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Abstract

Background: UNAIDS has prioritized Malawi and 21 other countries in sub-Saharan Africa
(SSA) for “fast-tracking” the end of their HIV epidemics. To achieve elimination requires treating
90% of people living with HIV (PLHIV); coverage is already fairly high (70-75%). However,
many individuals in SSA have to walk to access healthcare. We use data-based geospatial
modeling to determine whether the need to travel long distances to access treatment and limited
transportation in rural areas are barriers to HIV elimination in Malawi. Additionally, we evaluate
the effect on treatment coverage of increasing the availability of bicycles in rural areas.

Methods: We build a geospatial model that we use to estimate, for every PLHIV, their travel-time
to access HIV treatment if driving, bicycling, or walking. We estimate the travel-times needed to
achieve 70% or 90% coverage. Our model includes a spatial map of healthcare facilities (HCFs),
the geographic coordinates of residencies for all PLHIV, and an “impedance” map. We quantify
impedance using data on road/river networks, land cover, and topography.

Findings: To cross an area of one km? in Malawi takes from ~60 seconds (driving on main
roads) to ~60 minutes (walking in mountainous areas); ~80% of PLHIV live in rural areas. At
~70% coverage, HCFs can be reached within: ~45 minutes if driving, ~65 minutes if bicycling,
and ~85 minutes if walking. Increasing coverage above ~70% will become progressively more
difficult. To achieve 90% coverage, the travel-time for many PLHIV (who have yet to initiate
treatment) will be almost twice as long as those currently on treatment. Increasing bicycle
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availability in rural areas reduces round-trip travel-times by almost one hour (in comparison with
walking), and could substantially increase coverage levels.

Interpretation: Geographic inaccessibility to treatment coupled with limited transportation in
rural areas are substantial barriers to reaching 90% coverage in Malawi. Increased bicycle
availability could help eliminate HIV.

Funding: National Institute of Allergy and Infectious Diseases

Introduction

UNAIDS has proposed an ambitious strategy for ending the HIV pandemic by 2030.1 For
this strategy to succeed, each HIV-afflicted country needs to treat 90% of people living with
HIV infection (PLHIV).1 Governments in sub-Saharan Africa (SSA), where ~26 million
people are PLHIV, are striving to reach this 90% coverage goal. UNAIDS has prioritized 22
countries in SSA for “fast-tracking” the end of their HIV epidemic.! Several of these
countries (e.g., Malawi, Lesotho, Zimbabwe) have already reached fairly high coverage
levels (70%-75%).2- Finding and treating the last 25-30% of PLHIV, many of whom live
in rural areas, is likely to be extremely challenging. Throughout SSA, distance to healthcare
facilities (HCFs) and lack of transportation are major obstacles to accessing HIV treatment.
5-11 Here we use data-based geospatial modeling to evaluate their potential impact as
barriers to HIV elimination in Malawi, one of UNAIDS’ designated Fast-Track countries.12
Specifically, we quantify their impact on preventing treatment coverage from reaching
UNAIDS’ target of 90%. In Malawi, as in other sub-Saharan African countries, many
PLHIV have to walk to access treatment.8 Therefore, we also use our modeling framework
to evaluate the potential impact of a novel intervention strategy for improving treatment
coverage in Malawi: increasing the availability of bicycles in rural areas. We discuss the
policy implications of our results for Malawi and other HIV-afflicted countries in SSA.

Malawi is one of the most severely HIV-afflicted countries in SSA: 9-10% of the population
are PLHIV.213 Malawi is also one of the poorest country in the world; ~40% of the
population of ~18.6 million1* live in poverty. The population is predominantly (83%)
rurall®, there are only four cities in the country (figure 1A). Population density varies from
extremely low in some rural areas, less than 10 individuals per km2, to more than 10,000
individuals per km? in cities (figure S1; appendix p 6).18 In the rural areas, transportation is
very limited: ~2% of households have a car or truck and less than 10% of individuals own a
bicycle.3 Furthermore, not all of these bicycles are functional; many are in a poor state of
repair. Notably, in some rural areas, patients, such as pregnant women, are transported to the
nearest HCF by a bicycle ambulance.

The Government of Malawi began the rollout of HIV treatment in 2004,17 and made it
available for free.18 The focus of the Governments’ current National Strategic Plan (NSP)
for HIV is to have reached UNAIDS’ 2020 goals by the end of 2020.17 Specifically, they
aim to have diagnosed 90% of all PLHIV, initiated and retained 90% of those diagnosed on
treatment, and achieved viral suppression for 90% of those on treatment. Currently, 77% of
PLHIV know their status, 91% are on treatment and 91% have viral suppression.2 As a
consequence, the current coverage of treatment is 70%.2 The NSP is heavily focused on HIV
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testing as the gateway to reaching the 90 90 90 targets. Malawi has been shifting from the
community-based testing model, which focuses on providing access to the general
population, to a more targeted approach on key and vulnerable populations. Key populations
include female sex workers and men who have sex with men; vulnerable populations include
prisoners, youth, and highly mobile groups. These populations are those in which the
incidence and prevalence of HIV is the highest. This targeted approach is being taken in
order to maximize the efficiency of testing and realize the highest yield; i.e., identifying the
maximum number of undiagnosed PLHIV per dollar spent. After reaching UNAIDS 2020
90 90 90 goals, Malawi aims to achieve UNAIDS’ 2030 95 95 95 goals.

