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Abstract

Background: It is unclear how rising obesity among people with HIV (PWH) impacts their risk of type 2 diabetes mellitus
(diabetes). We examined associations between HIV, prevalent diabetes and adiposity among South African PWH and their
peers without HIV (PWOH).

Methods: HIV status was ascertained by antibody testing. Diabetes was defined as current use of oral hypoglycemics,
insulin, and/or HbA1c ≥6.5%. Adiposity was measured by body mass index (BMI), waist circumference and waist-to-height
ratio. Their associations were examined using sex-stratified multivariable fractional polynomial generalized linear models,
reporting adjusted prevalence and prevalence ratios (adjPR).

Results: The mean age among 1,254 PWH and 4,381 PWOH was 41 years (95%CI 28, 56). The prevalence of diabetes
among males was similar between PWH [11.3% (7.1, 15.5)] and PWOH [9.8% (8.5, 11.1); p=0.740]. By contrast, diabetes
prevalence was higher among female PWOH [15.7% (14.4, 17.0)] than female PWH [10.5 (8.3, 12.8)%; adjPR: 0.67 (0.51,
0.82); p<0.001]. This difference was accentuated with obesity but reversed with leanness. At BMI ≥25 kg/m2, female PWH
had lower diabetes prevalence [adjPR: 0.58 (0.41, 0.76); p<0.001] than female PHIV. In contrast, at BMI <18 kg/m2, female
PWH had higher prevalence [adjPR: 1.72 (�1.53, 4.96); p=0.756] than female PWOH.
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Conclusion: We found sex-specific differences in the relationship between adiposity and diabetes prevalence by HIV
serostatus in South Africa. Notably, females living with obesity and HIV had lower prevalence of diabetes than females living
with obesity and without HIV, which may have particular implications for diabetes prevention programs in the region.
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Introduction

The anticipated pandemic of HIV-related cardiometabolic
disorders in sub-Saharan Africa (SSA) has not yet become
evident, 20 years into the era of widely accessible anti-
retroviral treatment (ART).1–3 In high-income countries
(HICs), treated HIV is a recognized risk factor for numerous
cardiovascular and metabolic disorders, such as heart
failure, stroke, metabolic syndrome, obesity, hypertension,
and type 2 diabetes mellitus (diabetes), among others.4,4–7

People with HIV infection (PWH) in HICs, for example,
have greater risk of both prevalent8–10 and incident11–13

diabetes than comparable persons without HIV (PWOH). It
was expected that a similar upsurge will occur in SSA as
ART uptake increases.14,15,

However in SSA, PWH who are on ART, including
older-generation thymidine analogues and protease inhib-
itors, appear to have comparable16,17 if not better18–20

glucose metabolism profiles than the general population.
While this may be attributed to insufficient research in SSA,
especially the dearth of longitudinal studies with incidence
measures,21 physiological adaptations in PWH in SSA that
potentially protect against cardiometabolic disease, in-
cluding diabetes, have not been considered.

In the recent landmark REPREIVE trial (2023) among
PWH, major adverse cardiovascular events were noted to be
more common in HICs (10.7 per 1,000 person-years) than in
SSA (1.8 events per 1,000 person-years).22 Relatedly,
Brenan et. al., (2023) using country-wide data from
373,889 patients tested for diabetes through South Africa’s
National Health Laboratory Service, found PWH were less
likely to have diabetes (adjusted relative risk: 0.73; 95% CI:
0.71–0.74) than PWOH.20 If indeed ART-experienced
PWH in SSA, unlike their counterparts in HICs, are
spared from excess cardiometabolic disease risk, particu-
larly diabetes, it is imperative to understand the underlying
mechanisms. Given the rising diabetes rates in the general
population23,24 such insights may inform novel therapeutic
and risk stratification approaches in SSA and HICs.

Obesity is integral to diabetes pathogenesis, with over
80% of individuals with diabetes in the general population
in HICs living with overweight or obesity as defined by a
body mass index (BMI) ≥25 kg/m2.25,26 Among the

metabolic consequences of obesity are adipose tissue in-
flammation, disordered adipokine signaling, mitochondrial
dysfunction, dyslipidemia including increased circulating
free fatty acids (FFAs), and ectopic fat deposition.26,27

These in turn drive β-cell dysfunction as well as insulin
resistance,27,28 the two gateways to impaired glucose tol-
erance and diabetes.29 On the other hand, HIV itself and the
side effects of ART, particularly for older generations of
therapy, may directly and indirectly cause similar metabolic
derangements.30,31 With more modern regimens, weight
gain following ART initiation also often surges beyond
“return to health” into the deleterious categories of excess
adiposity.32,33 This includes central obesity, with or without
lipodystrophy, both significant determinants of prevalent
and new-onset diabetes.32 It is the nexus of these factors,
i.e., HIV, ART metabolic side effects, excess weight gain
and an obesogenic environment, that is believed to drive
excess diabetes risk in persons PWH in HICs11–13 whereas
its occurrence in SSA,18,19,34 is yet to be mirrored in an
excess burden of diabetes in the population of PWH.

