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Abstract

Background: Obesity is prevalent among HIV-infected individuals on antiretroviral therapy (ART). Cross-
sectional studies have suggested that HIV-infected women are more likely to be overweight than men, but
observational studies evaluating sex differences in body mass index (BMI) increases following ART initiation
are conflicting.

Materials and Methods: We pooled data from three randomized clinical trials of ART initiation in persons with
HIV in the United States. BMIs were compared between 760 women and 3041 men to test whether BMI
changes in the first 96 weeks following initiation of ART differed by sex at birth. Linear regression estimated
the relationship between sex and change in BMI from pre-ART 1n1t1at10n to week 96.

Results: After 96 weeks, women gamed an average of 1.91kg/m* (95% confidence interval [CI] 1.64-2.19),
men gained an average of 1.39kg/m* (95% CI 1.30-1.48); p for sex difference <0.001; the sex difference
persisted within each pre-ART initiation BMI subgroup. After adjusting for pre-ART initiation age, CD4+
count, HIV-1 viral load, race/ethnicity, study, and ART regimen, mean BMI change for women was 0.59 kg/m?
(95% CI 0.37-0.81) more than for men (p <0.001). Statistical interactions were observed between sex and both
pre-ART CD4+ count and HIV-1 viral load and suggest that for subgroups with higher viral load and lower
CD4+ at baseline, the estimated BMI changes in women are even larger than the average estimated difference.
Conclusions: HIV-1-infected women experienced a significantly greater increase in BMI following ART
initiation than men. These differences are a problem of clinical significance to women living with HIV.
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Background sectional studies reveal a high prevalence of obesity among
HIV-infected individuals'>™!” and research has noted in-

creases in weight gain after ART initiation, with up to 20% of

DESPITE IMPROVEMENTS IN survival with antiretroviral
therapy (ART),'™ life expectancy for those living with
HIV is still lower compared with age-matched HIV-uninfected
individuals." Non-HIV-related events such as cardiovascular
disease (CVD) and diabetes are more prevalent in ART-
treated HIV-infected persons compared to age-matched HI'V-
uninfected individuals.*~'® Obesity is an independent risk
factor for CVD and obese individuals living in the United
States are nearly twice as likely to experience CVD, even
after adjustment for other traditional risk factors.'* Cross-

patients moving into an overweight or obese body mass index
(BMI) category within 2 years of ART initiation.'® Im-
portantly, short-term gains in BMI following ART initiation
have been directly linked to increases in the long-term risk of
both CVD and diabetes.'

Several cross-sectional studies have suggested that HIV-
infected women are more likely to be overweight or obese
than HIV-infected men.'+2%2! However, observational cohort
studies evaluating differences in BMI increases following
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ART initiation in men and women have yielded conflicting
results.'® %2272 These observational studies evaluated pa-
tients on a variety of ART regimens that are no longer pre-
ferred, and may not reflect the current experience.

In this study, we pooled data from three randomized con-
trolled trials of treatment-naive participants initiating ART
with modern regimens in the United States, to assess changes
in BMI over 96 weeks and explore the relationship between
sex and changes in BML.

Materials and Methods
Parent studies

We accessed participant-level data from three Phase 3,
AIDS Clinical Trials Group (ACTG) ART initiation trials in
treatment-naive persons, in which BMI data were collected.
We included data from ACTG A5142 (NCT#00050895,
enrolled 2003-2004),%° A5202 (NCT#00118898, enrolled
2005—%8007),27 and A5257 (NCT# 00811954, enrolled 2009—
2011).

ACTG 5142 randomized 757 participants to one of three
class-sparing regimens: lopinavir/ritonavir and two nucleo-
side reverse transcriptase inhibitors (NRTIs) (lamivudine
plus zidovudine, stavudine, or tenofovir disoproxil fumarate
[TDF]), efavirenz and two NRTIs, or lopinavir/ritonavir and
efavirenz?®; A5202 included 1858 participants randomized
to atazanavir/ritonavir or efavirenz combined with either
abacavir/lamivudine or TDF/emtricitabine (FTC); and A5257
included 1809 participants randomized to atazanavir/ritonavir,
darunavir (DRV)/ritonavir, or raltegravir (RAL) combined
with TDF/emtricitabine.

