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Abstract

Human immunodeficiency virus type 1 (HIV-1) remains a global public health problem, with certain
hyperendemic geographic regions contributing significantly to the pandemic, such as the province of KwaZulu-
Natal (KZN) in South Africa. Introduction of dolutegravir (DTG) into South African first-line antiretroviral
therapy (ART) regimens in December 2019, was a huge stride towards achieving the 95-95-95 UNAIDS targets.
However, progressive improvements in standard-of-care must be accompanied by equally dynamic treatment
monitoring tools that proactively survey HIV-1 viral load (VL) outcomes and emergent HIV-1 drug resistance
(HIVDR). Linking VL and HIVDR data to Geographic Information System (GIS) coordinates, could provide

visual insights into areas requiring directed interventions, as HIV-1 treatment programmes mature.

In this study, a surveillance database platform was developed to monitor routinely processed VL and HIVDR
data from KZN public health facilities and linked to GIS coordinates for geospatial analysis. Over 7 million
VLs were spatiotemporally mapped prior to- and during the transition to DTG-based first-line ART in KZN.
Despite an overall decrease in VLs observed between 2018 and 2022 (median log;o copies/ millilitre (mL); 4.09
vs. 3.56), approximately one in every eight people living with HIV (PLWH) had detectable VLs >400
copies/mL, with 80% of those having VLs >1000 copies/mL. This underscored the importance of closely
monitoring VLs in PLWH, including those with low-level viraemia (i.e., VLs 400-999 copies/mL), a potential

marker for treatment failure and emergence of INSTI mutations on DTG-based ART.

This study further investigated patterns of HIVDR from across KZN public health facilities and showed that
~35% (9/26) of adults on DTG with INSTI genotypes had DTG-associated resistance mutations. This represents
one of the highest reported prevalences of DTG resistance to date, warranting heightened surveillance of DTG-
associated mutations, to prevent accumulation of HIVDR mutations, especially given that four out of five
genotypes already exhibited dual- or triple-drug class resistance. Moreover, analyses of GRTs from the
paediatric population revealed that HIVDR was detected in ~90% of children aged <10 years (p<0.05) and that
approximately 3 out of every 4 children aged 5-9 years had HIVDR to >1 ARV drug class.

Through geospatial analysis of ~4,000 HIVDR genotypes, this study also identified geographic differences in
the burden of HIVDR in KZN province, providing proof of concept that big data geospatial mapping can be
leveraged for data-driven public health decision making and health systems strengthening. Overall, the findings
presented in this thesis send a broader message on the need to direct efforts to known communities with high
levels of viraemia on ART and/or HIVDR, enhancing VL re-suppression efforts, improving HIV-1 prevention
activities, and ultimately implementing strategies to curb the emergence of HIVDR. This is particularly crucial
in resource-limited HIV-hyperendemic settings, where epidemic intelligence can guide the strategic allocation

of limited resources for maximum impact in controlling the HIV-1 epidemic.
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Chapter 1: Background and Literature Review

1.1. Background

Human immunodeficiency virus (HIV) is a retrovirus that was discovered by Francoise Sinoussi, Luc
Montagnier, and Robert Gallo as the causative agent of acquired immunodeficiency syndrome (AIDS) in 1983
[1]. This critical discovery initiated the AIDS research expedition during which numerous diagnostic tests were
developed and more than 30 antiretroviral (ARV) drugs from several different drug classes were developed [2],
saving the lives of millions of people living with HIV (PLWH) globally. HIV type 1 (HIV-1) is the most common
viral type, being responsible for over 95% of all HIV infections globally [3]. Figure 1 summarizes HIV

classification according to the International Committee on Taxonomy of Viruses (ICTV) [4].
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Figure 1. ICTV classification of HIV.
Data from ICTV Virus Taxonomy: 2023 Release.

The HIV virion measures around 100nm in diameter and its genomic RNA is housed in a conical capsid of p24
protein, enveloped by a lipid membrane with glycoproteins gp41 and gp120 on the surface, crucial for eliciting

host immune responses and attaching to CD4" T cells [5].
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Figure 2. The structure of the HIV-1 virion.



Although HIV-1 is approximately 60% homologous to HIV-2, the latter is less virulent than HIV-1 [6]. Both
HIV-1 and HIV-2 are related to simian immunodeficiency viruses (SIV) which infect non-human primates
(chimpanzee and gorilla) and Sooty mangabeys, respectively [7]. HIV is generally transmitted by the exchange
of bodily fluids, which can occur through sexual contact, sharing needles among intravenous drug users, and
exposure to contaminated blood or blood products, while pregnant mothers infected with HIV can spread the
virus to the newborn during gestation, at the time of delivery (perinatal transmission), or while breastfeeding
(post-natal transmission) [5]. Because of the higher infectivity of HIV-1 compared with HIV-2, there is a striking
difference in the global distribution (Figure 3), with HIV-1 found throughout the world and HIV-2 localized to

West Africa, with clusters or sporadic cases in certain parts of India, the Americas and Europe [8—11].

Figure 3. Global distribution of HIV.
Choropleth map of worldwide distribution of HIV, based on data from the Los Alamos HIV Database. Basemap

downloaded from: https://public.opendatasoft.com/explore/dataset/world-administrative-boundaries/export/

and used within the conditions of the Open Government Licence of public sector information.

HIV-1 has four major groups i.e., M, N, O and P, of which M is the most common, accounting for most cases in
the global HIV-1 epidemic [12]. HIV-1 group M is further classified into subtypes or clades, circulating
recombinant forms (CRFs) and unique recombinant forms (URFs). A CRF can be defined if recombinant virus
is identified in three or more epidemiologically unlinked individuals, while a URF is defined if it is found only
in one or two individuals [13]. Currently, there are 154 HIV-1 CRFs documented in the Los Alamos HIV
database [11], however, only a few CRFs result in widespread transmission and prevalence [13]. Figure 4 is a
geographic “snapshot” of HIV-1 subtypes and CRF sampling frequencies from two decades i.e. 1995-2004 and
2015-2024, obtained using the Geography Search Interface Tool within the Los Alamos HIV Database [11,14].



Figure 4. Comparing HIV-1 subtypes and CRFs across different decades.

Time period represented: (A) 1995-2004 and (B) 2015-2024. The size of each circle reflects the approximate
number of sequences sampled from each region. Maps were obtained using the Geography Search Interface
Tool within the Los Alamos HIV Database. OpenStreetMap is licensed under the Creative Commons

Attribution-ShareAlike 2.0 license (CC BY-SA 2.0).

Subtype C is the most prevalent HIV-1 subtype in PLWH worldwide [12], accounting for 98.4% of all subtypes
in Southern Africa [15,16]. In South Africa, the total number of PLWH currently is estimated at 8 million and
HIV-1 prevalence has increased from 8.9% in 2002 to 12.7% in 2024 [17], partly due to improved life
expectancy of PLWH on ART [18]. The HIV-1 prevalence, however, varies across the nine provinces and 52

districts of South Africa, with hyperendemicity in eastern areas such as KZN province, as shown in Figure 5.
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Figure 5. Prevalence of HIV-1 in South Africa.

The mean prevalence per district as at September 2024 was used to generate the choropleth map, with lighter
colours representing lower prevalences and darker colours representing higher prevalences. Data was obtained
from South Africa District HIV Estimates which incorporates the Thembisa and Naomi models. Data can be

downloaded from https://www.hivdata.org.za/ and the basemap file “boundaries.geojson” contains the

geographic boundaries of South Africa.