Understanding the interplay of obesity, HIV, and ART’s
metabolic effects in SSA is essential to elucidate the unique
factors influencing diabetes prevalence in this region. We
used data from a national survey in South Africa to examine
whether HIV is associated with diabetes prevalence, and if
such associations vary with obesity.

Methods

We followed the guidelines of the Strengthening the Re-
porting of Observational Studies in Epidemiology
(STROBE) in the conduct and reporting of our analyses.35

Study population and analytic sample

The present study is a secondary analysis of the 2016 South
Africa Demographic Survey (SADHS), which is fully de-
scribed elsewhere.36 The 2016 SADHS is a cross-sectional
survey of the health status, and its determinants, of non-
institutionalized South Africans. Sampling followed a
stratified two-stage design with primary sampling units
drawn from urban, rural, and farming areas. The division of
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South Africa into urban, rural and farming areas accounts
for its historical race-based spatial socio-economic devel-
opment. Data were collected between June and November
2016 using questionnaires, physical examination, and
laboratory testing of blood. Only participants aged at least
20 years, with no upper limit on age, with complete in-
formation on HIV testing, anthropometry, and HbA1c were
eligible for inclusion in the present analysis. We
used ≥20 years (versus lower) age as cut-off to reduce the
likelihood of including undiagnosed type 1 diabetes in our
analytic sample.

Study measures

Glucose metabolism. Finger prick blood was tested for
glycated hemoglobin (HbA1c) using the Roche Tina-
quant® II immunoturbidimetric assay on a blood chemis-
try analyzer (Hitachi 912 Analyzer, Hitachi, Tokyo, Japan).
In addition to HbA1c as a continuous study endpoint, we
defined diabetes as any current use of clinician-prescribed
oral hypoglycemic medicines and/or insulin and/or
HbA1c ≥6.5%.37 A second definition of diabetes,
HbA1c ≥6.5% in a subsample (age ≥40 years old) without
self-reported current use of oral hypoglycemic medicines or
insulin, was used for the sensitivity analysis.

HIV serostatus. HIV serostatus was ascertained from dry
blood spots using an HIV antibody testing algorithm with
three different enzyme-linked immunosorbent assays
(ELISA). Concordant negative results on the ELISA 1
(Genscreen HIV 1/2 Combi Assay, Bio-Rad, France) and
ELISA 2 (E411 Cobas HIV 1/2 Combi Assay, Roche,
Switzerland) were recorded as negative. Discordant ELISA
1 and ELISA 2 results were repeated, and if still discordant,
were classified as indeterminant. Concordant positive re-
sults on the ELISA 1 and ELISA 2 were classified as
positive if a third confirmatory test (Geenius™ HIV1/2
confirmatory rapid test, Bio-Rad, France) was positive, and
inconclusive if the confirmatory test was negative or
indeterminate.36

Body mass index and waist circumference. Weight and height
were measured using portable digital scales (Seca 878 dr,
Seca, Hamburg, Germany) and stadiometers (Seca 213 dr,
Seca, Hamburg, Germany), respectively, while waist cir-
cumference (WC) was measured using non-stretch tape
(Seca 203 dr, Seca, Hamburg, Germany) at the level mid-
way between the lowest rib margin and the iliac crest with
the subject standing erect and at the end of gentle expiration.
Body mass index (BMI) estimated from weight (in kilo-
grams)/height (in meters)2 was classified as underweight
(<18.5kg/m2), normal (18.5–24.9kg/m2), overweight (25.0–
29.9kg/m2), and obese (≥30.0kg/m2). Waist circumference
was categorized as elevated if ≥94cm for males and ≥80cm

for females, or normal if <94cm for males and <80cm for
females.38 Lastly, we defined waist-to-height ratio (WtHR)
(waist circumference/height) ≥0.5 as elevated.39

Sociodemographic and other covariates. Sex was self-reported
as male or female. Participants described their race/ethnicity
as any one of Black, White, Colored (for mixed race), or
Indian/Asian, while their place of residence was classified
as either urban or rural. Residence in farming areas was
considered rural. Socioeconomic position was indicated by
the household wealth index. The latter is a composite
measure of a household’s cumulative living standard cal-
culated using principal components analysis40 and based on
ownership of selected household assets such as television,
radio, refrigerator, and vehicle; materials used for housing
construction; and access to sanitation facilities and clean
water. Cigarette use daily or on some days of the week was
categorized as current smoking versus no cigarette use
which was categorized as nonsmoking. Current drinkers
were defined as those reporting alcohol consumption in the
last 12 months; whereas non-drinkers were those reporting
no alcohol consumption in the last 12 months. We reported
blood pressure (BP) as the average of the last two of three
automated (Omron 1300, Omron Healthcare, Bannockburn,
IL, USA) resting state BP readings, and hypertension as any
of systolic BP ≥140 mmHg, diastolic BP ≥90 mmHg or self-
reported use of prescribed antihypertensive medication.
Comorbid cardiovascular disease (CVD), chronic respira-
tory disease and past tuberculosis (TB) were also noted.
These were defined based on self-reported clinician-led
diagnoses of any of heart failure, stroke, or coronary ar-
tery disease for CVD; asthma, chronic bronchitis or chronic
obstructive pulmonary disease chronic respiratory disease
for chronic respiratory disease; and any completed drug
treatment for TB.