Malawi’s healthcare system is decentralized; it is organized at four levels: community,
primary, secondary and tertiary.19-20 These different levels are linked to each other through a
referral system. At the community level, health services are provided by health posts,
dispensaries, village clinics, maternity clinics, mobile clinics, and health surveillance
assistants. Each assistant is responsible for a catchment area of 1,000 individuals. At the
primary level, health services are provided by health centers and community hospitals.
Health centers offer outpatient and maternity services and are meant to serve a population of
10,000. Community hospitals are larger than health centers. They offer outpatient and
inpatient services and conduct minor procedures. Their bed capacity can reach up to 250
beds. At the community and primary level, together, there are ~950 clinics and small
hospitals. The secondary level of care consists of 28 district hospitals. They provide referral
services to health centers and community hospitals and also provide their surrounding
populations with both outpatient and inpatient services. The tertiary level consists of four
central hospitals. They provide specialist health services at the regional level and also
referral services to district hospitals within their region.

Malawi now has 750 HCFs that provide HIV-testing and treatment throughout the country.
These include both public and private facilities. The geographic distribution of Malawi’s
healthcare system is shown in figure 1B. Many of the HCFs in the rural areas are extremely
small with some treating as few as five PLHIV; the largest HCF, which is in the capital city
(Lilongwe), provides treatment to ~20,000 PLHIV (figure 1C). Recently, UNICEF estimated
that 45% of people in Malawi live more than five kilometers from a HCF.21 Malawi’s
Ministry of Health, in order to remedy this situation, is evaluating the financial expenditure
that would be required to build 900 new health posts in rural areas.

To conduct our analyses, we built a geospatial modeling framework that enabled us to
estimate -for every PLHIV in Malawi - how long it would take them to travel from where
they live to their nearest HCF. We define this length of time as the travel-time to treatment.
We estimated travel-time to HCFs rather than simply estimating the distance to HCFs,
because travel-time (which incorporates distance) provides a more realistic measure of
geographic accessibility. We calculated travel-times based on three modes of transportation:
driving, bicycling, or walking. To calculate travel-times we needed to: (i) know the
geographic coordinates of all of the HCFs in Malawi, (ii) estimate the geographic
coordinates of the residencies of every PLHIV in Malawi, and (iii) quantify the “impedance”
to travelling across Malawi. We obtained the coordinates of the HCFs from the Ministry of
Health in Malawi,19 and estimated the coordinates of the residencies of all PLHIV by
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constructing a Density of Infection (Dol) map.22:23 We defined impedance in terms of the
time it would take an (average) individual to travel through an area of one square kilometer,
anywhere in Malawi, when using a specific mode of transportation.24 To quantify
impedance, we used data on road and water body networks throughout the country, the type
of roads, the type of land cover, and the topography of the landscape.

Our geospatial modeling framework has three components: a spatial map of the healthcare
infrastructure in Malawi (figure 1B), a country-level Dol map?2:23 and a Friction Surface
Raster map.24 The Friction Surface Raster map enabled us to quantify impedance to travel
throughout Malawi.

We constructed the Dol map by using raster multiplication to combine gridded WorldPop
data on population density and settlement patterns'® with an Epidemic Surface Prevalence
map.22 The WorldPop data have been mapped to a spatial resolution of 100 meters by 100
meters;16 the accuracy of these projections has been assessed elsewhere.2> The Epidemic
Surface Prevalence map was constructed by spatially smoothing HIV-testing data collected
from ~16,000 adults (15-49 years old) who participated in the 2015 Malawi Demographic
andHealth Survey (MDHS).123 Detailed methods for constructing the Epidemic Surface
Prevalence map and the Dol map are given in the appendix (pp 2-3). The appendix (pp 3-4)
also describes the methodology for, and results from, an uncertainty and sensitivity analysis.

The MDHS is a nationally representative sample of Malawi’s population, collected using a
two-stage cluster design. Figure S2 (appendix p 7) shows the location of the clusters: 173
were urban, 677 were rural. Demographic, socio-economic, behavioral, and biometric data
were collected; blood samples were drawn from women aged 15-49 and men aged 15-54 to
determine their HIV infection status. All women 15-49 and men 15-54 who were
permanent residents of sampled households (or visitors who had stayed over the night prior
to the survey) were eligible for HIV-testing. Participation in HIV-testing was 93% for
women aged 15-49 and 87% for men aged 15-54. Participation rates for HI\/-testing are for
individuals who were at home at the time of the survey. Testing data were georeferenced
using the location of the sampling cluster.

We constructed the Friction Surface Raster map by using AccessMod software24 to combine
raster images of road and water body networks (figure 2A) with topography (figure 2B) and
land cover (figure 2C). The software includes an algorithm that calculates travel speeds
based on land cover, the type of road, and mode of transportation: driving, bicycling, or
walking (travel speeds, in kilometers per hour, are given in table S1; appendix p 5). When
calculating travel speeds for bicycling and walking, the slope of the terrain and the direction
of travel were taken into account. Detailed methods for constructing the Friction Surface
Raster map are given in the SM.

We used our geospatial modeling framework to determine the effect that the mode of
transportation used to travel to HCFs has on the coverage of treatment. To make this
determination, we calculated the maximum catchment size of every HCF in Malawi based
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on a maximum travel-time of one hour and assuming that PLHIV could: (i) drive, bicycle,
and walk, (ii) bicycle and walk, or (iii) only walk. The maximum catchment size was
calculated by estimating, all around the HCF, the maximum distance that could be covered
in a travel-time of one hour; these distances were calculated using AccessMod software.24
Additionally, we calculated Maximum Achievable Coverage (MAC) curves; these curves
enabled us to estimate the travel-times that would be needed to achieve any specific
coverage level, based on a specified mode of transportation.

