Original research

Hana Kim,1,2 Frank Tanser,3,4,5,6 Andrew Tomita,7,8 Alain Vandormael,9
Diego F Cuadros   1,2

To cite: Kim H, Tanser F,
Tomita A, et al. Beyond
HIV prevalence: identifying
people living with HIV within
underserved areas in South
Africa. BMJ Global Health
2021;6:e004089. doi:10.1136/
bmjgh-2020-004089

ABSTRACT

Introduction Despite progress towards the Joint United
Nations Programme on HIV/AIDS 95-95-95 targets,
South Africa is still suffering from one of the largest HIV
epidemics globally. In this study, we generated high-
resolution HIV prevalence maps and identified people living
with HIV (PLHIV) in underserved areas to provide essential
information for the optimal allocation of HIV-related
services.
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Methods The data come from the South Africa
► Additional supplemental
Demographic and Health Survey conducted in 2016
material is published online only. and spatial variables from other published literature. We
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produced high-resolution maps of HIV prevalence and
online (http://dx.d oi.org/10.
underserved areas, defined as a greater than 30 min travel
1136/bmjgh-2020-0 04089).
time to the nearest healthcare facility. Using these maps
and the population density, we mapped PLHIV and the
PLHIV within underserved areas for 30, 60 and 120 min
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thresholds.
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Results There was substantial geographic variation in HIV
prevalence, ranging from 1.4% to 24.2%, with a median of
11.5% for men, and from 2.1% to 48.1%, with a median of
20.6% for women. Gauteng province showed the highest
density for both HIV prevalence and PLHIV. 80% of all areas
in the country were identified as underserved areas (30
min threshold), which contained more than 16% and 20%
of the total men and women living with HIV, respectively.
KwaZulu-Natal province had the largest number of PLHIV
in underserved areas (30 min threshold) and showed less
than one healthcare facility per 1000 PLHIV.
Conclusion Our study showed extensive spatial variation
of HIV prevalence and significant numbers of PLHIV in
underserved areas in South Africa. Moreover, we identified
locations where HIV-related services need to be intensified
to reach the ~1.5 million PLHIV in underserved areas,
particularly in KwaZulu-Natal province, with less than one
healthcare facility per 1000 PLHIV.
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INTRODUCTION
With the rapid achievement of the 90-9 0-9 0
strategy (90% of all people living with
HIV (PLHIV) know their HIV status, 90%
of all people diagnosed with HIV receive
sustained antiretroviral therapy (ART)
and 90% of all people receiving ART have
viral suppression) to guide country-l ed and

Key questions
What is already known?
► South Africa suffers from one of the largest HIV epi-

demics, with more than 7.5 million people living with
HIV (PLHIV) in 2018.
► The country achieved its first 90-90-90 target by diagnosing more than 90% of PLHIV.
► However, the other targets (the proportion of diagnosed people on antiretroviral therapy (ART) and the
proportion of virally suppressed PLHIV on ART) are
still behind, despite the aggressive expansion of ART
coverage.

What are the new findings?
► South Africa showed extensive spatial variation of HIV-

positive population for both genders.
► The largest PLHIV population is concentrated in the

Gauteng province, with a density of 13 862 women per
5 km2 and 15 484 men per 5 km2.
► More than 80% of areas in the country are more than
30 min travel time from the nearest healthcare service.
► More than 16% of men living with HIV and 20% of
women living with HIV reside in underserved areas where the nearest healthcare service cannot be
reached within 30 min travel time.
► A total of 80% of PLHIV reside in only five provinces;
KwaZulu-Natal province has the largest number of
PLHIV within 30 min threshold of underserved areas
containing more than 100 000 of PLHIV for each gender (149 197 for men and 174 543 for women) and
shows less than one healthcare facility per 1000 PLHIV.

What do the new findings imply?
► There are still several barriers for HIV treatment ser-

vice coverage that need to be overcome, particularly
for PLHIV living in underserved areas where health
services are not likely to be reached within threshold
times.
► Efforts to allocate resources for HIV treatment need to
be oriented towards the PLHIV located in underserved
areas in provinces with low number of healthcare facilities per 1000 PLHIV.

regional-l ed efforts to rapidly scale up HIV
prevention and treatment services, the
annual global number of new HIV infections had declined from 2.1 million in 2010
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geographical administrative units (ie, low spatial resolution), or they are only focused on localised epidemics.7
These large-
scale national or regional measures can
obscure localised aspects of the HIV transmission process
across the country. Moreover, these measures are estimated for the total population, but spatial disparities of
the epidemic and their social and behavioural drivers
can exist.8 Microlevel analyses on the spatial structure
of the HIV epidemic and the density of PLHIV in low-
access areas could help facilitate the operation of HIV
prevention and treatment services by targeting resource
allocations to the areas. To maximise the achievement of
the 95-95-95 targets by 2030, identifying areas where the
burden of HIV is concentrated could play a key role in
recognising vulnerable populations at high risk of infection, but also in prioritising the access to critical healthcare for PLHIV in these areas.12–19
Given this context, the main objective of this study was
to generate high-resolution, spatial predictions of HIV
epidemiological measures for men and women (HIV
prevalence and density of PLHIV) in South Africa. We
then used these spatial predictions to conduct a detailed
spatial analysis of underserved areas from critical healthcare services to identify men and women living with HIV
in areas with low access to HIV prevention and treatment
services. This information would be of high relevance
for assisting the national strategy to target appropriate
areas and populations and achieve the UNAIDS targets
in South Africa.20
METHODS
Study area and data sources
The main source of data for this study was the South Africa
Demographic and Health Survey (SADHS) conducted in
2016,21 which contains HIV serological biomarker information along with the corresponding spatial information
of sample locations. The SADHS is a cross-sectional household survey designed to collect nationally representative

