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We use a regression discontinuity design to estimate the causal effect of antiretroviral therapy

(ART) eligibility according to national treatment guidelines of South Africa on two risk factors for
cardiovascular disease, body mass index (BMI) and blood pressure. We combine survey data collected
in 2010 in KwaZulu-Natal, South Africa, with clinical data on ART. We find that early ART eligibility
significantly reduces systolic and diastolic blood pressure. We do not find any significant effects on
BMI. The effect on blood pressure can be detected up to three years after becoming eligible for ART.

In 2019, 38 million people were estimated to be living with HIV, more than half of them living in Eastern and
Southern Africa'. In this region, about 70% of the people living with HIV (PLHIV) had access to antiretroviral
treatment (ART) in 2019". ART increases life expectancy drastically’™*, such that its expansion will trigger a
change in the age composition of PLHIV®. In 2007, adults aged 50 and above already constituted 14% of PLHIV
in sub-Saharan Africa®. If the present treatment coverage rates remain constant, the number of PLHIV aged
50 + will triple over the coming years’.

The expansion of ART and upsurge in life-expectancy of PLHIV might impact the burden of cardiovascular
disease (CVD)?®: As age is an important risk factor for CVD, the burden will increase with the aging of PLHIV.
Additionally, observational studies indicate that PLHIV might be subject to a higher risk of CVD than their
counterparts®!!. Potential reasons are direct impacts of the virus on the body, unhealthy risk factors, comor-
bidities, or an association with the geographical variation of CVD risks'!. ART might mitigate the impact of
HIV on CVD risks by viral suppression, but ART drugs might also increase CVD risks directly. Observational
studies show an increased CVD risk for patients on ART compared to ART naive PLHIV, especially for protease
inhibitor-based regimen’. However, the START randomized controlled trial suggests that the overall impact of
early compared to deferred ART on CVD risk factors might be clinically negligible within the first years'>".

This study focuses on two intermediate risk factors of CVD; body mass index (BMI) and blood pressure.
Similar to CVD risk, systematic literature reviews show that patients on ART have higher BMI and blood pres-
sure measurements, and higher odds of obesity and hypertension compared to ART naive patients'*™*¢. The risk
of developing hypertension seems to increase with duration of ART'”!®. Contrastingly, the START trial did not
detect any significant impact of early compared to deferred ART on blood pressure or hypertension, but a small
reduction in the use of blood pressure lowering drugs®. Also, systematic literature reviews on sub-Saharan Africa
do not find a significant association between ART and blood pressure or hypertension'>?.

We add to this literature by investigating a natural experimental setting, in which we can estimate the causal
effect of early ART eligibility on individual’s BMI, systolic blood pressure (SBP) and diastolic blood pressure
(DBP). To this end, we employ a quasi-experimental technique which combines characteristics of observational
studies and randomized controlled trials*: Observational data from a large population-based sample allows us
to analyze the ‘real-life’ effect of ART eligibility. While causal inference in an observational study usually requires
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strong assumptions such as unconfoundedness, our quasi-experimental design allows us to replace this with
weaker assumptions, such that we can plausibly identify the causal effect of early ART eligibility**. Thus, our
observational data gives us the advantage of a real-life context, while the quasi-experimental nature brings in an
internal validity comparable to RCTs?!.

We exploit the fact that ART eligibility was determined by national guidelines during our observation period.
Individuals with a CD4 cell count < 200 cells/pl were eligible for ART, while individuals with a higher CD4
count were asked to return for a reassessment after 6-12 months (with the exception of patients with TB, WHO
stage IV, or pregnant women). In general, eligible patients might not be comparable to ineligible patients: For
instance, the time from HIV infection to linkage-to-care is longer for men??, and they initiate ART at lower CD4
counts than women?*. However, patients presenting with similar CD4 counts can be assumed to be on average
comparable to each other. Hence, individuals presenting with a CD4 cell count slightly below 200 cells/ul are
plausibly similar to individuals with a CD4 count slightly above 200 cells/ul, except for the fact that the former
received the possibility to initiate ART, while the later had to return after some time. Under certain assumptions,
comparing the outcomes of these two groups gives us the causal effect of early versus deferred ART eligibility.

Methods

Data sources and procedures. We use data from a Demographic Information System run by the Africa
Health Research Institute. The surveillance area is located in the Hlabisa sub-district of uMkhanyakude in Kwa-
Zulu-Natal®. The first round of data collection was conducted in 2000. Since 2003, data is collected every 6
months®. Individuals are included in the survey if they are considered as a member by one or more households
within the surveillance area and have spent at least one night in this household within the past 12 months?.

During the surveillance period in 2010, a cross-sectional anthropometric survey was conducted in a random
subsample of 30 areas®. All residents of the surveillance area > 15 years of age were eligible?’. WHO STEPS
protocol was followed to measure height, weight and blood pressure. The survey addressed 4,608 individuals, of
which 55% agreed to blood pressure and 45% to height and weight measurement?.

