of > 0.8. In four macaques, 
plasma C24h measured from day 4 until necropsy were 
4- fold to 40- fold lower than the C24h after the first dose 
(Figure S2). We accommodated this interoccasion vari-
ability with a multiplicative term (M) on clearance such 
that the oral clearance (CL/F) after 24 hours was given 
by the product of clearance and M (if time > 24 hours, 
then CL/F = CL/F·M). Four macaques had observed EFV 
concentrations that were BLOQ in the CSF. The BLOQ 

data were censored by the M5 (BLOQ values imputed 
as LLOQ/2) method. This simple approach was consid-
ered appropriate to censor our data because we used 
a Bayesian iterative estimation method (inferences are 
based on assumed prior distribution and are not sensitive 
to missing values). The parameter estimates from the M5 
method were also similar to the M1 (BLOQ values ignored) 
and the M7 (BLOQ values imputed as 0) methods. In the 
individual macaque fits, the median RSEs were generally 
small (< 30%) with moderate RSEs (30–45%) for the pe-
ripheral volume of distribution, Kplasma-CSF, KCSF-brain, and 
Kbrain-CSF. The Vbrain (conditioned on VCSF) was 0.037 L. 
The parameter estimates are listed in Table 1. The R2 
value for the line of individual conditional model predic-
tions vs. observations in the plasma (overall, minimum- 
maximum individual value) was 0.96 (0.91–0.99; Figure 
S3). The overall R2 values for the individual conditional 
model predictions vs. observations in the CSF and the 
brain tissue were 0.91 and 0.99, respectively. The overlay 
between observations and individual model predictions 
for the eight macaques are shown in Figure 2.

Clinical study demographics
Of the 109 HIV- positive participants who enrolled into the 
study across both cohorts, 26 were on EFV- based regi-
mens. Atripla was the most commonly prescribed regimen 

Figure 1 Structure of the pharmacokinetic model for efavirenz (EFV) describing distribution in the plasma, cerebrospinal fluid (CSF), 
and brain tissue in rhesus macaques and humans. An eight- compartment model best described EFV disposition in the plasma, CSF, 
and brain tissue. Three transit compartments were used to describe the delayed peak of EFV in the plasma. In the rhesus macaques, 
a multiplicative term (M) was incorporated on clearance such that the clearance (CL/F) after 24 hours was given by the product of 
clearance for the first 24 hours and M (if time > 24 hour, then CL/F = CL/F·M). Plasma distribution was described by two compartments, 
with first- order absorption and linear elimination from the central compartment. Drug movement was bi distributional among the 
plasma, CSF, and the brain tissue and described by rate constants. The CSF volume of distribution was fixed to physiologically 
relevant values in rhesus macaques and humans (0.015 and 0.15 L) with the brain tissue volume of distribution being conditioned 
on this value. CMPT, compartment; Ka, absorption rate constant; Kbrain-plasma, rate constant for drug movement from brain tissue to 
plasma; KCSF-plasma, rate constant for drug movement from CSF to plasma; Kplasma-brain, rate constant for drug movement from plasma 
to brain tissue; Kplasma-CSF, rate constant for drug movement from plasma to CSF; TAU, transit compartment rate constant; Q/V, 
intercompartmental rate constant.
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(n = 22, 92%). Five participants (18%) were in cohort A, and 
five (18%) were women. Two treatment- naive participants 
were lost to follow- up after week 2 of the study and were 
not adherent to therapy as EFV concentrations in plasma 
and CSF were below the LLOQ. Therefore, their PK sam-
ples were excluded from analysis. The complete study de-
mographics are listed in Table 2.

PK model of EFV in HIV- positive participants
A total of 29 paired concentration measurements from 24 
participants were available from the plasma and CSF for the 
clinical PK model.