Ethics review

The South African Medical Research Council’s Research
Ethics Committee and the institutional review board of ICF
approved the 2016 SADHS and all its data collection
procedures, and written informed consent was obtained
prior to participation. As a secondary data analysis, our
study did not require any ethics review or approval. These
data are publicly available in a de-identified form.

Statistical analysis

We performed a complete case analysis given negligible
missingness (<2%) in HIV serostatus, HbA1c, sex, BMI,
WtHR and WC data. Our outcome of interest was glucose
metabolism which we modelled as prevalent diabetes (di-
chotomous endpoint) and mean HbA1c (continuous end-
point). Because our primary goal was to understand the
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complex relationships between diabetes, HbA1c and an-
thropometric indices between PWH and PWOH, and not to
estimate population level parameters, we did not apply
inverse probability sampling weights to our analysis. We
described participants` characteristics according to HIV
serostatus. Raincloud plots were used to visualize the
distribution of HIV- and sex-stratified HbA1c, with mean
differences examined by linear regression. Next, sex-
stratified multivariable fractional polynomial (MFP) gen-
eralized linear models were used to explore HIV-specific
associations between HbA1c and each of (continuous) BMI,
WtHR and WC. MFP modeling provides flexible param-
eterization to reveal non-linear associations,41 and was thus
suited to our hypothesis of complex relationships between
HbA1c and obesity indices.

We also modeled the association between diabetes and
(separately) categorical BMI, WtHR and WC using similar
MFP generalized linear models stratified by sex and in-
cluding HIV as a predictor. Diabetes prevalence for each
obesity category was derived from postestimation margins
from these models. The corresponding PWH versus PWOH
prevalence differences (PD) and prevalence ratios (PR) of
diabetes across obesity categories were estimated from the
postestimation margins and multiple linear combinations
(for PD) or non-linear combinations (for PR) using Stata
18’s mlincom and nlcom commands, respectively. These
analyses were labelled “primary MFP models”. MFP
models initially included age, race, area of residence,
household wealth index, smoking and alcohol drinking
status, and history of TB drug treatment for TB use as
covariates. Only covariates that were statistically significant
at p-value <0.05 were retained in each final model
(Supplemental Table 1).

Sensitivity analyses

Sensitivity analyses re-examined the sex-stratified associ-
ation between HIV and diabetes, and reported overall ad-
justed prevalence differences and prevalence ratios. The
first approach used generalized linear models after pro-
pensity score (PS) matching on the same covariates as were
used in primary analyses. These analyses were labelled
“sensitivity, PS matched models”. The second approach
used MFP generalized linear models adjusting for the same
covariates as were used in the primary analyses. These
analyses were labelled “sensitivity, MFP models”. However,
this time diabetes was defined as HbA1c ≥6.5% and analysis
was restricted to a subsample of adults ≥40 years old not
using oral hypoglycemic medicines or insulin. The PS
matching approach assessed how sensitive our findings
were to differences in data analysis methods and their at-
tendant assumptions. With a higher cut-off age (≥40 years),
the prevalence of undiagnosed type 1 diabetes and thus
subsequent confounding is likely further reduced, as is

excluding treated diabetes which may indicate differential
access to healthcare.

Analyses were conducted using R, version 3.6.3 (R Foun-
dation for Statistical Computing, Vienna, Austria), and Stata
version 18.0 (StataCorp, College Station, TX, USA). All
probability values were 2-sided, with p-values <0.05 considered
indicative of statistical significance.

Results

Sample characteristics

The analytic sample consisted of 5,635 total participants, of
whom 4,381 (77.7%) were PWOH and 1,254 (22.3%) were
PWH (Table 1). Mean age (95%CI) was 42 years (27, 59)
for PWOH and 38 years (31, 47) for PWH. PWHwere more
frequently females (73.7% vs. 60.9%) and of Black race
(97.8% vs. 84.4%) than PWOH. While rates of urban/rural
residence were comparable, PWH came from poorer house-
holds than PWOH. Smoking and alcohol consumption were
similar between the two groups, as were the anthropometric
measures. Overall, over half of participants had overweight/
obesity (58.5%) according to BMI, and central obesity
(52.6%) according towaist circumference. Comorbidities were
also otherwise equally prevalent between the two groups
except for diabetes (which is discussed below), treated TB,
which was nearly threefold more common in PWH (14.7%)
than PWOH (4.8%), and hypertension which was less com-
mon among PWH (46.6%) than PWOH (53.3%).

