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Background. Obesity is increasingly prevalent among people with HIV (PWH) and can possibly result in suboptimal 
antiretroviral drug (ARV) exposure and response. However, this has not been thoroughly evaluated given that obese PWH are 
underrepresented in clinical trials. We performed virtual trials using physiologically based pharmacokinetic (PBPK) modelling 
combined with observed clinical data to provide ARV dosing guidance in obese individuals. 

Methods. Each trial included a cohort of virtual adults with a body mass index (BMI) between 18.5 and 60 kg/m2. Therapeutic 
drug-monitoring data from the Swiss HIV Cohort Study (SHCS) were used to verify the predictive performance of the model. 
Subsequently, the model was applied to predict the pharmacokinetics of ARVs for different obesity classes. The association 
between ARV plasma concentrations and virological response was investigated in obese and nonobese individuals. 

Results. The PBPK model predicted an average reduction in ARV exposure of ∼20% and trough concentrations of ∼6% in obese 
(BMI ≥30 kg/m2) compared with nonobese (BMI: 18.5–25 kg/m2) individuals, consistent with observed clinical data. Etravirine and 
rilpivirine were the most impacted, especially in individuals with BMI >40 kg/m2 whose trough concentrations were below the clinical 
target threshold. Obese PWH in the SHCS did not have a higher rate of unsuppressed viral load than nonobese PWH. 

Conclusions. The concentrations of ARVs are modestly reduced in obese individuals, with no negative impact on the virological 
response. Our data provide reassurance that standard doses of ARVs are suitable in obese PWH, including those who gained 
substantial weight with some of the first-line ARVs. 
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Obesity represents one of the biggest challenges that health systems 
face due to its increasing prevalence, associated comorbidities, and 
increased mortality. According to World Health Organization 
estimates, in 2016, 39% and 13% of the worldwide population 
was overweight (body mass index [BMI]: 25–30 kg/m2) and 
obese (BMI:  ≥30 kg/m2), respectively [1–3]. Thanks to effective 

antiretroviral drugs (ARVs) and the related improvement in 
health, people with human immunodeficiency virus (HIV; 
PWH) are part of this epidemic and are affected by obesity at a 
rate similar to the general population [2]. Obesity does not 
only represent a health risk but leads to physiological changes 
that can reduce drug exposure, possibly resulting in loss of effec-
tiveness [4, 5]. However, this question has not been thoroughly 
evaluated, in part because obese PWH are underrepresented in 
clinical trials. 

Physiologically based pharmacokinetic (PBPK) modelling is 
a mathematical tool, recognised by regulatory bodies, that com-
bines drug properties, human physiology, and clinical observed 
data to simulate virtual clinical trials of interest. PBPK model-
ling can be applied to study the pharmacokinetics of drugs in 
special populations such as the elderly [6], children [7], preg-
nant women [8], and obese individuals [5]. However, to date, 
it has not been used to fully investigate the impact of obesity 
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on the pharmacokinetics of ARVs, which represents an impor-
tant knowledge gap considering that several first-line ARVs 
have been associated with weight gain (increase in weight: 
2 kg at 48 wk after initiating an integrase inhibitor; 1.7 kg 
over 18 mo after switching from tenofovir disoproxil fumarate 
[TDF] to tenofovir alafenamide) [3, 9, 10]. 

This study aimed to perform virtual trials using PBPK mod-
elling combined with therapeutic drug monitoring (TDM) data 
and the corresponding viral load data obtained from PWH en-
rolled in the Swiss HIV Cohort Study (SHCS) to determine the 
exposure and response to ARVs in obese and nonobese PWH 
and provide dosing guidance. 

METHODS 

We took several steps to analyse the impact of obesity on the 
ARVs exposure and response. First, we implemented our in- 
house PBPK model with our recently published virtual White 
obese population [4] to simulate the pharmacokinetics of 
ARVs in nonobese and obese individuals. Next, we verified 
the simulations against the TDM data collected during the 
follow-up visits of the SHCS (multiple drug levels per individ-
ual were allowed [more information on the SHCS in 
the homonymous section in the Supplementary Material]). 
We then applied the verified model to extrapolate the pharma-
cokinetics across different obesity classes. Finally, the clinical 
relevance of obesity-related changes on drug response was eval-
uated by analyzing HIV viral load and the corresponding TDM 
values in obese and nonobese individuals in the SHCS. 

PBPK Model and Virtual Obese Population 

Our previous PBPK model developed in Matlab 2020a [11] was 
implemented with mathematical functions describing anatom-
ical, physiological, and biological changes occurring in a White 
obese population aged 20–50 years and a BMI ranging from 
18.5 to 60 kg/m2 [4]. The model performance to predict the 
pharmacokinetics of non-HIV drugs in obese individuals has 
been demonstrated previously [5]. 

HIV Drug Model Development and Verification With Data of the SHCS 

All ARV drug models, except for doravirine (Supplementary 
Table 1), were previously developed and verified to predict 
the pharmacokinetics in healthy and elderly PWH [6, 12]. For 
the present study, the predictive performance of the drug models 
in obese individuals was verified using TDM data of ARVs (ie, ri-
tonavir, darunavir/ritonavir, efavirenz, etravirine, rilpivirine, dor-
avirine, dolutegravir, bictegravir, raltegravir, emtricitabine, and 
TDF). The TDM data were excluded if the participant’s age was 
younger than 20 or older than 50 years to avoid the age-related 
confounding effect on the pharmacokinetics, if a nonstandard 
ARV dosage was used, and if concurrent medications with inhib-
itory or inducing effects were used. The pharmacokinetic 

parameters including peak plasma concentration (Cmax), area un-
der the curve to time t (AUCt), and trough concentration (Cτ) were 
derived from the TDM data using noncompartmental analysis. 