A MAC curve is a cumulative distribution function: it shows the percentage of PLHIV who
can reach their nearest HCF within a specific time. We created the MAC curves by
estimating, for each PLHIV in Malawi, their travel-time to the nearest HCF (detailed
methods for calculating travel-times are given in the SM), ranking the travel-times from the
shortest to the longest, and then creating the cumulative distribution function. The shortest
travel-times are for PLHIV who live closest to the HCFs, the longest travel-times are for
PLHIV who live furthest from the HCFs.

The Epidemic Surface Prevalence map reveals that there is substantial geographic variation
in the severity of the HIV epidemic throughout the country: prevalence is very high in the
cities (~30%), fairly high in fishing villages along Lake Malawi, and very low (2%) in some
rural areas (figure 3A). The Dol, which reflects both the geographic variation in population
density and the geographic variation in HIV prevalence, varies over three-fold; from >1,000
PLHIV per km? in the cities to less than one PLHIV per km? in rural areas (figure 3B, and
figure S3; appendix p 8).

Figure 3C is a semi-logarithmic plot of the data from the Dol map. This type of plot is
known as an Epidemic Concentration Curve;22 this curve enables the epidemic to be
characterized within a demographic context. It shows the percentage of the epidemic that is
concentrated in urbanized areas in Malawi (red data) and the percentage of the epidemic that
is dispersed in rural and semi-rural areas (blue data). There is no universal definition of
urbanization based on population density. Here, we define - based on the Dol map - an
urbanized area as one that has a Dol of greater than 100 PLHIV per square kilometer.
Notably, ~80% of PLHIV can be seen to be living in rural and semi-rural areas (figure 3C,
blue data). Outside the urbanized areas, the Dol can be seen to drop fairly abruptly, more
gradually decrease, and then drop precipitously at a low Dol. The shape of the curve shows
that finding - and treating - a high percentage of PLHIV in Malawi, will become
progressively more challenging.

Figure 3C also provides important insights into current, and future, treatment programs.
Specifically, it can be seen that treatment, at the current coverage level of 70%,2 is being
provided in some rural areas in Malawi where there is a fairly low Dol: only ~10 PLHIV per
km2. The plot also shows that to expand treatment programs to reach UNAIDS’ 90%
coverage goal will require providing treatment in even more rural areas where there are only
~4 PLHIV per km?2,
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The Friction Surface Raster map (figure S4; appendix p 9) shows that there is substantial
geographic variation in impedance, both due to the terrain and the mode of transportation.
We estimate that it takes from ~60 seconds (driving on main roads) to ~60 minutes (walking
in mountainous areas) to cross an area of one km? in Malawi. Using the Friction Surface
Raster map, we created a geographic accessibility to treatment map that shows the travel-
time to the nearest HCF from anywhere in Malawi (figure 3D); detailed methods for
constructing the geographic accessibility to treatment map are given in the SM. The map
shows that, due to geographic variations in impedance and the spatial distribution of HCFs,
there is substantial urban-rural inequity in geographic accessibility to treatment; the most
urbanized areas are in the South and the most rural in the North. It takes less than one hour
in urban/semi-urban areas to reach a HCF, one to two hours in many rural areas, and up to
four hours in remote rural areas.

Figure 4 shows the maximum catchment size of every HCF in Malawi based on a maximum
travel-time of one hour and assuming that PLHIV can drive, bicycle, and walk (figure 4A),
bicycle and walk (figure 4B), or only walk (figure 4C). The catchment sizes for each HCF
are shown by the green data. Notably, there is a substantial increase in catchment size in the
predominantly rural areas if PLHIV can bicycle rather than walk: compare figure 4B with
figure 4C. As catchment size increases, a greater number of PLHIV live within the
catchment area, hence coverage can increase. At the national level, given a maximum travel-
time of one hour, the MAC would be ~80% (if all three modes of transportation were
available, figure 4A), ~65% (if only bicycles were available, figure 4B), but only ~50% if all
PLHIV had to walk (figure 4C). Taken together, these results show that the lack of
transportation in rural areas in Malawi are major barriers to achieving very high coverage
levels. Additionally, they show that increasing the availability of bicycles in rural areas has
the potential to substantially increase treatment coverage at the national level.

The MAC Curves (figure 4D) show the estimated travel-times to the nearest HCF for all
PLHIV in Malawi, both diagnosed and undiagnosed. The three curves show the MAC - at
the national level - as a function of the amount of time needed to spend traveling to HCFs
and the mode of transportation: walking (green), bicycling and walking (blue), driving,
bicycling, and walking (red). Results show that travel-times - at all coverage levels - would
be substantially reduced, in comparison with walking, if bicycles were readily available, and
used, in rural communities. Notably, the three MAC curves converge at ~95% coverage; this
is because, at this coverage level, the remaining HCFs are only accessible by walking. The
MAC curves show that, at the current coverage of ~70%,2 PLHIV who drive to HCFs can
reach them within ~45 minutes (red data), those who bicycle can reach them within ~65
minutes (blue data), and those who walk can reach them within ~85 minutes (green data).