We received data on ART eligibility from a linked clinic-based database. The database tracks laboratory data
and clinic visits of HIV-positive individuals who accessed services at one of the 17 public health clinics within
the surveillance area since 20078, Data on ART and CD4 counts prior to 2007 was collected retrospectively. CD4
counts were measured at each clinic visit®.

From 2004 to August 2011, adults with a CD4 count of < 200 cells/ul or WHO stage IV HIV (pregnant
women: WHO stage I1I) were eligible for ART, following national and WHO guidelines®. Pregnant women and
patients with tuberculosis were eligible with a CD4 count of < 350 cells/pl since April 2010%. Ineligible patients
were asked to return to the clinic within six months if their CD4 count was < 500 cells/yl, else within one year?®.
Less than half of the patients which were ineligible returned within a year after the first clinic visit*. Subsequent
guidelines increased and finally abolished the threshold, but are not covered by our data.

Only individuals 15 years or older and with a non-missing value for at least one of the pairs height/weight,
second/third SBP, or second/third DBP were considered. Patients who had been on ART treatment previously
were excluded. As there was a substantial loss in care of patients not yet eligible*’, we only consider an individual’s
earliest CD4 cell count. Also, only clinical data recorded between January 2007 (the first date of the database
tracking) and the date of the anthropometric data collection were considered. Duplicates were dropped. The
final sample consisted of 1132 patients. Data-driven optimal bandwidths as described in the statistical analysis
reduced this number to 241 for the BMI analyses and 165 for the blood pressure analyses.

Ethical approval. The data is secondary to the authors. Primary data collection was approved by the Univer-
sity of KwaZulu-Natal’s Ethics Committee and administered by the Africa Health Research Institute. Informed
consent was obtained from all study participants. All methods were carried out in accordance with relevant
guidelines and regulations. Access to the anonymized data was granted by the Africa Health Research Institute
for the purpose of this study.

Outcomes and covariates. We analyze the data for three outcomes, BMI, SBP, and DBP. We use data on
weight and height collected in the anthropometric survey to calculate BMI scores by dividing weight (in kilo-
gram) by squared height (in meters). Due to missing observations for either of the two variables, BMI scores
could be obtained for 943 individuals (83%) only. For SBP and DBP, the average of the second and third meas-
urement is calculated, as advised by the STEPS protocol. The average SBP and DBP could be calculated for 1,106
individuals (98%).

Eligibility is defined as having a first CD4 cell count of < 200 cells/y, following the national treatment guide-
lines at that time®’. Deviation from this eligibility threshold was calculated as the difference between the first
CD#4 cell count and the threshold. Initiation of ART was defined as uptake of ART within 6 months after the first
CD4 count test and before the survey date.

We use information on education years, age, squared age, sex, and years since the first CD4 test for balance
checks and as controls in some of the regressions. Data on education was captured during another survey round
in the same year.

Statistical analysis. We employ a regression discontinuity design to examine the effect of ART eligibility
on BMI and blood pressure. At the time of the anthropometric survey, national guidelines created a threshold
which divided patients based on their CD4 count into ART eligible and ineligible individuals. Under certain
assumptions, this threshold is arbitrary to patients with a CD4 count very close to the threshold. For example,
patients presenting with a CD4 count of 201 cells/pl and patients presenting with a CD4 count of 199 cells/
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Not eligible Eligible

N |Mean |SD N Mean | SD p-value
Female 98 0.83 0.38 | 123 0.85 0.36 | 0.7055
Age 98 38.14 |11.88 |123 36.92 |10.72 | 0.4223
Education years 92 7.54 4.27 | 116 8.07 398 |0.3611
Years since earliest CD4 test 98 2.40 1.01 | 123 2.66 0.95 |0.0502
CD4 count at earliest CD4 test 98 (22895 | 1297 |123 |174.92 |14.68 |0.0000
BMI 83 25.38 5.65 | 104 24.46 532 | 0.2525
SBP 98 |117.62 |18.54 |118 |117.13 |15.88 |0.8341
DBP 98 80.62 |12.76 | 118 79.17 | 11.69 | 0.3844

Table 1. Balance checks for the + 50 CD4 cells/pl bandwidth.

ul are assumed to be on average very similar with respect to their clinical condition and sociodemographic
background. It is assumed that the only difference between the two groups is that to the latter, ART was offered,
while the former was advised to return after six months. Thus, any difference we see in BMI and blood pressure
across the two groups is plausibly attributable to the offer of ART?!. The random noise in CD4 count measure-
ment further supports this assumption of a quasi-random assignment of eligibility in a small bandwidth around
the threshold®'. However, in the absence of ART, the CD4 counts of PLHIV will decrease over time, bringing
formerly non-eligible patients to the lower side of the threshold. Thus, any estimated difference will reflect the
effect of early versus deferred ART eligibility.

The identification strategy hinges on the assumption that the groups just below and just above the threshold
do not differ systematically except for their eligibility status. We employ two falsification tests by running a den-
sity check around the threshold following the procedure by Cattaneo et al.** and a balance check using t-tests.