A literature search was also performed to identify pharmaco-
kinetic studies with ARVs conducted in obese and nonobese in-
dividuals. Data on the study design, characteristics of the 
participants, and pharmacokinetic results were collected. 
When multiple studies were found, the weighted mean and stan-
dard deviation or geometric mean and coefficient of variance 
were reported. Available concentration-time profiles were digi-
talized using GetData Graph Digitizer V.2.26. The virtual trials 
were conducted by matching the participants’ demographics 
(eg, age, proportion of females, and BMI) and the ARV dosing 
regimen (Supplementary Table 2). The models were considered 
verified if the simulations were within 2-fold of observed data. 

Analysis of Antiretroviral Drug Exposure Across BMI Categories 

The PBPK model implemented with continuous functions de-
scribing the physiology in obese individuals up to a BMI of 
60 kg/m2 allowed us to conduct virtual trials for people in the dif-
ferent obesity classes, including BMI 30–35, 35–40, 40–50 and 
50–60 kg/m2. The Cmax, AUCt, and Cτ were normalized to 
those obtained from the virtual trial in lean individuals (BMI: 
18.5–25 kg/m2) to derive the effect of obesity expressed as 
fold-change. 

Drug Response in Obese Versus Nonobese Participants in the SHCS 

The viral load was analyzed in conjunction with the TDM data 
to evaluate whether a decrease in ARV exposure in obese PWH 
is associated with a viral load of more than 50 copies/mL (the 
viral load measured on the date of the TDM assessment was 
considered for this evaluation). Specifically, we calculated the 
percentage of PWH with concentrations below the clinical tar-
get threshold reported in the literature (except for emtricita-
bine and tenofovir as no plasma concentration effect has 
been established for these drugs) and, among those, the per-
centage of PWH with a viral load greater than 50 copies/mL. 

RESULTS 

Clinical Data From the SHCS 

Rich TDM datasets were obtained from the SHCS database for 
all evaluated ARVs apart from etravirine, rilpivirine, doravir-
ine, and tenofovir, for which only 10–20 data points were avail-
able from obese individuals. These TDM measurements 
showed that the AUCt of most ARVs was reduced in obese 
compared with nonobese PWH (Table 1). 

Comparison Between Observed Data and PBPK Model Predictions 

Protease Inhibitors 
The PBPK model correctly predicted the pharmacokinetics of 
the CYP3A4 substrates ritonavir (100 mg once daily [QD]) 
and darunavir/ritonavir (800/100 mg QD) in obese and  
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nonobese individuals with predictions within 1.5-fold of ob-
served clinical data (Table 1). Furthermore, most TDM data 
points were within the 90% range of predictions, indicating 

the model’s ability to describe the population variability in 
both populations (Figure 1). Ritonavir AUCt was predicted to 
decrease by 19% for a population with a BMI of 30–51 kg/ 

Figure 1. Full profile for ritonavir 100 mg QD in nonobese (A) and obese (B) individuals and for darunavir/ritonavir 800/100 QD in nonobese (C) and obese (D ) individuals. 
Gray diamond markers represent the clinical observed data obtained from the literature, the blue square markers represent the Cτ value reported by Madelain et al [24], and 
the red circles represent the clinical data from the Swiss HIV Cohort Study. The simulation results conducted with 100 virtual individuals, specifically the mean of all virtual 
trials, the mean of each virtual trial, and the 90% normal range, are shown in the figures as solid bold lines, solid lines, and shaded areas, respectively. The dashed lines 
represent the clinical efficacy threshold. Abbreviations: Darunavir/r, darunavir/ritonavir; HIV, human immunodeficiency virus; QD, once daily.   
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m2, in line with clinical data. The observed ritonavir Cτ de-
creased from 91.4 in nonobese to 71.3 ng/mL in obese individ-
uals while the corresponding predicted values were 70.1 and 
75.6 ng/mL. The model predicted a 14% decrease in daruna-
vir/ritonavir AUCt for a BMI of 30–42 kg/m2 while Cτ re-
mained unchanged, in agreement with the observed data. 

Nonnucleoside Reverse Transcriptase Inhibitors 
Efavirenz (600 mg QD), etravirine (200 mg twice daily [BID]), 
rilpivirine (25 mg QD), and doravirine (100 mg QD) simula-
tions were, for the most part, within 1.25-fold of observed 
data (Table 1). The model was able to capture the variability 
in the nonobese and obese populations (Figure 2C–H), except 
for efavirenz for which the observed variability was underpre-
dicted (Figure 2A and 2B). Possible explanations could relate to 
efavirenz absorption or the fact that CYP2B6 polymorphisms 
were not considered in the model. Efavirenz AUCt and Cτ 

were predicted to be reduced by 22% and 16% when consider-
ing a BMI of 30–60 kg/m2, in line with the TDM data (Table 1). 

A comparable effect was observed for etravirine, whereas the 
predicted and observed rilpivirine and doravirine AUCt and 
Cτ were minimally impacted. 