Overall, the estimated number of AIDS-related deaths has largely declined since 2006 from 286 454 to 68 406
in 2024 [17], evident of the successful South African ART programme which commenced in the public sector
in 2004 [16]. Currently, South Africa has the largest ART programme globally [19] with 1 in every 5 ART-
treated individuals living in South Africa [20,21]. Life-long HAART has several benefits, including viral
suppression which results in immune reconstitution for PLWH and additionally, halts sexual transmission of
HIV to others [22]. Currently HIV-1 plasma viral load (VL) testing is used to monitor response to HAART and
has been crucial to the success of ART programmes. However, it is only meaningful if VL results are reviewed
timeously for appropriate clinical decisions, especially for PLWH who are unable to achieve viral suppression
[23]. Factors contributing to virological failure include poor adherence with ongoing viral replication and/or

HIV-1 drug resistance (HIVDR) [24].

There has been an increase in HIVDR following the expansion of ART coverage, compounded by restricted

access to HIV genotypic resistance testing and delayed transition to more potent ART regimens [25]. With a



notable increase in global NNRTI pre-treatment drug resistance (PDR), the World Health Organisation (WHO)
revised first-line ART guidelines, and South Africa adopted those guidelines, rolling-out dolutegravir (DTG) as
first-line ART in December 2019 [26,27]. Moreover, treatment guidelines were updated in 2023 to include
dispersible DTG tablets for dosing in paediatric patients [28], another success for the South African HIV-1

treatment programme.

Despite these advancements, persistently high levels of VLs and HIVDR in highly treatment experienced PLWH
remains a major cause of concern, as these individuals could be largely responsible for new HIV-1 infections.
Real-time interactive visualization of the changes in VLs and HIVDR at public health level is essential to ensure
timely decision making, to curb HIV-1 transmission and accumulation of HIVDR. Several geospatial studies
have demonstrated the heterogeneity of the HIV-1 epidemic in South Africa [29-31]. Beyond characterizing
HIV-1 prevalence, geospatial analyses have been used to explore associations between HIV-1 prevalence and
sociodemographic factors [32], or co-morbidities such as tuberculosis [33], or non-communicable diseases such
as depression [34]. Given that geospatial analyses have also been used to identify differences in HIV-1 care and
treatment outcomes across South African facilities [35] it could serve as a valuable tool for treatment
monitoring, particularly when combined with community surveillance data [36]. Therefore, this study used at a
granular level geospatial data visualization to examine spatiotemporal changes in VLs and HIVDR in KZN
overtime, highlighting an effective, inexpensive and timely HI'V treatment monitoring tool, that can be utilized

to inform public health decision making, using routinely collected HIV-1 programmatic data.

1.2. Literature Review

1.2.1. Antiretroviral therapy in South Africa

The UNAIDS 95-95-95 targets aim for 95% of PLWH to know their HIV status, 95% of those to receive life-
long ART, and 95% of those on ART to achieve VL suppression, by 2030 [37], translating to 95-90-86 when
expressed as a cascade [38]. In 2023, there were 7.7 million (Confidence interval (CI): 7.0 — 8.3 million) PLWH
in South Africa, of which 7.3 million knew their status, 5.9 million were on ART and 5.4 million were virally
suppressed, translating to 95% [CI: 88% - >98%], 77% [CI: 71% - 84%] and 71% [CI: 65% -77%], respectively
[21]. This shows that South Africa has made significant progress towards reaching the UNAIDS 95-95-95
targets. However, there remains a notable lag in reaching the second and third 95% targets, which may be
reflective of poor linkage to and retention on ART [39]. To date, ART has been the most effective strategy used
to control the HIV epidemic, both in preventing viral transmission (i.e., treatment as prevention) and reducing

HIV associated morbidity and mortality.

South Africa, like most low-to-middle income countries, uses a public health approach to HIV treatment that
involves ART-line regimens [40]. Prior to 2004, ART was only available to patients who were receiving

healthcare from the private sector through medical aid schemes, private funding, or research/workplace



programmes [41], and over the years, there has been a notable gap in treatment recommendations between
public and private sector programmes in South Africa [42]. Since 2004, the ART programme has transitioned
several times, with a shift from twice-daily ARV drug dosing associated with adverse drug reactions, to better
tolerated once-a-day fixed-dose combination (FDC) drugs for both adults and children [41]. Previously, the
first-line regimen for adults and children older than 3 years of age combined two nucleoside/nucleotide reverse
transcriptase inhibitors (NRTIs) with a non-nucleoside reverse transcriptase inhibitor (NNRTI), while the
regimen for children younger than 3 years of age included two NRTIs with a ritonavir-boosted protease inhibitor
(PI) [43]. Adults failing first-line regimens were switched to second-line regimens that included a ritonavir-
boosted-PI and two NRTIs (usually AZT if the patient had TDF exposure), with HIV-1 genotypic resistance

testing indicated only after failing the second-line regimen [44].

However, as ART coverage improved, the problem of HIVDR emerged and resistance to NNRTIs increased
significantly [45]. With the rising threat of HIVDR and potential compromise of first-line ART regimens, South
Africa adopted the WHO recommended first- and second-line regimens that included DTG as the primary drug
of choice [27]. Currently, the first-line ART regimen in South Africa is a FDC containing tenofovir, lamivudine
and dolutegravir (TLD), available immediately after diagnosis to all eligible adults, adolescents and children
>10 years weighing >30 kilograms (kg) [28]. For children between >3kg and <30 kg or between >4 weeks and
9 years of age, the preferred first-line ART regimen is a combination of abacavir, lamivudine and dolutegravir
(ALD), with paediatric weight-adjusted dosing made easier through the availability of 10mg dispersible DTG
tablets [28]. It is hoped that the availability of more potent and palatable regimens will improve adherence and
ART coverage among children, where only 63% [CI: 49% - >98%] of those in need were receiving ART in
South Africa [21]. Figure 6 contrasts ART coverage among PLWH aged 0-14 years with that of PLWH aged 15-

64 years, indicating that the younger age group has lower ART coverage in multiple regions of South Africa.
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Figure 6. Comparing ART coverage between younger and older people living with HIV in South Africa
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The mean ART coverage per district as at September 2024 was used to generate choropleth maps for (A) PLWH
aged 0-14 years and (B) PLWH aged 15-64 years. Data was obtained from South Africa District HIV Estimates
which incorporates the Thembisa and Naomi models. The lighter colours represent higher ART coverage, whilst

darker colours represent lower ART coverage. Data can be downloaded from https://www.hivdata.org.za/ and

the basemap file “boundaries.geojson” contains the geographic boundaries of South Africa.

In the last few years, South Africa like most countries was affected by the coronavirus disease 2019 (COVID-
19) pandemic, which caused nationwide lockdowns that slowed the transition to DTG-based ART regimens
[46]. However, as we return to pre-COVID-19 pandemic conditions, it is unacceptable to have ART coverage
as low as 42% for children in certain regions of South Africa [47]. Ultimately, PLWH who remain untreated
despite being eligible for ART, generally become viraemic and could potentially contribute to ongoing HIV-1

transmission, derailing the significant efforts that have been made to end the HIV epidemic.

1.2.2. Monitoring response to antiretroviral therapy

Given that HIV is a chronic disease with no cure, monitoring treatment is essential to ensure sustainable ART.
In the early stages of HIV treatment programs, CD4 count testing was used to monitor ART response [48],
however, changes in CD4 count alone could not reliably predict ART outcomes [49]. Consequently, and given
that ART outcomes are influenced by VL monitoring rather than CD4 counts, routine CD4 monitoring post-

ART initiation is no longer recommended in settings where routine VL testing is available [50,51].