Similarly, the choice of the bandwidth around the threshold is crucial. Within a very small bandwidth, e.g.,
comparing individuals with a CD4 count + /- 1 CD4 cells/ul around the threshold, the individuals are convinc-
ingly similar, and the assumptions more likely to hold. At the same time, very small bandwidths contain only few
observations, such that the power to detect any meaningful effects might be too small. To identify the optimal
bandwidth around the threshold, we use a data-driven procedure minimizing the mean squared error (provided
by the user-written Stata package rdrobust)**. For BMI, the optimal bandwidth is estimated at+/— 64 CD4 cells/
ul around the threshold, reducing the estimation sample to 241 individuals. For SBP and DBP, the optimal band-
width is estimated at +/— 40 CD4 cells/pl, reducing the estimation sample to 165 individuals.

As eligibility did not predict treatment uptake perfectly, we apply a reduced-form estimate to obtain the
intention-to-treat effect at the threshold. We employ a linear functional form of the deviation of the CD4 count
from the threshold to allow for a linear trend in our outcomes as the CD4 count increases. More specifically, our
main estimation reads as follows:

yi = Po + B1Ei + B2Di + B3Ei - Di + € 1)

Here, y; denotes the individual's BMI, SBP or DBP at the time of the visit in 2010, E; denotes eligibility (i.e.,
whether the CD4 count was below the threshold) and D; is the deviation from the threshold. B; estimates the
effect of early versus deferred ART eligibility.

In addition to the main specification, we analyze the robustness of the results to the inclusion of control
variables using education, age, age squared, sex, and years since the CD4 test. We test for robustness to different
bandwidths and to more flexible forms by employing higher-order polynomials. Finally, we analyze heterogene-
ous treatment effects by sex and over time using the following specification:

yi = Po+ BLEi + 2Di + B3Ei - Di + ZkﬁldEi CXF Zkﬁkink + e )

Here, X¥ denotes binary variables for each year since the CD4 test, respectively for sex. Thus, Sy, estimate
the heterogeneous treatment effect by year since the CD4 test, respectively by sex. To obtain the total treatment
effect for each distinct group, we test the linear combination of 8 and S for joint significance using the lincom
command. All other variables are defined as above. For all regression specifications, heteroskedasticity-robust
standard errors are computed. All analyses are conducted with Stata 15.1 SE.

Results
Descriptive statistics. Balance checks for a bandwidth of + /- 50 CD4 cells/ul are depicted in Table 1. By
design, ineligible and eligible participants differ according to their CD4 count. The two groups are statistically
indistinguishable regarding all other covariates except for the years since the earliest CD4 test. On average, the
CD#4 test of eligible patients occurred three months earlier than the test of non-eligible patients. BMI, SBP and
DBP do not differ between both groups in the simple means comparison.

Figure 1 depicts the estimated density of CD4 counts around the threshold. Using the test developed by Cat-
taneo et al. 2, we cannot reject the null hypothesis of a joint distribution.

The distribution of eligibility and treatment uptake over years and by sex are depicted in Fig. 2. The share
of patients with a first CD4 cell count < 200 cells/ul was especially high in 2008. Only a fraction of the patients
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Figure 1. Estimated density of first CD4 counts with 95% confidence interval. The threshold lies at 200 CD4
cells/pl. The null hypothesis of a joint distribution could not be rejected (t=— 0.2028, p=0.8393).
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Figure 2. Share of individuals becoming eligible and starting treatment by year and sex.

tested in 2010 already started ART by the time of the household visit in the same year. On average, men were
more likely than women to become eligible at the first test.

Figure 3 depicts the distribution of treatment initiation, BMI, SBP and DBP over CD4 counts around the
threshold. There is a clear jump in treatment probability at the threshold. Moreover, the polynomial fits suggest
a reduction in SBP and DBP at the threshold.

Main results. Table 2 depicts the main estimates from Eq. (1) and the estimates using controls. We find no
significant effect of ART eligibility on BMI in any of the specifications. However, there is a significantly negative
effect of early ART eligibility on SBP and DBP (p <0.05). On average, eligible patients have a 15.5 mmHg lower
SBP and a 11.1 mmHg lower DBP compared to ineligible patients in the bandwidth around the threshold. This
result is robust to the inclusion of socio-demographic controls.

Robustness checks. We assess the robustness of the results by employing different bandwidths and includ-
ing a quadratic function for the deviation from the threshold. We choose one smaller bandwidth of + 25, approx-
imately halving the distance to the threshold, one larger bandwidth of £ 75, increasing the distance to the thresh-
old by the same span, and the largest possible symmetric bandwidth of +200. The coefficient estimates and 95%
confidence intervals are depicted in Fig. 4. As before, there are no significant impacts of early ART eligibility
on BMI compared to deferred eligibility. In the linear specification, the coefficient estimates for SBP and DBP
in the smaller bandwidth are similar to the estimates in the optimal bandwidth, but not significantly different
from zero due to the wider confidence interval. For both, SBP and DBP, the coefficient estimates move towards
zero in the two wider bandwidths. In the quadratic specification, the coefficient estimate is significant at a 10%
respectively 5% level for SBP and DBP in all bandwidths except for the largest.
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Figure 3. Mean treatment initiation, BMI, SBP and DBP by CD4 cell count bins with 95% confidence intervals.
The approximation is a second-order polynomial function differing on both sides of the threshold.