EFV disposition in the plasma, CSF, and brain tissue in 
humans was described by an eight- compartment model 
(Figure 1). The fitted Vbrain, conditioned on the VCSF was 
0.51 L. The geometric mean CL/F was 12.4 L/hour, V5/F was 
155 L, and absorption rate constant (Ka) was 0.135 1/hour. 
Individual parameter estimates were estimated with high 
precision (overall R2 for plasma and for CSF was 0.97 and 
0.92, respectively). Table 1 summarizes the PK parameters. 
The RSE was > 50% for Ka, intercompartmental clearance 
and Kbrain-CSF and was 12–40% for the remaining parameters. 
Figure S4 contains diagnostic plots for the plasma and CSF.

The implications of the final model in the plasma and CSF 
and the predicted EFV profile in the brain tissue are shown 
in Figure 3. The 5th to 95th percentile of the 1,000 model 
replicates captured 88% and 96% of all EFV observations 
in the plasma and CSF, respectively, suggesting that the 
model adequately described observations with reasonable 
partitioning between residual and intersubject variability. 
Model-predicted profiles in the CSF and brain tissue were 
flat, with concentrations of 30 ng/mL (6–170 ng/mL) and 
8,000 ng/mL (2,300–29,000 ng/mL), respectively. The pre-
dicted brain tissue: plasma AUC0–24 h ratio was 3.6 (3.2–3.8), 
whereas the predicted brain tissue: CSF AUC0–24 h ratio was 
213 (23–834).

Demographic information for the three HIV- positive pa-
tients from the NNTC repository are presented in Table S2. 
Model overlay with these data (black triangles, Figure 3) 
showed that the model predictions adequately captured the 
brain tissue observations (ranging from 1,800−8,000 ng/mL).

Correlation between the model- predicted C24h and AUC0–

24 h of EFV in the three matrices are shown in Figure 4. The 
model- predicted brain tissue C24h and AUC0–24 h showed 
stronger correlation with the respective parameters in the 
plasma (γ = 0.99, P < 0.001 and γ = 0.99, P < 0.001) than 
with the CSF (γ = 0.42, P = 0.04 and γ = 0.36, P = 0.09).

PK/PD correlation analysis
The z- score and the GDS did not show any correlation 
with the model- predicted EFV AUC0–24 h in the brain tissue 
(γ = 0.005, P = 1.0 and γ = 0.045, P = 0.8; Figure 5) or with 
the model- predicted EFV AUC0–24 h in the CSF (γ = 0.05, 
P = 0.8 and γ = 0.005, P = 1.0).

DISCUSSION

In this work, we present a novel framework for analyzing 
sparse EFV PK data in preclinical species and humans to 
predict human brain tissue exposure. Because sparse data 
are available, we developed a PK model for EFV with the 
knowledge that this drug reaches high tissue concentra-
tions.22 Our analysis showed that the observed C24h in the 
plasma and brain tissue of macaques were highly correlated 
(γ = 0.97, P < 0.001), as were C24h in CSF and brain tissue 
(γ = 0.91, P < 0.001). Similarly, model- predicted AUC0–24 h 
and C24h in human brain tissue were highly correlated 
with the plasma parameters. These results add credence 

Table 1 Model parameters from the final EFV PK model in rhesus 
macaques and humans