Association between HbA1c (continuous endpoint),
HIV and obesity indices

Stratified by HIV serostatus only, PWH had lower mean
(95%CI) HbA1c [6.1% (6.0, 6.1)] than PWOH [6.3% (6.2,
6.3); p<0.001] (Table 1). In sex-specific comparisons,
however, differences in mean HbA1c were seen only be-
tween female PWH [6.0% (5.9, 6.1)] and female PWOH
[6.4% (6.3, 6.5); p<0.001], but not male PWH [6.1% (5.9,
6.2)] and male PWOH [6.1% (5.9, 6.2); p=0.234] (Figure 1).
Results from primary MFP models are depicted in
Supplemental Figures 2a-(f) and Figures 2a-(f), which
show, respectively, unadjusted and adjusted sex stratified
HIV-specific associations between HbA1c and each of BMI,
WtHR andWC. Amongmen, unadjusted and adjusted mean
HbA1c had a largely linear relation to each of BMI, WtHR
and WC with no differences by HIV serostatus.

In contrast, we noted a J-shaped relationship between
(unadjusted and adjusted) mean HbA1c and each obesity
index among females (Figure 2(b), (d) and (f)). At higher
values of BMI (>21 kg/m2), WtHR (>0.48) and WC
(>78 cm), the adjusted mean HbA1c was higher in female
PWOH than female PWH. Conversely, below these
thresholds, adjusted mean HbA1c was higher in female
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PWH than female PWOH with decreasing BMI, WtHR
or WC.

Association between prevalent diabetes
(dichotomous endpoint), HIV and obesity indices

Diabetes was more prevalent among PWOH (15.9%) than
PWH (9.0%; p<0.001), overall (Table 1). In both unadjusted

(Supplemental Table 2) and adjusted (Table 2) sex stratified
(primary MFP) analyses, however, there were no significant
differences in diabetes prevalence between male PWH and
PWOH, both overall and by obesity categories. This con-
trasted sharply with females among whom PWOH [15.7%
(14.4, 17.0)] had higher adjusted diabetes prevalence than
PWH [10.5% (8.3, 12.8); p<0.001], corresponding to a
prevalence difference of �5.2% (�7.8, �2.6) (Table 3).

Table 1. Sample characteristics by HIV serostatus among adults aged ≥20 years old: unweighted South Africa Demographic Health
Survey, 2016.

Characteristic Total

HIV Serostatus

PWOH PWH

Number 5,635 4,381 1,254
Sociodemographic
Male sex 2,041 (36.2%) 1,711 (39.1%) 330 (26.3%)
Age (years) 41.0 (28.0, 56.0) 42.0 (27.0, 59.0) 38.0 (31.0, 47.0)

Self-reported race
Black 4,939 (87.7%) 3,712 (84.8%) 1,227 (97.8%)
White 222 (3.9%) 221 (5.0%) 1 (0.1%)
Colored 423 (7.5%) 398 (9.1%) 25 (2.0%)
Asian/Indian 48 (0.9%) 47 (1.1%) 1 (0.1%)
Urban residence 2,906 (51.6%) 2,272 (51.9%) 634 (50.6%)
Rural 2,729 (48.4%) 2,109 (48.1%) 620 (49.4%)
Household asset index 1.4 (�5.7, 6.9) 2.1 (�4.8, 7.5) �0.7 (�8.6, 4.7)

Behavioral
Current smokers 1,032 (18.3%) 843 (19.2%) 189 (15.1%)
Non-smokers 4,603 (81.7%) 3,538 (80.8%) 1,065 (84.9%)
Current drinkers 1,802 (32.0%) 1,450 (33.1%) 352 (28.1%)
Non-drinkers 3,833 (68.0%) 2,931 (66.9%) 902 (71.9%)

Anthropometric
Overweight/obesity 3,243 (58.5%) 2,544 (59.0%) 699 (56.6%)
Overweight 1,457 (26.3%) 1,117 (25.9%) 340 (27.6%)
Obesity 1,786 (32.2%) 1,427 (33.1%) 359 (29.1%)
Elevated waist circumference 2,939 (53.3%) 2,286 (53.5%) 653 (52.6%)
Elevated waist-to-height ratio 3,371 (61.2%) 2,642 (61.9%) 735 (59.3%)
BMI (kg/m2) 27.2 (6.4) 27.8 (7.2) 27.1 (6.7)
Waist circumference (cm) 87.5 (14.8) 87.7 (14.7) 85.4 (13.0)
Waist-to-height ratio 0.54 (0.10) 0.54 (0.10) 0.53 (0.09)