BMI SBP DBP
Eligible -0.956 -1.015 -15.50 -14.12 -11.14 -10.15
(0.5563) (0.5296) (0.0250) (0.0355) (0.0195) (0.0390)
[~4.150; 2.239] [-4.191;2.161] | [-29.03; -1.973] | [-27.27;-0.975] | [-20.47;-1.814] | [-19.78; —0.521]
Eligible * 0.00555 -0.0151 0.297 0.0976 0.181 -0.0318
Deviation (0.8980) (0.7335) (0.2672) (0.7294) (0.3249) (0.8696)
[-0.0797; 0.0908] | [-0.102; 0.0722] | [-0.230; 0.824] [-0.459; 0.654] [-0.181; 0.543] [-0.414; 0.351]
Obs 241 224 165 155 165 155
Controls N Y N Y N Y
Bandwidth 64 64 40 40 40 40

Table 2. Estimates for linear specifications with and without controls. The controls are years of education,
age, age squared, sex, and years since the CD4 test. Eligible* deviation refers to the interaction of the eligibility
indicator and the deviation variable. The bandwidths are determined by a data-driven routine introduced in
Calonico et al. *. P-values are reported in parentheses, 95% confidence intervals in square brackets.

Heterogeneity by sex and year. Next, we test for heterogeneity by sex. As depicted in Table 3, there are
significantly negative effects of ART eligibility on SBP and DBP for women, but not for men. However, the effects
on the two groups are not statistically different from each other. There are only few observations for men (80%
of the individuals within a + 50 bandwidth are female), such that an effect different from zero or from the effect
on women might not be detectable.

Finally, we investigate whether there are heterogeneous effects over time. As depicted in Fig. 5, there is a sig-
nificant negative effect of early ART eligibility on SBP and DBP in the second and third year, and for DBP also in
the first year. The insignificant effect in the fourth year might be caused by several reasons: On the one hand, the
treatment effect might diminish or change over time. On the other hand, due to the nature of HIV/AIDS, patients
in the initially ineligible group will progress to ART eligibility over time, as their CD4 counts decline, thus
attenuating the estimated effect. In total, the yearly effects are statistically not distinguishable from each other.
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Figure 4. Panel (A) depicts the coefficient estimates and 95% CI from Eq. (1) at different bandwidths. The
data-driven optimal bandwidth for BMI, SBP and DBP is + 64, + 40, and + 40 CD4 cells/p, respectively. Panel (B)
depicts the coeflicient estimates and the 95% Cls from estimating Eq. (1) with addition of an quadratic function
of the deviation. For comparability, the optimal bandwidth of the linear specification is used. The optimal
quadratic bandwidths would be + 100, + 80 and + 85, respectively. Results are robust to the employment of the
optimal bandwidth for the quadratic specification.

BMI SBP DBP
Male 0.113 -9.441 -8.579
(0.9573) (0.3604) (0.1831)
[-4.027;4.252] [-29.770;10.887] [-21.250;4.093]
Female -1.365 -16.029 -11.540
(0.3780) (0.0210) (0.0201)
[-4.408; 1.679] | [-29.609; —2.450] | [-21.243; -1.837]
Observations | 241 165 165
Bandwidth 64 40 40
p-value 0.3246 0.3507 0.5066

Table 3. Heterogeneity analysis by sex, using a linear specification. Coefficients are the sum of the base
treatment effect and the respective group interaction effect. P-values are reported in parentheses, 95%
confidence intervals in square brackets.
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Figure 5. Heterogeneity analysis over time using a linear specification. Coefficient estimates and 95%
confidence intervals are depicted. Year 1 depicts the estimates for the eligibility indicator, as year 1 was used
as the base level in the regression. Years 2-4 depict the estimates of a linear combination of the base treatment
effect plus the interaction effect with the respective year.
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Discussion

To our knowledge, our study is the first to identify the causal effects of early ART eligibility on BMI and blood
pressure employing a regression discontinuity design. Our approach allows us to compare the BMI and blood
pressure of individuals with similar characteristics except for ART eligibility. In contrast to approaches compar-
ing the change in BMI and blood pressure after ART initiation, or comparing BMI and blood pressure across
ART naive and ART individuals, this yields us the causal effect of early compared to deferred ART eligibility at
the threshold of 200 CD4 cells/pl.

We do not find any significant effect of early ART eligibility on BMI. However, we find a significant negative
effect of early ART eligibility on SBP (- 15.5 mmHg, CI [-29.03; — 1.973]) and DBP (- 11.1 mmHg, CI [- 27.27;
—0.975]) in a bandwidth of + /- 40 CD4 cells/ul. As a reduction of SBP by 10 mmHg significantly reduces major
CVD events®, this impact is also clinically relevant. The effects are robust to controls and to using a quadratic
function instead of a linear function for the running variable.