In 2013, the WHO recommended the use of VL tests to quantify HIV RNA in blood plasma for monitoring
response to ART and diagnosing ART failure, while CD4 counts were limited to regions lacking VL testing
capabilities [52]. Currently, VL testing is the standard of care for monitoring patients on ART. Among PLWH
receiving ART, virological failure is defined as having two consecutive VLs >1000 copies/mL measured at least
3 months apart with enhanced adherence support, or a single VL >1000 copies/mL if on an NNRTI-based
regimen [53]. However, PLWH receiving first-line DTG-based ART in South Africa are considered as failing
ART only when they have two VLs >1000 copies/mL after >24-months of treatment [28].

Although the majority of people on ART achieve sustained viral suppression, some are unable to fully suppress
the virus, resulting in detectable VLs that remain below 1000 copies/mL. These individuals are classified as
having low-level viraemia (LLV), typically defined as VLs ranging between 50 - 999 copies/mL [54].
Individuals with LLV require close monitoring, as persistent LLV has been linked to adverse clinical outcomes
and/or virological failure [53]. Currently, the South African public health system offers VL monitoring to public
health facilities through the National Health Laboratory Service (NHLS), which provides laboratory services to
80% of the population [55]. The standard of care in South Africa is that all patients who have a VL >50

copies/mL undergo a comprehensive assessment, including evaluation of adherence, co-infections, appropriate



drug dosing, potential drug interactions, and if these are excluded, HIVDR [28]. A key challenge in VL
monitoring in South Africa is the delay in switching patients with viraemia to an effective ART regimen [56].
Prolonged use of ineffective ART leads to the development and accumulation of HIVDR mutations, which

further compromise the effectiveness of subsequent ART regimens.

1.2.3. HIV-1 drug resistance and genotypic resistance testing

HIV-1 drug resistance (HIVDR) poses a significant challenge to achieving sustained viral suppression on ART
and ultimately curbing the transmission of HIV-1. HIVDR occurs when the virus develops mutations, making
ARV drugs ineffective in inhibiting viral replication. The problem of HIVDR leads to adverse virological,
immunological, and clinical outcomes for PLWH, and poses a substantial threat to the efficacy of HIV-1
treatment programmes [57]. HIVDR may be exacerbated by inadequate HIV service delivery, comprising
insufficient adherence support, loss to follow-up, medication stockouts, inappropriate off-label ART usage, or
the historic monotherapy from single-drug treatment for the prevention of mother-to-child transmission [58]. In
South Affica, a genotypic resistance test (GRT) may be requested in people with confirmed virological failure,
and if clinically authorised by a nominated provincial expert, a clinical virologist, a member of the National
Third-line committee or a helpline consultant [28]. The designated virology laboratory for public sector HIVDR
testing in KwaZulu-Natal is the NHLS Department of Virology (DoV), located at the Inkosi Albert Luthuli
Central Hospital. Once a GRT request is authorized, 2mL of blood plasma is sent to the DoV, together with a
detailed request form documenting the timeline of previous and current ART regimens. Sanger sequencing is
used to detect mutations in the protease (PR), reverse transcriptase (RT) and integrase (IN) genes as outlined
in Figure 8, while the Stanford University HIV Drug Resistance Database is used to identify HIVDR mutations
and ARV drug susceptibilities [59].

Extraction of viral RNA from blood plasma

Reverse transcription of viral RNA

Amplification and detection of HIV-1 pol genes
Sequencing reaction, purification & capillary electrophoresis

Sequencing analysis & identification of HIVDR mutations

Figure 7. Outline of steps in HIV drug resistance genotypic testing

The flow diagram in Figure 7 outlines key steps involved in HIVDR genotypic testing. The complex, labour-

intensive and costly laboratory test is available to a fraction of patients with virological failure.
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1.2.4. Geospatial and big data analysis

Data dashboards facilitate the communication of data trends and are important in disease surveillance, enabling
the rapid dissemination, comprehension, and interpretation of health-related datasets [60]. The interest in record
linkage methodologies among health researchers is growing due to the rise of big data, particularly data
generated through routine interactions rather than for research purposes [61]. Moreover, during the COVID-19
pandemic, GIS-linked healthcare data were extensively employed to analyse COVID-19 transmission dynamics,
forecast spatiotemporal trends, and focus containment measures in designated "hotspot" areas [62]. The
integration of prevalence data with GIS through interactive web-based dashboards allowed the global
community to monitor the COVID-19 epidemic in near-real time [62]. Geospatial analysis has provided
invaluable insights into several other diseases, including drug resistant tuberculosis (TB) in South Africa [33,63—
66]. The use of big data in HI'V-1 has largely been constrained by structural and methodological obstacles related
to data collection, analysis, and interpretability [67]. Big data science is crucial for improving health outcomes
for PLWH, identifying biological, behavioural, and societal variables influencing HIV transmission,

comorbidities, and VL control [67].

Several prevalence studies have used geospatial analysis as a tool for evaluating the HIV-1 epidemic in South
Africa and highlighting the problem of hyperendemicity in certain regions [29,32,68-72]. A notable
hyperendemic region in South Africa is the province of KwaZulu-Natal, often referred to as the epicentre of the
South African HIV epidemic, within which there are localized “hotspots” of higher HIV-1 prevalence [73—75].
In addition to identifying "hotspots" of HIV-1 prevalence, geospatial analysis has the ability to characterize viral
suppression rates and HIVDR patterns, providing a more comprehensive understanding of the HIV-1 epidemic
in near-real time and informing future treatment strategies [76]. Although linkage of large datasets is possible
in South Africa, as evidenced by a national HIV cohort built from routine laboratory data [61], the application
of big data science to VL and HIVDR genotypic data has not been well described.

1.3. Problem Statement

The problem we identified is the lack of comprehensive geospatial HIV-1 treatment monitoring strategies to
assess VL and HIVDR patterns in KZN, which impedes timely responses and the implementation of targeted

programmatic interventions.

1.4. Research Questions

1. What are the geospatial distributions of HIV-1 VLs and HIVDR in KZN, and how have the patterns evolved

over time?



2. What are the patterns of HIVDR mutations among people with virological failure in KZN, and how do the
mutations impact susceptibility to ARV drugs commonly used as standard of care in South Africa?

3. How can we use insights from big data analysis to guide HIV-1 prevention and treatment services?

1.5. Justification

As the ART program evolves and new treatment regimens are implemented, real-time knowledge regarding
shifts in VL and HIVDR patterns amongst PLWH is crucial for evaluating the effectiveness of ART programmes.
Currently, we primarily rely on cross-sectional studies to evaluate the patterns of HIV-1 viraemia and levels of
HIVDR. However, these types of studies require considerable time and financial resources to recruit
participants, collect specimens, and perform VL and HIVDR tests. Typically, the results are only generated and
published several years after the time of specimen collection with a limited number of participants. This
approach does not provide a complete understanding of the present trends in HIV-1 viraemia and drug resistance,
especially in the context of evolving ART regimens. Furthermore, the introduction of DTG-based first-line
regimens necessitates a closer look at how ART regimens could be modified in the future, particularly for the

reutilization of NRTT drugs.