Parametera
Geometric 

mean Median CV%

Rhesus macaques

CL/F (L/hour) 8.70 10.74 89.8

V5/F (L) 6.45 5.00 51.2

Ka (1/hour) 0.183 0.17 36.4

V6/F (L) 14.6 13.69 155.0

Q/F (L/hour) 4.66 5.9895 89.1

TAU (1/hour) 0.95 1.16 48.5

Ma 2.63 2.07 103.0

Kplasma-CSF (1/hour) 1.71E- 06 1.91E- 06 59.5

KCSF-plasma (1/hour) 0.18 0.18 27.3

Kplasma-brain (1/hour) 2.42E- 03 2.34E- 03 31.1

Kbrain-plasma (1/hour) 0.15 0.14 26.8

KCSF-brain (1/hour) 2.56E- 03 0.002779 36.0

Kbrain-CSF (1/hour) 5.58E- 06 4.6E- 06 68.2

Vbrain/F (L) 0.037 0.036 21.8

VCSF/F (L) 0.015 (fixed) 0.015 (fixed) —

Humansb

CL/F (L/hour) 12.37 12.20 58.5

V5/F (L) 155.34 147.25 39.1

Ka (1/hour) 0.135 0.025 94.6

V6/F (L) 405.4 200.05 35.8

Q/F (L/hour) 6.31 28.33 142.0

TAU (1/hour) 1.00 1.95 27.8

Kplasma-CSF (1/hour) 4.27E- 06 4.11E- 06 88.8

KCSF-plasma (1/hour) 0.244 0.244 26.0

Kplasma-brain (1/hour) 2.00E- 03 2.00E- 03 30.2

Kbrain-plasma (1/hour) 0.175 0.175 31.2

KCSF-brain (1/hour) 3.00E- 03 3.00E- 03 40.2

Kbrain-CSF (1/hour) 2.41E- 06 2.41E- 06 70.5

Vbrain/F (L) 0.514 0.514 25.1

VCSF/F (L) 0.15 (Fixed) 0.15 (Fixed) —

CL/F, total apparent clearance; CSF, cerebrospinal fluid; CV%, percentage 
of coefficient of variation; EFV, efavirenz; Ka, absorption rate constant; 
Kbrain-CSF, rate constant for drug movement from brain tissue to CSF; Kbrain-

plasma, rate constant for drug movement from brain tissue to plasma; KCSF-

brain, rate constant for drug movement from CSF to brain tissue; KCSF-plasma, 
rate constant for drug movement from CSF to plasma; Kplasma-brain, rate con-
stant for drug movement from plasma to brain tissue; Kplasma-CSF, rate con-
stant for drug movement from plasma to CSF; M, multiplicative term; PK, 
pharmacokinetic; Q/F, intercompartmental clearance; TAU, transit com-
partment clearance rate; Q/V, intercompartmental rate constants; V5/F, 
central compartment volume of distribution; V6/F, peripheral compartment 
volume of distribution; Vbrain/F, brain tissue volume of distribution; VCSF/F, 
CSF volume of distribution.
aM was not incorporated on the clearance term in the human EFV PK model. 
bThe human PK model was developed by a sequential estimation method 
where the plasma was initially estimated, followed by the central nervous 
system distributional parameters.
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to previous analyses23,24 where EFV plasma concentrations 
may be sufficient to predict brain tissue.

Our data predicted a 10- fold range in EFV AUC0–24 h in 
plasma (19,223–165,487 ng hour/mL) and brain tissue 
(61,908–576,048 ng hour/mL) and a ~ 50- fold range in 
CSF (200–9,940 ng hour/mL) in humans. The wide range 
in predicted CSF exposures reflects the high variability of 
observed CSF data in our participants (90% coefficient of 
variation (CV)). This high variability resulted in the wide range 
in AUCbrain/AUCCSF, and lack of correlation between brain 
tissue and CSF exposure despite a flat EFV profile. High 
interindividual variability in plasma EFV concentrations has 
been demonstrated previously,25 and our brain tissue con-
centration data from our external data set were also highly 
variable (72% CV). This variability is helpful to quantify, as it 
is not evident within an approach such as the CPE.

The observed CSF EFV concentrations in humans  
(30 ng/mL) were 15- fold higher than the CSF concentrations 
in the rhesus macaques (~ 2 ng/mL). These differences in 
concentrations seem to be driven by the higher plasma EFV 
concentrations in humans (2,100 ng/mL) compared with 
macaques (200 ng/mL). These species’ differences were 
also reflected in the brain tissue, and the macaque EFV brain 
tissue concentrations (775 ng/mL) were ~ 10- fold lower 
than our model- predicted EFV brain tissue concentrations  
(8,000 ng/mL) in humans. The model- predicted brain tis-
sue concentrations were 267- fold higher than CSF, 4- fold 
higher than plasma, and 15,000- fold higher than the protein- 
adjusted 90% inhibitory concentration of HIV replication 
(IC90) of 0.22 ng/mL.26 A 2017 physiologically based phar-
macokinetic model27 predicted that EFV accumulated in the 
brain tissue with a steady- state concentration of 50,000 ng/

Figure 2 Goodness- of- fit spaghetti plots for the rhesus macaque efavirenz (EFV) pharmacokinetic model. Spaghetti plots of the 
individual model predictions are shown for the eight individual macaques with observations overlaid in the open circles in (a) plasma 
(b) cerebrospinal fluid (CSF), and (c) brain tissue. Each color represents one individual macaque. Four of the eight macaques had EFV 
concentrations in the CSF that were below the limit of quantification. Their concentrations were imputed as one- half of the lower limit 
of quantification (0.5 ng/mL).