We included participants from these studies if they had
pre-ART initiation and week 96 BMI data, were enrolled in a
research site in the United States (applicable to A5142 only),
started ART, had matching sex at birth and current gender
identity (an indication that participant was not transgender),
and did not become pregnant during follow-up. We investi-
gated the change in BMI at 96 weeks because this is the latest
time point at which all studies evaluated BMI.

Statistics

Linear regression was used to evaluate the relationship
between sex and change in BMI from pre-ART initiation to
96 weeks. The modeling process included the following de-
mographic and clinical characteristics assessed just before
ART initiation: sex, age, reproductive status of women, race/
ethnicity, geographical region of United States, CD4+ cell
count (per rnrn3), plasma HIV-1 viral load (logo copies/mL),
BMI, and assigned ART regimen.

Characteristics with some association (p-value <0.2) in
single covariate models were entered into a multivariable
modeling process using stepwise selection (and p-value of
0.05 to remain in the model). Each two-way statistical in-
teraction between sex and the characteristics selected into the
main effects model was tested. We also evaluated the out-
come of change to a worse BMI category from baseline to
week 96. Primary analysis was modified intention to treat
among those who started ART. A sensitivity analysis was
performed among participants who were virologically sup-
pressed (HIV-1 viral load <200 copies/mL at both weeks 48
and 96). A subgroup analysis was performed within the
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AS5257 clinical trial subgroup to adjust for additional poten-
tially prognostic pre-ART initiation characteristics available
only within this one study, including socioeconomic status
(SES) defined by highest education level attained, binge al-
cohol episodes, illicit drug use, smoking status, and history of
metabolic syndrome.

p Values <0.05 were considered statistically significant.
Statistical analyses were conducted using SAS software
(version 9.4).

Results

Analysis sample derivation and baseline
characteristics

Of the 4422 participants enrolled in the parent studies, 3801
had pre-ART and week 96 BMIs and met other inclusion
criteria. The primary reasons for exclusion were missing data
or loss to follow-up (568), but a total of 53 individuals were
excluded by study design. Twenty were enrolled in a research
site outside of the United States, 22 did not start study ART,
11 did not have matching sex at birth and current gender
identity, and 28 became pregnant during follow-up. Patients
with active opportunistic infections were excluded from the
parent studies; however, 20% of participants in the parent
studies had AIDS diagnoses at study entry. Table 1 displays
the pre-ART characteristics of the included subjects. Women,
compared to men, were slightly older (mean of 40.5 years vs.
37.7 years). Women also had a higher mean BMI before
starting ART (28.4 vs. 25.2 kg/m?). The mean pre-ART CD4+
count did not differ between the sexes (260 vs. 261 cells/
mm®). Before starting ART, women had slightly lower HIV-1
viral loads, mean of 4.54 log;o copies/mL in women com-
pared to 4.74 log;o copies/mL in men. Women were more
likely to be black and men were more likely to be white.
Finally, the proportion of women who enrolled to each trial
varied; women represented 18% of participants in A5142,
17% in A5202, and 24% in A5257. Each of these observed
differences between sexes is a typically observed difference
within ART-naive study samples and does not represent novel
or unanticipated differences.

BM!| observed data

After 96 weeks, women had both larger absolute and rel-
ative changes in BMI than men (mean of 1.91kg/m? vs.
1.39 kg/m? or mean increase of 7.65% vs. 5.92%). The mean
observed difference in absolute BMI increases between
women and men is 0.52 kg/m2 (95% confidence interval [CI
0.29-0.75]); p for sex difference <0.001. Most of the weight
change observed over 96 weeks occurred within the first year
of follow-up: the magnitude of the change in BMI from
baseline to week 48 (mean of 1.53 kg/m? or 6.2% for women
vs. 1.15kg/m? or 4.9% for men) was more than half of the
magnitude of change from baseline to week 96.