Cardiometabolic
Prevalent diabetes mellitus 805 (14.4%) 693 (15.9%) 112 (9.0%)
HbA1c ≥6.5% 769 (13.6%) 662 (15.1%) 107 (8.5%)
HbA1c (%) 6.2 (6.2, 6.3) 6.3 (6.2, 6.3) 6.1 (6.0, 6.1)
Prevalent hypertension 2801 (51.8%) 2,245 (53.3%) 556 (46.6%)
Systolic BP (mmHg) 132.8 (23.0) 134.4 (23.7) 127.5 (20.8)
Diastolic BP (mmHg) 86.0 (12.7) 86.0 (12.8) 86.0 (12.4)

Self-reported comorbidities
Past drug treated tuberculosis 392 (7.0%) 208 (4.8%) 184 (14.7%)
Cardiovascular disease 227 (4.0%) 183 (4.2%) 44 (3.5%)
Chronic respiratory disease 230 (4.1%) 192 (4.4%) 38 (3.0%)

Values are mean (SD) or αmedian (25th, 75th percentile) or number (percent).
Elevated waist circumference if ≥94cm for males and ≥80cm for females. Elevated waist-to-height ratio if ≥0.5.
PWH = people with HIV; PWOH = people without HIV.
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These HIV-related differences in diabetes prevalence among
females were more pronounced with increasing obesity. For
example, diabetes prevalence at BMI ≥30kg/m2 was 12.8%
(9.1, 16.5) among female PWH versus 22.0% (19.9, 24.0)
among female PWOH (p<0.001). That is, females with HIV
and obesity had half the relative prevalence of diabetes than
female PWOH [adjusted prevalence ratio (adjPR) 0.58
(0.41, 0.76); p<0.001] (Table 3). These observation were
largely similar in the unadjusted analyses (Supplemental
Table 3).

Sociodemographic and behavioral determinants of
HbA1c and prevalent diabetes

Among males, age, smoking status and household wealth
index emerged from the primary MFP models as signifi-
cantly associated with mean HbA1c and diabetes prevalence
(Supplemental Table 1). Whereas age and household wealth
index were positively correlated with diabetes prevalence,
current smoking (versus none) was inversely associated. On
the other hand, only age and alcohol use emerged as sig-
nificant determinants of diabetes prevalence among females
in addition to HIV serostatus. Current drinking status
(versus non-drinking) was negatively correlated with dia-
betes prevalence.

Sensitivity analyses

Female PWOH [19.9% (17.8, 22.0)] had greater diabetes
prevalence than female PWH [12.5% (8.9, 16.0); p<0.011]

in sensitivity MFP analyses using a higher inclusion age
(≥40 vs. ≥20 years old) and a diabetes definition based
solely on HbA1c (Table 4). That is, the relative prevalence
of diabetes among female PWH ≥40 years old was nearly
two-thirds that of female PWOH [adjPR 0.62 (0.43, 0.82);
p<0.001] (Table 3). However, diabetes prevalence was
similar between male (≥40 years old) PWOH [13.3% (10.9,
15.8)] and male PWH [8.0% (3.6, 12.5); p=0.414]. Sen-
sitivity PS matching (Supplemental Figure 1) produced
results that were consistent with both MFP-based primary
and sensitivity analyses (Table 3). For example, the adjPR
for diabetes among females was 0.67 (0.51, 0.82) for the
primary MFP model, 0.62 (0.43, 0.82) for sensitivity MFP
model and 0.63 (0.45, 0.81) for the sensitivity PS matched
model.

Discussion

In a large national sample of South African adults we found
no HIV-related differences in prevalent diabetes or HbA1c
distribution among males. In contrast, female PWH had a
lower prevalence of diabetes and lower mean HbA1c than
peers without HIV. Notably, these differences were greatest
among those living with obesity. Our results raise important
questions. Whether PWH in SSA have increased risk of
diabetes remains to be ascertained, at least in the South
African context. Among women living with HIV and
obesity in particular, the comparatively reduced prevalence
of diabetes suggests possible protective adaptations,
physiological or otherwise. Future work in South Africa and
other HIV-endemic SSA settings should be directed towards

Figure 1. ** P values for sex-specific persons PWH versus persons PWOH unadjusted comparisons of mean HbA1c level. PWH =
people with HIV; PWOH = people without HIV.
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better mechanistic understanding of sex-specific adipose
tissue biology in HIV as well as map its implications for
diabetes risk, clinical phenotypes, management and
prognosis.