The null findings for BMI do not exclude any actual impact of ART on BMI. As BMI might incur substantial
measurement error, our sample might not be sufficiently large to detect any changes. Alternatively, as weight
gains might emerge over time, our observation period might be too small to identify significant differences to
the control group, especially as previously ineligible patients are likely to become eligible sometime after the first
CD4 test. Even so, our null results are in line with a meta-analysis for sub-Saharan Africa finding no association
between BMI and ART across 36 studies®. Nevertheless, previous studies showed that especially stavudine and
efavirenz, which were the most common treatment regimes in our sample at that time, can contribute to fat loss®.
At the same time, initial CD4 counts below 200 cells/ul were significantly associated with weight gains after treat-
ment initiation®, which might result in counter-balancing effects on weight. It is possible that this changed over
time, as newer ART regimes seem to be associated with more weight gain than older regimes®®. With the rising
prevalence of overweight in southern Africa®, any weight gains under newer ART regimes need to be carefully
examined to differentiate between a return to a healthy weight and an increase in overweight and obesity**.

ART eligibility might decrease blood pressure for several reasons. Firstly, antiretroviral drugs might decrease
blood pressure. However, previous evidence suggests that some drug combinations rather increase blood
pressure'>*. Secondly, the information on ART eligibility and/or the transfer into treatment might alleviate
patients’ distress regarding the lethal implications of HIV/AIDS. Quality of Life studies report an increase in
the physical but also in the psychological and emotional dimension for patients after ART initiation*’. The
improved well-being could transfer into a stress reduction and hence a decrease of the blood pressure level.
Thirdly, the stress-blood pressure link could also work in the other direction: patients informed that they are
(just) not eligible for treatment might be faced with a higher fear of dying from AIDS, which could raise their
blood pressure. While a systematic literature review indicates a positive correlation between psychological stress
and blood pressure, substantial variation in the definition and measurement of stress and blood pressure makes
a conclusive assessment of this relationship difficult*2.

Empirically, there is mixed evidence on the link between ART and blood pressure. Globally, a positive cor-
relation is observed after one year of ART, with a progressively stronger correlation over duration of ART!>".
There is evidence that an increase in BMI, the type of ART drugs, or both might mediate this relationship'>%.
For sub-Saharan Africa, no clear association of ART exposure with blood pressure or hypertension is found!*%.
However, the role of ART duration might matter: an observational study on the same population found a lower
blood pressure for ART-exposed PLHIV compared to ART-naive PLHIV, but a higher blood pressure for PLHIV
which have been longer on ART?. Thus, our results might be explained by a negative short-run effect of ART
eligibility on blood pressure through stress reduction, but a positive long-run effect of ART on blood pressure
through either the specific drugs, or weight increases observed in other studies??.

Our study results should be treated with some caution. First of all, the identification in this regression dis-
continuity design is purely local, in the sense that it is estimated at the threshold. Hence, the estimated effect
cannot be extrapolated to observations further away from the threshold without imposing further assumptions.
As guidelines for ART eligibility were shifted to larger CD4 counts and finally lifted, our results explain impacts
for patients presenting with comparatively low CD4 counts rather than for patients with comparatively high
CD4 counts at the first test. Over time, the CD4 count at first presentation increased in the study region®. The
introduction of large testing programs over the past decade might have exacerbated this trend further, such that
PLHIV are linked to care earlier and present with higher CD4 cell counts nowadays. After 2010, the threshold
was increased at first to 350 cells/ul, then to 500 cells/pl, and finally lifted. Investigating the impact at these
thresholds would be desirable to assess potential heterogeneous effects at higher CD4 cell count levels, but is
not possible with our data, as the anthropometric measures were taken only in 2010. Secondly, the results might
not be valid for different study settings. Finally, the share of non-responses in the anthropometric survey evokes
the question of representativeness. In our quasi-experimental design, this additionally introduced problems of
statistical power, which might be one reason why we cannot identify an impact on BMI.

Investigating the intermediate risk factors BMI, SBP and DBP, we do not find impacts of ART eligibility dur-
ing the <200 cells guideline in KwaZulu-Natal which would contribute to the risk of CVD. In contrast, using a
rigorous regression discontinuity design we show that SBP and DBP in early-eligible patients with HIV decreased
within the first years compared to patients with HIV with deferred eligibility. The effects of ART might differ
under the new guidelines and across a longer time horizon, requiring further assessment of the effects on inter-
mediate risk factors for CVD to evaluate the public health consequences of a growing number of aging PLHIV.
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Data availability

The data that support the findings of this study are available from the Africa Health Research Institute Data
Repository but restrictions apply to the availability of these data, which were used under license for the current
study, and so are not publicly available.

Received: 14 January 2021; Accepted: 5 July 2021
Published online: 19 July 2021

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

UNAIDS. Fact Sheet— World AIDS Day 2020. https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf.
Accessed 7 May 2021 (2020).