Table 2 displays the observed mean change in BMI by pre-
ART initiation BMI category (underweight, normal, over-
weight, and obese). The significant sex difference was seen
within each pre-ART initiation BMI subgroup.

BMI modeling

In single characteristic modeling, we found that age, base-
line CD4+ count, baseline HIV-1 viral load, race/ethnicity,
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TABLE 1. PRE-ANTIRETROVIRAL THERAPY INITIATION CHARACTERISTICS OF PARTICIPANTS

Women Men Total
(n=760) (n=3041) (n=3801) p-Value
Age (years), mean 40.5 37.7 38.3 <0.001*
BMI (kg/m~), mean 28.4 25.2 259 <0.001*
BMI category <0.001*
Underweight (<18. Skg/m ) 37 (5%) 89 (3%) 126 (3%)
Normal (18.5-24.9 kg/m?) 245 (32%) 1557 (51%) 1802 (47%)
Overweight (25— 29 9kg/m?) 223 (29%) 1007 (33%) 1230 (32%)
Obese (=30 kg/m?) 255 (34%) 388 (13%) 643 (17%)
Race/ethnicity <0.001*%*
White non-Hispanic 127 (17%) 1320 (43%) 1447 (38%)
Black non-Hispanic 439 (58%) 951 31%) 1390 (37%)
Hispanic 180 (24%) 669 (22%) 849 (22%)
Other 14 2%) 101 (3%) 115 3%)
CD4+ cell count(/mm?), mean 260.2 261.2 261 0.9%
Plasma HIV-1 viral load 4.54 4.74 4.70 <0.001*
(logy copies/mL), mean
Randomized clinical trial source <0.001%*
(enrollment and 96-week follow-up) [ART regimens]
ACTG AS5142 (January 2003-February 2006) 104 (14%) 465 (15%) 569 (15%)
[EFV + NRTIs vs. LPV/r + NRTIs vs. EFV + LPV/r]
ACTG A5202 (September 2005—September 2009) 267 (35%) 1325 (44%) 1592 (42%)
[EFV vs. ATV/r + ABC/3TC vs. TDF/FTC]
ACTG A5257 (May 2009-June 2013) [TDF/FTC + 389 (51%) 1251 (41%) 1640 (43%)

ATV/r vs. TDF/FTC + DRV/r vs. TDF/FTC + RAL]

*t-Test with unequal variance.
**Chi-square test.

BMI, body mass index; ATV, atazanavir; rtv, ritonavir; TDF, tenofovir disoproxil fumarate; FTC, emtricitabine; RAL, raltegravir; EFV,
efavirenz; DRV, darunavir; ABC, abacavir; 3TC, lamivudine; LPV, lopinavir; NRTI, nucleoside reverse transcriptase inhibitor; ART,

antiretroviral therapy.

study, and study treatment group were each significantly as-
sociated with the absolute increase in BMI after 96 weeks of
ART. After adjusting for these variables, mean BMI change
for women was on average 0.59kg/m? (95% CI 0.37-0.81)
more than for men (p <0.001) (Table 3).

Outcome of change to a worse BMI category

We defined change to a worse BMI category as the change
in BMI category from underweight to overweight or obese, or
from normal to overweight or obese, or change from over-
weight to obese in the first 96 weeks following the initiation
of ART. While similar proportions of women and men moved
to a worse BMI category (23.16% and 24.17%, respectively),

we found that among participants moving to a worse BMI
category, women gained more weight than men (mean ab-
solute increase in BMI of 5.57 [95% CI 5.07-6.07] for wo-
men vs. 4.03 [95% CI 3.85-4.21] for men).