Our results show that increasing coverage above 70% will become progressively more
challenging, this is due to the non-linearity of the relationship between coverage and the
travel-time to HCFs (figure 4D). Our results show that it will only be possible to achieve
UNAIDS’ 90% coverage goal in Malawi if many of the PLHIV (who have yet to initiate
treatment) are willing, and able, to spend a great deal of time travelling to access treatment.
Notably, many of these individuals will need to spend almost twice as much time traveling to
reach a HCF as those who are already on treatment. Those with access to motorized
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transportation will need to travel for up to an hour and a half to reach the nearest HCF (red
data), those with bikes will need to travel for up to ~1-8 hours (blue data), and those who
walk will need to travel for up to ~2:2 hours (green data). Therefore, in the absence of
bicycles, many PLHIV living in rural areas will need to walk for approximately four and a
half hours round-trip to access treatment: increasing the availability of bicycles would
reduce the round-trip travel-times by approximately one hour. Notably, the longer it takes a
PLHIV to reach a HCF, the less likely they are to access and/or adhere to treatment.®

Discussion

Our study had two objectives. First, to evaluate the potential impact of the necessity of
traveling long distances to access HIV treatment and the lack of transportation in rural areas
as barriers to eliminating HIV in Malawi. Specifically, their impact on preventing treatment
coverage from reaching UNAIDS’ 2030 target of 90%. We found that although HIVV
prevalence is much higher in urban areas than in rural areas, the vast majority of PLHIV live
in rural areas; many live in settlements where there is a very low density of infection. We
also found that there is a nonlinear relationship between travel-time to access treatment and
the attainable coverage level. As a consequence of this relationship, increasing coverage
levels above the current fairly high level of ~70% will become progressively more difficult.
Taken together, our results show that geographic inaccessibility to HIV treatment coupled
with the lack of transportation in rural areas are substantial barriers to HIV elimination. Our
second objective was to evaluate the potential impact of a novel intervention strategy for
improving treatment coverage: increasing the availability of bicycles in rural areas. We
found that this intervention could substantially increase treatment coverage levels in rural
areas, and has the potential to make it possible for Malawi to reach UNAIDS’ 90%
elimination goal. Notably,the geospatial modeling framework that we have developed can be
used in multiple ways as a health policy tool for designing and evaluating strategies for
controlling HIV in other countries in SSA.

Improving geographic accessibility to HIV treatment will have many additional healthcare
benefits in Malawi,20 as well as increasing the life expectancy for many PLHIV. For
example, it will increase the proportion of HIV-infected women who are on treatment before
getting pregnant; this will reduce mother-to-child-transmission, as well as improve antenatal
care for all pregnant women. Increasing geographic accessibility to healthcare also has the
potential to prevent a substantial number of deaths in children under five years of age. Many
of these deaths in Malawi - as in many other countries in SSA - are due to a small humber of
common causes (diarrhea, malaria, and poor prenatal care); these are preventable through
services that are often available at local clinics. Improving access is also likely to increase
the coverage of treatment rates for tuberculosis and immunization rates for childhood
diseases.

When estimating travel-times to access treatment we have taken into account settlement
patterns, population density, the spatial diffusion of the HIV epidemic, road and water body
networks, landscape features, topography, the type of transportation that is available, and the
number and geographic distribution of HCFs. We did not include the effects of weather or
road conditions that could increase the difficulty of travel, or that some clinics have a limited
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capacity to treat a large number of patients. Furthermore, our estimates are based on walking
speeds for an average healthy individual; PLHIV who are ill, pregnant and/or travelling with
children are likely to walk substantially slower than average and take longer to reach HCFs.
Even if PLHIV travel to HCFs, treatment may not always be available due to drug stock-
outs.810.12 Our modeling framework can be expanded to take all of these factors into
consideration. Notably, including any of these factors will make travel-times substantially
longer than those estimated for this analysis; therefore, our current estimates should be
considered optimistic, and could potentially be under-estimates.

We have considered two major barriers to reaching UNAIDS’ 90% coverage goal: distance
to healthcare and limited transportation. However, there are additional barriers that prevent
PLHIV from accessing healthcare,826-28 e g., stigma, discrimination, fear of disclosure,
depression, fear of drug side effects, transportation costs, the need to take time off work, fear
of violence, the availability of HIV-testing and counseling and (for some women) needing to
obtain permission to travel 2930 Creative solutions will need to be found to overcome the
multiple barriers that prevent PLHIV accessing - and adhering to - treatment.”-31:32 Here we
have proposed one potential solution to increasing geographic accessibility to healthcare in a
UNAIDS designated Fast-Track country, Malawi. Many other solutions are possible to
increase geographic accessibility to care, e.g., further decentralization of care, improved
transportation, mobile clinics, drones for delivering medication, community medication
groups (i.e., only one member of the community visits the clinics and collects medications
for all PLHIV in the community) and differentiated care initiatives. A single solution will
not solve the problem; a combination of solutions is needed.

Our results have significant implications for HIV policy in Malawi. Our results indicate that
it is unlikely that treatment coverage will have reached UNAIDS target of 81% for 2020, and
that it is extremely unlikely - based on the current healthcare infrastructure - that coverage
will reach UNAIDS 2030 target of 90% coverage. The current policy in Malawi is to focus
on HIV-testing for key and vulnerable populations in high-yield settings. This policy is
driven by the fact that HIV prevalence and the incidence rates are high in these populations.
However, as we have found, the vast majority of PLHIV live in rural areas - some of them in
extremely remote areas: many of these PLHIV may not have been diagnosed. We suggest
that individuals who live in very rural settings should also be considered as a key population
even though HIV prevalence (and therefore incidence) is low. Focusing HIV-testing in very
rural areas, due to the low density of infection, will result in low yields; i.e., a low
percentage of HIV-infected individuals per number tested. Therefore this strategy will not be
efficient or cost-effective; however - based on our results - it will be essential to employ this
strategy in order to reach UNAIDS’ coverage goals for 2030.