Table 2 Demographic characteristics of the THINC study population

Demographic characteristic Cohort A: Treatment-naive (n = 3) Cohort B: Treatment-experienced (n = 21)

Sex, female 0 (0%) 5 (19%)

Age, years 32 (19–53) 54 (42–66)

Weight, kg 65.8 (56.7–110.2) 71.0 (45.4–136.1)

BMIa 18.5 (17.2–31.2) 21.8 (15.3–48.4)

Race

White 0 (0%) 13 (62%)

African American 3 (100%) 8 (38%)

Combination regimen

Atripla 3 (100%) 16 (76%)

Other 3− drug regimen 0 (0%) 1 (5%)

Other 3+ drug regimen 0 (0%) 4 (19%)

Time on efavirenz treatment,b years <1 5 (3–12)

Entry CD4 count, cells/mm3 303 (158–354) 594 (198–1,251)

Entry plasma viral load,c copies/mL 95,870 (18,334–176,506) BLQ

Entry CSF viral load,c copies/mL 15,118 (355–38,400) BLQ

Entry neurocognitive score

z- score −0.8 (−1.3 to 0.13) −0.43 (−2.8 to 0.86)

GDS 0.88 (0.125–1.31) 0.44 (0.0–3.27)

BMI, body mass index; BLQ, viral load lower than 40 copies/ml in the plasma and CSF; CSF, cerebrospinal fluid; GDS, global deficit score; THINC, Tropism 
of HIV, Persistence, Inflammation, and Neurocognition in Therapy Initiation Cohort. Data are median value (range) or number (%) of subjects.
aBMI is calculated as the weight in kilograms divided by the height in square meters. bInformation was available for 16/24 patients. cThe lower limit of quan-
tification for HIV RNA in the plasma and CSF was 40 copies/mL.
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mL, which is ~ 10- fold higher than our model predictions. 
However, brain tissue PK data recently presented by Nicol 
et al.28 were within twofold to fourfold of our predictions 
and concentration data from our external data set showed 
agreement with our model. As a result, we believe our PK 
model predictions are biologically plausible.

Our PD measure for the degree of HAND impairment were 
scores obtained from neurocognitive testing, considered to 
be the gold standard diagnostic tool.29 The lack of relation-
ship between the model- predicted exposure in brain tissue 
and neurocognitive impairment scores may have been due 

to the small sample size, and/or the limited range of neuro-
cognitive testing and drug exposure. Given the insensitivity 
of neurocognitive tests to discern mild impairment, future 
PK/PD studies should explore the relationship between 
ARV exposure and quantifiable biomarkers of CNS disease. 
Several biomarkers have been discovered for underlying in-
flammation and immune activation events in the CNS (neop-
terin)30 or neuronal injury (neurofilament light chain).31 In our 
analysis, greater EFV exposure in the brain tissue modestly 
associated (r = 0.7, P = 0.04) with lower CSF concentra-
tion of neurofilament light chain but not neopterin (data not 

Figure 3 Visual predictive check for the final pharmacokinetic model in the (a) plasma and (b) cerebrospinal fluid (CSF) and (c) model 
predictions of efavirenz (EFV) in the brain tissue. The purple open circles represent the observations. The dashed red lines represent 
the 5th and 95th percentiles of the 1,000- replicate simulations, the dashed green lines represent the 25th and 75th percentiles, whereas 
the thick solid black line is the median concentration. The 5th to 95th percentile captured 88% of the observations in the plasma 
and 96% of the observations in the CSF. The model was also overlaid with observations from an external data set from brain tissue 
samples from the National NeuroAIDS Tissue Consortium (in the black triangles) and was within the range of our model predictions.