Integrase Inhibitors 
The model correctly predicted the pharmacokinetics of dolu-
tegravir (50 mg QD), bictegravir (50 mg QD), and raltegravir 
(400 mg BID). For all 3 ARVs, the simulated pharmacokinetic 
parameters were within 1.5-fold of observed data in both 
studied groups. For bictegravir and raltegravir, due to the 
limited observed data points, no comparison could be made 
for obese and nonobese participants (Table 1). The popula-
tion variability was well captured for dolutegravir 
(Figure 3A and 3B) and bictegravir (Figure 3C and 3D), 
whereas it was underpredicted for raltegravir (Figure 3E 
and 3F), as also observed previously for other populations [6]. 
Obesity was predicted to minimally impact dolutegravir AUCt 

and Cτ, consistent with the observed data when considering a 
BMI of 30–42 kg/m2. 

Figure 2. Full profile for efavirenz 600 mg QD in nonobese (A) and obese (B) individuals; etravirine 200 mg BID in nonobese (C) and obese (D ) individuals; rilpivirine 25 mg 
QD in nonobese (E ) and obese (F ) individuals; and doravirine 100 mg QD in nonobese (G) and obese (F ) individuals. Gray diamond markers represent the clinical observed data 
collected from the literature, the blue square marker for efavirenz represents the Cτ value reported by Madelain et al [24] and the one for doravirine the Cτ value reported by 
Zino [25], and the red circles illustrate the clinical data from the Swiss HIV Cohort Study. The simulation results conducted with 100 virtual individuals, specifically the mean of 
all virtual trials, the mean of each virtual trial, and the 90% normal range, are shown in the figures as solid bold lines, solid lines, and shaded areas, respectively. The dashed 
lines represent the clinical efficacy threshold. Abbreviations: BID, twice daily; HIV, human immunodeficiency virus; QD, once daily.   
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Figure 3. Full profile for dolutegravir 50 mg QD in nonobese (A) and obese (B) individuals; for bictegravir 50 mg QD in nonobese (C) and obese (D ) individuals; and for 
raltegravir 400 mg BID in nonobese (E) and obese (F ) individuals. Gray diamond markers depict the clinical observed data obtained from the literature, the blue square markers 
represent the Cτ value reported by Madelain et al [24], and the red circles illustrate the clinical data from the Swiss HIV Cohort Study. The simulation results conducted with 
100 virtual individuals, specifically the mean of all virtual trials, the mean of each virtual trial, and the 90% normal range, are shown in the figures as solid bold lines, solid 
lines, and shaded areas, respectively. The dashed lines represent the clinical efficacy threshold. Abbreviations: BID, twice daily; HIV, human immunodeficiency virus; QD, once 
daily.   
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Nucleoside/Nucleotide Reverse Transcriptase Inhibitors 
The PBPK model predicted well the pharmacokinetics of the 
renally eliminated drugs emtricitabine (200 mg QD) and 
TDF (300 mg QD). For emtricitabine, the mean predictions 
were in agreement with the mean observed data (Table 1); how-
ever, the population variability was not fully captured by the 
model (Figure 4A and 4B). For tenofovir, the visual comparison 
of the observed and simulated concentration-time profiles was 

deemed good, and it was further confirmed by the very small 
fold error calculated for all pharmacokinetic parameters 
(Figure 4C and 4D). 

Pharmacokinetic Changes of Antiretrovirals Across Obesity Classes and 
Clinical Relevance 

The effect of obesity on the pharmacokinetics of the evaluated 
ARVs was investigated in 6 virtual clinical trials, each focusing 

Figure 4. Full profile for emtricitabine 200 mg QD in nonobese (A) and obese (B) individuals and for tenofovir 300 mg in nonobese (C) and obese (D ) individuals. Gray-
diamond markers depict the clinical observed data obtained from the literature, the blue square markers represent the Cτ value reported by Madelain et al [24] and Mu-
zard et al [29], and the red circles illustrate the clinical data from the Swiss HIV Cohort Study. The simulation results conducted with 100 virtual individuals, specifically 
the mean of all virtual trials, the mean of each virtual trial, and the 90% normal range, are shown in the figures as solid bold lines, solid lines, and shaded areas, respectively. 
Abbreviations: HIV, human immunodeficiency virus; QD, once daily.   
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on a different BMI category (Figure 5 and Supplementary 
Table 3). Furthermore, the clinical relevance of the pharmaco-
kinetic change was evaluated by calculating the percentage of 
virtual individuals below the clinical efficacy target threshold 
of the ARV of interest (Table 2) and by comparing the propor-
tion of obese versus nonobese individuals with a viral load 
greater than 50 copies/mL (Table 3). 

Protease Inhibitors 
Obesity was predicted to decrease darunavir/ritonavir AUCt 

and Cmax by more than 25%—hence, below the Food and 

Drug Administration bioequivalence limit (ie, 0.8)—in individ-
uals with a BMI >40 kg/m2 (Figure 5). However, the Cτ levels 
were predicted to be unaltered across all obesity classes, which 
was further supported by the small number of individuals 
with predicted darunavir/ritonavir Cτ levels below the target 
threshold (Table 2). The non–clinically significant effect of obe-
sity on darunavir/ritonavir exposure was also consistent with 
the SHCS data showing that obese individuals receiving daru-
navir/ritonavir treatment did not have a higher rate of viral 
load greater than 50 copies/mL due to reduced exposure com-
pared with nonobese individuals (Table 3). 