Our results demonstrate that there is a need for international health policy organizations
(such as the WHO, UNAIDS, and PEPFAR), as well as Governments of HIV-afflicted
countries in SSA, to evaluate the feasibility of the policies - and the goals - that they
propose. As we have shown there are severe constraints that are imposed by demography
(e.g., settlement dispersal and population density), landscape features, and the transportation
infrastructure that can limit a country’s ability to achieve desired goals. We recommend that
these constraints should be included in the epidemiological and economic models that are
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used as health policy tools to evaluate the cost-effectiveness, and to predict the impact, of
HIV interventions and treatment programs. Furthermore, Governments in SSA often
determine access to healthcare based on distance. We suggest that a more appropriate and
equitable measure than distance to HCFs would be travel-time to HCFs.

We have proposed and evaluated a novel intervention for helping in the control of HIV
epidemics: increasing the availability of bicycles in rural areas. Our results have shown that
this intervention has the potential to substantially increase coverage levels, to make the 90%
coverage goal attainable, and hence could help eliminate HIV in Malawi. The Government
of Malawi is unlikely to implement this intervention. However, we believe that - if second-
hand bicycles are used - this intervention is feasible, and could be funded through crowd-
sourcing. Donated second-hand bicycles are already being distributed, on a small scale, by
several charities in Malawi. These charities have multiple objectives, improving healthcare,
education, economic development, and gender equality.33:34 Therefore, we suggest that
expanding their efforts in increasing accessibility to bicycles - as well as increasing access to
healthcare - will also increase educational opportunities, help economic development in rural
areas, and help address the problems of gender inequality.

Our study has several limitations. To make our estimates of travel-time we have assumed
that PLHIV travel to their nearest HCD. People do not always attend their nearest clinic.3®
However, when there are long distances to travel to access healthcare, many people are
likely to attend their nearest HCF. If people do not attend their nearest clinic, travel-times
will be even longer than we have estimated, and achieving the 90% coverage level will be
even more unlikely. We have evaluated the time it takes to travel to HCFs, but we have not
presented any data that suggests people living further from care are actually less likely to
receive care in Malawi. However, two recent studies®®:37 have shown that such a connection
exists: decreased travel distance is associated with increased treatment initiation and
retention. One study, based in the Neno District in Malawi, found that patients living more
than 8 kilometers away from their HCF had a greater hazard (adjusted Hazard Ratio: 1-68,
95% Confidence Interval 1.49-1-89) of being lost to follow-up than patients living within 8
kilometers of their HCF; this effect was independent of age and gender.36 The second study
took place in rural KwaZulu-Natal in South Africa: the likelihood of accessing treatment
decreased by 27% with every square-root transformed kilometer from the nearest HCF.37

Our results have significant implications for HIV policy in other HIV-afflicted countries in
SSA. Malawi is one of UNAIDS’ designated Fast-Track countries.12 Distance to healthcare
and lack of transportation are major barriers to accessing HIV treatment throughout SSA.
Our study is the first that shows they can be substantial barriers to HIV elimination. Notably,
the 21 other designated Fast-Track countries in SSA have similar characteristics to Malawi:
they all have predominantly rural populations, severe generalized HIV epidemics,38 and
limited healthcare infrastructure. The geospatial modeling framework that we have
developed can be used to analyze geographic accessibility to healthcare in any of the Fast-
Track countries, and in at least ten other countries in SSA; the country-specific data needed
to conduct these analyses are publicly available. We believe that it is essential to conduct
similar analyses for these other countries, to those that we have conducted for Malawi, in
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order to quantify the effect of distance to healthcare and transportation on preventing HIV
elimination in SSA.
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Acknowledgements:

We are grateful to Eugenio Valdano and Nelson Freimer for discussions throughout the course of this research.

Role of the funding source: LP, JTO, and SB acknowledge the financial support of the National Institute of
Allergy and Infectious Diseases, National Institutes of Health (grant R01 A1116493).

References

1. UNAIDS. On the fast-track to end AIDS by 2030: 2016-2021 Strategy. Geneva, Switzerland:
UNAIDS, 2015 https://www.unaids.org/sites/default/files/media_asset/
20151027_UNAIDS_PCB37_15 18 EN_rev1.pdf.

2. Ministry of Health Malawi. Malawi Population-Based HIV Impact Assessment (MPHIA) 2015-
2016: Final Report. Lilongwe, Malawi: Ministry of Health, 2018 https://phia.icap.columbia.edu/wp-
content/uploads/2019/08/MPHIA-Final-Report_web.pdf.

3. Ministry of Health and Child Care (MOHCC) Zimbabwe. Zimbabwe Population-based HIV Impact
Assessment (ZIMPHIA) 2015-2016: Final Report. Harare: MOHCC, 2019 https://
phia.icap.columbia.edu/wp-content/uploads/2019/08/ZIMPHIA-Final-
Report_integrated_Web-1.pdf.

4. Ministry of Health (MoH) Lesotho, Centers for Disease Control and Prevention (CDC), ICAP at
Columbia University. Lesotho Population-based HIV Impact Assessment (LePHIA) 2016-2017:
Final Report. Maseru: MoH Lesotho, CDC, and ICAP, 2019 https://phia.icap.columbia.edu/wp-
content/uploads/2019/09/LePHIA_FinalReport_Web.pdf.

