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37

38 Abstract 
39 Advanced HIV disease (AHD), treatment interruption and viraemia remain key challenges to effectiveness 
40 of HIV programmes in South Africa. Understanding the trends of these measures and their variation across 
41 geographic regions can inform more targeted and responsive interventions. 

42 We conducted a retrospective cohort study using routine, de-identified data from TIER.Net, a national HIV 
43 electronic register. We curated data from 116 primary care clinics in eThekwini, uMgungudlovu, and 
44 uMkhanyakude Districts in KwaZulu-Natal province. We included people living with HIV aged ≥16 years, 
45 who initiated or collected ART between 1 July 2018 and 30 June 2023. We examined trends in annual 
46 proportion of AHD, treatment interruption and viraemia, and mapped the clinic-level proportions of these 
47 outcomes using inverse distance weighted interpolation maps.

48 Among 123,473 clients initiating ART with CD4 count measurements, the overall prevalence of AHD 
49 remained stable over the period (20.0%-22.2%). There was an overall decline in treatment interruptions 
50 from 13.2% to 11.3% among the 544,066 clients who had scheduled visits. Of the 446,899 clients who had 
51 viral load results, overall viraemia ≥50 copies/mL increased from 12.9% to 20.2%, whereas viraemia ≥1000 
52 copies/mL remained stable at approximately 6%. Spatial analyses highlighted geographic disparities in 
53 AHD, treatment interruption, and viraemia across and within the districts. 

54 While declines in treatment interruptions are promising, the persistence of AHD and viraemia (≥50 
55 copies/mL) require further investigation and highlight ongoing challenges for HIV control. The observed 
56 spatial variation across districts underscores the need of geographically tailored interventions to strengthen 
57 programmatic effectiveness, particularly in hyper-endemic settings like KwaZulu-Natal.

58 Introduction 
59 Human immunodeficiency virus (HIV) continues to be one of the most challenging public health issues in 
60 South Africa and globally. Despite significant advances, SA remains the epicentre of the HIV epidemic[1, 
61 2]. The country hosts one of the largest HIV treatment programmes and has made progress in identifying 
62 untreated people living with HIV (PLWH), expanding access to testing and care services, and improving 
63 viral suppression[1]. However, HIV prevalence is not evenly distributed across regions. The KwaZulu-Natal 
64 province has one of the highest HIV prevalences in the country, estimated at 16% in 2022, with some of 
65 the districts in this province reporting prevalence rates as high as 20%[3].

66 Early initiation of antiretroviral therapy (ART) has reduced morbidity, mortality and HIV transmission[4, 5]. 
67 In 2015, the World Health Organization (WHO) recommended ART for all PLWH, regardless of the WHO 
68 clinical stage or CD4 count, which led to the Universal Test and Treat (UTT) policy being implemented in 
69 SA in 2016[6]. This guidance has contributed to stabilizing HIV incidence, improving survival rates and 
70 reducing mortality[1]. Despite these gains a substantial number of individuals in SA continue to present with 
71 advanced HIV disease (AHD), defined as having a CD4 cell count below 200 cells/mm3 or WHO clinical 
72 stage III/IV at ART initiation, indicative of late initiation[7-9]. The 2017 WHO guidelines advised that clients 
73 with AHD should receive a comprehensive care package that includes screening, co-infection prophylaxis 
74 treatment, rapid ART initiation, and intensified adherence support[9]. Baseline CD4 count is key to 
75 identifying clients at risk of opportunistic infections, and for understanding the clinical care needs for those 
76 who present late[10]. While the national data shows a decline in the prevalence of AHD over time, recent 
77 findings indicate that approximately 20% of clients present with AHD[2, 11]. Moreover, substantial regional 
78 disparities persist, with provincial rates ranging between 11.5% and 26.6% in recent years[12, 13], 
79 underscoring the uneven burden.