Statistical interactions between sex and baseline
CD4+ count and HIV-1 viral load

We observed significant two-way statistical interactions
between sex and each of pre-ART CD4+ count and HIV-1
viral load such that for subgroups with higher viral load and
lower CD4+ count at baseline, the estimated BMI changes in
women are even larger than the average estimated difference.
Figure la and b illustrate the distribution of observed BMI

TABLE 2. MEAN Bopy Mass INDEX (BoDY MASs INDEX IN KG/M> WITH 95% CONFIDENCE INTERVALS) CHANGES

Overall Women Men Sex difference
n (%) (n=3801) (n=760) (n=3041) (women—men) p-Value
Overall observed (i.e., unadjusted)
Thru week 48 3801 (100%) 1.23 (1.15-1.31) 1.53 (1.31-1.75) 1.15 (1.07-1.23) 0.38 (0.19-0.57) 0.002
Thru week 96 3801 (100%) 1.50 (1.40-1.59) 1.91 (1.64-2.19) 1.39 (1.30-1.48) 0.52 (0.29-0.75) <0.001
Observed by pre-ART initiation BMI category, through week 96
Underweight (<18.5) 126 3%)  2.53 (2.08-2.97) 3.51 (2.48-4.54) 2.12 (1.66-2.88) 1.4 (0.44-2.35) 0.016
Normal (18.5 to <25) 1802 (47%) 1.77 (1.65-1.89) 2.37 (1.93-2.81) 1.68 (1.55-1.80) 0.69 (0.33-1.05) 0.003
Overweight 1230 (32%) 1.17 (1.01-1.32) 1.71 (1.22-2.22) 1.04 (0.89-1.20) 0.67 (0.27-1.08) <0.001
(25 to <30)

Obese (>30) 643 (17%) 1.16 (0.88-1.44) 1.41 (0.89-1.95) 0.99 (0.68-1.29) 0.43 (=0.14 to 1.00) <0.001
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TABLE 3. LINEAR REGRESSION ON OUTCOME OF BobpYy
Mass INDEX CHANGES FROM PRE-ANTIRETROVIRAL
THERAPY TO WEEK NINETY SIX

Estimated sex
difference in BMI

Model change to week 96

Single covariate: sex 0.52 (0.29, 0.75)

Two-covariate models
Sex and age
Sex and CD4 cell count
Sex and HIV-1 viral load
Sex and race/ethnicity
Sex and AR regimen

within trial

Main effects model—all
covariates listed above

Main effects plus interactions
for sex® CD4 and sex®
HIV-1 viral load®

0.49 (0.26, 0.72)
0.51 (0.30, 0.73)
0.80 (0.58, 1.01)
0.40 (0.17, 0.64)
0.56 (0.33, 0.79)

0.59 (0.37, 0.81)

0.62 (0.40, 0.84), for
CD4=260 and VL=4.7
1.12 (0.83, 1.40), for
CD4=120 and VL=5.2
0.53 (0.13, 0.93), for
CD4=400 and VL=5.2
0.12 (=0.15, 0.39), for
CD4=400 and VL=4.2

Subgroup analysis (A5257 trial)
Sex alone
Main effects model
(see above)

Main effects and
education (as SES)
Main effects and binge
alcohol consumption

Main effects and
illicit drug use
Main effects and
metabolic syndrome
Main effects plus binge alcohol
consumption, sex,” and
smoking status interaction

0.59 (0.27, 0.91)
0.59 (0.28, 0.90)

0.57 (0.25, 0.88)

0.52 (0.19, 0.85)

0.52 (0.20, 0.84)

0.57 (0.25, 0.88)

0.85 (0.38, 1.33)
among non-smokers

0.52 (-0.21, 1.24)
among former smokers

—0.04 (-0.55, 0.47)
among current smokers

4See Figure 1 for display of more sex difference estimates over
the observed ranges of CD4 and HIV-1 viral load.
AR, antiretroviral; SES, socioeconomic status; VL, HIV-1 viral load.

changes over time by sex, and separately by baseline RNA
subgroup and CD4 cell count subgroup. Figure 2 illustrates
the statistical interactions by showing the estimated sex dif-
ferences for absolute BMI change to week 96 at various
baseline CD4+ and viral load levels. For instance, at CD4 cell
count of 260 and HIV-1 viral load of 4.7 log;o copies/mL
(i.e., at the observed means for these laboratory values within
the study sample), the estimated sex difference was 0.62kg/
m?, which was similar to the overall sex effect of 0.59 kg/m?
estimated in the main effects only multivariable model.
However, for those with more advanced HIV disease char-
acteristics—for example, with CD4 cell count of 120 and
HIV viral load of 5.2, women gain an excess of 1.12kg/m? in
BMI more than men over the 96-week follow-up period. For
those with less advanced HIV disease characteristics, the
estimated sex difference is smaller.
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Sensitivity analysis