5. Wilson DP, Blower S. How far will we need to go to reach HIV-infected people in rural South
Africa? BMC Med 2007; 5: 16. [PubMed: 17577418]

6. Alegana VA, Wright JA, Pentrina U, Noor AM, Snow RW, Atkinson PM. Spatial modelling of
healthcare utilisation for treatment of fever in Namibia. Int J Health Geogr 2012; 11:6. [PubMed:
22336441]

7. Sileo KM, Wanyenze RK, Kizito W, et al. Multi-level determinants of clinic attendance and
antiretroviral treatment adherence among fishermen living with HIV/AIDS in communities on Lake
Victoria, Uganda. AIDS Behav 2019; 23(2): 406-17. [PubMed: 29959718]

8. Shubber Z, Mills EJ, Nachega JB, et al. Patient-reported barriers to adherence to antiretroviral
therapy: a systematic review and meta-analysis. PLoS Med 2016; 13(11): e1002183. [PubMed:
27898679]

9. Govindasamy D, Ford N, Kranzer K. Risk factors, barriers and facilitators for linkage to
antiretroviral therapy care: a systematic review. AIDS 2012; 26(16): 2059-67. [PubMed: 22781227]

10. Bajunirwe F, Tumwebaze F, Akakimpa D, Kityo C, Mugyenyi P, Abongomera G. Towards 90—
90-90 target: factors influencing availability, access, and utilization of HIV services-a qualitative
study in 19 Ugandan districts. Biomed Res Int 2018; 2018: 9619684. [PubMed: 29750175]

11. Lankowski AJ, Siedner MJ, Bangsberg DR, Tsai AC. Impact of geographic and transportation-
related barriers on HIV outcomes in sub-Saharan Africa: a systematic review. AIDS Behav 2014;
18(7): 1199-223. [PubMed: 24563115]

12. UNAIDS. On the fast-track to ends AIDS by 2030: focus on location and population. Geneva,
Switzerland: UNAIDS, 2015 https://www.unaids.org/sites/default/files/media_asset/
WAD2015_report_en_part01.pdf.

Lancet Glob Health. Author manuscript; available in PMC 2021 December 01.


https://www.unaids.org/sites/default/files/media_asset/20151027_UNAIDS_PCB37_15_18_EN_rev1.pdf
https://www.unaids.org/sites/default/files/media_asset/20151027_UNAIDS_PCB37_15_18_EN_rev1.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/08/MPHIA-Final-Report_web.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/08/MPHIA-Final-Report_web.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/08/ZIMPHIA-Final-Report_integrated_Web-1.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/08/ZIMPHIA-Final-Report_integrated_Web-1.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/08/ZIMPHIA-Final-Report_integrated_Web-1.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/09/LePHIA_FinalReport_Web.pdf
https://phia.icap.columbia.edu/wp-content/uploads/2019/09/LePHIA_FinalReport_Web.pdf
https://www.unaids.org/sites/default/files/media_asset/WAD2015_report_en_part01.pdf
https://www.unaids.org/sites/default/files/media_asset/WAD2015_report_en_part01.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Palk et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 11

National Statistical Office/Malawi, ICF International. Malawi Demographic and Health Survey
2015-16: National Statistical Office, Zomba, Malawi and ICF International, Maryland, USA, 2017
http://dhsprogram.com/pubs/pdf/FR319/FR319.pdf (accessed May 21, 2019).

United Nations. World Population Prospects 2019 New York, USA: United Nations, 2019. https://
population.un.org/wpp/Publications/Files/WPP2019_DataBooklet.pdf (accessed January 11,
2020).

United Nations Department of Economic and Social Affairs. World Urbanization Prospects: the
2018 Revision. New York, USA: United Nations, 2019 https://population.un.org/wup/Publications/
Files/WUP2018-Report.pdf (accessed March 9, 2020).

WorldPop. Malawi 100m population [Database]. Southampton, England: WorldPop, 2015 http://
www.worldpop.org.uk/data/summary/?doi=10.5258/SOTON/WP00538 (accessed May 13, 2019).

Government of the Republic of Malawi, Ministry of Health. Malawi National HIV AIDS Strategic
Plan 2015-2020. Lilongwe, Malawi, 2014 https://www.childrenandaids.org/sites/default/files/
2017-11/Malawi-National-HIV-AIDS-Strategic-Plan-2015-2020.pdf (accessed May 17, 2020).
Government of Malawi. Malawi AIDS Response Progress Report. Lilongwe, Malawi: Malawi
National AIDS Commission (NAC), 2015 https://www.unaids.org/sites/default/files/country/
documents/MWI_narrative_report_2015.pdf (accessed January 11, 2020).

Ministry of Health (MoH) Malawi and ICF International. Malawi Service Provision Assessment
2013-14. Lilongwe, Malawi and Maryland, USA: MoH and ICF International, 2014 https://
dhsprogram.com/pubs/pdf/SPA20/SPA20%5BOct-7-2015%5D.pdf (accessed October 24, 2019).

Government of the Republic of Malawi, Ministry of Health. Health Sector Strategic Plan 11 2017—
2022: Towards Universal Health Coverage. Lilongwe, Malawi, 2017 http://extwprlegsl.fao.org/
docs/pdf/MLW177248.pdf (accessed May 17, 2020).

Sibande R, Knipperberg E. Expanding health coverage using mobile phone data. 2019 https://
coopersmith.org/blog/2019/4/17/expanding-health-coverage-using-mobile-phone-data (accessed
May 26, 2020).