80 Since the introduction of UTT, the number of clients eligible for ART has increased. Adherence to ART 
81 reduces onward transmission risk of those living with HIV as well as the probability of CD4 count decline[14]. 
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82 Therefore, ensuring that PLWH are enrolled and retained in care, and adherent to ART is crucial for better 
83 HIV outcomes[15]. Despite this evidence, treatment interruption remains a major challenge, contributing to 
84 morbidity, mortality, and transmission[15, 16]. Studies conducted in various regions of SA between 2013 
85 and 2022 have observed disengagement from care between 14.7% to 38.8% of clients within an up to two-
86 year period[17-19]. These findings highlight that disengagement in care continues to be an important 
87 challenge despite expanded access to treatment.

88 Viral load (VL) monitoring is a key component of ART success, as achieving an undetectable VL is 
89 associated with long-term health benefits and eliminates the risk of onward sexual transmission[14]. 
90 However, viraemia (often due to poor adherence, or disengagement from care) continues to pose a 
91 challenge. South African National Health Laboratory Service (NHLS) data from 2013 to 2022 showed a rise 
92 in low-level viraemia VL (50–999 copies/mL), from 15.3% in 2018 to 20.5% in 2022, while high level 
93 viraemia (≥1000 copies/mL) declined during the same period[20]. In Mpumalanga province, 2019 data 
94 indicated that 13.8% of women had low-level viraemia (50–999 copies/mL), while 14.7% had VLs ≥1000 
95 copies/mL[21]. 

96 In this study we focused on three persistent challenges that continue to undermine effectiveness of HIV 
97 programmes, namely AHD, treatment interruption, and viraemia, aiming to analyse their temporal trends 
98 and spatial patterns in three high-burden districts of KwaZulu-Natal, South Africa. The prevalence of these 
99 measures varies over time as well as across provinces and sub-districts, making spatial and temporal 

100 monitoring critical for informing more focused and effective interventions to improve HIV outcomes. 

101 Methods 
102 Study design, setting and population 
103 We conducted a retrospective cohort study including data from 116 primary healthcare clinics managed by 
104 eThekwini Municipality, uMgungudlovu District, and Mseleni/Bethesda Hospital in uMkhanyakude District 
105 in KwaZulu-Natal province. We included all PLWH aged 16 years and older initiating and collecting ART at 
106 participating clinics between 01 July 2018 and 30 June 2023. 

107 HIV care service delivery in South Africa includes the provision of free ART in public healthcare facilities 
108 along with a wide range of clinical assessments and laboratory evaluations[22], including VL and CD4 count 
109 testing[22, 23]. As per 2019 guidelines, VL testing was done at 6 and 12 months after ART initiation and 
110 annually thereafter for those who remained virally suppressed, while CD4 count testing was done at 
111 initiation, at 12 months on ART and when clinically indicated[22].

112 Data source and data management 
113 We analysed routinely collected de-identified electronic health record data from Tier.Net, an electronic 
114 register used to maintain tuberculosis and HIV client information in public healthcare facilities in South 
115 Africa. It contains clients’ demographics, records of ART use, clinic visits, laboratory tests (CD4 counts and 
116 VLs), tuberculosis treatment history, and clinical outcomes[24, 25]. 

117 Outcomes 
118 Study outcomes were the proportion of clients with AHD, treatment interruption, and viraemia, and were 
119 measured annually. We estimated AHD proportions using data from all clients initiating ART who had CD4 
120 count data measured within 180 days before to 30 days post ART initiation. Clinical staging data was not 
121 available in our dataset, only CD4 count < 200 cells/mm3 was used to define AHD. For clients with multiple 
122 CD4 counts within the defined window, we prioritized pre-initiation measurements closest to the initiation 
123 date, and then post-initiation measurements.