A sensitivity analysis was performed among participants
who were virologically suppressed at weeks 48 and 96.
Overall, 3091 (81%) of 3801 participants were virologically
suppressed at both week 48 and 96. This subgroup was rep-
resentative of the entire BMI analysis sample. The mean
observed difference in absolute BMI changes between women
and men in this virologically suppressed subgroup was
0.52kg/m? (95% CI 0.20-0.85).

Subgroup analysis

A subgroup analysis was performed within the A5257
study to adjust for SES defined by highest education attained,
binge alcohol drinking, illicit drug use, smoking status, and
history of metabolic syndrome. Participants of the subgroup
analysis comprised 43% of the overall BMI analysis and the
observed BMI sex difference was 0.59 (95% CI 0.19-0.99)
within this subgroup. Overall, the subgroup was fairly rep-
resentative to the full sample, but differed in the following
aspects: (1) type of ART (TDF/FTC + ATV/r was more
commonly used than TDF/FTC + DRV/r and TDF/FTC +
RAL); (2) higher baseline CD4 cell count and lower baseline
HIV-1 viral load; (3) larger proportion of women (24%); and
(4) more non-white participants (66%). Both the unadjusted
and adjusted sex difference estimate for BMI was 0.59 kg/m?
(for factors included in main effects model). Importantly, this
difference in BMI changes by sex was not modified by SES,
alcohol or illicit drug use, and metabolic syndrome.

A significant statistical interaction between smoking status
and sex was observed (p=0.03). Among non-smokers, the
adjusted sex difference on BMI change to week 96 was esti-
mated as 0.86 kg/m?. This sex difference estimate was atten-
uated among both former smokers (0.52kg/m?) and current
smokers (—0.04 kg/mz). Current smokers of either sex (38% of
participants) gained, on average, the smallest amount of any
subgroup defined by sex and smoking status (observed data):
there was a mean of 0.83 kg/m” weight igain among currently
smoking men, and mean of 0.93kg/m~ weight gain among
currently smoking women.

Discussion/Conclusions

In this pooled analysis of 3801 individuals initiating ART
in randomized clinical trials, we found that HIV-1-infected
women experienced a significantly greater increase in BMI
following ART initiation than men. This effect was inde-
pendent of age and ART regimen, and remained after con-
trolling for pre-ART CD4 count and HIV-1 viral load. A large
part of the BMI increase occurred in the first 48 weeks fol-
lowing initiation of ART, and we found significant interac-
tions between sex and baseline CD4+ count and HIV-1 viral
load such that the estimated BMI increases in women with
higher baseline viral loads and CD4+ counts were even
greater. From subgroup analysis where additional character-
istics were available, we found that the estimated sex differ-
ence was not modified by SES, alcohol or illicit drug use, or
the metabolic syndrome, but current or former smoking status
mitigated the estimated sex difference on BMI change.

Although similar proportions of women and men moved to
a worse BMI category, we found that among participants
moving to a worse BMI category, women gained more weight
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than men. Evaluating changes in both BMI category change
and absolute BMI change by sex was an essential exercise
because sex differences could have been missed or under-
estimated if either of these endpoints had been evaluated in
isolation.