Figure 5. Predicted pharmacokinetic parameter fold-changes across different BMI categories. Data are expressed as geometric mean and 5th and 95th percentiles. 
Abbreviations: AUCt, area under the curve to time t, BMI, body mass index, Cmax, peak concentration, Cτ, trough concentration.   
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Nonnucleoside Reverse Transcriptase Inhibitors 
The AUCt of nonnucleoside reverse transcriptase inhibitors 
was also predicted to be reduced with increasing degrees of 
obesity. The greatest decrease was predicted for etravirine, 
reaching a 50% decrease in AUCt in individuals with a BMI 
of 50–60 kg/m2 (Figure 5). Efavirenz, etravirine, and rilpivirine 
average Cτ concentrations also decreased with increasing BMI. 
The percentage of individuals below the efficacy target thresh-
old increased, especially for etravirine and rilpivirine, from ap-
proximately 10% for a BMI of 18.5–25 kg/m2 to approximately 
40% for a BMI greater than 40 kg/m2. On the other hand, dor-
avirine Cτ concentrations were predicted to be unaltered across 
all obesity classes, which was also supported by the fact that few 
individuals had predicted doravirine Cτ levels below the effica-
cy threshold (Table 2). The TDM data were mostly available for 
the lowest obesity category (BMI: 30–35 kg/m2) and showed 
that obese individuals did not have detectable viral load at a 
higher rate due to lower plasma concentrations, in agreement 
with our simulations results (Table 3). 

Integrase Inhibitors 
Virtual clinical trials showed that dolutegravir, bictegravir, and 
raltegravir Cmax and AUCt were reduced in obese individuals. 
Bictegravir and raltegravir exposures were predicted to be re-
duced by more than 25% starting from a BMI greater than 
40 kg/m2, while for dolutegravir this decrease occurred already 
in individuals with a BMI greater than 30 kg/m2. Nonetheless, 
for all 3 integrase inhibitors, the percentages of individuals with 
Cτ concentrations below the efficacy threshold were similar 
across the 6 BMI groups, given that Cτ concentrations were 
minimally affected by obesity compared with AUCt 

(Figure 5). This finding was further supported by the observa-
tion that a viral load greater than 50 copies/mL was not ob-
served more often in obese individuals compared with 
nonobese individuals (Table 3). 

Nucleoside/Nucleotide Reverse Transcriptase Inhibitors 
With regard to the other ARVs, obesity lowered the exposure of 
emtricitabine and tenofovir with a reduction in Cmax and AUCt 

of more than 25% starting from a BMI greater than 40 kg/m2 

(Figure 5). Emtricitabine Cτ was not altered, whereas tenofovir 
Cτ was reduced by more than 25% starting from a BMI greater 
than 40 kg/m2. 

DISCUSSION 

The prevalence of obese PWH has increased in the recent years 
due to changes in lifestyle [21], diet [22], demographics of the 
HIV population with a higher proportion of older individuals 
[23], earlier HIV treatment initiation [2], and growing evidence 
that several modern ARVs (ie, integrase inhibitors, tenofovir 
alafenamide) are associated with weight gain [3, 9, 10]. Since 
obese PWH are underrepresented in clinical trials, the impact 
of obesity on ARVs exposure and response is incompletely un-
derstood. Obesity is associated with physiological changes, 
which can elevate the metabolic clearance due to an increased 
cardiac output and consequently increased liver blood flow 
[5]. Obesity also increases the glomerular filtration rate and 
thereby can impact the exposure of renally cleared drugs [5]. 
To date, only 1 study looked at ARVs exposure and response 
in obese PWH. However, this study did not include contempo-
rary ARVs and did not thoroughly evaluate the impact of var-
ious degrees of obesity on the pharmacokinetics [24]. 

To address this knowledge gap, we combined data of the 
SHCS on ARVs exposure and response in obese PWH together 
with PBPK modelling to investigate the full pharmacokinetic 
profile of 11 contemporary ARVs for different BMI categories. 

Rich datasets were available for most ARVs, which allowed 
us to verify the predictive performance of the PBPK model. 
Our simulations showed that obesity reduces the exposure of 
all investigated ARVs. Differences in the magnitude of the 
decrease in AUCt and Cmax were found among ARVs, with 
etravirine showing the highest and doravirine the lowest 
change. On the other hand, trough concentrations were less im-
pacted by obesity than AUCt and Cmax because the accumulat-
ed drug in the tissues redistributes into the bloodstream, 
thereby mitigating the effect of obesity on Cτ. This is important 
considering that trough concentrations are mostly associated 
with ARV response. Doravirine Cτ was predicted to be even 
slightly increased at higher BMI, in line with a clinical study 

Table 2. Percentage of Virtual Individuals Across Different BMI Categories With Predicted Plasma Concentrations Below the Trough Efficacy Target 
Threshold  

Darunavir/Ritonavir Efavirenz Etravirine Rilpivirine Doravirine Dolutegravir Bictegravir Raltegravir  

Target threshold (ng/mL) 550 [13] 700 [14] 300 [15] 50 [16] 230 [17] 300 [18] 760 [19] 20 [20] 