Although the NHLS has developed a surveillance approach which integrates public sector patient-level CD4
and VL test result data from the CDW with data from the health information system [8], these data dashboards
lack hotspot visualization and have not incorporated HIVDR data. Therefore, we developed an interactive near-
real-time database and linked dashboard that integrates with the relevant NHLS CDW data for monitoring and
mapping VLs and HIVDR in KZN, using data generated from routine laboratory tests, to inform the provincial
public health response to ART. This database is innovative in that it leverages VL and HIVDR data from routine
laboratory tests, without the need for additional testing, and employs geospatial analysis as a monitoring tool to
inform policymakers and guide the design of targeted interventions. This approach also generates graphical

outputs that are easily interpretable, helping to illustrate the relationship between HIVDR and viraemia.

The use of routine HIVDR genotypic data within the geographic context of PLWH in South Africa represents a
novel approach that will enhance the role of big data analysis in HIV-related research. Continuous review of
this resource will generate a referenceable database containing high-priority, actionable data drawn from
consolidated patient healthcare records, with distinct epidemiological, clinical, and laboratory relevance.
Geospatial analyses of the data will inform public health, clinical and laboratory practices, as well as guide
future research. The use of an anonymized database of results generated for routine purposes offers several

advantages over other types of data and research:

1. Research studies are typically confined to one or a few sites, whereas the database is representative of all

public health facilities across the province.
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2. The number of specimens tested for routine purposes exceeds that of most research studies.

3. The alternative would require additional testing of patients utilizing fresh or residual samples. Utilizing the
database instead of doing additional tests conserves resources, reduces discomfort for patients and increases
convenience.

4. Database analysis can be conducted continuously, unlike studies that are limited to a specific timeframe.

5. Database analysis will provide both historical and “real-time” data, allowing for retrospective or prospective
analysis. In contrast, research studies are often restricted to one or the other design.

6. While this is a “convenience sample” with inherent bias, it represents the typical range of specimens
encountered in a public health facility. In contrast, research studies have specific inclusion and exclusion
criteria tailored to answer a particular research question, limiting the ability to repurpose the data.

7. Data from the database may help in sample size calculations and the informed planning of research studies.
Without this, such decisions may rely on data from other locations, populations or sources, which may be

Inaccurate.

Furthermore, there is a lack of data on the patterns of HIVDR mutations in patients receiving INSTI-based
regimens in South Africa. Genotypic resistance data from patients experiencing treatment failure on INSTI-
based regimens, will help identify patterns of HIVDR mutations among these individuals in KZN. Given the
limited treatment options, and with most patients being highly ART-experienced, this approach may highlight

the need for newer drug classes in South Africa, including long-acting ARVs.

1.6. Main Objective

To develop a database that integrates GIS data to monitor HIV-1 VLs and HIVDR detected through routine
testing of ART-experienced patients with virological failure (i.e., VLs >1000 copies/mL) in KZN, South Africa,
and evaluate geospatial patterns of VLs and HIVDR mutations among adults and children with unsuppressed

VLs on ART.

1.6.1. Specific Objectives

1. To design a database with linked geographic data, to monitor and characterize VL and HIVDR mutation
patterns among patients with viraemia in KZN.

2. To create a near “real-time” dashboard with geospatial mapping that highlights “hotspots” of high VLs and
ARV drug class susceptibility patterns across KZN.

3. To determine the geographic distribution of HIVDR and its association with rates of HIV-1 viraemia.

4. To characterize patterns of HIVDR mutations in patients experiencing virological failure in KZN.

5. To use the database knowledge to advise on the allocation of health resources for HIV-1 prevention and

treatment services.
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1.7. Research Methodology

1.7.1. Study area

This study used routinely processed VL and HIVDR genotypic data obtained from the NHLS Central Data
Warehouse (CDW). The data, which included virology test results linked to demographic information, were
curated from patients attending public health care facilities across the 11 districts of KZN province; i.e. Ugu,
uMgungundlovu, uThukela, uMzinyathi, Amajuba, Zululand, uMkhanyakude, King Cetshwayo, iLembe, Harry
Gwala and eThekwini districts (Figure 8) [77]. Within these geographic areas, there are 610 primary health care
institutions and 71 public hospitals that serve the medically uninsured, which accounts for ~9 million or 90%
of the population in KZN [29,77]. The NHLS serves as the sentinel provider of diagnostic pathology services

for these facilities, as well as for all other public health facilities across South Africa [55].

A

uMkhanyakude

. King Cetshwayo

uMgungundlova

Figure 8. Map of KwaZulu-Natal province, in South Africa

The thick black lines delineate the 11 districts of KwaZulu-Natal province. The basemap of KZN province has
been republished under a CC BY license with consent from Carto Builder user Lilishia Gounder, original
copyright 2024. Available at: https:/pinea.app.carto.com/map/4d4c56¢1-£82d-4409-b190-ea9ced309005
(accessed on 03 November 2024).
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1.7.2. Data analysis methods

A database was developed using routine de-identified VL and HIVDR test results obtained from NHLS CDW.
The healthcare facility where the patient’s specimen was collected was used to generate GIS coordinates for
linking VL and HIVDR results to a geographic region in KZN. The variables included: age, gender, location
(i.e. healthcare facility), VLs, HIVDR results (mutations and ARV susceptibilities), dates that tests were
performed, treatment regimens and dates that ART was initiated/switched. The database was access-controlled
and maintained at NHLS DoV, and data was retrieved as required for peer-review journals, workshops and

conferences.

1.7.3. Geospatial analysis methods
Inverse distance weighted (IDW) interpolation maps and choropleth maps were created at a healthcare facility
level and subdistrict level, respectively, in QGIS 3.30 using the associated GIS coordinates from individual
result records in the VL and HIVDR databases. Each record was represented by the corresponding GIS
coordinates of the facility where the patient specimen was taken. From analysis of the records in Stata and
QGIS, VL and HIVDR values were calculated and assigned per healthcare facility as follows:

1. Ratio of suppressed VLs (i.e., VLs <400 copies/mL) to detectable VLs (i.e., VLs >400 copies/mL)

2. Median logio VLs for detectable VLs (i.e., VLs >400 copies/mL)

3. Spatial autocorrelation Moran’s [ statistic using median logio VLs

4. Getis-Ord Gi* statistically significant values from hotspot and coldspot analysis of median logio VLs

5. ARV drug susceptibility levels for specific drugs contextualized to the South African ART programme

For 1, 2 and 5, a deterministic spatial model (IDW interpolation) was used to estimate what the unknown VL or
HIVDR values would be in regions adjacent to the healthcare facilities. The interpolation method proposed that
the “ratio of suppressed to unsuppressed VLs” or the “median logio VLs” or the “ARV drug susceptibility levels”
in populations within unsampled regions (i.e., areas adjacent to healthcare facilities) would correspond to the
weighted average computed across facilities. Regions adjacent to the healthcare facilities would have values

that were equivalent to the actual values recorded at the nearby facility.

For 3, a cluster analysis was done in Stata using the median log;o VL per facility, and Moran’s I statistic and p-
values were illustrated on Moran scatterplots for each year of the study period. Moran’s I statistic measured
spatial autocorrelation, with index values ranging from -1 to +1. A positive index value signified positive spatial

autocorrelation.

For 4, using the Getis-Ord Gi* hotspot analysis values derived from both QGIS hotspot analysis and Stata, a
facility was identified as being in a hotspot if the p-value was <0.05 and z-score >+1.96. Similarly, a facility

was identified as being in a coldspot if the p-value was <0.05 and z-score <-1.96. The statistical values were
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then linked to the respective facility GIS coordinates within the map layer as follows: the red, orange, and yellow
circles indicated the statistical significance of primary, secondary, and tertiary hotspots at confidence intervals
0f 99%, 95%, and 90%, respectively, while the light to dark blue circles represented the statistical significance
of tertiary, secondary, and primary coldspots at confidence intervals of 90%, 95%, and 99%, respectively.