124 To evaluate treatment interruption, we included all PLWH on ART who had at least one visit scheduled 
125 during the study period. We defined treatment interruption as missing any scheduled visit by more than 90 
126 days, irrespective of duration on ART and any previous interruptions. We calculated the proportion of clients 
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127 who experienced at least one treatment interruption in a year. Individuals who were transferred to another 
128 clinic or died within 90 days of a scheduled visit were not defined as having a treatment interruption.

129 For measurement of viraemia, we included all PLWH who had been on ART for more than 5 months. Among 
130 those who had at least one VL result in a year, we calculated the proportion of clients who had VL ≥50 
131 copies/mL and VL ≥1000 copies/mL in a year. If a client had multiple VL tests in a year, the highest VL was 
132 selected.

133 Statistical Analysis
134 We used descriptive statistics to summarize clinic-level characteristics in the most recent reporting period 
135 (01 July 2022 – 30 June 2023) using medians and interquartile ranges (IQRs), or counts and percentages. 
136 Clinic-level characteristics such as median age, sex distribution were generated by aggregating client-level 
137 data annually and per clinic. We estimated clinic size as the number of clients who had at least one visit at 
138 that clinic within the study period and assessed socioeconomic context of the clinics using ward-level data. 
139 We used the 2011 ward-level South African multidimensional poverty index (SAMPI) from Statistics South 
140 Africa to assess area-level deprivation, the most recent census-based metric available at the time of 
141 analysis[26]. SAMPI scores range from 0 to 1, where higher scores indicate greater level of deprivation[26]. 
142 We categorized SAMPI scores into quintiles based on cut-off values derived from the KwaZulu-Natal ward-
143 level SAMPI distribution, to classify whether clinics are located in areas ranging from the least deprived 
144 (Q1) to the most deprived (Q5). Each participating clinic was linked to a ward using its global position 
145 system (GPS) coordinates. 

146 We used line plots and bar charts to visualize trends of our study outcomes. To estimate the clinic-level 
147 relative risk (RR) with 95% confidence intervals (CIs) of AHD, treatment interruption and viraemia ≥50 
148 copies/mL, we employed a log-binomial generalized linear mixed model (GLMM) with random slope and 
149 clinic-specific random effects on the intercept to account for the heterogeneity in outcomes by clinic, and 
150 correlated observations within clinics[27-29]. Clinic-level characteristics of median age, clinic size quintiles, 
151 SAMPI quintiles, male proportion and year (of ART initiation, scheduled visit or VL result) were included as 
152 fixed effects. Client-level characteristics were summarized at the time of ART initiation, time of VL testing 
153 and for treatment interruption at first visit within each year. All analyses were performed using R software 
154 (version 4.4.0).

155 Geospatial mapping
156 To visualize spatial patterns of each outcome across the five-year period, we calculated crude clinic 
157 proportions and generated geospatial maps using QGIS software version 3.40.0[30]. Mapping was based 
158 on a vector layer of clinic records containing GPS coordinates (S1 Fig), clinic names, district, ward identifier 
159 and proportions of each outcome, and the shapefiles delineating 2020 local municipality and ward 
160 boundaries in KwaZulu-Natal sourced from the Municipality Demarcation Board website[31]. 

161 We generated inverse distance weighting (IDW) interpolation maps to visualize the proportions of each 
162 outcome per district. IDW is a spatial interpolation technique that estimates values at unsampled locations 
163 (e.g. areas surrounding the participating clinics) based on known values, assigning weights proportional to 
164 the distance between clinics. It operates on the principle that spatial phenomena at proximate locations are 
165 more similar than those further apart[32-35]. 