BMI: 18.5–25 kg/m2 10 1 21 4 19 9 8 0 

BMI: 25–30 kg/m2 0 4 41 6 18 9 3 0 

BMI: 30–35 kg/m2 0 3 38 4 8 15 3 0 

BMI: 35–40 kg/m2 3 3 54 11 2 15 4 0 

BMI: 40–50 kg/m2 1 4 58 24 12 14 7 0 

BMI: 50–60 kg/m2 0 9 72 45 11 13 6 0 

Abbreviation: BMI, body mass index.   
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showing a 22% increase in doravirine Cτ in obese compared 
with nonobese PWH [25]. Emtricitabine, raltegravir, and dar-
unavir/ritonavir Cτ were not significantly decreased with in-
creasing BMI. This finding is also consistent with clinical 
studies reporting no significant effect of obesity on emtricita-
bine [24, 26] and darunavir/ritonavir Cτ [24]. In contrast to 
our analysis, Madelain et al [24] reported that raltegravir Cτ 

was significantly lower in obese individuals. However, when 
plotting their raltegravir trough value in our simulated raltegra-
vir profile (Figure 3E), their value in nonobese PWH is higher 
compared with our simulations and observed data. Thus, their 
interpretation could possibly be due to an artefact related to the 
higher Cτ observed in the nonobese group. The remaining 
evaluated ARVs had to varying extents decreased Cτ values at 
higher BMIs. 

Dolutegravir simulations showed a constant decrease in Cτ 

over the studied BMI range, reaching a 34% reduction in the 
highest BMI group. One clinical trial in nonobese and obese 
Black African PWH (median BMI: 25.3 vs 32.8 kg/m2, respec-
tively) reported a reduction in Cτ of 1%, in AUCt of 9%, and in 
Cmax of 14% [27], which is in line with our predictions in these 
BMI groups (Table 1 and Figure 5). These results, together with 
the fact that the physiology of White and Black obese individ-
uals is similar [28] and that dolutegravir is metabolized by 
CYP3A4 and UGT1A1, 2 enzymes that are not subject to genet-
ic polymorphism in the Black population, suggest that the re-
sults of our simulations for dolutegravir can also be 
extrapolated to Black PWH. 

Clinical studies have reported lower tenofovir Cτ in obese 
PWH, a change that was not considered to be clinically relevant 
[24, 29]. In our study, tenofovir Cτ was also predicted to be low-
er, particularly in morbidly obese individuals; however, the 
clinical relevance is unclear considering that the efficacy of 
nucleoside/nucleotide reverse transcriptase inhibitors relates 
to the intracellular concentrations. Efavirenz trough concentra-
tions were also predicted to be significantly lower in obese in-
dividuals; however, the percentage of virtual individuals below 
the revisited efficacy target threshold (Table 2) and the virological 
response (Table 3) were similar between the obese and nonobese 
groups, consistent with previous observations [24, 26, 30, 31]. 

Even though obesity caused a reduction in exposure, both 
predicted and observed trough concentrations, which are 
linked to ARV efficacy, were less impacted. Importantly, the 
rate of unsuppressed viral load was not higher in obese com-
pared with nonobese PWH. A few studies have looked at viro-
logical responses in obese PWH, most of them were treated 
with emtricitabine/TDF with efavirenz, darunavir/ritonavir, 
or raltegravir, and all of them were suppressed with a viral 
load of less than 50 copies/mL [26, 29, 32, 33]. Available studies 
and data of the SHCS allowed us to evaluate the effect of obesity 
up to a BMI of approximately 45 kg/m2 (although fewer TDM 
data were available for etravirine, rilpivirine, doravirine, and Ta

bl
e 

3.
 

Pe
rc

en
ta

ge
 o

f P
ar

tic
ip

an
ts

 o
f t

he
 S

w
is

s 
H

IV
 C

oh
or

t S
tu

dy
 W

ith
 A

nt
ir

et
ro

vi
ra

l D
ru

g 
Co

nc
en

tr
at

io
ns

 B
el

ow
 th

e 
Ef

fic
ac

y 
Ta

rg
et

 T
hr

es
ho

ld
 a

nd
 W

ith
 V

ir
al

 L
oa

d 
A

bo
ve

 5
0 

Co
pi

es
/m

L 
Ca

te
go

ri
ze

d 
by

 B
M

I 

A
nt

ire
tr

ov
ira

l D
ru

g 
D

ar
un

av
ir/

 
R

ito
na

vi
r 

E
fa

vi
re

nz
 

E
tr

av
iri

ne
 

R
ilp

iv
iri

ne
 

D
or

av
iri

ne
 

D
ol

ut
eg

ra
vi

r 
B

ic
te

gr
av

ir 
R

al
te

gr
av

ir 
 

B
M

I c
at

eg
or

ie
s,

 k
g/

m
2
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

18
.5

– 
30

 
>

30
 

N
um

be
r 

of
 p

at
ie

nt
s 

32
2 

38
 

18
67

 
96

 
84

 
10

 
10

7 
9 

10
 

4 
34

0 
39

 
65

 
15

 
37

9 
43

 

P
ro

po
rt

io
n 

fe
m

al
e,

 %
 

25
.8

 
47

.4
 

26
.7

 
45

.8
 

31
 

90
 

23
.4

 
33

.3
 

50
 

10
0 

21
.5

 
48

.7
 

33
.8

 
93

.3
 

26
.6

 
27

.9
 

M
ea

n 
ag

e,
 y

 
39

.3
 

39
.4

 
38

.7
 

41
 

39
 

42
.9

 
39

.4
 

45
.8

 
38

.4
 

43
 

38
.9

 
43

.4
 

39
.1

 
42

.7
 

41
 

44
.7

 

M
ea

n 
B

M
I, 

kg
/m

2
 

23
.8

 
33

.6
 

23
.2

 
33

.6
 

24
 

32
.8

 
24

.1
 

32
.4

 
24

.3
 

36
.4

 
23

.6
 

33
.4

 
24

.6
 

33
.7

 
23

.7
 

35
.2

 

%
 P

W
H

 w
ith

 c
on

ce
nt

ra
tio

n 
be

lo
w

 e
ffi

ca
cy

 t
hr

es
ho

ld
 

4.
3 

0 
2.