Lastly, choropleth maps were used to illustrate subdistrict level data, such as proportions of HIVDR specimens

obtained from each subdistrict or categorization of detectable viral loads per subdistrict.

1.7.4. Ethical approval

Ethical approval was obtained from the Biomedical Research Ethics Committee of the University of KwaZulu-
Natal (reference number: BREC/00003120/2021) on 10 September 2021 and was renewed annually from 2022-
2024 (Appendix 1). We obtained additional permission from the NHLS Academic Affairs and Research
Management System to use routinely processed retrospective de-identified VL and HIVDR data from CDW for
research purposes. This study did not obtain informed consent from individuals due to the use of retrospective
anonymized patient data. The research ethics council that approved this study waived the need for participant

consent.

1.8. Thesis Outline

This thesis consists of a background, literature review and justification in chapter 1, manuscripts in chapters 2
to 4, and a synthesis consolidating the thesis findings in chapter 5. The manuscript formats and referencing
styles utilized in chapters 2 to 4 adhere to specific journal requirements, and the published papers are shown in
their current publication format. The supplementary material for chapters 2, 3 and 4 can be found in appendices

2, 3 and 4, respectively.

Chapter 1: Background and Literature Review
This chapter presents an overview of the research work conducted and provides a comprehensive literature
review on viraemia, drug resistance and geospatial analysis within the context of the South African HIV-1

epidemic and introduces the research questions/research gaps and the research objectives.

Chapter 2: Manuscript: “Geospatial and temporal mapping of detectable HIV-1 viral loads amid dolutegravir
rollout in KwaZulu-Natal, South Africa”

This chapter examines the problem of HIV-1 viraemia across the 44 subdistricts of KZN using geospatial
analyses. “Hotspots” of high-level viraemia were explored in greater detail, while also considering the impact

and significance of LLV.

Chapter 3: Manuscript: “Patterns of HIV-1 drug resistance observed through geospatial analysis of routine

diagnostic testing in KwaZulu-Natal, South Africa”
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This chapter assessed HIVDR in adult ART-experienced patients attending public health facilities in KZN. It
examines the frequencies of HIVDR mutations, maps ARV drug susceptibilities across the province, and uses

genotypic susceptibility scores (GSS) to determine the effectiveness of current drug regimens for adult patients.

Chapter 4: Manuscript: “Characterization of HIV-1 drug resistance in ART-experienced children and adolescents
through geospatial analysis of routine genotypic tests in KwaZulu-Natal, South Africa.”

This chapter described the HIVDR mutations detected in ART-experienced children and adolescents attending
public health facilities in KZN. It also provides additional analyses to contextualize HIVDR both at patient and
facility level.

Chapter 5: Synthesis of the thesis
This concluding chapter offers an overall synthesis of the thesis, consolidating the main findings from the
manuscripts in chapters 2 to 4, along with recommendations for policy and future research, based on research

findings.
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1.10. Bridging Text

The literature review presented in Chapter 1 cited several studies describing the use of geospatial analysis to
characterize HIV-1 prevalence, addressing the first 95% of the UNAIDS 95-95-95 targets, which aims to have
95% of PLWH knowing their HIV status. In addition, it summarized the HIV epidemic in SA focusing on
treatment monitoring and on VL and HIVDR. It also gave justification for this work and set out the main study
objectives, highlighting the use of big data and geospatial analysis for HIV programmatic treatment monitoring.
However, there is a paucity in knowledge regarding the geospatial analysis of HIV-1 viraemia levels and viral
suppression, which relate to the third 95% of the UNAIDS 95-95-95 targets, aiming for 95% of people on ART
achieving viral suppression. Chapter 2 describes geospatial and temporal analysis of HIV-1 VLs in adults and
children in KwaZulu-Natal province, the epicentre of the HIV epidemic in South Africa, amid the transition to
DTG-based first-line ART. The chapter is based on a manuscript that was published in PLOS Global Public

Health Journal in 2024. The manuscript supplementary materials are provided in Appendix 2.
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Chapter 2: Geospatial and temporal mapping of detectable HIV-1 viral loads amid

dolutegravir rollout in KwaZulu-Natal, South Africa

Manuscript published: Gounder, L., Tomita, A., Lessells, R., Moodley, S., Francois, K. L., Khan, A., Pillay, M.,
Manyana, S. C., Govender, S., Govender, K., Moodley, P, Parboosing, R., Msomi, N., Tanser, F., Naidoo, K. &
Chimukangara, B. (2024). Geospatial and temporal mapping of detectable HIV-1 viral loads amid dolutegravir
rollout in KwaZulu-Natal, South Africa. PLOS Global Public Health, 4(5), e0003224.
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2.1. Bridging Text

The manuscript in chapter 2 described the trends in HIV-1 VLs in KwaZulu-Natal from 2018 to 2022, amid the
programmatic transition to DTG-based first-line ART. The results showed an overall decrease in elevated VLs
(>1000 copies/mL) over time, which was however accompanied with an increase in low-level viraemia (VLs
ranging from 400 to 999 copies/mL). The chapter also highlights the use and role of geospatial population level
monitoring of VLs. Notably, certain coastal and northern parts of KZN exhibited consistently elevated VLs and
emerging hotspots, highlighting regions needing intensified HIV-1 care. Considering that detectable VLs are of
significant concern in the development of HIVDR, we assessed patterns of HIV-1 drug resistance observed
through geospatial analysis of routine diagnostic testing in KwaZulu-Natal, South Africa in chapter 3, and
characterized HIV-1 drug resistance in ART-experienced children and adolescents through geospatial analysis
of routine genotypic tests in KwaZulu-Natal, South Africa in chapter 4. The following chapter presents a study
that was conducted to assess levels of HIVDR in adult ART-experienced patients in KZN, South Africa. The
chapter is based on a manuscript that was published in the Viruses Journal in 2024. The manuscript

supplementary materials are provided in Appendix 3.
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Chapter 3: Patterns of HIV-1 drug resistance observed through geospatial analysis of

routine diagnostic testing in KwaZulu-Natal, South Africa

Manuscript published: Gounder, L., Khan, A., Manasa, J., Lessells, R., Tomita, A., Pillay, M., Manyana, S. C.,
Govender, S., Francois, K. L., Moodley, P, Msomi, N., Govender, K., Parboosing, R., Moyo, S., Naidoo, K. &

Chimukangara, B. (2024). Patterns of HIV-1 Drug Resistance Observed Through Geospatial Analysis of
Routine Diagnostic Testing in KwaZulu-Natal, South Africa. Viruses, 16(10), 1634.
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3.1. Bridging Text

The manuscript in chapter 3 describes a study of the patterns of HIVDR among adults attending public sector
healthcare facilities in KwaZulu-Natal. The period from 2018 to 2022 marks a systematic transition to DTG-
based first-line ART, during which it became essential to heighten HIVDR surveillance for DTG-related
resistance mutations. In this context, the study revealed that around 35% (9/26) of persons on DTG-based ART
had mutations conferring resistance to DTG, as determined by integrase genotyping. Geospatial analysis
revealed geographic disparities in the burden of HIVDR, with northern KZN having the highest levels of
resistance to NNRTIs, alongside low to intermediate levels of boosted PI and DTG resistance. Overall, this
study highlighted that 80% of GRTs from adults exhibited dual- or triple-drug class resistance to HIV-1. These
findings inspired further analysis of HIVDR patterns in children and adolescents experiencing virological failure
(VLs >1000 copies/mL while receiving care at public healthcare facilities in KwaZulu-Natal. Therefore, chapter
4 presents a study that was conducted to determine the patterns and frequencies of HIVDR in children and
adolescents aged 0 to 17 years in KZN, South Africa. The chapter has been prepared as a manuscript for
submission to the Journal of the Pediatric Infectious Diseases Society. The manuscript supplementary material

are provided in Appendix 4.
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Chapter 4: Characterization of HIV-1 drug resistance in ART-experienced children
and adolescents through geospatial analysis of routine genotypic tests in KwaZulu-