Figure 4 Correlation analysis between model- predicted efavirenz concentration at 24 hours (C24h) postdose and area under the 
concentration- time curve (AUC) in the plasma, cerebrospinal fluid (CSF), and brain tissue in humans and observed concentrations at 
24 hours in macaques. The open circles represent the predicted C24h and AUC parameters in humans, whereas the filled triangles 
(and long dashes) represent observed C24h in the rhesus macaques. Brain tissue C24h and AUC parameters showed better correlation 
with the plasma parameters (γ = 0.99, P < 0.001 and γ = 0.99, P < 0.001) than with the CSF parameters (γ = 0.44, P = 0.04 and γ = 0.34, 
P = 0.1).
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shown). Validation of sensitive biomarkers for HAND may 
add to the predictability of PK/PD analyses in this setting.

The approach we used in the macaques allowed us to 
estimate the plasma PK parameters with high precision (high 
R2 values and low RSEs on the parameters for the individual 
macaque fits) and leverage data from all animals to estimate 
CSF and brain tissue profile. We considered simpler CNS 
model structures, such as the use of intercompartmental 
clearance values. However, because of the high variabil-
ity in CSF and brain tissue concentrations, restricting the 
distribution to clearance values led to model instability and 
failure of the covariance matrix to converge. Furthermore, 
characterizing drug distribution into the CNS by rate con-
stants was biologically relevant because different processes 
govern EFV movement into (passive diffusion) and out of 
(active efflux by breast cancer resistance protein (BCRP)) the 
CNS. Similarly, we tried multiple modeling approaches for 
the clinical PK model. Originally, we considered a maximum 
a posteriori probability- Bayesian estimation from a literature 
model to describe the plasma.20 However, this model did 
not adequately capture our plasma concentrations and gave 
us limited confidence to predict brain tissue concentrations. 
Instead, we performed model fitting using the IT2S estima-
tion method. Given that this tool is also Bayesian in nature 
and provides valuable individual estimates,6 IT2S is an ap-
propriate method for analyzing sparse data. An important 
consideration for the use of this method is the accuracy of 
the initial parameter estimates. For this purpose, we used 
the published population PK model20 for initial plasma pa-
rameter estimates and refined the parameters to better de-
scribe the plasma concentrations in our study subjects.

Given the small number of rhesus macaques and humans 
for model development, we had limited ability to draw pop-
ulation inferences from our data. The results that we present 
here used NLMEM tools to better characterize individual PK 
profiles, but are not a substitute for population PK analy-
ses. Indeed, the information gained from prior population PK 
analyses was invaluable to characterize plasma distribution 

in our clinical model. Our analysis provides an important 
proof- of- concept approach for the enrichment of sparse 
data (such as in the setting of therapeutic drug monitoring) 
with information from data- rich population PK models. Such 
an approach allows for the better description of the individ-
ual profile and provides the ability to predict PK at other-
wise inaccessible sites. Our external validation data set was 
a unique data source to compare with our model predic-
tions in the brain tissue. Although the observed brain tissue 
data were all either at, or below, the median concentration 
of our model predictions, this is not indicative of model mis-
specification. There were very few brain tissue observations 
to conclude differences in distribution of the observations 
and model predictions, and, most importantly, there were 
no population inferences drawn from our model to assume 
that the distributions of the external data set and the model 
predictions had to be similar. Rather, the external data high-
light the strength of our approach to predict hard- to- obtain 
clinical data, as well as the accuracy of our individual predic-
tions. Ultimately, high individual precision and satisfactory 
plasma fit in both macaques and humans were leveraged 
to estimate CSF and brain tissue PK and provide a novel 
approach to handle sparse data.