Figure 1 Sample locations. (A) Demographic and Health Survey sample locations for South Africa Demographic and Health
Survey (SADHS) in 2016, and (B) healthcare facility locations. Map was created using ArcGIS by ESRI V.10.5 (http://www.esri.
com).
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to 1.7 million (16%) by 2018.1 This progress led to
revised 95-95-95 targets and an acceleration of efforts
to end the HIV/AIDS epidemic by 2030. In addition, the Joint United Nations Programme on HIV/
AIDS (UNAIDS) announced the Fast-Track approach
focusing on the 30 countries that account for most
of the world’s people newly infected with HIV, which
includes South Africa.2
South Africa, with more than 7.5 million PLHIV,1
has one of the largest HIV epidemics in the world.
To reverse the tide of the epidemic, the country3
aggressively scaled up ART coverage, which has led to
improvements in HIV outcomes. In 2018, the annual
number of new HIV infections declined to 240 000
people, which represented 0.49% of the uninfected
population, compared with 0.64% in 2015.1 South
Africa has achieved a 90% of PLHIV diagnosed, 68%
of those diagnosed on ART and 88% of those on ART
virally suppressed in 2018,4 5 and is potentially on its
way to meeting the 90-9 0-9 0 targets by 2022. 6 Despite
remarkable progress, HIV prevalence in the country
remains persistently high with 18.9% of adults aged
15 and older infected with the virus, and more
than 200 000 new infections occurring every year. 7 8
Although the proportion of PLHIV who know their
HIV status has been steadily increasing, the proportion of PLHIV on ART is remarkably low despite the
expansion of ART coverage. The likelihood of South
Africa achieving its 95-9 5-9 5 targets and ending the
HIV epidemic by 2030 remains far from certain.
In order to meet those targets, we have previously
argued for prioritising resource allocation and accelerating HIV prevention and treatment services in
certain high-risk areas in South Africa.9 10 South Africa
shows substantial spatial variation in the HIV epidemic
with infections clustering in the eastern part of the
country, between the Limpopo and KwaZulu-Natal provinces.6 11 However, most past measures of HIV prevalence
in the country are frequently available only for large
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Selection of spatial variables and HIV mapping
We selected variables from the SADHS data sets and other
sources to investigate the association between socioeconomic and behavioural factors and the spatial structure

of HIV in South Africa. Six socioeconomic and behavioural variables that have been previously associated
with the risk of HIV prevalence were measured for men
and five for women.12 25 These included education level,
poverty estimated using the DHS wealth index, condom
use, number of lifetime sexual partners, if the participants had ever been previously tested for HIV and male
circumcision (MC; male only). MC was a self-reported
variable of circumcision status and thus did not consider
which types of circumcision (eg, voluntary medical MC
or traditional MC) were conducted. These variables were
evaluated as percentages at each SADHS sample location.
We included seven environmental variables in the analysis: the normalised difference vegetation index (NDVI),
night light, distance to main roads and dams, global
I), friction map reprehuman influence index (GH-
senting allocated fastest speed of travel based on the
types of travel mode estimated within the pixel and population density. We quantified all variables at each DHS
sample location. For example, we extracted the NDVI
value at each SADHS sample location, and the distance
from each sample to the closest main road was calculated
and assigned at each sample location. The definition and
descriptive statistics for each variable are presented in
online supplemental table S1.
To generate disease maps of HIV prevalence in South
Africa for each gender, we implemented a method previously developed to describe the spatial structure of HIV
Saharan Africa
prevalence in several countries in sub-
(SSA) including Kenya, Malawi, Mozambique, Tanzania
and Zimbabwe.12 25 We used ordinary kriging mapping
methods to generate continuous surface maps for each

Table 1 Variables in the final logistic regression models for men and women
Gender

Variable

Women

Intercept
Condom use
Poverty
Lifetime number of sexual partners (<3)
Friction
Distance to main road
NDVI

Men

Intercept
Ever been tested for HIV

Estimate

SE

P value

Moran’s
Index

P value

−1.008441
0.007380

0.1343
0.0015

<0.001
<0.001

–
0.04

–

0.005842

0.0012

<0.001

0.19

<0.001

−0.009180

0.0016

<0.001

0.07

0.00

−24.314521

11.6500

0.04

–

–

−0.004377

0.0031

0.16

–

–

0.08

0.892539

0.1972

<0.001

–

–

−2.376504

0.3426

<0.001

–

–

0.006193

0.0028

0.03

0.04

0.06

0.007057

0.0019

<0.001

0.21

<0.001

Lifetime number of sexual partners (<3)

−0.014912

0.0031

<0.001

0.04

0.07

Male circumcision

−0.009507

0.0020

<0.001

0.11

<0.001

0.018049

0.0059

<0.001

–

–

−0.004983
0.230944

0.0047
0.2767

0.29
0.40

–
–

–
–

Poverty

GH-I
Distance to main road
NDVI

Bold values denote statistical significance at the p <0.05 level.
GH-I, global human influence index; NDVI, normalised difference vegetation index.
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data on population, health and socioeconomic parameters.21 Individuals were enrolled in the SADHS via two-
stage sampling procedure to select households. Men
and women aged 15–49 in the selected households were
eligible for the study. Of 12 132 participants (3618 men
and 8514 women), 4862 individuals (2136 men and 2726
women) who interviewed and provided specimens for
HIV testing were included. The SADHS sample locations
are where the individuals participated the survey. The
number of the sample location is 601 for men and 633
for women. The global positioning system was used to
identify and record the geographical coordinates of each
SADHS sample location (figure 1A).22 Further details
related to the population of the study can be found in
the online supplemental materials.
Demographic and Health Surveys (DHS) has
conducted nationally representative anonymous HIV
testing to track HIV epidemics by collecting blood from
representative samples of the population of women and
men in a country since 2001.21 23 Respondents who participated in the testing received educational materials and
referrals for free voluntary counselling and testing. HIV
serostatus was determined using the ELISA, based on a
parallel testing algorithm. Further details related to the
SADHS methodology, study design and data can be found
in online supplemental materials and elsewhere.21 23 This
study follows the guidelines of the Strengthening the
Reporting of Observational Studies in Epidemiology.24
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Mapping HIV-underserved areas
To identify HIV-
underserved areas, we used two data
sets: the friction map from Malaria Atlas Project and the
locations of public healthcare facilities in South Africa
(figure 1B).26 We employed travel time estimates, which
offer the most accurate representation of the cost of

travel, for measuring geographic accessibility and for
identifying underserved areas.27 28 We obtained all public
not-
for-
profit sectors
healthcare facilities and private-
managed by government (eg, the Ministry of Health),
local authorities, and faith-based organisation and non-
governmental organisation to represent public health
services.26 A total of 4287 healthcare facilities were
included in the analysis. We modelled travel time as a
function of distance and travel speed. It can be conceptualised as the cost of movement using the cell dimensions
(pixel resolution) and travel time assigned to each cell.
In this model, travel occurs through cell to cell in both
cardinal and diagonal directions, and a travel time was
designated for each cell, representing the time required
to traverse the cell estimated from the friction map. To
identify underserved areas, we reclassified the accumulated travel time surface into a Boolean surface based
on whether the cell was greater than three thresholds,
30, 60 and 120 min, from a healthcare location, then
we converted the underserved areas from a raster grid
to a vector data form (polygons) to identify the women