Natal, South Africa
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Figure 3. Levels of antiretroviral drug susceptibility among children and adolescents with virological failure in
KwaZulu-Natal province, South Africa. (A) Map of KwaZulu-Natal showing district names. Interpolation maps
showing antiretroviral drug susceptibilities to: (B) TDF, tenofovir disoproxil fumarate; (C) AZT, zidovudine; (D) ABC,
abacavir; (E) XTC, lamivudine/emtricitabine; (F) EFV, efavirenz; (G) NVP, nevirapine, (H) PIr, ritonavir-boosted protease
mhibitor lopinavir/atazanavir; (I) DRV/r, ritonavir-boosted darunavir. Red-blue spectrum represents level of drug
susceptibility: HLR, high-level resistance; IR, intermediate resistance; LLR, low-level resistance: PLLR, potential low-
level resistance; S, susceptible. Black lines indicate boundaries of districts and subdistricts. Basemap reissued under CC
BY license with permission from Carto Builder user Lilishia Gounder, original ©2024. Accessible from:

https://pinea.app.carto.com/map/4d4c56¢1-82d-4409-b190-ea9ced309005
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Chapter 5: Synthesis of research findings

5.1. Key Themes

South Africa currently has the largest HIV treatment programme worldwide, consisting of 5.9 million
individuals on ART in 2023, i.e., 1 out of every 5 PLWH on ART globally [1]. The South African treatment
program has advanced significantly, with the transition to more effective first-line DTG-containing regimens
initiated in 2019 [2]. Despite a deceleration in DTG-rollout during the COVID-19 pandemic, transferring all
eligible PLWH to DTG-based ART continues to be a primary health goal in South Africa [3]. Our narrative
review of the literature in Chapter 1 indicated that, while South Africa has met the initial target of the UNAIDS
95-95-95 with 95% of PLWH aware of their status [4], the second target concerning ART coverage remains
unmet, particularly among the paediatric population, where ART coverage is as low as 42% in certain regions
of the country [5]. Where coverage has been achieved the end goal is virological suppression, which is the third
unmet target for South Africa with only 71% of PLWH on ART achieving virological suppression [1,4]. To
improve the end goal of PLWH remaining on life-long ART with virological suppression, the South African
treatment guidelines were revised in 2023 to ensure that all PLWH on ART with a viral load of >50 copies/mL
were systematically evaluated for adherence and comprehensively screened for co-infections, among other
considerations [6]. In this way, patients with LLV were closely monitored, while patients with virological failure
were switched promptly without prolonging their time on ineffective ART which could lead to development of

HIVDR mutations.

Novel monitoring approaches are crucial in evaluating outcomes of treatment programmes and geospatial
analysis is one such approach. Although the geospatial approach has been used for evaluating HIV-1 prevalence,
this tool has not been as widely used in monitoring treatment response to the HIV-1 epidemic in South Africa.
The NHLS is a crucial element of new implementation programmes however it is an underutilized resource for
monitoring ART outcomes in South Africa [7]. Although the NHLS has developed a surveillance approach
which integrates public sector patient-level CD4 and VL test result data from the CDW with data from the health
information system [8], these data dashboards lack hotspot visualization and have not incorporated HIVDR
data, which is a critical area, not only in HIV care, but also in the overall context of antimicrobial resistance.
Moreover, the paucity of data regarding HIVDR presents a significant obstacle. While mathematical models can
help synthesize available evidence, a key difficulty in making accurate predictions is the absence of
comprehensive longitudinal data on the impact of DTG resistance on clinical outcomes [9]. For example, the
Thembisa mathematical model was designed to answer policy questions relating to HIV treatment within the
South African HIV-1 epidemic as well as contextualize progress made towards the UNAIDS 95-95-95 targets.
It also provides downloadable, pre-categorized demographic statistics that can be further analysed using

geospatial methods. However, the predefined categories limit the types of analyses that can be performed [10].
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Data from routine testing are invaluable in that they are a continuous source of big data, both historically and in
real-time, representing the typical cohorts of patients encountered in a public healthcare setting. When routinely
tested data from VL and HIVDR testing are repurposed for geospatial analysis in near-real time, as demonstrated
in Chapters 2, 3 and 4, the result is a dynamic monitoring tool that can provide valuable insights into the
treatment landscape of the HIV-1 epidemic in South Africa. Geospatial analysis of repurposed routine HIVDR
genotypic data to determine HIVDR hotspots is a novel approach. By consolidating patient healthcare

information, it has the potential to provide valuable insights for policymakers and guide targeted interventions.

The visualization of detectable VLs through geospatial and temporal mapping, presented in Chapter 2,
demonstrated that while there is an overall downward trend in the proportion of high-level viraemia, there were
hyperendemic areas, particularly in northern KZN and along the coastal belt, with emerging hotspots even after
DTG rollout. The temporary disruption of HIV treatment services during the COVID-19 pandemic, may have
contributed to ART interruption, treatment non-adherence and ultimately loss of viral suppression [11].
However, northern KZN has historically been recognized as a hyperendemic region for HIV-1, exposed to
marginalized cross-border migrant communities with a greater risk of HIV-1 acquisition [12], while coastal
districts have access to trade ports, areas of HIV vulnerability in southern Africa [13]. Over time, we observed
an inverse rising trend in the percentage of LLV, increasing from 2% in 2018 to 4% in 2022, as more individuals
with previously high-level viraemia began to attain viral suppression with increasingly effective DTG regimens
[14]. Identifying facilities with significant proportions of individuals exhibiting low- and high-level viraemia,
as well as locales of at-risk populations, including those with risk-taking behaviour, yields critical data for health
care providers and policymakers, underscoring the need for expedient VL monitoring, such as point-of care VL

testing, alongside HIVDR surveillance.

Novel approaches to HIVDR surveillance, presented in Chapters 3 and 4, utilized big data from routinely
processed HIV-1 GRTs to explore geospatial data visualization at a more detailed level, for adults (>18 years)
and children (0-17 years), respectively, using community surveillance. The geospatial analyses of drug
susceptibility levels in KZN revealed significant levels of HIVDR across the province, with northern KZN
having the highest prevalence of EFV, NVP and XTC resistance. The findings clearly indicated consistently
elevated levels of NRTI and NNRTI resistance, with over 80% of all GRTs demonstrating resistance to NNRTTs,
despite <5% being on NNRTI-based regimens. The most frequently observed NRTI mutation was M184VI,
detected in >65% of all GRTs, and for NNRTIs, K103NS was observed in almost half of all GRTs, conferring
high-level resistance to EFV and NVP. Similarly, high levels of NNRTI-resistance were observed in a study
among adults failing mostly LPV/r-based ART, where the prevalence of NNRTI-associated mutations was
63.1%, despite a median duration of ~3.5 years on PI-based ART [15] while the prevalence of NNRTI-resistance
among children aged <16 years ranged from 65%-95%, [16] and 53% specifically among children <18 months
of age [17]. Notably, our study found that 7% of HIVDR GRTs with NNRTI-resistance were from children <3
years of age with no past or current NNRTI drug exposure. These data strongly suggest persistence of NNRTI
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mutations in the absence of drug pressure, as shown in early studies where K103N persisted for years in women

receiving single-dose NVP for the prevention of mother-to-child transmission [18,19].