3 
5.

2 
32

.1
 

10
 

15
 

0 
0 

25
 

2.
1 

2.
6 

1.
5 

0 
4 

4.
7 

%
 P

W
H

 w
ith

 v
iro

lo
gi

ca
l f

ai
lu

re
 a

m
on

gs
t 

th
os

e 
w

ith
 c

on
ce

nt
ra

tio
n 

be
lo

w
 

ef
fic

ac
y 

th
re

sh
ol

d 
1.

6 
0 

1.
1 

1.
1 

11
.9

 
0 

1.
9 

0 
0 

0 
0.

3 
0 

0 
0 

1.
6 

0 

A
bb

re
vi

at
io

ns
: B

M
I, 

bo
dy

 m
as

s 
in

de
x;

 H
IV

, h
um

an
 im

m
un

od
efi

ci
en

cy
 v

iru
s;

 P
W

H
, p

eo
pl

e 
w

ith
 H

IV
.  

 

Exposure and Response of Antiretrovirals in Obese PWH • CID • 11  

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/advance-article/doi/10.1093/cid/ciad495/7246547 by guest on 15 January 2024



tenofovir). Data in morbidly obese PWH (BMI >40 kg/m2) are 
scarce but, based on our analysis, the most impacted ARVs are 
etravirine and rilpivirine with Cτ lower than the clinical target 
threshold, resulting in potentially suboptimal drug coverage 
and related risk of treatment failure. Thus, TDM is advised 
for these ARVs. 

The exposure of emtricitabine and TDF was modestly im-
pacted in obese individuals, suggesting that no dose adjustment 
is required for pre-exposure prophylaxis (PrEP). However, our 
simulations indicate that tenofovir Cτ is reduced by up to 30% 
in morbidly obese individuals (Figure 5); therefore, PrEP 
should be used with caution in this particular group. 

The strength of this study is the combined use of clinical and 
modelling data, which allowed us to investigate the full phar-
macokinetic profile of oral ARVs for different obesity classes 
and to evaluate the treatment response. Our methodology 
can also be applied to study the effect of obesity on long-acting 
ARVs. 

Conclusions 

Obesity lowers the exposure of ARVs; nevertheless, the mini-
mal concentrations of all evaluated ARVs were maintained 
above the target threshold, except for etravirine and rilpivirine 
in morbidly obese individuals in whom TDM is advised. When 
considering the data of the SHCS, the proportion of individuals 
with viral loads above 50 copies/mL was not higher in obese 
compared with nonobese PWH. Thus, a dose adjustment of 
ARVs is a priori not required in obese PWH. Our data provide 
reassurance that substantial weight gain observed in some indi-
viduals on treatment with integrase inhibitors and/or tenofovir 
alafenamide is unlikely to result in suboptimal drug exposure 
and response. 

Supplementary Data 
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding 
author. 

Notes 
Members of the Swiss HIV Cohort Study. Irene Abela, Karoline 

Aebi-Popp, Alexia Anagnostopoulos, Manuel Battegay, Enos Bernasconi, 
Dominique Laurent Braun, Heiner Bucher, Alexandra Calmy, Matthias 
Cavassini, Angela Ciuffi, Günter Dollenmaier, Matthias Egger, Luigia 
Elzi, Jan Fehr, Jacques Fellay, Hansjakob Furrer, Christoph Fux, 
Huldrych Günthard (president of the Swiss HIV Cohort Study), Anna 
Hachfeld, David Haerry (deputy of the Positive Council), Barbara Hasse, 
Hans Hirsch, Matthias Hoffmann, Irene Hösli, Michael Huber, David 
Jackson-Perry (patient representative), Christian Kahlert (chairman of 
the Mother and Child Substudy), Laurent Kaiser, Olivia Keiser, Thomas 
Klimkait, Roger Dimitri Kouyos, Helen Kovari, Katharina Kusejko (head 
of the data center), Niklaus Labhardt, Karoline Leuzinger, Begona 
Martinez de Tejada, Catia Marzolini, Karin J. Metzner, Nicolas Müller, 
Johannes Nemeth, Dunja Nicca, Julia Notter, Paolo Paioni, Giuseppe 
Pantaleo, Matthieu Perreau, Andri Rauch (chairman of the scientific 

board), Luisa Salazar-Vizcaya, Patrick Schmid, Roberto Speck, Marcel 
Stöckle (chairman of the Clinical and Laboratory Committee), Philip 
Tarr, Alexandra Trkola, Gilles Wandeler, Maja Weisser, and Sabine Yerly. 

Financial support. This work was supported by the Swiss 
National Science Foundation (grant number 188504). 