Figure 2 High-resolution maps of HIV prevalence and people living with HIV (PLHIV) in South Africa. High-resolution maps of
HIV prevalence in South Africa for (A) men and (B) women in 2016; geographic dispersion of men (C) and women (D) living with
HIV in South Africa. HIV prevalence for women is higher in the north-eastern part of the country from Limpopo to Eastern Cape
province, whereas HIV prevalence for men is more concentrated in the mid-eastern part of the country among the Gauteng
and KwaZulu-Natal provinces. The density of PLHIV for both genders shows similar spatial patterns, concentrating in Gauteng
province. Maps were created using ArcGIS by ESRI V.10.5 (http://www.esri.com).
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significant socioeconomic, demographic and behavioural
factor identified in the multivariable regression model.
The variables satisfied both criteria: (1) the bivariate
logistic regression slope coefficient must have p value
<0.1; and (2) the significance test for spatial autocorrelation must have p value <0.1. Then, we generated a map
of HIV prevalence in raster format with 5 km grid resolution by substituting values from all continuous surface
maps into the gender-
specific multivariable logistic
regression model for each gender. Finally, a 5 km × 5 km
pixel resolution map of the density of women and men
living with HIV was generated by combining the HIV
prevalence map with the women and men density maps.
Further details related to this methodology can be found
in online supplemental materials.
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Patient and public involvement
There were no patients involved in this research.
RESULTS
Spatial variable selection
The variables selected for inclusion in the final logistic
regression models for men and women are summarised in table 1, and the results from bivariate logistic
regression analysis and the corresponding spatial correlation analysis (Moran’s Index) for each variable are
presented in online supplemental table S2. For men, the
final logistic model included ever been tested for HIV,
poverty, lifetime number of sexual partners, MC, GH-I,
distance to main roads and NDVI. For women, the final

logistic model included condom use, lifetime number
of sexual partners, friction, distance to main roads and
NDVI. Continuous surface maps of each variable selected
for men (online supplemental figure S1) and women
(online supplemental figure S2) are included in online
supplemental materials.
HIV disease mapping
Figure 2A,B illustrates the spatial distribution of HIV
prevalence estimated using the final multivariable logistic
regression models for men and women, respectively.
These maps show the distribution of the proportion of
individuals who are HIV positive among the entire adult
population (men aged 15–59 and women aged 15–49).
Pixel-level HIV prevalence for men ranged from 1.4%
to 24.2% per 5 km2, with a median of 11.5% per 5 km2,
and from 2.1% to 48.1% per 5 km2, with a median of
20.6% per 5 km2 for women. The spatial structure of HIV
prevalence showed some differences between the distribution of the disease for men and women. HIV prevalence for women was higher in the north-eastern part of
the country, particularly in Limpopo province, and in the
south-eastern areas along with the coastline in KwaZulu-
Natal and Eastern Cape provinces. Conversely, HIV prevalence for men was more concentrated in the mid-eastern
part of the country among the Gauteng and KwaZulu-
Natal provinces.
Figure 2C,D illustrates the geographical distribution of
the estimated number of men living with HIV and women
living with HIV, respectively. Using the spatial maps, we
estimated a total of 3 367 810 men living with HIV aged
15–59 and 3 861 228 women living with HIV aged 15–49
in 2016 in South Africa. The highest density of PLHIV
for both genders shows in Gauteng, and the lowest density

Figure 3 People living with HIV (PLHIV) within underserved areas (30, 60 and 120 min thresholds) in South Africa. Estimated
men living with HIV within 30 min threshold (A), 60 min threshold (B), and 120 min threshold (C) underserved areas; estimated
women living with HIV within 30 min threshold (D), 60 min threshold (E), and 120 min threshold (F) underserved areas. Maps
were created using ArcGIS by ESRI V.10.5 (http://www.esri.com).
Kim H, et al. BMJ Global Health 2021;6:e004089. doi:10.1136/bmjgh-2020-004089
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and men living with HIV in these areas. We used three
travel times, that is, 30, 60 and 120 min, as thresholds for
underserved areas in this study based on previous studies.
Various travel times have been suggested as a threshold
to access healthcare in South Africa and other countries
in SSA.15 29–31 A study of PLHIV in Uganda reports 30 min
as a median travel time for PLHIV to access healthcare
facility.29 Another study for travel time to access primary
healthcare in South Africa shows 81 min as a median
travel time, and 65% of households travel more than 60
min to attend the primary healthcare.15 In addition, other
studies in African countries use 120 min as a threshold
to access healthcare facilities.30 31 Finally, we generated
density maps of women living with HIV and men living
with HIV in the underserved areas using the continuous
surface maps of HIV generated in the previous step and
the estimations for underserved areas. Further details
related to this methodology, study design and data can
be found in online supplemental materials.
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PLHIV within underserved areas
Figure 3A,D illustrates the population density of men
living with HIV and women living with HIV within the
underserved areas with 30 min threshold, respectively.
The underserved areas based on 30 min travel time from
the nearest healthcare facility across the country covered
about 80% of the total territory (≈991 000 km2). About
16.6% (≈559 581) of men living with HIV aged 15–59
lived outside of a 30 min minimum travel time from the
nearest hospital, whereas 20.4% (≈787 022) of women
living with HIV aged 15–49 lived in those underserved
areas, with a similar spatial pattern of PLHIV within the
underserved areas for both genders. Most part of Gauteng
province and coastal areas in KwaZulu-Natal province
including the city of Durban were areas where healthcare services can be reached within 30 min. Likewise,
figure 3B,E shows the population density of men living

with HIV and women living with HIV within the underserved areas with 60 min threshold, respectively. These
underserved areas covered 62.1% of the total territory
of the country, and 6.4% (≈216 419) of men living with
HIV were located outside of the 60 min travel time to the
nearest hospital threshold, whereas 7.9% (≈305 074) of
women living with HIV lived in those underserved areas.
Lastly, 37.1% of the total area of the country was located
outside of a 120 min threshold from the nearest healthcare facility (figure 3C,F), and 1.6% (≈53 737) of men
living with HIV lived outside of a 120 min travel time to
the nearest hospital, whereas 1.9% (≈73 144) of women
living with HIV were located in these underserved areas.
Table 2 summarises the estimated number and
percentage of PLHIV within the underserved areas by
province. Around 80% of PLHIV were living in five provinces, including Gauteng, KwaZulu-
Natal, Eastern Cape,
Limpopo and Mpumalanga. Moreover, 50% of the PLHIV
were located in Gauteng and KwaZulu-Natal provinces
(46.66% for women living with HIV and 51.27% for men
living with HIV). Although North West province contained
a lower percentage of PLHIV (7.65% for women living
with HIV and 7.58% for men living with HIV of the total
PLHIV in the country), this province had the highest
proportion of PLHIV within underserved areas with