The prevalence of TAMs detected in GRTs from patients on non-thymidine NRTI regimens with confirmed
exposure to thymidine analogues was 77.77% (210/270) in adults and 66.67% (24/36) in children, indicating a
persistence of TAMs from previous ART exposure. In GRTs from patients on non-thymidine NRTI regimens
with no confirmed exposure to thymidine analogues (i.e., atypical TAMs), the prevalence of TAMs was around
22.22% for adults and 33.33% for children. However, this may not be an accurate representation of atypical
TAMs due to the lack of clarity regarding the completeness of past medication exposure data for these
individuals. Nonetheless, research from sub-Saharan Africa indicated prevalence rates of atypical TAMs
between 16% and 41% [20,21]. Given their potential for lowering susceptibility to AZT and TDF, it is imperative
to improve understanding of atypical TAMs in patients undergoing TDF treatment. The K65R mutation which
confers resistance to TDF, was present in approximately 6% and 1% of GRTs from adults and children,
respectively. Cumulatively, 699 GRTs were from adults and 27 GRTs were from children on TDF-containing
regimens and of those 43.8% (306/699) adults and 37.0% (10/27) children had a GSS of <2, indicative of drug

resistance with reduced potency of the ARV regimen.

The most common PI-specific mutations observed were M46IL in adults (28.8%) and [54V in children (19.1%),
causing low-level resistance to LPV/r, while maintaining full susceptibility to DRV/r, showing better potency
of PI drugs. For adults, we investigated the presence of DTG-specific mutations and found that, of 26 patients
taking DTG that had HIV-1 infegrase genotyping, around 35% (9/26) had DTG-associated resistance mutations,
representing one of the highest rates reported to date. Among children, only eight GRTs included HIV-1
integrase genotyping of which 3 had HIVDR and two (2/8, 25%) had DTG-specific mutations. The predominant
mutation identified in the nine adults exhibiting DTG-associated resistance was E138KAT (4/9), which alone
confers low-level resistance to DTG and cabotegravir (CAB). Of the two children with DTG-specific mutations,
one child on AZT/3TC/DRVr/RAL had E138KAT+G118R+T661 mutations resulting in high-level resistance to
DTG, while the other child on AZT/FTC/DTG had a H51Y mutation, which alone causes potential low-level
resistance to DTG. The accumulation of mutations associated with INSTI resistance indicates an impending
problem and underscores the necessity for increased monitoring of DTG-specific mutations to prevent
compromising future DTG-based ART and long-acting CAB-based therapies. Notably, when paediatric GRTs
were analysed by age category, ~9 in every 10 children between the ages of 0-9 years (237/257, 92.22%) had
HIVDR, compared to 76.56% (503/657) between the ages of 10-17 years, (OR = 3.63, 95% CI: 2.22-5.93,
p<0.001), warranting enhanced treatment monitoring in younger children on ART. Overall, the temporal trends
of dual- and triple-class resistance were observed in 3 out of every 5 children (Figure 9a), and 4 out of every 5

adults (Figure 9b).
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Figure 9. Patterns of antiretroviral drug class resistance among children, adolescents and adults.

(A) 740 genotypic resistance tests with confirmed HIV drug resistance from children and adolescents, of which
8 had integrase genotyping, 2 of which met the criteria for 4-drug class resistance.
(B) 2735 genotypic resistance tests with confirmed HIV drug resistance from adults, of which 41 had integrase

genotyping, 9 of which met the criteria for 4-drug class resistance.

The findings of multi-drug class resistance in more than half of patients with GRT-confirmed HIVDR is
alarming, especially with the limited number of ARV drug classes available for optimization of second- and
third-line ART. After the failure of first-line ART, the susceptibility of each ARV drug, as determined by GRT,
should be assessed individually to customize subsequent treatment options and examine the feasibility of
recycling ARV drugs [22]. As much as one can argue that DTG has a high genetic barrier to resistance [23],
DTG monotherapy fosters the emergence of INSTI-resistant strains, albeit only after prolonged exposure.
Although this scenario is improbable when integrated with other nucleosides in a fixed-dose combination or
with nucleotides administered once daily that have prolonged intracellular half-lives [24], it is essential that the
NRTIs combined with DTG are fully active, to preserve the long-term use of DTG in HIV-1 treatment

programmes.

5.2. Recommendations for policy

The data presented in this study showed that geospatial and temporal mapping have the potential to enhance
HIV-1 treatment decisions, with great potential to be a robust monitoring tool for predicting (through
interpolation methods) localities with high-level viraemia in resource-constrained environments where VL
testing may not be readily available. GIS-linked health data can be used to model the utilization and accessibility

of healthcare facilities, as well as to analyse the overlap of infectious and non-infectious diseases, hence
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facilitating life-long multi-disease chronic care tailored to specific populations. Based on these geo-localized
analyses, policymakers can for example, make better informed decisions regarding deployment of healthcare
workers to rural versus urban primary healthcare facilities, or expand specialized infectious diseases services
within areas of persistent high-level viraemia, especially since many of these areas are known to be
hyperendemic for other sexually transmitted diseases as well as tuberculosis. Identifying regions with a triple
burden of communicable diseases necessitates policies that provide timely, targeted interventions and impactful
treatment campaigns (e.g., U = U; Undetectable = Untransmittable), to reduce new infections in at-risk
populations through treatment optimization in those with existing diseases. Furthermore, pinpointing
geographic regions with high-level viraemia serves as a proxy indicator for HIVDR emergence, highlighting
the need to develop policies with focused HIVDR monitoring in addition to nationwide HIVDR surveillance

systems.

Ongoing real-time HIVDR surveillance is essential to assess the impact of the revised HIV-1 treatment
programme in South Africa. By integrating routine HIV-1 GRT records with GIS analysis, we identified
relatively higher levels of HIVDR among younger children, highlighting the dire need for policies which support
the near-real time surveillance of HIVDR in children, with clear criteria for timeous switching of ART in
children with virological failure. Moreover, the use of dispersible DTG-based regimens for children should be
accelerated to enhance overall ART coverage and achieve better virological suppression through the utilization
of effective ARV medications. Given the significant geographic disparities in the HIVDR burden throughout
KZN, particularly in northern KZN where elevated levels of HIVDR to ARVs such as ABC are observed in
children and reduced susceptibility to EFV, NVP, and XTC are observed in adults, the national policy shift from
EFV-based first-line ART regimens to DTG-based first-line ART regimens is scientifically justified,
necessitating the urgent upscale of DTG based-ART in these high priority geographic areas.

Data policies should be more inclusive of the potential use of geospatial analysis to inform data-driven public
health decision-making. Our studies have demonstrated the value of developing HIV-1 databases using
repurposed big data derived from routinely processed HIVDR testing. These databases can be integrated with
GIS and data dashboards to evaluate the geographic spread of HIVDR. The interest in record linkage
methodologies among health researchers has surged due to the rise of Big Data generated through normal
interactions rather than for research purposes, improving access to the computing power necessary for linking
these data [25]. During the COVID-19 pandemic, the linkage of prevalence databases to GIS to generate
interactive web-based dashboards enabled the global internet community to track new infections in near-real
time [26], proving that the infrastructures and resources already exist to further develop this technology for
monitoring ART outcomes and geospatially surveying HIVDR. Furthermore, the development of data
dashboards facilitates the communication of data patterns and are pertinent to disease surveillance, enabling the
rapid dissemination, comprehension, and interpretation of databases [27]. Policymakers must allocate resources

for the development of database and dashboard interface components within the HIV treatment program, as
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these technologies will facilitate the standardization and integration of healthcare services across public and

private sector healthcare facilities.