Excess fat accumulation in visceral depots is a major
cause of diabetes25,27,42 via worsening of insulin
sensitivity25,28 and/or loss of β-cell function and islet
mass.27,28 Current understanding, albeit gained from clin-
ical and epidemiological studies30,31,43 in HICs, is that HIV/

ART and obesity synergistically drive the excess diabetes
risk in both males and females living with HIV compared to
PWOH.10–12 HIV/ART have been demonstrated to induce
deleterious qualitative, quantitative and distributive changes
in adipose tissue.43,44 Mechanistically, HIV infects adipose
tissue resident CD4+ T cells and macrophages.43 ART
causes mitochondrial toxicity, oxidative stress and altered
gene expression in adipocytes.45 This is in addition to
causing weight gain. The resulting and frequently excessive

Figure 2. * Predicted from multivariable fractional polynomial models adjusted for age, sex, self-reported race, area of residence, years
spent in formal education, health insurance coverage, smoking status and alcohol use. PWH = people with HIV; PWOH = people
without HIV.
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Table 2. Adjusted prevalence, prevalence difference and prevalence ratio of type 2 diabetes mellitus* (dichotomous endpoint)
according to waist circumference, waist-to-height ratio and body mass index categories by HIV serostatus for males ≥20 years old:
unweighted South Africa Demographic Health Survey, 2016.

Adiposity category

Adjustedα estimate (95%CI); Males

Prevalence Prevalence

P value

Prevalence

P valuePWOH PWH differenceβ ratioβ

Overall 9.8 (8.5, 11.1) 11.3 (7.1, 15.5) 1.5 (�2.9, 5.9) 0.660 1.15 (0.69, 1.61) 0.740
Waist circumference
Normal 6.3 (4.8, 7.8) 5.3 (2.3, 8.3) �1.0 (�4.3, 2.3) 0.547 0.84 (0.33, 1.35) 0.774
Elevated 15.7 (12.6, 18.7) 21.4 (11.7, 31.0) 5.7 (�4.4, 15.8) 0.269 1.37 (0.69, 2.4) 0.516

Waist-to-height ratio
Normal 4.8 (3.1, 6.5) 4.4 (1.2, 7.7) �0.4 (�4.1, 3.3) 0.839 0.92 (0.17, 1.67) 0.899
Elevated 13.2 (11.0, 15.4) 13.7 (8.0, 19.4) 0.5 (�5.7, 6.6) 0.868 1.04 (0.57, 1.50) 0.932

Body mass index
Underweight 2.6 (�0.3, 5.6) 5.6 (�2.3, 13.5) 2.9 (�5.4, 11.3) 0.689 2.11 (�1.66, 5.89) 0.515
Normal 7.4 (5.4, 9.3) 5.2 (1.7, 8.8) �2.1 (�6.2, 1.9) 0.295 0.71 (0.19, 1.22) 0.284
Overweight 11.6 (9.0, 14.2) 11.6 (4.4, 18.8) 0.0 (�7.6, 7.6) 0.998 1.00 (0.34, 1.65) 0.714
Obese 15.7 (12.0, 19.5) 26.8 (8.4, 45.2) 11.1 (�7.7, 29.9) 0.249 1.70 (0.46, 2.95) 0.769

αVariables and their transformation for which adjustment was made using multivariable fractional polynomial models are outlined in Supplemental Table 1.
βPWOH are the reference group.
*Diabetes = HbA1c ≥6.5% and/or current use of oral hypoglycemic medicines and/or insulin.
Elevated waist circumference if ≥94cm (for males). Elevated waist-to-height ratio if ≥0.5. Body mass index categories: underweight: <18.5 kg/m2; normal
18.5-24.9 kg/m2; overweight 25-29.9 kg/m2; obese ≥30 kg/m2.
PWH = people with HIV; PWOH = people without HIV.

Table 3. Adjusted prevalence, prevalence difference and prevalence ratio of type 2 diabetes mellitus* (dichotomous endpoint)
according to waist circumference, waist-to-height ratio and body mass index categories by HIV serostatus for females ≥20 years old:
unweighted South Africa Demographic Health Survey, 2016.

Adiposity category

Adjustedα estimate (95%CI); Females

Prevalence Prevalence

P value

Prevalence

P valuePWOH PWH differenceβ ratioβ

Overall 15.7 (14.4, 17.0) 10.5 (8.3, 12.8) �5.2 (�7.8, �2.6) <0.001 0.67 (0.51, 0.82) <0.001
Waist circumference
Normal 5.1 (3.3, 7.0) 6.2 (2.9, 9.4) 1.0 (�2.7, 4.8) 0.595 1.20 (0.43, 1.97) 0.551
Elevated 18.5 (17.0, 20.1) 11.7 (9.0, 14.4) �6.9 (�10.0, �3.7) <0.001 0.63 (0.48, 0.78) <0.001

Waist-to-height ratio
Normal 6.4 (4.1, 8.7) 8.3 (4.5, 12.1) 1.9 (�2.3, 6.3) 0.241 1.30 (0.55, 2.05) 0.241
Elevated 19.5 (18.0, 21.1) 12.1 (9.3, 14.8) �7.5 (�10.7, �4.3) <0.001 0.62 (0.46, 0.77) <0.001