Table 2 The estimated number of PLHIV living in the underserved areas, and the number of health facilities per 1000 PLHIV
for both men and women by province level

Province

PLHIV
30 min
(% total)

PLHIV
60 min
(% total)

133 628 (16.98)

39 720 (13.02)

8285 (11.33)

189 708 (4.91)

45 899 (5.83)

26 297 (8.62)

4040 (5.52)

1.48

1 004 439 (26.01)

42 783 (5.44)

8479 (2.78)

0 (0.00)

0.45

174 543 (22.18)

60 188 (19.73)

PLHIV
(% total)

Women
 Eastern Cape

495 547 (12.83)

 Free state
 Gauteng
 KwaZulu-Natal

797 416 (20.65)

PLHIV
120 min
(% total)

7593 (10.38)

Healthcare facilities
per 1000 PLHIV
1.83

0.93

 Limpopo

431 823 (11.18)

133 555 (16.97)

58 690 (19.24)

24 100 (32.95)

1.24

 Mpumalanga

376 178 (9.74)

126 764 (16.11)

57 593 (18.88)

12 456 (17.03)

0.94

 North West

295 370 (7.65)

75 913 (9.65)

31 200 (10.23)

4175 (5.71)

1.21

 Northern Cape

50 903 (1.32)

12 502 (1.59)

10 471 (3.43)

7097 (9.70)

4.58

 Western Cape

219 776 (5.69)

14 429 (1.83)

12 430 (4.07)

5393 (7.37)

2.01

 Eastern Cape

328 618 (9.76)

77 660 (13.89)

24 537 (11.34)

5872 (10.93)

2.76

 Free state

181 787 (5.40)

34 339 (6.14)

19 569 (9.04)

3130 (5.83)

1.54

 Gauteng

972 130 (28.87)

28 689 (5.13)

5499 (2.54)

0 (0.00)

0.47

 KwaZulu-Natal

754 290 (22.40)

149 197 (26.68)

49 547 (22.90)

5948 (11.07)

0.99

Men

 Limpopo

250 860 (7.45)

69 400 (12.41)

29 579 (13.67)

12 125 (22.57)

2.13

 Mpumalanga

290 587 (8.63)

89 993 (16.09)

41 027 (18.96)

9659 (17.98)

1.21

 North West

255 133 (7.58)

56 360 (10.08)

22 196 (10.26)

2811 (5.23)

1.40

 Northern Cape
 Western Cape

65 048 (1.93)
268 245 (7.97)

14 327 (2.56)
39 181 (7.01)

12 182 (5.63)
12 266 (5.67)

8604 (16.01)
5578 (10.38)

3.58
1.65

PLHIV, people living with HIV.
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shows in Northern Cape. The density of PLHIV ranged
from 0 per 5 km2 in Northern Cape for both genders to a
maximum of 13 862 per 5 km2 for women and 15 484 per
5 km2 for men in Gauteng. Specifically, men living with
HIV concentrate in the urban areas, whereas women
living with HIV were distributed both in urban and the
periphery areas, covering the north-eastern and south-
eastern parts of the country.
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DISCUSSION
HIV prevalence for both men and women showed
remarkable geographical variation in South Africa,
with the burden of infection concentrated in the
eastern part of the country, among the provinces of
Gauteng, KwaZulu-
N atal, Eastern Cape, Limpopo and
Mpumalanga, and with high concentration of PLHIV
identified near urban settings of the eastern part of
the country, including Johannesburg and Durban.
For example, Gauteng shows the highest percentage
of the average HIV prevalence for women, with 30.6%
per 5 km2 and ranges from 18% to a maximum of 42%
per 5 km2. For men, the average HIV prevalence in
Gauteng shows 14.7% per 5 km2 and ranges from 8%
to a maximum of 24% per 5 km 2. We identified gender
differences in the distribution of the HIV epidemic,
with the HIV prevalence for women more concentrated in the northern-e astern and southern-e astern
parts of the country compared with the concentration
of men in the eastern part of South Africa. Moreover,
PLHIV who are unlikely to access healthcare services
within at least a 60 min time threshold are located
in eastern part of the country among the Limpopo
and KwaZulu-Natal provinces, and a large number of
PLHIV near Kruger National Park across Limpopo and
Mpumalanga, in the vicinity villages of Phalaborwa
and Shangaan, near Hazyview town, are unlikely to
access health services within a 120 min travel time.
Our results suggest that variables such as MC and
poverty are key drivers of the spatial variation of HIV
prevalence in South Africa. MC showed a significant
association with the spatial structure of HIV for men.
With the effectiveness of MC to reduce HIV infections
among men, 32 the South Africa government implemented the 2012–2016 National Strategic Plan (NSP)
Kim H, et al. BMJ Global Health 2021;6:e004089. doi:10.1136/bmjgh-2020-004089