5.3. Recommendations for future research

Considering that the geospatial analysis of VLs investigated facilities rather than households, the assumption
made was that individuals will seek out the nearest healthcare facility to their dwelling, which is not always
true. These differences in testing practices could have impacted our geospatial mapping outcomes and should
be taken into consideration in future studies. Moreover, community VLs obtained from population-based
surveillance may not consistently align with normal facility-based VL results. Consequently, future studies
should incorporate geospatial analysis of VL data at community level by using household-linked GIS data.
Moreover, it is essential to prospectively evaluate longitudinal geospatial trends in VLs to assess whether the
observed hotspots are a consequence of the COVID-19 pandemic, which will potentially decrease as health

systems recover, or if they represent a pattern that may persist or increase over time.

For geospatial analysis of HIVDR, given that GRT testing practices by facility were not incorporated, nor
contextualized within the local population of PLWH, nor ART coverage by district, subdistrict or facility, future
research should endeavour to integrate VL and GRT data, preferably within the framework of ART coverage, to
yield more nuanced insights that facilitate data-driven public health decision-making. Future HIVDR database
research should also incorporate algorithms to correlate sequential GRTs, if applicable, and laboratory
information systems should be designed to capture ART duration for all previous ARV drugs. These studies
were conducted during the shift to DTG-based first-line regimens in South Africa, and further evaluation of the
current incidence of HIVDR mutations is needed, especially those linked to DTG resistance, to pinpoint geo-
locations requiring targeted treatment interventions. Furthermore, future research could include integration of
maps with both adult and paediatric HIVDR data, to find areas most in need of intervention, as well as find
linked HIVDR problems in certain geographic regions e.g. antenatal and infant HIVDR. Moreover, capacity
development in paediatric HIV care, which impacts HIVDR-related outcomes in younger children, should be

further strengthened.

In conclusion, there are significant knowledge gaps in the interpretation of LLV in conjunction with high-level
viraemia, and there is a lack of near-real-time surveillance of HIVDR across South Africa. Repurposed stored
routine VL and HIVDR GRT data for geospatial analysis could prove to be an invaluable monitoring and
evaluation tool in generating "real-world" estimates of virological suppression and HIVDR within its geospatial
context. Geospatial disparities exist in the burden of HIVDR, and demonstrating this could facilitate data-driven
public health decision-making. Continuous real-time HIVDR surveillance remains crucial for assessing the

efficacy of the revised South African HIV-1 treatment program.
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Appendix 2: Supplementary material to manuscript entitled “Geospatial and temporal
mapping of detectable HIV-1 viral loads amid dolutegravir rollout in KwaZulu-Natal, South
Africa”

S1 Fig. Ratio of detectable to suppressed HIV viral loads across subdistricts in KwaZulu-Natal province,
South Africa.

The ratio of detectable (>400 copies/mL) to suppressed (<400 copies/mL) HIV viral loads were mapped per
facility using the inverse distance weighted interpolation method. Spectral colour change from blue to red
reflects the increase in ratio of detectable to suppressed HIV viral loads. A ratio of 0,05 indicates 1 detectable
viral load per 20 suppressed viral loads, while a ratio of 0,5 indicates 1 detectable viral load per 2 suppressed
viral loads. Thick black outlines represent the borders of the 11 districts. Thin outlines represent the borders of
the 44 subdistricts of KwaZulu-Natal. Republished from https://pinea.app.carto.com/map/4d4c56¢1-f82d-4409-
b190-ea9ced309005 under a CC BY license, with permission from Carto Builder user Lilishia Gounder, original
copyright 2024. https://doi.org/10.1371/journal.pgph.0003224.5001
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S2 Fig. Violin plot of HIV viral loads in KwaZulu-Natal province, South Africa, for the period 2018 to
2022.

mL, millilitre; VL, viral load. The violin plot for logl0 viral loads >400 copies/millilitre sampled across
KwaZulu-Natal subdistricts showed a significant downward trend by year, p<0.01 Jonckheere—Terpstra test.

https://doi.org/10.1371/journal.pgph.0003224.s002
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S3 Fig. Linear prediction of median log10 HIV viral loads per facility in KwaZulu-Natal province, South
Africa, for the period 2018 to 2022.

VL, viral load. The linear prediction model for log10 viral loads >400 copies/millilitre sampled across KwaZulu-
Natal subdistricts showed a significant downward trend by year, p<0.01 Jonckheere—Terpstra test.

https://doi.org/10.1371/journal.pgph.0003224.s003
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S4 Fig. Decreasing HIV viral loads across subdistricts in KwaZulu-Natal province, South Africa, between
2018 and 2022.

Choropleth maps show median logl0 viral loads >400 copies/millilitre sampled across KwaZulu-Natal
subdistricts. Thick black outlines represent the borders of the 11 districts. Thin outlines represent the borders of
the 44 subdistricts of KwaZulu-Natal. Republished from https://pinea.app.carto.com/map/4d4c56¢1-f82d-4409-
b190-ea9ced309005 under a CC BY license, with permission from Carto Builder user Lilishia Gounder, original
copyright 2024. https://doi.org/10.1371/journal.pgph.0003224.s004
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S5 Fig. HIV viral loads per facility before and during the transition to dolutegravir in KwaZulu-Natal
province, South Africa.

Inverse distance weighted interpolation maps showing changes in median log10 viral loads at the facility level.
Map A represents the period before dolutegravir rollout i.e., 2018-2019 and map B represents the transition
period to dolutegravir i.e., 2020-2022. Spectral colour change from red to blue reflects a decrease in median
logl0 viral loads. Republished from https://pinea.app.carto.com/map/4d4c56c1-82d-4409-b190-
ea9ced309005 under a CC BY license, with permission from Carto Builder user Lilishia Gounder, original

copyright 2024. https://doi.org/10.1371/journal.pgph.0003224.5005
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S6 Fig. Moran scatterplots of median log10 HIV viral loads per facility in KwaZulu-Natal province, South
Africa, between 2018 and 2022.

For cluster analysis, we used the median log10 HIV viral load per facility to calculate Moran’s I statistic and p-
values, and created Moran scatterplots for each year of the study period. Each plot represents an individual year:
(A) 2018, (B) 2019, (C) 2020, (D) 2021 and (E) 2022. Moran’s I statistic measures spatial autocorrelation and
index values for Moran’s I statistic range from -1 to +1. A positive index value indicates positive spatial

autocorrelation. https://doi.org/10.1371/journal.peph.0003224.s006

99



100



101



102



S1 Data. Minimal dataset.
https://doi.org/10.1371/journal.peph.0003224.s010
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Appendix 3: Supplementary material to manuscript entitled “Patterns of HIV-1 drug
resistance observed through geospatial analysis of routine diagnostic testing in KwaZulu-
Natal, South Africa”
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Appendix 4: Supplementary material to manuscript entitled “Characterization of HIV-1 drug
resistance in ART-experienced children and adolescents through geospatial analysis of
routine genotypic tests in KwaZulu-Natal, South Africa”
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