We had a limited ability to identify the mechanism for the 
increase in CL/F noted in four macaques, and opted for a 
parsimonious, empiric structural model that fit the data well. 
Of note, the lowered plasma concentrations were observed 
96 hours after the first dose. This is early for EFV auto- 
induction (predicted to occur in humans a week after dos-
ing32), although early auto- induction effect has been shown 
for some other drugs.33 The four animals that showed lower 
C24h were predicted to have higher peak concentration after 
the first dose compared with the other animals (> 2,200 vs. 
< 1,500 ng/mL), and auto- induction may occur earlier with 
higher concentration of the inducing agent. The faster auto- 
induction in macaques compared with humans could be at-
tributed to the high variability in cytochrome P450 (CYP)2C9 
oxidation in macaques34 and differential drug– enzyme 

Figure 5 Correlation analysis between model- predicted efavirenz (EFV) exposure in the brain tissue in humans and neurocognitive 
scores. The correlation analysis is shown between the model predicted exposure of EFV in the brain tissue and (a) z- scores and (b) 
global deficit score. No relationship was noted between model- predicted brain tissue exposure and either neurocognitive score 
measurement.
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interaction across both species. For example, EFV is also 
a potent inhibitor of CYP2B6 (Ki = 1.68 μm),35 but CYP2C9 
is only moderately inhibited by EFV (Ki = 19.46 μm).35 In our 
clinical model, because we often had only one plasma con-
centration per individual, we were not able to estimate the 
effect of auto- induction.

Another limitation of our approach is the assumption 
of the same EFV structural model in both macaques and 
humans. This approach works best for drugs that do not 
undergo active influx or efflux by drug transporters and for 
drugs that are not highly protein bound.36,37 However, EFV 
is highly protein bound and is a substrate of the active efflux 
transporter BCRP,38 which is highly expressed on the blood-
brain barrier.39,40 Regardless, macaques and humans have 
similar EFV plasma protein binding (99.4% vs. 99.5%)16 and 
abundance of BCRP on the blood-brain barrier.39,40 These 
characteristics make our approach suitable.

Finally, the CSF and brain tissue concentrations in the ma-
caques were only collected at the end of the dosing interval 
at necropsy, and this prevented us from estimating the VCSF 
due to identifiability issues. Because we had data on the phys-
iologic volume of CSF17 but not the physiologic brain tissue 
volume, we conditioned Vbrain on a fixed CSF volume in the 
macaques. For similar reasons, the CSF volume was also fixed 
in humans. This resulted in the low values of distributional rate 
constants describing EFV movement into the CSF. With only 
trough concentration data available, we made limited infer-
ences on time- dependent EFV profile and performed PK/PD 
analyses with brain tissue exposure as a more stable model 
estimate. However, our predicted PK profile in these matrices 
(no distinction between maximum plasma concentration (Cmax) 
and C24h) agrees with the relatively flat EFV PK profile in the 
CSF,21 and brain tissue,27 and highlights the utility of EFV C24h.

CONCLUSIONS

In conclusion, an eight- compartment PK model was devel-
oped in macaques, and the structural model was translated 
to humans to determine the CSF and brain tissue distribu-
tional parameters of EFV. EFV showed first- order absorption 
and linear elimination from the central compartment. EFV 
brain tissue concentration was predicted to be 8,000 ng/mL 
with AUC0–24 h of 150,000 ng hour/mL, and the 5th to 95th 
percentile model predictions captured postmortem brain tis-
sue concentration data, available from three individuals. The 
AUC0–24 h ratio of brain tissue to plasma was 3.6, whereas the 
AUC0–24 h ratio of brain tissue to CSF was 212. The brain tis-
sue EFV C24h and AUC0–24 h were highly correlated (γ = 0.99, 
P < 0.001) with their respective plasma parameters but 
were poorly correlated with the CSF parameters (γ = 0.44, 
P = 0.04 and γ = 0.34, P = 0.09). The individual predictions 
of EFV AUC0–24 h in the brain tissue did not correlate with the 
neurocognitive impairment scores of the study participants, 
indicating that, in this small study, there may be factors other 
than EFV exposure in the brain that are responsible for influ-
encing neurological outcomes in individuals with HAND.
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nies this paper on the Clinical and Translational Science website (www.
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