166 Ethical approval 
167 This study was approved by the University of KwaZulu-Natal Biomedical Research Ethics Committee 
168 (BE646/17), eThekwini Municipality Research Committee, and the KwaZulu-Natal Department of Health’s 
169 Provincial Health Research Ethics Committee (KZ_201807_021), with a waiver for informed consent for 
170 analysis of anonymized routinely collected data.
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171 Results 
172 Among 116 clinics included in analysis, the median clinic size between July 2022 and June 2023 was 4,212 
173 (IQR 2,677–6,105), Table 1. The median age was 39 (IQR 38, 40) years and of males was 31.7% (IQR 
174 30.3%, 33.6%). Approximately one in every five clinics (23, 19.8%) were located in the most deprived 
175 quintiles (Q4 and Q5). Geographically, half of the clinics were located in eThekwini with 38.8% in 
176 uMgungundlovu, and 11.2% in uMkhanyakude. 

Table 1. Characteristics of clinics with HIV data analysed between July 2022 and June 2023.

Characteristic N = 116,
Median [IQR]; 

Clinic size 4,212 [2,677; 6,105]
Median age 39.00 [38.00, 40.00]
Proportion of male 0.317 [0.303, 0.336]
Multidimensional Poverty Index quintiles n (%)

Q1 (least deprived) 46 (39.7%)
Q2 32 (27.6%)
Q3 15 (12.9%)
Q4 13 (11.2%)
Q5 (most deprived) 10 (8.6%)

District n (%)
eThekwini 58 (50.0%)
uMgungundlovu 45 (38.8%)
uMkhanyakude 13 (11.2%)

177 Advanced HIV disease
178 We identified 199,969 clients who initiated ART, of whom 164,752 were newly initiated and were included 
179 in the AHD analysis. Of these, 41,279 did not have CD4 count data (Fig 1A). While the overall number of 
180 ART initiations decreased from 45,780 (July2018–June2019) to 22,347 (July2022–June2023), the 
181 percentage of clients with CD4 count results recorded at ART initiation improved from 71.6% to 78.0% over 
182 the period (Fig 2). The overall prevalence of AHD remained unchanged, ranging between 20.0% and 
183 22.2%. Similar stable trend of AHD was observed at a district level (S2 Fig), although fluctuating trends 
184 were observed at a sub-district level (S3 Fig). 

185
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186 Fig 1. Flowchart for each study outcome. A: advanced HIV disease, B: treatment interruption, and 
187 C: viraemia.

Fig 2. Overall number of ART initiators and prevalence of AHD among clients who had CD4 
count across three districts.

188 The clinic-level prevalence of AHD across the five-year period ranged from 15% to 32% (Fig 3) and varied 
189 within each district. In uMgungundlovu (Fig 3a), most clinics recorded a prevalence of 20% or higher, with 
190 notably higher levels in the western region. In eThekwini (Fig 3b), the highest AHD prevalence was 
191 observed in the southern and western regions, while in uMkhanyakude (Fig 3c), the prevalence was higher 
192 in the northern, western and far southern regions.

193
194 Fig 3. Spatial distribution in prevalence of AHD in three districts of KwaZulu-Natal. 
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195 The risk of AHD declined slightly over the years (RR:0.98, 95%CI: 0.97-0.99), Table 2. Clinics serving older 
196 populations (RR: 1.07, 95%CI: 1.04-1.09) and an increase in proportions of males (RR: 1.01, 95% CI: 1.00-
197 1.01) was associated with increased risk of AHD. 

198 Table 2: Adjusted relative risk of clinic-level prevalence of AHD, treatment interruption, viraemia. 
AHD Treatment interruption Viraemia Characteristic

RR (95% CI) P-value RR (95% CI) P-value RR (95% CI) P-value
Median age 
(standardized)

1.07 (1.04,1.09) <0.001 0.98 (0.96,1.00) 0.101 0.92 (0.91,0.94) <0.001

Proportion of male 
(per 1% change)

1.01 (1.00,1.01) 0.001 0.94 (0.93,0.95) <0.001 1.02 (1.01,1.02) <0.001

MPI (quintiles) 1.00 (0.98,1.02) 0.981 0.95 (0.91,1.00) 0.031 1.01 (0.98,1.04) 0.610
Clinic size 
(quintiles)