Potential conflicts of interest. F. S. reports grants or contracts and stock 
or stock options from Certara UK Ltd, Simcyp Division (employee). P. E. T. 
received grants and educational and advisory fees to their institution from 
Gilead, MSD, and ViiV, outside the submitted work. The institution of 
M. C. has received research grants from Gilead, MSD, and ViiV. D. L. B. 
reports honoraria paid to him for advisory boards and lectures from 
Gilead, Merck, and ViiV, outside the submitted work. The institution of 
A. H. has received travel grants and congress and advisory fees from 
MSD, ViiV, and Gilead unrelated to this work. E. B. received consultant 
fees and travel grants to their institution from Gilead, MSD, ViiV, Pfizer, 
AbbVie, Ely Lilly, and Moderna, outside the submitted work. A. C. reports 
unrestricted educational grants from MSD, Gilead, and ViiV. C. M. has re-
ceived speaker honoraria from MSD, ViiV, Gilead, and Pfizer unrelated to 
this work. All other authors report no potential conflicts of interest. All au-
thors have submitted the ICMJE form for disclosure of potential conflicts of 
interest. Conflicts that the editors consider relevant to the content of the 
manuscript have been disclosed. 

References 
1. World Health Organization. Available at: https://www.who.int/news-room/fact- 

sheets/detail/obesity-and-overweight. Accessed 14 November 2022. 
2. Hasse B, Iff M, Ledergerber B, et al. Obesity trends and body mass index changes 

after starting antiretroviral treatment: the Swiss HIV Cohort Study. Open Forum 
Infect Dis 2014; 1:ofu040. 

3. Koethe JR, Jenkins CA, Lau B, et al. Rising obesity prevalence and weight gain 
among adults starting antiretroviral therapy in the United States and Canada. 
AIDS Res Hum Retroviruses 2016; 32:50–8. 

4. Berton M, Bettonte S, Stader F, Battegay M, Marzolini C. Repository describing 
the anatomical, physiological, and biological changes in an obese population to 
inform physiologically based pharmacokinetic models. Clin Pharmacokinet 
2022; 61:1251–70. 

5. Berton M, Bettonte S, Stader F, Battegay M, Marzolini C. Physiologically 
based pharmacokinetic modelling to identify physiological and drug parameters 
driving pharmacokinetics in obese individuals. Clin Pharmacokinet 2023; 62: 
277–95. 

6. Stader F, Courlet P, Kinvig H, et al. Effect of ageing on antiretroviral drug phar-
macokinetics using clinical data combined with modelling and simulation. Br J 
Clin Pharmacol 2021; 87:458–70. 

7. Johnson TN, Small BG, Rowland Yeo K. Increasing application of pediatric phys-
iologically based pharmacokinetic models across academic and industry organi-
zations. CPT Pharmacometrics Syst Pharmacol 2022; 11:373–83. 

8. Abduljalil K, Badhan RKS. Drug dosing during pregnancy—opportunities for 
physiologically based pharmacokinetic models. J Pharmacokinet Pharmacodyn 
2020; 47:319–40. 

9. Sax PE, Erlandson KM, Lake JE, et al. Weight gain following initiation of antire-
troviral therapy: risk factors in randomized comparative clinical trials. Clin Infect 
Dis 2020; 71:1379–89. 

10. Surial B, Mugglin C, Calmy A, et al. Weight and metabolic changes after switching 
from tenofovir disoproxil fumarate to tenofovir alafenamide in people living with 
HIV: a cohort study. Ann Intern Med 2021; 174:758–67. 

11. Stader F, Penny MA, Siccardi M, Marzolini C. A comprehensive framework for 
physiologically-based pharmacokinetic modeling in Matlab. CPT 
Pharmacometrics Syst Pharmacol 2019; 8:444–59. 

12. Stader F, Courlet P, Decosterd LA, Battegay M, Marzolini C. Physiologically- 
based pharmacokinetic modeling combined with Swiss HIV Cohort Study data 
supports no dose adjustment of bictegravir in elderly individuals living with 
HIV. Clin Pharmacol Ther 2021; 109:1025–9. 

13. US Food and Drug Administration. Darunavir label. Available at: https://www. 
accessdata.fda.gov/drugsatfda_docs/label/2006/021976s001lbl.pdf. Accessed 5 
December 2022. 

14. Orrell C, Bienczak A, Cohen K, et al. Effect of mid-dose efavirenz concentrations 
and CYP2B6 genotype on viral suppression in patients on first-line antiretroviral 
therapy. Int J Antimicrob Agents 2016; 47:466–72. 

15. Calcagno A, Marinaro L, Nozza S, et al. Etravirine plasma exposure is associated 
with virological efficacy in treatment-experienced HIV-positive patients. 
Antiviral Res 2014; 108:44–7.  

12 • CID • Berton et al  

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/advance-article/doi/10.1093/cid/ciad495/7246547 by guest on 15 January 2024

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad495#supplementary-data
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.accessdata.fda.gov/drugsatfda_docs/label/2006/021976s001lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2006/021976s001lbl.pdf


16. Aouri M, Barcelo C, Guidi M, et al. Population pharmacokinetics and pharmaco-
genetics analysis of rilpivirine in HIV-1-infected individuals. Antimicrob Agents 
Chemother 2017; 61:e00899. 

17. Yee KL, Ouerdani A, Claussen A, de Greef R, Wenning L. Population pharmaco-
kinetics of doravirine and exposure-response analysis in individuals with HIV-1. 
Antimicrob Agents Chemother 2019; 63:e02502-18. 