Johnson, L. F et al. Life expectancies of South African adults starting antiretroviral treatment: Collaborative analysis of cohort
studies. PLoS Med 10, e1001418. https://doi.org/10.1371/journal.pmed.1001418 (2013).

Keiser, O. et al. All cause mortality in the Swiss HIV cohort study from 1990 to 2001 in comparison with the Swiss population.
AIDS 18, 1835-1843 (2004).

. Lima, V. D. et al. Continued improvement in survival among HIV-infected individuals with newer forms of highly active antiret-

roviral therapy. AIDS 21, 685-692. https://doi.org/10.1097/QAD.0b013e32802ef30c (2007).

. Negin, ., Mills, E. ]. & Barnighausen, T. Aging with HIV in Africa: The challenges of living longer. AIDS 26, S1-S5. https://doi.

0rg/10.1097/QAD.0b013e3283560f54 (2012).

. Negin, J. & Cumming, R. G. HIV infection in older adults in sub-Saharan Africa: Extrapolating prevalence from existing data.

Bull World Health Organ 88, 847-853. https://doi.org/10.1590/S0042-96862010001100014 (2010).

. Hontelez, J. A. C. et al. The impact of antiretroviral treatment on the age composition of the HIV epidemic in sub-Saharan Africa.

AIDS 26(Suppl 1), S19-30. https://doi.org/10.1097/QAD.0b013e3283558526 (2012).

. Vollmer, S. et al. HIV surveys in older adults: Better data, better health. Lancet HIV 2, e40-e41. https://doi.org/10.1016/52352-

3018(15)00004-1 (2015).

. Islam, E M., Wu, ], Jansson, J. & Wilson, D. P. Relative risk of cardiovascular disease among people living with HIV: A systematic

review and meta-analysis. HIV Med. 13, 453-468. https://doi.org/10.1111/j.1468-1293.2012.00996.x (2012).

Shah, A. S. V. et al. Global burden of atherosclerotic cardiovascular disease in people living with HIV: Systematic review and
meta-analysis. Circulation 138, 1100-1112. https://doi.org/10.1161/CIRCULATIONAHA.117.033369 (2018).

So-Armah, K. et al. HIV and cardiovascular disease. Lancet HIV 7, €279-¢293. https://doi.org/10.1016/52352-3018(20)30036-9
(2020).

Baker, J. V. et al. Early antiretroviral therapy at high CD4 counts does not improve arterial elasticity: A substudy of the strategic
timing of antiretroviral treatment (START) trial. Open Forum Infect. Dis. 3. https://doi.org/10.1093/ofid/ofw213 (2016).

Baker, J. V. et al. Changes in cardiovascular disease risk factors with immediate versus deferred antiretroviral therapy initiation
among HIV-positive participants in the START (Strategic Timing of Antiretroviral Treatment) trial. JAHA 6, €004987. https://doi.
org/10.1161/JAHA.116.004987 (2017).

Xu, Y., Chen, X. & Wang, K. Global prevalence of hypertension among people living with HIV: A systematic review and meta-
analysis. . Am. Soc. Hypertens. 11, 530-540. https://doi.org/10.1016/j.jash.2017.06.004 (2017).

Nduka, C. U, Stranges, S., Sarki, A. M., Kimani, P. K. & Uthman, O. A. Evidence of increased blood pressure and hypertension risk
among people living with HIV on antiretroviral therapy: A systematic review with meta-analysis. J. Hum. Hypertens. 30, 355-362.
https://doi.org/10.1038/jhh.2015.97 (2016).

Nduka, C. U,, Uthman, O. A., Kimani, P. K. & Stranges, S. Body fat changes in people living with HIV on antiretroviral therapy.
AIDS Rev. 18, 198-211 (2016).

Seaberg, E. C. et al. Association between highly active antiretroviral therapy and hypertension in a large cohort of men followed
from 1984 to 2003. AIDS 19, 953-960. https://doi.org/10.1097/01.aids.0000171410.76607.£8 (2005).

Manner, I. W, Treseid, M., Oektedalen, O., Baekken, M. & Os, I. Low nadir CD4 cell count predicts sustained hypertension in
HIV-infected individuals. J. Clin. Hypertens. (Greenwich) 15, 101-106. https://doi.org/10.1111/jch.12029 (2013).

Dimala, C. A., Blencowe, H. & Choukem, S. P. The association between antiretroviral therapy and selected cardiovascular disease
risk factors in sub-Saharan Africa: A systematic review and meta-analysis. PLoS ONE 13, €0201404. https://doi.org/10.1371/journ
al.pone.0201404 (2018).

Dillon, D. G. et al. Association of HIV and ART with cardiometabolic traits in sub-Saharan Africa: A systematic review and meta-
analysis. Int. J. Epidemiol. 42, 1754-1771. https://doi.org/10.1093/ije/dyt198 (2013).

Bérnighausen, T. et al. Quasi-experimental study designs series—Paper 4: Uses and value. J. Clin. Epidemiol. 89, 21-29. https://
doi.org/10.1016/j.jclinepi.2017.03.012 (2017).