0.98 (0.97,1.00) 0.074 0.99 (0.95,1.03) 0.585 0.96(0.94,0.99) 0.004

Year 0.98 (0.97,0.99) 0.001 0.99 (0.96,1.01) 0.270 1.12 (1.09,1.14) <0.001
199 RR = Relative Risk, CI = Confidence Interval, MPI = Multidimensional Poverty Index, AHD=advanced HIV disease

200 Treatment interruptions 
201 Among 551,557 clients who were on ART and had at least one scheduled visit during the study period, 
202 544,066 were 16 years or older and were included in the analysis (Fig 1B). The number of clients with 
203 scheduled visits increased from 343,796 in July2018–June2019 to 385,306 in July2022–June2023 (Fig 4). 
204 The proportion of treatment interruption declined from 13.2% in July2019–June2020 to 11.3% by July2022–
205 June2023. Slightly varied trends were observed at a district level (with eThekwini declining from 13.8% to 
206 10.8%) and at a sub-district level ( S4 and S5 Figs). 

207
208 Fig 4. Overall number of PLWH who had scheduled visits and proportion of treatment interruption 
209 across three districts.

The proportion of treatment interruption varied across the three districts (Fig 5). In uMgungundlovu, it 
was generally consistent across most clinics, with higher levels of between (15% and 30%) in parts of 
the western and southern regions. In eThekwini it was highest in clinics located in the central region 
(between 15% and 20%). Treatment interruption proportions varied across clinics in the uMkhanyakude. 
Those located in the western and far southern region had the highest levels, ranging from 15% to 25%.

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted November 9, 2025. ; https://doi.org/10.1101/2025.11.06.25339741doi: medRxiv preprint 

https://doi.org/10.1101/2025.11.06.25339741
http://creativecommons.org/licenses/by/4.0/


8

In the adjusted GLMM (Table 2), an increase in proportion of males lowers the risk of treatment 
interruption (RR: 0.94, 95%CI: 0.93-0.95), and the risk was reduced for clinics located in the least 
deprived areas (RR: 0.95, 95%CI: 0.91-1.00).

Fig 5. Spatial distribution in the proportion of treatment interruption in three districts of 
KwaZulu-Natal.

210 Viraemia 
211 We identified 500,497 clients with at least one scheduled visit more than 5 months from initiation, and 
212 493,635 clients (≥16 years old) were considered for the analysis (Fig 1C). The proportion of clients who 
213 had VL results was 76.9% in July2018–June2019 and increased to 82.7% in July2022–June2023 (Fig 6). 
214 While the proportion of clients who had high-level viraemia (≥1000 copies/mL) remained stable at 
215 approximately 6% across all years, the proportion of viraemia (≥50 copies/mL) increased from 12.9% to 
216 20.2%. eThekwini district, experienced an upward trend in viraemia (≥50 copies/mL) while varying trends 
217 were observed in uMgungundlovu and uMkhanyakude Districts (S6 Fig).
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Fig 6. Overall number of PLWH who had scheduled visits more than 5 months from ART 
initiation and proportion of viraemia ≥50 copies/mL and ≥1000 copies/mL across three districts. 
VL, viral load; mL, millilitre.

High proportions of viraemia (≥50 copies/mL) were observed in clinics located in the central and north-
eastern region of uMgungundlovu ranging from 15% to 30%, and in the northern and southern region of 
eThekwini between 15% and 25% (Fig 7). However, it was generally consistent across clinics in 
uMkhanyakude.

218
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219
220 Fig 7. Spatial distribution in the proportion of viraemia (≥50 copies/mL) in three districts of 
221 KwaZulu-Natal.