Body mass index
Underweight 4.6 (�1.4, 10.5) 7.8 (�2.9, 18.5) 3.3 (�8.9, 15.4) 0.602 1.72 (�1.53, 4.96) 0.756
Normal 7.2 (5.1, 9.3) 7.1 (3.4, 10.8) �0.1 (�4.4, 4.1) 0.956 0.98 (0.39, 1.57) 0.944
Overweight 11.6 (9.4, 13.8) 9.3 (5.3, 13.2) �2.3 (�6.8, 2.2) 0.312 0.80 (0.43, 1.17) 0.585
Obese 22.0 (19.9, 24.0) 12.8 (9.1, 16.5) �9.2 (�13.4, �4.9) <0.001 0.58 (0.41, 0.76) <0.001

αVariables and their transformation for which adjustment was made using multivariable fractional polynomial models are outlined in Supplemental Table 1.
βPWOH uninfected are the reference group.
*Diabetes = HbA1c ≥6.5% and/or current use of oral hypoglycemic medicines and/or insulin.
Elevated waist circumference if ≥80cm (for females). Elevated waist-to-height ratio if ≥0.5. Body mass index categories: underweight: <18.5 kg/m2; normal
18.5-24.9 kg/m2; overweight 25-29.9 kg/m2; obese ≥30 kg/m2.
PWH = people with HIV; PWOH = people without HIV.
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adipose tissue is characterized by, among other disorders,
increased insulin resistance.43 Our findings appear, how-
ever, to contradict this paradigm. Male PWH had similar
diabetes prevalence to male PWOH at all levels of adiposity,
whereas diabetes prevalence in female PWH was reduced
with obesity but accentuated with leanness.

There are several potential explanations for our findings.
First, BMI, WC and WtHR are inadequate indices of fat
accumulation. BMI poorly discriminates between lean and
fat mass. WC andWtHR, on the other hand, more accurately
measure central obesity although they cannot distinguish
between abdominal subcutaneous (SAT) and visceral adi-
pose tissue (VAT) depots. Neither can they measure ectopic
sites like hepatic, pancreatic, and omental adipose tissue.44

Different fat depots and ectopic sites have different dys-
metabolic potential.44 Relatedly, HIV/ART are known to
influence the partitioning and distribution of adipose
tissue.44,46,47 Thus, similar BMI, WC or WtHR between
PWH and PWOHmay not reflect similar diabetes risk as the
underlying adipose tissue composition and distribution can
vary substantially. In South Africa, for example, Goedecke
et al., (2013)46 used dual energy X-ray absorptiometry
(DXA) and found that despite similar BMI, ART-
experienced female PWH had greater VAT and lesser leg
fat than ART-naive female PWH. Our hypothesis is,
therefore, that increasing BMI, WC andWtHR in our cohort
corresponded to increasing fat accumulation albeit in less
diabetogenic depots and/or ectopic sites in female but not
male PWH compared to PWOH.

This hypothesis may assume greater relevance in light of
growing evidence associating newer generation integrase
inhibitors (INSTI) with weight gain and obesity, and the
subsequent concerns about diabetes risk.48–50 Of note, INST-
related weight gain disproportionally affects women and those
of Black ethnicity. Their uptake is also increasing across SSA
since their recommendation by WHO as preferred first line
ART. Despite substantial weight gain, the incidence of diabetes
has been noted to be very low following INSTI initiation in
SSA.48–50 However, the relevant literature from SSA is
presently very sparse and contradictory. INSTI became pub-
licly available in South Africa since 2019 whereas data col-
lection for our study took place in 2016. It, therefore, remains
to be determined how excess adipose tissue gained from INSTI
use is partitioned and impacts diabetes risk.

It also remains to be established how, if, HIV/adiposity
interactions shape clinical phenotype(s) of diabetes in SSA.
The presence of diabetes phenotypes in the general pop-
ulation in SSA that may not fit the conventional classification
of (type II) diabetes has already been noted.23,51 For example,
the majority of patients with diabetes in the general pop-
ulation in SSA are young, lean, and have β-cell secretory
dysfunctionmore than insulin resistance compared to those in
HICs.23,51 Our finding of worse glucose profiles in female
PWH compared to female PWOH at lower adiposity levels
may speak to this pathophysiological heterogeneity and, in
turn, the phenotypic diversity of diabetes in SSA. Exploration
and subsequent identification of distinct HIV-related diabetes
phenotypes, if they exist, is therefore critical to informing

Table 4. Sensitivity analysis of adjusted prevalence, prevalence difference and prevalence ratio of type 2 diabetes mellitus (dichotomous
endpoint) according to HIV serostatus and sex: unweighted South Africa Demographic Health Survey, 2016.