to circumcise 80% of HIV-n egative men aged 15–49
by 2015 (SANAC, 2011).33 As a result, South Africa
achieved a significant increase of MC from 25% in
2013 to 57% in 2016, but with marked spatial variation among provinces, with 35% MC prevalence in
Northern Cape compared with 86% in Limpopo.21 The
government launched the NSP 2017–2022 with a
new target of 3 million circumcised men by 2021. 34
Besides the direct impact of MC on the reduction of
HIV acquisition, MC could also generate secondary
benefits by affecting the sexual behaviour of circumcised men. 35 For example, circumcised men tend to
be concerned more about partner’s HIV status and
to use condoms more frequently compared with non-
circumcised men in South Africa.35 Likewise, poverty
was also a significant explanatory variable associated
with the spatial structure of HIV for both men and
women. This result is consistent with a previous study
showing that poorer women are more likely to have
burden of HIV infection and have engaged in risky
sexual behaviour especially for young women, such
as earlier sexual debut, having had multiple sexual
partners in the year, lower chance of condom use and
having traded sex, compared with women in more
affluent households.36 37 For both genders, poverty
reduces the chance of discussing safe-sex practices
with their partner.36
According to the UNAIDS Global Report in 2019,
South Africa is one of the countries showing the great
decline in new HIV infections with more than 50%
of reduction in AIDS-
r elated deaths between 2010
and 2018. 1 The South Africa government launched
a series of strategic plans as a response to HIV and
updated the NSP four times (2000–2005, 2007–2011,
2012–2016, 2017–2022) to expand the coverage of
prevention and treatment guidelines towards the ultimate goal of the elimination of HIV by 2030. South
Africa has also increased domestic funds for HIV by
about $650 million between 2010 and 2018, and now
78% of the total HIV funding resources in the country
are domestic. 1 Despite these efforts, South Africa has
a 19.1% HIV prevalence among the adult population
aged 15–49 years. 1 One of the approaches included
in the NSP 2017–2022 is the identification of priority
areas and key vulnerable populations as a strategy
for optimal resource allocation, and to build an environment that maximises coverage of HIV prevention
and treatment services. As discussed previously, since
spatial distance from residence to healthcare facilities
for PLHIV is a major barrier to receiving adequate
healthcare, allocating resources and controlling HIV
prevention and treatment services are critical strategies to overcome the spatial barrier. Here, we localised HIV-u nderserved areas that could hinder South
Africa in meeting UNAIDS targets and identified
areas in need of appropriate HIV prevention and
treatment services. Our analysis identified the areas
where the travel time takes more than 30, 60 and 120
7
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30 and 60 min thresholds. Moreover, Gauteng province contained the largest proportion of PLHIV of the
country for both genders, 26.01% for women living with
HIV and 28.87% for men living with HIV. This province
showed low number of PLHIV located within the underserved areas, with less than 5% of PLHIV in the underserved areas with 120 min threshold, and also had the
lowest numbers of healthcare facilities per 1000 PLHIV
among all provinces (0.45 for women living with HIV and
0.47 for men living with HIV). Conversely, Northern Cape
and Western Cape provinces showed the lowest percentage
of PLHIV of the entire country (1.32% and 5.69% for
women living with HIV, and 1.93% and 7.97% for men
living with HIV, respectively) and the highest numbers
of healthcare facilities per 1000 PLHIV (4.58 and 2.01
for women living with HIV, and 3.58 and 1.65 for men
living with HIV, respectively). However, these provinces
contained a large number of PLHIV within underserved
areas with 120 min threshold (9.70% and 7.37% for
women living with HIV and 16.01% and 10.38% for men
living with HIV).