There are conflicting reports in the literature on the rela-
tionship between sex and changes in BMI following the ini-
tiation of ART."'>™'® Our study benefits from the large number
of participants and the comprehensive and uniform data that
were gathered on participants in the setting of randomized
clinical trials within a single HIV treatment network. We
found that even after controlling for multiple potential con-
founders such as age, baseline CD4+ count, baseline HIV-1

T T
2:CD4 200-< 500 cells/m”3 3: CD4 >= 500+ cells/m"3

Baseline CD4+ cell count

Sex OmMBF

viral load, race/ethnicity, study, and study treatment group,
there was a robust relationship between female sex and greater
increase in BMI after ART initiation. Each ART regimen was
evaluated individually rather than by class (e.g., protease in-
hibitors [PIs] vs. non-PIs), given prior studies have not shown
differences in body composition changes in Pl-based regi-
mens compared to non-Pl-based regimens.”® The underlying
reason for the relationship between female sex and greater
BMI gain is not known, but deserves further exploration.

A state of chronic inflammation and immune activation has
been described in HIV?® and immune activation has been
shown to be most robust in those with low CD4+ counts and
high HIV-1 viral loads,*' the subgroup in which we observed
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the greatest difference in BMI changes. This effect is seen in
both resource-rich and resource-poor settings.>> Adipose tissue
is increasingly recognized as an important metabolically active
tissue and a source of bioactive peptides that participate in
inflammation and immunity. A complex interplay of factors
mediated by nuclear factor kappa-light-chain-enhancer of ac-
tivated B cell signaling results in disordered inflammatory
regulation.*® Adipose tissue has been demonstrated to produce
over 50 cytokines™ from adigocytes, macrophages, or other
cells of the monocyte lineage.* Adipocytes induce secretion of
inflammatory cytokines, including those interleukins associ-
ated with increased mortality and noninfectious morbidities in
HIV-infected individuals, such as interleukin-6.3%3" Leptin, a
key proinflammatory adipokine, is associated with an inflam-
matory state in the setting of obesity and its synthesis is in-
creased by female sex hormones.”® We hypothesize that
different states of immune activation may underlie the sex
difference in BMI gain that we observed in this study. Indeed,
prior studies have found that several markers of immune acti-
vation are higher in HIV-infected women than in men,*® and
some markers of inflammation have been associated with
greater gains in fat after ART.***!

There are several limitations to our study that deserve
consideration. One of the ART regimens used in one of the
studies, lopinavir/ritonavir, is no longer in common use in the
United States. Inclusion of participants randomized to lopi-
navir/ritonavir and efavirenz may be viewed as a limitation,
but the overall results were similar in the A5257 subgroup
analysis, and this study included only modern ART regimens.
Although we did not have complete data on covariates such
as tobacco use, alcohol/substance abuse, physical activity,
diet, or SES, we were able to perform a subgroup analysis on
AS5257 participants to adjust for some of these important
variables (SES as defined by highest education attained, al-
cohol and illicit drug use, smoking, and history of metabolic
syndrome). We chose to use education level as a surrogate for
SES because this is the only covariate that was available. We
recognize that this analysis could have benefited from a more
sensitive analysis of SES if additional indicators had been
available. Given the randomized nature of the three studies, it
is unlikely that the unmeasured covariates would have biased
our estimates. Finally, since this was a post hoc analysis with
multiple comparisons, marginally significant associations
should be interpreted with caution.

One additional point to consider is that, although BMI has
been used in many studies and is linked to outcomes such as
diabetes and other metabolic diseases,”*™** the results must
be interpreted with the understanding that BMI does not al-
low us to differentiate between fat and lean body mass. While
BMI typically correlates with the proportion of total body fat,
anormal BMI may represent excess adiposity in persons with
low muscle mass. Women in general have lower total muscle
mass than men and BMI may therefore underestimate the sex
differences in changes in adiposity following the initiation of
ART. In addition, current research suggests that the location
and type of fat may be important in the inflammatory re-
sponse and the resultant adverse outcomes. Visceral obesity
has been implicated in cardiovascular morbidity** and further
work with this cohort will investigate sex differences in the
changes in regional body fat distribution after ART.

In conclusion, we found that in the setting of randomized
clinical trials, HIV-1-infected women experienced a signifi-
cantly greater increase in BMI following ART initiation than
men. The fact that these sex differences exist, among persons
who are already overweight before starting ART, suggests a
problem of clinical significance to women living with HIV.
Future work will explore the impact of immune activation on
the observed sex differences.
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