Bérnighausen, T. et al. Quasi-experimental study designs series—Paper 7: Assessing the assumptions. J. Clin. Epidemiol. 89, 53-66.
https://doi.org/10.1016/j.jclinepi.2017.02.017 (2017).

Maheu-Giroux, M. et al. Determinants of time from HIV infection to linkage-to-care in rural KwaZulu-Natal, South Africa. AIDS
31, 1017-1024. https://doi.org/10.1097/QAD.0000000000001435 (2017).

Mutevedzi, P. C. et al. Scale-up of a decentralized HIV treatment programme in rural KwaZulu-Natal, South Africa: Does rapid
expansion affect patient outcomes?. Bull. World Health Organ 88, 593-600. https://doi.org/10.1590/50042-96862010000800011
(2010).

Muhwava, W, Nyirenda, M., Mutevedzi, T., Herbst, K. & Hosegood, V. Operational and methodological procedures of the Africa
centre demographic information system. in Somkhele: Africa Centre for Health and Population Studies. Monograph Series (2008).
Geldsetzer, P. et al. Population-level decline in BMI and systolic blood pressure following mass HIV treatment: Evidence from
rural KwaZulu-Natal. Obesity 25, 200-206 (2017).

Feigl, A. B. et al. The effect of HIV and the modifying effect of anti-retroviral therapy (ART) on body mass index (BMI) and blood
pressure levels in rural South Africa. PLoS ONE 11, e0158264. https://doi.org/10.1371/journal.pone.0158264 (2016).

Plazy, M. et al. Change of treatment guidelines and evolution of ART initiation in rural South Africa: Data of a large HIV care and
treatment programme. BMC Infect. Dis. 15. https://doi.org/10.1186/s12879-015-1207-2 (2015).

Health Department Republic of South Africa. Clinical Guidelines for the Management of HIV & AIDS in Adults and Adolescents.
https://www.who.int/hiv/pub/guidelines/south_africa_art.pdf (Health Department Republic of South Africa, 2010).

Lessells, R. J., Mutevedzi, P. C., Cooke, G. S. & Newell, M.-L. Retention in HIV care for individuals not yet eligible for antiretroviral
therapy: Rural KwaZulu-Natal, South Africa. J. Acquir. Immune Defic. Syndr. 56, €79-e86. https://doi.org/10.1097/QAI.0b013e3182
075ae2 (2011).

Bor, J., Moscoe, E., Mutevedzi, P., Newell, M.-L. & Bérnighausen, T. Regression discontinuity designs in epidemiology: Causal
inference without randomized trials. Epidemiology 25, 729-737. https://doi.org/10.1097/EDE.0000000000000138 (2014).
Cattaneo, M. D., Jansson, M. & Ma, X. Simple local polynomial density estimators. J. Am. Stat. Assoc. 1, 1-7. https://doi.org/10.
1080/01621459.2019.1635480 (2019).

Scientific Reports |

(2021) 11:14718 | https://doi.org/10.1038/s41598-021-94057-z nature portfolio


https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf
https://doi.org/10.1371/journal.pmed.1001418
https://doi.org/10.1097/QAD.0b013e32802ef30c
https://doi.org/10.1097/QAD.0b013e3283560f54
https://doi.org/10.1097/QAD.0b013e3283560f54
https://doi.org/10.1590/S0042-96862010001100014
https://doi.org/10.1097/QAD.0b013e3283558526
https://doi.org/10.1016/S2352-3018(15)00004-1
https://doi.org/10.1016/S2352-3018(15)00004-1
https://doi.org/10.1111/j.1468-1293.2012.00996.x
https://doi.org/10.1161/CIRCULATIONAHA.117.033369
https://doi.org/10.1016/S2352-3018(20)30036-9
https://doi.org/10.1093/ofid/ofw213
https://doi.org/10.1161/JAHA.116.004987
https://doi.org/10.1161/JAHA.116.004987
https://doi.org/10.1016/j.jash.2017.06.004
https://doi.org/10.1038/jhh.2015.97
https://doi.org/10.1097/01.aids.0000171410.76607.f8
https://doi.org/10.1111/jch.12029
https://doi.org/10.1371/journal.pone.0201404
https://doi.org/10.1371/journal.pone.0201404
https://doi.org/10.1093/ije/dyt198
https://doi.org/10.1016/j.jclinepi.2017.03.012
https://doi.org/10.1016/j.jclinepi.2017.03.012
https://doi.org/10.1016/j.jclinepi.2017.02.017
https://doi.org/10.1097/QAD.0000000000001435
https://doi.org/10.1590/S0042-96862010000800011
https://doi.org/10.1371/journal.pone.0158264
https://doi.org/10.1186/s12879-015-1207-2
https://www.who.int/hiv/pub/guidelines/south_africa_art.pdf
https://doi.org/10.1097/QAI.0b013e3182075ae2
https://doi.org/10.1097/QAI.0b013e3182075ae2
https://doi.org/10.1097/EDE.0000000000000138
https://doi.org/10.1080/01621459.2019.1635480
https://doi.org/10.1080/01621459.2019.1635480

www.nature.com/scientificreports/

33. Calonico, S., Cattaneo, M. D,, Farrell, M. H. & Titiunik, R. Rdrobust: Software for regression-discontinuity designs. Stata J. Promot.
Commun. Statist. Stata 17, 372-404. https://doi.org/10.1177/1536867X1701700208 (2017).