BMJ Global Health
eThekwini; (2) iLembe; (3) uThukela; (4) uMgungundlovu;
and (5) Ugu, have a high triple burden of HIV, TB and
STIs. Four of the 11 districts have a dual high burden
as follows: (1) King Cetshwayo and (2) Zululand (high
burden of HIV and TB), (3) Harry Gwala (high HIV and
STI burden), and (4) uMkhanyakude (high TB and STI
burden). Amajuba, on the other hand, has a high STI
burden.39 As the priority group, the high triple burden
of HIV districts, including eThekwini, iLembe, uThukela,
uMgungundlovu and Ugu, is located in the southern part
of the province near the city of Durban.39 The results of
our analysis show similar spatial patterns with this policy
in terms of PLHIV. However, we found that the areas with
higher needs of HIV prevention and treatment services
are located in the northern part of the province, which is
classified as a dual high-burden district since the districts
contain a large number of PLHIV who are not likely to
access the nearest health facility within a certain travel
time.
Lastly, areas near Kruger National Park in Limpopo
and Mpumalanga provinces had the largest number
of PLHIV who needed at least 120 min to access the
nearest healthcare facility. Limpopo and Mpumalanga
provinces implemented the provincial strategic plan
2012–2016 with goals based on the NSP 2017–2022.40 41
However, since the two provinces are exposed to truck
routes across borders with Zimbabwe, Mozambique
and Zambia, these areas could be exposed to high
movement of population that might increase the risk
of HIV, and thus the intensification programmes for
accessible HIV prevention and treatment for PLHIV
within the areas might need to be implemented.40 41
We identified spatial variations of HIV prevalence
and PLHIV at a high-r esolution level for both genders
and discovered underserved areas that healthcare
services cannot reach at the high-
r esolution level.
However, several study limitations could have affected
our results. First, some of the variables included in
the study could have been affected by inherent biases
in the data due to the multiple logistical difficulties
in conducting SADHS, such as variability in response
rates to HIV testing. SADHS was conducted based on
individuals who were interviewed and participated in
HIV testing. The sample weighting procedures were
applied to correct for differential non-
r esponses,
considering provincial characteristics, residential
place and gender. However, the generalisability of the
prevalence estimates can be unclear.42 43 For example,
some high-risk subpopulations, such as women sex
workers, injection drug users, men who have sex
with men and mobile individuals, could have been
missed.12 Since South Africa shares borders with other
countries including Mozambique, Zambia, Namibia,
Eswatini and Lesotho, migration and mobile populations could affect our findings. The methodology
used to calculate HIV prevalence and PLHIV is not
able to capture temporal changes due to migration,
and the sources of data did not include information
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min to the nearest healthcare facility and indicated
that more than 550 000 men living with HIV (17%
among the total men living with HIV) and 750 000
women living with HIV (20% among the total women
living with HIV) are living in areas where travel time
to the nearest facility took at least 30 min.
The highest density of PLHIV in South Africa was
concentrated in Gauteng province (around 1 million
(26%) persons) with a maximum of 13 862 women per
5 km2 and 15 484 men per 5 km2. Since the borders
of this province covered a small area, the numbers of
PLHIV living in underserved areas rapidly decreased
to zero. However, our results suggest that this province has the lowest number of healthcare facilities
per 1000 PLHIV (0.45 for women and 0.47 for men),
and although this province is characterised by easy-t o-
access health services with a short travel time, the absolute number of healthcare facilities may not satisfy the
demand generated by the large numbers of PLHIV
who need HIV treatment. Moreover, according to a
recent analysis, Gauteng showed the slowest progress
towards the 90-90-9 0 targets between 2003 and 2015
due to budget allocation.38 Gauteng and Mpumalanga
had the lowest amount of HIV expenditure per HIV-
positive individuals whereas Northern Cape and Free
State had the highest amount of HIV expenditure.38
KwaZulu-Natal province had the second largest
numbers of PLHIV for men and women (more than 700
000 PLHIV; 21%) with more than 10% of these PLHIV
living in underserved areas. Similar to Gauteng, the
province had lower numbers of healthcare facilities per
1000 PLHIV (0.99 for men and 0.93 for women). With
the NSP 2017–2022 for HIV, the province implemented
the Provincial Growth and Development Strategy 2035
along with the 90-90-90 strategy and set a new goal to
eliminate HIV infections by 2035.39 As a result, the province achieved a significant decline of HIV infection by
27% between 2012 and 2016.39 The province classified
districts into three categories (ie, high triple burden of
HIV, tuberculosis (TB) and sexually transmitted infections (STI); dual high burden of HIV; high-
burden
districts of STI) to efficiently treat districts with limited
resources and expenditure based on importance towards
eliminating of HIV, TB and STI.39 According to the
KwaZulu-Natal Provincial Multi-Sectoral HIV, TB and STI
Implementation Plan 2017–2022, acceleration, intensification, inclusivity, participation and efficiency in the
provision of services will be hallmark of the interventions
and activities of this plan, given the dire situation of the
epidemics in KwaZulu-Natal and for the fact that it is
considered the epicentre of the epidemic in the country.
Towards this end, the province adopted the ‘Focus for
Impact’ methodology to assist localities with the greatest
burden to targeting these settings with interventions and
activities. The essence of the methodology is to deliver
results that can provide the greatest impact with limited
resources and highest value for money. Results have
shown that five of the province’s 11 districts, namely (1)
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Supplementary methods
Definition of the total population for the study
We selected population based on the HIV testing. The total population of our analysis are 4,862
individuals (2,136 men and 2,726 women) among 12,132 participants of 2016 South Africa DHS
(SADHS; 3,618 men and 8,514 women) who had the HIV testing results either yes or no and had
their sample location. The 2016 SADHS report mentions that their total population of respondents
are 12,132 (3,618 men and 8,514 women), and 58% of women and 44% of men were interviewed
and provided specimens for HIV testing.1
In terms of SADHS sample location, the “SADHS locations” means the location of
each primary sample units (PSU) in this paper. In the most DHS surveys, the groupings of
households that participated in the survey are geo-referenced, and the locations of their
participating are called sample locations or clusters. DHS survey used a two-stage
sampling frame to select households and reduce sampling errors. A sampling frame is a complete
list of all sampling unites that covers entire target population. The PSU is the sampling unit for the
first stage of selection, and typically corresponded to census enumeration areas (EAs). 2016
SADHS used the Statistics South Africa Master Sample Frame (MSF), which was created using
Census 2011 EAs. The frame contains information about the geographic type (urban, rural, or farm)
and the estimated number of residential dwelling units (DUs) in each PSU. In rural areas, a PSU is
a natural village, or a segment of a large village, or a group of small villages whereas a PSU is a
street or a city block in urban areas. The 2016 SADHS followed a stratified two-stage sample
design with a probability proportional to size sampling of PSUs at the first stage and systematic
sampling of DUs at the second stage. The Census 2011 DU count was used as the PSU measure
of size. In the first stage, a total of 750 PSUs were selected from the 26 sampling strata, yielding
468 selected PSUs in urban areas, 224 PSUs in rural areas, and 58 PSUs in farm areas. As most
DHS surveys use a fixed take of household per PSU about 25-30 households, a fixed number of
20 DUs per PSU were selected with systematic selection in the second stage of selection for 2016
1
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SADHS. As such, the sample locations represent 80% and 84% for men and women, respectively,
not 25%. Additionally, SADHS includes sampling weights at household and individual levels in
order to restore representativeness of the sample and to prevent bias due to over- and undersampling depend on region size.1 Thus, among the total population for 2016 SADHS, 2,136 men
and 2,726 women who interviewed HIV testing at the sample locations (601 for men and 633 for
women) are the population of this study.
In terms of the HIV testing, the 2016 SADHS incorporates the HIV testing biomarkers.1
For each biomarker test for which an individual was eligible, the respondent was required to
provide written consent before the test proceed. The SADHS provides brochure including
information of HIV and the national AIDS hotline number and nearby facilities for HIV testing
and counselling.
The HIV testing algorithm (figure1) called for testing all samples with an enzyme-linked
immunosorbent assay (ELISA). All samples that tested positive on the ELISA 1 were subjected to
a second ELISA (ELISA 2). Similar to samples that tested positive on the ELISA 1, 5% of the
samples that tested negative on the ELISA 1 were also subjected to the ELISA 2 for internal quality
control, while the other 95% were recorded as negative. All the concordant negative results on the
ELISA 1 and ELISA 2 were recorded as negative. If the results on the ELISA 1 and ELISA 2 were
mismatched, the two ELISAs were repeated. If the results remained discordant, the specimen was
classified as inconclusive. All the concordant positive results on the ELISA 1 and ELISA 2 were
subjected to a third assay. When both the ELISA 1 and ELISA 2 were positive, the sample was
classified as positive if the confirmatory rapid test was positive, and inconclusive if the
confirmatory rapid test was negative or indeterminate. For the detailed description of HIV testing
and ELISA test, please see the 2016 SADHS reports.1
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Diagram S1. HIV testing algorithm