Coburn BJ, Okano JT, Blower S. Using geospatial mapping to design HIV elimination strategies
for sub-Saharan Africa. Sci Transl Med 2017; 9(383).

Coburn BJ, Blower S. Mapping HIV epidemics in sub-Saharan Africa with use of GPS data.
Lancet Glob Health 2013; 1(5): e251-e3. [PubMed: 25104487]

Moser F. AccessMod. 5 ed. Switzerland: Institute of Global Health; 2019.

Stevens FR, Gaughan AE, Linard C, Tatem AJ. Disaggregating census data for population mapping
using random forests with remotely-sensed and ancillary data. PLoS ONE 2015; 10(2): e0107042.
[PubMed: 25689585]

Kim MH, Mazenga AC, Yu X, et al. High self-reported non-adherence to antiretroviral therapy
amongst adolescents living with HIV in Malawi: barriers and associated factors. J Int AIDS Soc
2017; 20(1): 21437. [PubMed: 28406275]

Kane JC, Elafros MA, Murray SM, et al. A scoping review of health-related stigma outcomes for
high-burden diseases in low- and middle-income countries. BMC Med 2019; 17(1): 17. [PubMed:
30764819]

Croome N, Ahluwalia M, Hughes LD, Abas M. Patient-reported barriers and facilitators to
antiretroviral adherence in sub-Saharan Africa. AIDS 2017; 31(7): 995-1007. [PubMed:
28121707]

Tso LS, Best J, Beanland R, et al. Facilitators and barriers in HIV linkage to care interventions: a
qualitative evidence review. AIDS 2016; 30(10): 1639-53. [PubMed: 27058350]

Ehrenkranz P, Grimsrud A, Rabkin M. Differentiated service delivery: navigating the path to scale.
Curr Opin HIV AIDS 2019; 14(1): 60-5. [PubMed: 30394947]

Hoffman RM, Balakasi K, Bardon AR, et al. Eligibility for differentiated models of HIV treatment
service delivery: an estimate from Malawi and Zambia. AIDS 2019: 10.1097/
QAD.0000000000002435.

Hlongwa M, Mashamba-Thompson T, Makhunga S, Hlongwana K. Mapping evidence of
intervention strategies to improving men's uptake to HIV testing services in sub-Saharan Africa: a
systematic scoping review. BMC Infect Dis 2019; 19(1): 496. [PubMed: 31170921]

Africycle. 2020 http://www.africycle.org/ (accessed March 9, 2020).

Lancet Glob Health. Author manuscript; available in PMC 2021 December 01.


http://dhsprogram.com/pubs/pdf/FR319/FR319.pdf
https://population.un.org/wpp/Publications/Files/WPP2019_DataBooklet.pdf
https://population.un.org/wpp/Publications/Files/WPP2019_DataBooklet.pdf
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
http://www.worldpop.org.uk/data/summary/?doi=10.5258/SOTON/WP00538
http://www.worldpop.org.uk/data/summary/?doi=10.5258/SOTON/WP00538
https://www.childrenandaids.org/sites/default/files/2017-11/Malawi-National-HIV-AIDS-Strategic-Plan-2015-2020.pdf
https://www.childrenandaids.org/sites/default/files/2017-11/Malawi-National-HIV-AIDS-Strategic-Plan-2015-2020.pdf
https://www.unaids.org/sites/default/files/country/documents/MWI_narrative_report_2015.pdf
https://www.unaids.org/sites/default/files/country/documents/MWI_narrative_report_2015.pdf
https://dhsprogram.com/pubs/pdf/SPA20/SPA20%5BOct-7-2015%5D.pdf
https://dhsprogram.com/pubs/pdf/SPA20/SPA20%5BOct-7-2015%5D.pdf
http://extwprlegs1.fao.org/docs/pdf/MLW177248.pdf
http://extwprlegs1.fao.org/docs/pdf/MLW177248.pdf
https://coopersmith.org/blog/2019/4/17/expanding-health-coverage-using-mobile-phone-data
https://coopersmith.org/blog/2019/4/17/expanding-health-coverage-using-mobile-phone-data
http://www.africycle.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Palk et al.

34.
35.

36.

37.

38.

Page 12

World Bicycle Relief. 2020 https://worldbicyclerelief.org/ (accessed March 9, 2020).

Billioux VG, Grabowski MK, Ssekasanvu J, et al. HIV viral suppression and geospatial patterns of
HIV antiretroviral therapy treatment facility use in Rakai, Uganda. AIDS 2018; 32(6): 819-24.
[PubMed: 29369167]

Bilinski A, Birru E, Peckarsky M, et al. Distance to care, enrollment and loss to follow-up of HIV
patients during decentralization of antiretroviral therapy in Neno District, Malawi: A retrospective
cohort study. PLoS ONE 2017; 12(10): e0185699. [PubMed: 28973035]

Cooke GS, Tanser FC, Barnighausen TW, Newell ML. Population uptake of antiretroviral
treatment through primary care in rural South Africa. BMC Public Health 2010; 10: 585.
[PubMed: 20920267]

Dwyer-Lindgren L, Cork MA, Sligar A, et al. Mapping HIV prevalence in sub-Saharan Africa
between 2000 and 2017. Nature 2019; 570(7760): 189-93. [PubMed: 31092927]

Lancet Glob Health. Author manuscript; available in PMC 2021 December 01.


https://worldbicyclerelief.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palk et al.