18. Min S, Sloan L, DeJesus E, et al. Antiviral activity, safety, and pharmacokinetics/ 
pharmacodynamics of dolutegravir as 10-day monotherapy in HIV-1-infected 
adults. AIDS 2011; 25:1737–45. 

19. Lutz JD, Shao Y, Ling J, et al. Bictegravir/emtricitabine/tenofovir alafenamide 
phase 3 exposure-response analysis of safety and efficacy in the treatment of 
HIV infection. Presented at: 19th International Workshop on Clinical 
Pharmacology of Antiviral Therapy. Baltimore, MD; 22–24 May 2018. 

20. Rizk ML, Hang Y, Luo WL, et al. Pharmacokinetics and pharmacodynamics of 
once-daily versus twice-daily raltegravir in treatment-naive HIV-infected pa-
tients. Antimicrob Agents Chemother 2012; 56:3101–6. 

21. Vancampfort D, Mugisha J, De Hert M, et al. Global physical activity levels among 
people living with HIV: a systematic review and meta-analysis. Disabil Rehabil 
2018; 40:388–97. 

22. Hernandez D, Kalichman S, Cherry C, Kalichman M, Washington C, Grebler T. 
Dietary intake and overweight and obesity among persons living with HIV in 
Atlanta Georgia. AIDS Care 2017; 29:767–71. 

23. Smit M, Brinkman K, Geerlings S, et al. Future challenges for clinical care of an 
ageing population infected with HIV: a modelling study. Lancet Infect Dis 
2015; 15:810–8. 

24. Madelain V, Le MP, Champenois K, et al. Impact of obesity on antiretroviral 
pharmacokinetics and immuno-virological response in HIV-infected patients: a 
case-control study. J Antimicrob Chemother 2017; 72:1137–46. 

25. Zino L. Doravirine exposure in obese population living with HIV infection (dou-
ble study): data from physiologically-based pharmacokinetics modelling and real- 
life patients. Presented at: International Workshop on Clinical Pharmacology. 
Barcelona, Spain; 19–20 September 2022. 

26. Solanke T, Kamau F, Esterhuizen T, et al. Concentrations of efavirenz, tenofovir, 
and emtricitabine in obesity: a cross-sectional study. J Acquir Immune Defic 
Syndr 2022; 91:101–8. 

27. Mondleki E, Banda CG, Chandiwana NC, et al. Effect of obesity on dolutegravir 
exposure in Black Southern African adults living with HIV. South Afr J HIV Med 
2022; 23:1452. 

28. Young JF, Luecke RH, Pearce BA, et al. Human organ/tissue growth algorithms 
that include obese individuals and Black/White population organ weight similar-
ities from autopsy data. J Toxicol Environ Health A 2009; 72:527–40. 

29. Muzard L, Alvarez JC, Gbedo C, Czernichow S, Carette C. Tenofovir pharmaco-
kinetic after sleeve-gastrectomy in four severely obese patients living with HIV. 
Obes Res Clin Pract 2017; 11:108–13. 

30. Marzolini C, Sabin C, Raffi F, et al. Impact of body weight on virological and im-
munological responses to efavirenz-containing regimens in HIV-infected, 
treatment-naive adults. AIDS 2015; 29:193–200. 

31. de Roche M, Siccardi M, Stoeckle M, et al. Efavirenz in an obese HIV-infected pa-
tient—a report and an in vitro-in vivo extrapolation model indicate risk of under-
dosing. Antivir Ther 2012; 17:1381–4. 

32. Selke H, Norris S, Osterholzer D, Fife KH, DeRose B, Gupta SK. Bariatric surgery 
outcomes in HIV-infected subjects: a case series. AIDS Patient Care STDS 2010; 
24:545–50. 

33. Baettig V, Courlet P, Delko T, Battegay M, Marzolini C. Boosted darunavir, em-
tricitabine and tenofovir pharmacokinetics in the early and late postgastric bypass 
surgery periods. AIDS 2018; 32:1903–5.   

Exposure and Response of Antiretrovirals in Obese PWH • CID • 13  

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/advance-article/doi/10.1093/cid/ciad495/7246547 by guest on 15 January 2024


	Antiretroviral Drug Exposure and Response in Obese and Morbidly Obese People With Human Immunodeficiency Virus (HIV): A Study Combining Modelling and Swiss HIV Cohort Data
	METHODS
	PBPK Model and Virtual Obese Population
	HIV Drug Model Development and Verification With Data of the SHCS
	Analysis of Antiretroviral Drug Exposure Across BMI Categories
	Drug Response in Obese Versus Nonobese Participants in the SHCS

	RESULTS
	Clinical Data From the SHCS
	Comparison Between Observed Data and PBPK Model Predictions
	Protease Inhibitors
	Nonnucleoside Reverse Transcriptase Inhibitors
	Integrase Inhibitors
	Nucleoside/Nucleotide Reverse Transcriptase Inhibitors

	Pharmacokinetic Changes of Antiretrovirals Across Obesity Classes and Clinical Relevance
	Protease Inhibitors
	Nonnucleoside Reverse Transcriptase Inhibitors
	Integrase Inhibitors
	Nucleoside/Nucleotide Reverse Transcriptase Inhibitors


	DISCUSSION
	Conclusions
	Supplementary Data
	Notes
	References