222 At a clinic-level, the proportion of viraemia (≥50 copies/mL) increased significantly over the years (RR: 1.12, 
223 95%CI: 1.09-1.14), Table 2. Clinics serving older clients had a reduced risk of viraemia (RR: 0.92, 95% CI: 
224 0.91-0.94), while an increase in proportion of males was associated with an increased risk (RR:1.02 
225 95%CI:1.01-1.02). However, an increase in the number of clients at a clinics was associated with a reduced 
226 risk (RR: 0.96, 95% CI: 0.94-0.99).

227 Discussion 
228 In this study, we examined temporal and spatial variation in the prevalence of AHD, treatment interruption, 
229 and viraemia, three key measures of HIV programmatic performance, using data from the KwaZulu-Natal 
230 province in South Africa between 2018 and 2023. We also explored whether temporal changes in 
231 prevalence are associated with clinic characteristics such as median clinic age, sex proportions, clinic size 
232 and clinic area wealth quintiles. The findings of this analysis can be used to inform more targeted 
233 interventions to improve HIV service delivery in KwaZulu-Natal and other hyper-endemic settings. 

234 We found that AHD prevalence remained stable over the five-year period at approximately 20-22%, aligning 
235 with recent studies reporting AHD between 18.2% to 28.8% at a national and provincial level between 2017 
236 and 2023[11, 36]. Spatial analysis revealed geographic disparities in AHD across and within districts, 
237 offering insights often masked by national or regional averages. In a clinic-level analysis, we found that an 
238 increase in proportion of males and aging of clients in clinics was associated with increased risk of AHD. 
239 This is consistent with other studies where older age and male sex were reported to be at high risk[2, 36]. 
240 Gender disparity is likely due to men’s lower engagement in HIV testing and treatment, driven by stigma 
241 and suboptimal health-seeking behaviors[37, 38]. Taken together, these results highlight that despite 
242 improved ART access, late presentation remains a challenge. To further reduce AHD among ART naïve 
243 clients, strategies must be more targeted given uneven distribution and focus on early HIV testing and 
244 linkage to care, especially among men[36]. 

245 Our definition of treatment interruption aligns with commonly used measures of disengagement from 
246 care[19, 39-42] , however some studies have used longer thresholds than ours (e.g., >180 days late for a 
247 visit)[17, 43]. Studies have also assessed loss-to-follow-up at specified follow-up intervals since ART 
248 initiation (e.g., at 6, 12, 18, 24 months or more)[16, 39, 41, 42], whereas our analysis examined interruptions 
249 over time, and regardless of prior interruptions and time on ART. In the literature, disengagement from care 
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250 varied between studies done in SA, ranging between 14.7% and 50.3% depending on the time on ART[17, 
251 19, 41, 42], and period used for analysis. We observed a slight overall decline in treatment interruption, 
252 from 13.2% to 11.3% between 2018 and 2023. We found that treatment interruptions differ across and 
253 within districts. Interestingly, we observed that an increase in proportion of male clients in a clinic was 
254 associated with reduced risk of interruption. These findings differ from most existing literature reported in 
255 SA and elsewhere, where male sex tends to increase the risk of disengagement from care[15, 17, 19]. 
256 However, our analysis was conducted at a clinic-level, which may explain this discrepancy. A study 
257 conducted in SA between 2014 and 2018 showed that males initiating ART at male-focused clinics had 
258 reduced risk of dropping out of care[38], suggesting that the protective association we observe may be 
259 linked to unmeasured clinic-level factors. Importantly, this unexpected association could also reflect biases 
260 introduced by aggregating data, where group-level may not align with individual-level patterns[44]. Contrary 
261 to other studies which reported that older age is associated with reduced risk of disengagement from 
262 care[15], in this study age was not a significant factor.