34. Ettehad, D. et al. Blood pressure lowering for prevention of cardiovascular disease and death: A systematic review and meta-
analysis. Lancet 387, 957-967. https://doi.org/10.1016/S0140-6736(15)01225-8 (2016).

35. de Waal, R., Cohen, K. & Maartens, G. Systematic review of antiretroviral-associated lipodystrophy: Lipoatrophy, but not central
fat gain, is an antiretroviral adverse drug reaction. PLoS ONE 8, €63623. https://doi.org/10.1371/journal.pone.0063623 (2013).

36. Sax, P. E. et al. Weight gain following initiation of antiretroviral therapy: Risk factors in randomized comparative clinical trials.
Clin. Infect. Dis. 71, 1379-1389. https://doi.org/10.1093/cid/ciz999 (2020).

37. Agyemang, C., Boatemaa, S., Frempong, G. A. & de-Graft Aikins, A. Obesity in sub-Saharan Africa. in Metabolic Syndrome (ed.
Ahima, R. S.) 1-13. https://doi.org/10.1007/978-3-319-12125-3_5-1 (Springer, 2015).

38. Shah, S., Hindley, L. & Hill, A. Are new antiretroviral treatments increasing the risk of weight gain?. Drugs 81, 299-315. https://
doi.org/10.1007/540265-020-01457-y (2021).

39. Crane, H. M., Van Rompaey, S. E. & Kitahata, M. M. Antiretroviral medications associated with elevated blood pressure among
patients receiving highly active antiretroviral therapy. AIDS 20, 1019-1026. https://doi.org/10.1097/01.aids.0000222074.45372.
00 (2006).

40. Gakhar, H., Kamali, A. & Holodniy, M. Health-related quality of life assessment after antiretroviral therapy: A review of the lit-
erature. Drugs 73, 651-672. https://doi.org/10.1007/s40265-013-0040-4 (2013).

41. Mann, S. ]. Psychosomatic research in hypertension: The lack of impact of decades of research and new directions to consider:
Commentary. J. Clin. Hypertens. 14, 657-664. https://doi.org/10.1111/j.1751-7176.2012.00686.x (2012).

42. Liu, M.-Y,, Li, N, Li, W. A. & Khan, H. Association between psychosocial stress and hypertension: A systematic review and meta-
analysis. Neurol. Res. 39, 573-580. https://doi.org/10.1080/01616412.2017.1317904 (2017).

43. Haber, N. ef al. From HIV infection to therapeutic response: A population-based longitudinal HIV cascade-of-care study in
KwaZulu-Natal, South Africa. Lancet HIV 4, €223-¢230. https://doi.org/10.1016/52352-3018(16)30224-7 (2017).

Acknowledgements
The authors thank the Africa Health Research Institute for granting access to the data.

Author contributions

S.V,, T.B. and A.K. conceived the study. A.K. and A.R. conducted the analysis and wrote the first draft of the
manuscript, with input and important contributions by P.G., T.B. and S.V. AK.,, AR., PG.,N.C, M.M,, ET., T.B.
and S.V. contributed to the interpretation of the findings, critical review of the manuscript and approval of the
final manuscript. A.K. and A.R. contributed equally to this work.

Fundin

Open Accgess funding enabled and organized by Projekt DEAL. The authors received no specific funding for this
work. AR acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion)-project RTG 1723. PG was supported by the National Center for Advancing Translational Sciences of the
National Institutes of Health under Award Number KL2TR003143.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14718 | https://doi.org/10.1038/s41598-021-94057-z nature portfolio


https://doi.org/10.1177/1536867X1701700208
https://doi.org/10.1016/S0140-6736(15)01225-8
https://doi.org/10.1371/journal.pone.0063623
https://doi.org/10.1093/cid/ciz999
https://doi.org/10.1007/978-3-319-12125-3_5-1
https://doi.org/10.1007/s40265-020-01457-y
https://doi.org/10.1007/s40265-020-01457-y
https://doi.org/10.1097/01.aids.0000222074.45372.00
https://doi.org/10.1097/01.aids.0000222074.45372.00
https://doi.org/10.1007/s40265-013-0040-4
https://doi.org/10.1111/j.1751-7176.2012.00686.x
https://doi.org/10.1080/01616412.2017.1317904
https://doi.org/10.1016/S2352-3018(16)30224-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effect of eligibility for antiretroviral therapy on body mass index and blood pressure in KwaZulu-Natal, South Africa
	Methods
	Data sources and procedures. 
	Ethical approval. 
	Outcomes and covariates. 
	Statistical analysis. 

	Results
	Descriptive statistics. 
	Main results. 
	Robustness checks. 
	Heterogeneity by sex and year. 

	Discussion
	References
	Acknowledgements