Analytic Approach*

Adjustedα estimate (95%CI)

Prevalence Prevalence

P value

Prevalence

P valuePWOH PWH differenceβ ratioβ

Males: Diabetes
Primary, MFP model 9.8 (8.5, 11.1) 11.3 (7.1, 15.5) 1.5 (�2.9, 5.9) 0.660 1.15 (0.69, 1.61) 0.740
Sensitivity, MFP model 13.3 (10.9, 15.8) 8.0 (3.6, 12.5) �5.1 (�10.4, 2,1) 0.414 0.60 (0.34, 1.08) 0.089
Sensitivity, PS matching 8.3 (5.3, 11.4) 7.7 (4.7, 10.7) �0.6 (�0.4, 3.6) 0.768 0.92 (0.43, 1.41) 0.768

Females: Diabetes
Primary, MFP model 15.7 (14.4, 17.0) 10.5 (8.3, 12.8) �5.2 (�7.8, �2.6) <0.001 0.67 (0.51, 0.82) <0.001
Sensitivity, MFP model 19.9 (17.8, 22.0) 12.5 (8.9, 16.0) �7.5 (�11.7, �3.3) 0.003 0.62 (0.43, 0.82) <0.001
Sensitivity, PS matching 12.8 (10.6, 14.9) 8.1 (6.3, 9.9) �4.7 (�7.5, �18.5) 0.001 0.63 (0.45, 0.81) 0.001

αVariables for which adjustment was made are outlined in Supplemental Table 1.
βPWOH are the reference group.
*Primary, MFP model: diabetes = HbA1c ≥6.5% and/or current use of oral hypoglycemic medicines and/or insulin among adults ≥20 years old; using
multivariable fractional polynomial generalized linear models (GLM).
Sensitivity,MFP model: diabetes = HbA1c ≥6.5% and taking neither oral hypoglycemic medicines nor insulin among adults ≥40 years old; using multivariable
fractional polynomial GLM.
Sensitivity, PS matching: diabetes = HbA1c ≥6.5% and/or current use of oral hypoglycemic medicines and/or insulin among adults ≥20 years old; using
propensity score matched GLM.
PWH = people with HIV; PWOH = people without HIV.
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optimal therapeutic approaches and preventive strategies
among SSA`s 26 million PWH.52 Future work in South
Africa should combine imaging-based assessment of adipose
tissue depots and ectopic sites; detailed assessments of
glycemic and insulin indices using, for example, 2 hour
multiple-sampled oral glucose oral testing; together with
adipose tissue sampling and molecular characterization.

Strengths and limitations

Our participants were drawn from across South Africa`s racial/
ethnic, demographic, socioeconomic and geospatial groups.
However, we did not apply sampling weights to our analyses
and thus our results are not population-level estimates. Simi-
larly, the cross-sectional design forestalls causal inferences and
warrants caution in interpretation of these results. While the
large sample size permitted examination of important sub-
groups, our lack of data on CD4+ counts, ART history and
other HIV clinical measures was another limitation. PWH on
ART versus those not on ART, for example, are likely to differ
in terms of cardiometabolic and inflammation profiles in ways
that may impact our findings. We also cannot determine the
contribution, if any, of primary care access to the observed
effects. Likewise, our tools to assess body size as a marker of
adiposity were comparatively blunt.

Our definition of diabetes is another major limitation.
Oral glucose tolerance testing is the diagnostic gold stan-
dard. Data from South Africa53 and elsewhere54,55 show that
the HbA1c threshold of 6.5% has low sensitivity compared
to lower thresholds, e.g., 5.8%, for diagnosing diabetes
among PWH. Notwithstanding, we used the ≥6.5%
threshold in keeping with current South African clinical
guidelines.37 On the other hand, the limitation of single
HbA1c measurement in community-based diabetes
screening are highlighted by the observation that a
screening threshold of HbA1c of >16.6% is needed to
ensure a 90% positive predictive value.56 Lastly, the flex-
ibility and data-driven approach41 of MFP modeling were
particularly suited to our goal of teasing out the complex
relationships between adiposity and glucose metabolism
indices, HIV status and sex. We are not aware of any
previous reports that have described the non-linear rela-
tionships observed in our study. These may have been
missed hitherto due to reliance on parametric modeling.

Conclusion

In a large sample of people with and without HIV in South
Africa, we found glycemic profiles were similar between
people with and without HIV. These data call into question
whether PWH in the South African context are at increased
risk of diabetes. In fact, women living with HIVand obesity
in particular had comparatively lower risk of diabetes than
women living with obesity without HIV. The mechanisms,

physiological or otherwise, conferring this potential pro-
tection from diabetes, particularly at greater obesity, must be
identified. Future work in South Africa and other HIV-
endemic SSA settings should be directed towards better
mechanistic understanding of sex-specific adipose tissue
biology in HIV, especially with increasing INSTI use and
the associated higher odds of weight gain and obesity.
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