263 Over the five-year period, we observed an overall increase in viraemia (≥50 copies/mL), rising from 12.9% 
264 to 20.2%. In contrast, viraemia (≥1000 copies/mL) remained stable at approximately 6%. A similar trend of 
265 increasing rates of low-level VL (50-999 copies/mL) both at regional and national level, alongside a decline 
266 in high-level viraemia over time has been reported by recent studies[20, 32]. These findings may reflect 
267 promising improvements in preventing sustained high-level viraemia, partly attributable to the roll-out of 
268 dolutegravir-based treatment in late 2019[22, 45], while highlighting a growing burden of low-level viraemia. 
269 Our findings also reveal varying trends at a district and sub-district level, with eThekwini showing an upward 
270 trend in viraemia (≥50 copies/mL). We also found that the distribution of viraemia varies across the districts. 
271 At a clinic-level, we showed that larger clinics serving younger clients were associated with reduced 
272 viraemia risk. However, an increase in the proportion of males tended to increase the risk of viraemia (≥50 
273 copies/mL). While our findings differ from previous studies reporting that younger age is associated with an 
274 increased risk of viral rebound[46, 47], they align with other studies where male sex was associated with 
275 increased risk of viraemia[47, 48].

276 The size of our cohort (incorporating approximately half a million people on ART, drawn from both rural and 
277 urban public sector settings) and the length of the longitudinal data employed enhances the generalizability 
278 of our findings and is a key strength of the analysis. However, there are limitations to the use of TIER.Net 
279 data that must be highlighted. “Silent transfers” are not captured in TIER.Net and will have led to an over-
280 estimation of treatment interruptions and misclassification of ART naïve clients[49]. VL and CD4 count data 
281 in TIER.Net is also not complete, although a recent study (not yet published) showed that the VL data 
282 quality has improved across all levels of VL (>50 copies/mL and >1000 copies/mL)[50]. Although CD4 count 
283 data remains under-captured, the degree of under-capture has not been associated with CD4 count level 
284 and therefore should not impact on the interpretation of our findings[50]. A final limitation of our analysis 
285 was that we did not have data on client residential area and so we used clinic coordinates to map the 
286 outcomes of the study. Residential location could have supported a more accurate estimation of clinic 
287 catchment areas as clients do not always visit clinics closest to their place of residence.  

288 Conclusion
289 In this study we demonstrated that treatment interruptions were fairly low, however AHD and viraemia (≥50 
290 copies/mL) continue to pose a challenge to reducing HIV burden in SA. Our findings also revealed 
291 geographic heterogeneity in these measures. The persistent burden of AHD, increasing viraemia (≥50 
292 copies/mL), and marked spatial variation across districts underscores the need for geographically tailored 
293 interventions to strengthen programmatic effectiveness in hyper-endemic settings like KwaZulu-Natal.

294 Declaration of interests 
295 We declare no competing interests.

296 Author contributions

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted November 9, 2025. ; https://doi.org/10.1101/2025.11.06.25339741doi: medRxiv preprint 

https://doi.org/10.1101/2025.11.06.25339741
http://creativecommons.org/licenses/by/4.0/


12

297 JD, NG, LL, and YS conceived the analysis. JD, NG, LL, SM, MK and KT were responsible for various 
298 components of the project administration. TK, YS, LH, TN, and MK oversaw data collection. JD, NG, TK, 
299 LL, and JSvdM oversaw data curation. SSM, JD, LL, JSvdM, and LG analysed the data with inputs from 
300 BC and JAB. SSM drafted the manuscript. All authors critically reviewed and edited the manuscript and 
301 consented to final publication.

302 Acknowledgements
303 We would like to thank all staff and clients at eThekwini Municipality, uMgungudlovu District, Mseleni 
304 Hospital and Bethesda Hospital primary care clinics. 

305 Funding
306 This work was supported in whole or in part by the Gates Foundation [INV-073793]. The conclusions and 
307 opinions expressed in this work are those of the authors alone and shall not be attributed to the Foundation. 
308 Under the grant conditions of the Gates Foundation, a Creative Commons Attribution 4.0 License has 
309 already been assigned to the Author Accepted Manuscript version that might arise from this submission. 
310 JAB is funded by the Swiss National Science Foundation (P500PM_221966, to JAB). JD is funded by the 
311 UK, National Institute for Health and Care Research (NIHR, grant number CL-2022–13–005, to JD) for this 
312 research project. The views expressed in this publication are those of the authors and not necessarily those 
313 of the NIHR, the National Health Service, or the UK Department of Health and Social Care. The funders 
314 had no role in study design, data collection and analysis, decision to publish, or preparation of the 
315 manuscript.