Definition of socio-economic and behavioral variables
To access the association between socioeconomic and behavioral factors, and the prevalence of
HIV infection, we selected a variety of socio-economic and behavioral attributes from the South
Africa Demographic and Health Survey (SADHS) dataset. Six variables measured for men and
five for women included: education level, poverty, condom use, number of lifetime sexual partners,
if the participants had ever been tested for HIV, and male circumcision (men only).
Socioeconomic and behavioral variables were quantified as percentages at each SADHS
sample location for men and women separately. Specifically, level of education is individual’s
highest educational level. SADHS standardized the variable into No education, Primary,
Secondary, and Higher.2 We classified individuals with secondary or higher education as a higher
education and calculated the percent of individuals at each DHS sample location. We used DHS
wealth index to identify poverty variable. DHS wealth index is an ordinal variable that describes
standard of living as determined by material possessions. The index is calculated based on the
questions about wealth status, such as an ownership of a television and car, housing construction
materials, type of drinking water source, and access to sanitation facilities.2 3 This index were used
to classify individuals in five categories: poorest, poorer, middle, richer, and richest. We classified
poorest and poorer as a poverty and calculated the percent of those individuals at each DHS sample
location.
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Behavioral variables, such as condom use, ever been tested for HIV, and male circumcision,
are from the binary questions. The three questions for the behavioral variables are: 1) Did you use
condom during last sex with most recent partner?, 2) Have you ever been tested for HIV?, 3) Are
you circumcised? (men only). The binary, yes or no, answer to the questions was used as the
measure of individuals, and we calculated the percent of individuals who answered yes to the
question. The number of lifetime sexual partners is continuous variable in DHS, and we calculated
the percent of individuals whose lifetime sexual partners are less than three at each DHS sample
location.
Definition of environmental variables
Environmental variables included the normalized difference vegetation index (NDVI), distance to
main roads, distance to the nearest dams, night light, global human influence index (GH-I), friction
map, and population density. NDVI serves as a proxy for degree of urbanization at a sampled
location, and it has been shown to be associated with the potential risk of coinfection with diseases
transmitted by parasites, such as malaria, and could lead to increased HIV transmission efficiency
in SSA.4 5 Night light represents dynamics of urban settlements and related economic activities
since urban areas are expected to have higher night light intensity than rural areas. We collected
NDVI and night light datasets from the National Aeronautics and Space Administration (NASA)
Earth Observatory Group.6 Those datasets were used to extract the corresponding variables at each
DHS sample location. Distance to main roads was derived from a road networks dataset (in vector
format) from the World Bank.7 Distance to dams was derived from a dam dataset from NASA.
The dams were geospatially referenced and assigned to polygons depicting reservoir outlines with
multiple attributes8 A raster layer of distance to main roads and dams were calculated as Euclidean
distance for each pixel to the nearest main road and dams, respectively. We further resampled these
raster layers to 5X5km spatial resolution with the same projection (WGS_1984_UTM_Zone_35S).
GH-I provides an updated information of anthropogenic impacts on the environment based on
global data of human population pressure, human land use and infrastructure (built-up areas, land
use), and human access (coastlines, railroads, and roads).9 Population density was obtained from
the WorldPop database.10 Population count data with detailed satellite-derived settlement extents
was resampled to 100m X 100m resolution is used to generate population distribution. Estimates
of population that we used in the analysis were summarized in raster image with a resolution of
100m x 100m pixel. For consistency with the resolution of the maps generated previously, we
reduced the resolution of the raster file to 5km x 5km pixel. We included the friction map from
Malaria Atlas project (MAP) to represent accessibility and mobility in the model.11 The friction
map is expressed in units of minutes required to travel on meter, representing allocated fastest
speed of travel based on the types of travel mode estimated within the pixel.12 It used mainly the
most updated data until 2015 for road, railroad and water travel distances from the Open Street
Maps (OMS) and Google roads projects. The datasets include roads, railways, rivers, lakes, oceans,
topographic conditions (e.g., slope and elevation), landcover types, and national borders.12 We
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overlaid the friction map with the map of study to link the sample locations with corresponding
values.
For selection of variables, first we conducted preliminary bivariate logistic regression
analyses to assess the existence of associations between each variable and HIV prevalence for each
gender. Second, since we were interested in variables that included spatial information, we
explored the randomness of the geographical distribution (spatial structure) of each variable using
Global Moran’s Index for spatial autocorrelation. We selected variables that satisfied both criteria:
1) the bivariate logistic regression slope coefficient must have p-value < 0.1; and 2) the
significance test for spatial autocorrelation must have p-value < 0.1. Then, we used multivariable
logistic regression models, one for women and another for men, to examine the associations
between each selected variables and HIV prevalence adjusting for the other variables. For this
model, the dependent variable, 𝑦𝑖 , is the percentage of HIV seropositive individuals for women
and men at the sample location i, respectively. The HIV prevalence at sample location i was
modeled as 𝑦𝑖 ~ 𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙 (𝑁𝑖 , 𝑝𝑖 ), where 𝑁𝑖 is the total number of individuals sampled at sample
location i and 𝑝𝑖 is the HIV prevalence at sample location i. The multivariable regression model
for the HIV prevalence is
𝑙𝑜𝑔𝑖𝑡 (𝑝𝑖 ) = 𝛽0 + 𝛽1 𝑋1𝑖 + 𝛽2 𝑋2𝑖 + 𝛽3 𝑋3𝑖 + ⋯ + 𝛽𝑘 𝑋𝑘𝑖 ,

where 𝑋𝑗𝑖 is the value of predictor variable j at sample location i and 𝛽𝑖 is the corresponding
regression coefficient.
Supplementary Figure 1 represents the cofactors in the final logit model for men, and the cofactors
are poverty, lifetime number of sexual partners more than two, ever been HIV tested, GH-I, and
male circumcision. Each variable shows the spatial variance in the country. For example, the high
percentage of poverty tend to focus on the northern and eastern part of the country across the
Limpopo, KwaZulu-Natal, and Eastern Cape Provinces. In contrast, the southeastern part of the
country has very low poverty percentages. Supplementary Figure 2 shows the cofactors in the final
logit model for women. The cofactors are poverty, condom use, lifetime number of sexual partners
more than two, NDVI, and friction. These cofactors show spatial variance. The poverty and the
high number of lifetime sexual partners which are also selected for men show similar spatial
patterns with men, showing KwaZulu-Natal province has the large areas of high prevalence.
Mapping predictor variables and HIV prevalence
We used ordinary kriging mapping methods, which is one of the most widely used interpolation
methods, to generate continuous surface maps for each significant socioeconomic, demographic,
and behavioral factor identified in the multivariable regression model. This method interpolates
the values of variables at unmeasured locations by estimating a variogram of weighted averages
of the data.13 Using this method, we generated continuous surface maps of each selected variable
with 5km x 5km pixel resolution. We generated an HIV prevalence map for each gender by
5
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substituting values from all continuous surface maps into the gender-specific multivariable logistic
regression model using Map Algebra and the inverse logistic equation:
𝐻𝐼𝑉 𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 =