Page 13

Evidence before this study

Worldwide, there are approximately 38 million people living with HIV infection
(PLHIV); approximately 26 million live in sub-Saharan Africa (SSA). UNAIDS has
proposed an ambitious strategy for ending the HIV pandemic by 2030. For this strategy
to succeed, each HIV-afflicted country needs to treat 90% of PLHIV. Current treatment
coverage levels in SSA are fairly high (70-75%), therefore it is widely believed that 90%
coverage is attainable. Numerous studies have shown that the need to travel long
distances to reach healthcare facilities and limited transportation are major barriers to
accessing HIV treatment in SSA. Therefore, these two factors are likely to prevent
coverage levels from reaching high values. However, no published study has shown that
these two factors are barriers to reaching 90% coverage and achieving HIV elimination in
SSA.

We searched PubMed with the terms “HIV”” AND “elimination” AND (“geospatial” OR
“transportation” OR “accessibility” OR “bicycles” OR “barriers™) to identify quantitative
studies that demonstrate that geographic inaccessibility to healthcare and limited
transportation are barriers to HIV elimination in SSA. We searched for studies published
in any language between Jan 15t 2014 and June 15t 2020. Our search yielded 65 results.
While none explicitly focus on treatment coverage or HIV elimination, many underscore
the importance of distance to care at different stages of the care continuum: from
utilization of health services to patient retention to achieving viral suppression. Distance
to clinic is frequently reported as a barrier to accessing HIV treatment. Transportation-
associated obstacles such as cost of transportation and difficulty in accessing reliable
transport are also commonly cited as barriers.
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Added value of this study

Our study is the first to show that geographic inaccessibility to healthcare facilities and
limited transportation are barriers to reaching 90% coverage and achieving HIV
elimination in SSA. Furthermore, we find that these two barriers will become
progressively more important as coverage increases above its’ current level of ~70%. We
obtained our results by using data-based geospatial modeling and focusing on Malawi, a
“Fast-Track” country UNAIDS has prioritized for eliminating HIV. Additionally, our
study is the first to show that increasing the availability of bicycles in rural areas could
increase a sub-Saharan African country’s ability to eliminate their HIV epidemic.
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Implications of all the available evidence

Our results have important implications for global health policies, and for the control of
the HIV pandemic. UNAIDS has prioritized 22 countries in SSA for “fast-tracking” the
end of their HIV epidemic; Malawi is one such country. Many of the prioritized countries
have similar characteristics to Malawi: they are predominantly rural, their healthcare
infrastructure is fairly limited in rural areas, and many PLHIV have to walk to access
treatment. Most of these countries have already reached fairly high coverage levels
(70%-75%). It is possible that many of these countries will also find that geographic
inaccessibility to healthcare and limited transportation in rural areas are major barriers to
substantially increasing coverage above current levels. It is also possible that - as we
show for Malawi - increasing the availability of bicycles in many of these countries has
the potential to make the 90% coverage goal attainable, and - hence - may help to
eliminate HIV in SSA.
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Figure 1: Geography of Malawi and healthcare infrastructure.
(A) Map of Malawi. Striped blue areas represent lakes, red circles cities, yellow circles

towns, pink dots villages, and blue lines roads. There are only four cities in Malawi: Mzuzu
in the north, Lilongwe (the capital) in the central region, and Blantyre and Zomba in the
south. (B) Map of Malawi’s health care facilities: central hospitals (red circles), district
hospitals (blue circles), and small hospitals and clinics (yellow circles). (C) Boxplots show
the numbers of patients registered as alive and receiving HIV treatment at every HCF in each
of the 28 healthcare districts in Malawi. Clinic size is plotted on a logarithmic scale.
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Figure 2: Components of the Friction Surface Raster map.
(A) Road and water body networks throughout Malawi. (B) Topographic map of Malawi.

(C) Map showing twelve types of landcover.
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Minutes

Figure 3: Results on spatial epidemiology and geographic accessibility to HCFs.
(A) Epidemic Surface Prevalence map showing the prevalence of HIV infection in men and

women, aged 15-49 years old. (B) Dol map shows the number of PLHIV (15-49 years old)
per square kilometer throughout Malawi. (C) Epidemic Concentration Curve,22 based on
data from the Dol map. The Y-axis shows the number of PLHIV per square kilometer, and is
plotted on a logarithmic scale. Dotted black line shows Dol at 70% treatment coverage,
dotted green line shows Dol at 90% treatment coverage. (D) Geographic accessibility to
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treatment map. The map shows impedance (defined in terms of travel-time) to the nearest
HCF from any location in the country.
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Figure 4: Accessibility by mode of transportation, and MAC Curves.
(A) Areas (shown in green) where access to a HCF takes less than 60 minutes. Catchment

size around each HCF is calculated assuming that individuals can drive, bicycle, and walk.
(B) Areas (shown in green) where access to a HCF takes less than 60 minutes. Catchment
size around each HCF is calculated assuming that individuals can only bicycle and walk. (C)
Areas (shown in green) where access to a HCF takes less than 60 minutes. Catchment size
around each HCF is calculated assuming that individuals can only walk. (D) MAC Curves
show the percentage of PLHIV who can access a HCF within a given travel-time. Travel-
time is defined as the one way travel-time to reach the nearest HCF. The red curve shows the
MAC under the assumption that individuals can drive, bicycle and walk; the blue curve
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shows the MAC under the assumption that individuals can bicycle and walk; the green curve
shows the MAC under the assumption that individuals can only walk.
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