𝑒 𝛽0 +𝛽1 𝑋1 +𝛽2𝑋2+⋯+𝛽𝑘𝑋𝑘
1 + 𝑒 𝛽0 +𝛽1 𝑋1+𝛽2 𝑋2+⋯++𝛽𝑘𝑋𝑘

We used this method to generate a map of HIV prevalence in raster format with 5-kilometer grid
resolution for each gender, implemented in the software ArcGIS version 10.5. Finally, a 5km x
5km pixel resolution map of the density of women and men living with HIV was generated by
combining the HIV prevalence map with the women and men density maps. We obtained estimates
of population densities from the WorldPop dataset as a raster image with a resolution of 100m x
100 m pixel. For consistency with the resolution of the maps generated previously, we reduced the
resolution of the raster image to 5km x 5km pixel. Since the survey dataset restricted the
respondents’ age from 15-49 for women and 15-59 for men, we estimated the population for each
gender to represent precise estimates of people living with HIV. We obtained the ratio of women
aged 15-49 and men aged 15-59 among the total population in 2016 from PopulationPyramid
dataset 14 and combined the ratio with the population density to generate the estimates of study
population, women aged 15-49 and men 15-59.
Definition of variables for underserved areas
To measure underserved areas from health care facilities, we used two datasets: the friction map
that we previously addressed for from MAP and the locations of health care facilities in South
Africa.15 We obtained all public health care facilities and private-not-for-profit sectors managed
by government (e.g., the Ministry of Health, MoH), local authorities, and faith-based (FBO) and
non-governmental organization (NGO) to represent public health services. Those facilities serve
expanded immunization programs, health data surveillance, and receive government funding to
provide services to the general population. Facilities that provided services for special groups and
for private were excluded from the analysis. The main source of the locations of health care
facilities is MoH, and other relevant sources such as other government agencies, website of FBOs
and NGOs, or personal contact were used if MoH had inadequate facility listing information.15 A
total of 4,287 health care facilities were included in the analysis.
Mapping HIV underserved areas
We modeled travel time as a function of distance and travel speed. It can be conceptualized as the
cost of movement using the cell dimensions (pixel resolution) and travel time assigned to each cell.
In this model, travel occurs through cell to cell in both cardinal and diagonal directions, and a
travel time was designated for each cell, representing the time required to traverse the cell
estimated from the friction map from MAP. For example, if we travel from cell A to contiguous
cell B in cardinal directions, travel time from cell A to cell B (𝑇𝐴𝐵 ) would be calculated as
following,
6
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𝑑

𝑑

𝑇𝐴𝐵 = (𝑇𝐴 ∗ ) + (𝑇𝐵 ∗ ),
2

2

where 𝑇𝑖 is the travel time assigned to the cell i, and 𝑑 is the distance between cell centers, which
is equal to the cell resolution. The movement consists in two steps because half of each cell is
traversed with each step. In case of diagonal direction movement, travel time from cell A to cell
C, the program could choose either a direct route between the two cells or a route traversing another
cell, which is located at a right angle. The movement of direct route between the two points would
be calculated using the Pythagorean theorem to adjust the distance term as following,
𝑇𝐴𝐶 = (𝑇𝐴 ∗

√2
∗𝑑
2

2

) + (𝑇𝐵 ∗

√2
∗𝑑
2

2

).

Travel time or cost for traversing each cell was calculated using the cell length and travel
time assigned to each cell. An accumulated cost surface was created wherein cell values
represented the total travel time from the cell to the nearest hospital location (i.e., least cost path
for each cell). To identify underserved areas, we reclassified the accumulated travel time surface
into a Boolean surface based on whether the cell was greater than thresholds (30, 60, and 120
minutes) from a health care location. Then, we filtered the grid representing underserved areas to
remove any groups of less than three contiguous cells. We conducted the ﬁltering process in an
eﬀort to remove single cells and very small areas generally inside the catchment areas. After the
ﬁltering process, we converted the underserved areas from a raster grid to a vector data form
(polygons) to identify the women and men living with HIV in these areas.
We combined the continuous surface maps of women and men living with HIV generated
in the previous step with the maps of underserved areas to generate density maps of women living
with HIV and men living with HIV in the underserved areas, and calculate the number of women
living with HIV and men living with HIV in these areas.

7
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Supplementary Tables
Supplementary Table S1. Descriptive statistics of socio-behavioral variables included in the
analysis.
Gender

Variable

Socio-behavioral

Men

27.61

Poverty (poorer or poorest) (%)

43.67

42.28

Condom use (%)

50.01

36.84

Lifetime number of sexual partners
more than two (%)

19.65

30.27

Ever been tested for HIV (%)

72.55

30.50

Male circumcision (%)

54.44

38.22

0.05

0.24

Night light

25.69

22.19

GH-I

31.96

13.77

Distance to main roads (km)

11.79

17.17

Distance to dams (km)

34.79

31.14

1,049.33

1,368.41

0.0063

0.0047

Secondary or higher education (%)

87.17

22.17

Poverty (poorer or poorest) (%)

40.73

42.00

Condom use (%)

43.14

34.89

Lifetime number of sexual partners
more than two (%)

46.37

34.36

Ever been tested for HIV (%)

84.92

23.15

0.04

0.24

Friction (min/m)

Women

Environmental

Deviation

80.06

Population density (/km2)

Socio-behavioral

Standard

Secondary or higher education (%)

NDVI

Environmental

Mean

NDVI
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Night light

26.48

22.46

GH-I

32.23

13.77

Distance to main roads (km)

11.66

17.08

Distance to dams (km)

34.77

31.24

1,057.90

1,340.49

0.0062

0.0046

Population density (/km2)
Friction (min/m)
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Supplementary Table S2. Bivariate logistic regression analysis and Moran’s I analysis for
cofactor selection
Gender

Variable

Estimate

P

<0.001

0.00

0.85

Poverty (poorer or poorest) (%)

0.0026

0.09

0.21

<0.001

Condom use (%)

0.0007

0.73

0.00

0.82

-0.0160

<0.001

0.04

0.07

0.0079

<0.001

0.04

0.06

-0.0063

<0.001

0.11

<0.001

NDVI

0.4692

0.06

-

-

Night light

0.0030

0.30

GH-I

0.0155

<0.001

-

-

-0.0116

0.01

-

-

Distance to dams (km)

0.0000

0.30

-

-

Population density (/km2)

0.0001

0.17

-

-

-13.0737

0.34

-

-

-0.0072

<0.001

0.02

0.29

Poverty (poorer or poorest) (%)

0.0045

<0.001

0.19

<0.001

Condom use (%)

0.0083

<0.001

0.04

0.08

-0.0085

<0.001

0.07

0.00

Ever been tested for HIV (%)

0.0108

<0.001

0.02

0.24

NDVI

0.9206

<0.001

-

-

-0.0005

0.81

-

-

0.0001

0.97

-

-

Lifetime number of sexual partners
more than two (%)
Ever been tested for HIV (%)
Male circumcision (%)

Distance to main roads (km)

Friction (min/m)
Secondary or higher education (%)

Women

Moran’s I

-0.0095

Secondary or higher education (%)

Men

P

Lifetime number of sexual partners
more than two (%)

Night light
GH-I
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-0.0058

0.03

-

-

Distance to dams (km)

0.0000

0.21

-

-

Population density (/km2)

0.0000

0.97

-

-

-16.0918

0.09

-

-

Distance to main roads (km)

Friction (min/m)
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