316 Data sharing
317 The data used in this analysis cannot be publicly shared because of legal and ethical requirements 
318 regarding the use of routinely collected clinical data in South Africa. 

319 References
320 1. South African National AIDS Council, National Strategic Plan for HIV, TB and STIs 2023-2028. 
321 SANAC website, 2023.
322 2. Carmona, S., et al., Persistent High Burden of Advanced HIV Disease Among Patients Seeking 
323 Care in South Africa's National HIV Program: Data From a Nationwide Laboratory Cohort. Clin 
324 Infect Dis, 2018. 66(suppl_2): p. S111-s117.
325 3. Human Sciences Research Council, KwaZulu-Natal reports second-highest prevalence rate in 
326 South Africa[Press release]. 2024, Human Sciences Research Council: Durban.
327 4. Lundgren, J.D., et al., Initiation of Antiretroviral Therapy in Early Asymptomatic HIV Infection. N 
328 Engl J Med, 2015. 373(9): p. 795-807.
329 5. Rodger, A.J., et al., Sexual Activity Without Condoms and Risk of HIV Transmission in 
330 Serodifferent Couples When the HIV-Positive Partner Is Using Suppressive Antiretroviral 
331 Therapy. Jama, 2016. 316(2): p. 171-81.
332 6. World Health Organization, Guidelines on when to start antiretroviral therapy and on pre-
333 exposure prophylaxis for HIV. 2015.
334 7. Waldrop, G., et al., Stable patients and patients with advanced disease: consensus definitions to 
335 support sustained scale up of antiretroviral therapy. Trop Med Int Health, 2016. 21(9): p. 1124-30.
336 8. World Health Organization, Consolidated Guidelines on HIV Prevention, Testing, Treatment, 
337 Service Delivery and Monitoring: Recommendations for a Public Health Approach. Approved by 
338 the Guidelines Review Committee. 2021: Geneva.
339 9. World Health Organization, Guidelines for Managing Advanced HIV Disease and Rapid Initiation 
340 of Antiretroviral Therapy.WHO Guidelines Approved by the Guidelines Review Committee. 2017: 
341 Geneva.
342 10. Ford, N., et al., The future role of CD4 cell count for monitoring antiretroviral therapy. The Lancet 
343 Infectious Diseases, 2015. 15(2): p. 241-247.

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted November 9, 2025. ; https://doi.org/10.1101/2025.11.06.25339741doi: medRxiv preprint 

https://doi.org/10.1101/2025.11.06.25339741
http://creativecommons.org/licenses/by/4.0/


13

344 11. Cassim, N., et al., Retrospective analysis of CD4 count trends in South Africa. Southern African 
345 Journal of HIV Medicine, 2024. 25(1): p. 1651.
346 12. Coetzee, L., et al., Geographical changes in advanced HIV disease and wellness over the last ten 
347 years, using CD4 test results from the National Health Laboratory Service, South Africa. 2024.
348 13. Coetzee, L.M., N. Cassim, and D.K. Glencross, Analysis of HIV disease burden by calculating the 
349 percentages of patients with CD4 counts <100 cells/µL across 52 districts reveals hot spots for 
350 intensified commitment to programmatic support. S Afr Med J, 2017. 107(6): p. 507-513.
351 14. Nel, J., et al., Southern African HIV Clinicians Society guidelines for antiretroviral therapy in 
352 adults: 2020 update. South Afr J HIV Med, 2020. 21(1): p. 1115.
353 15. Kebede, H.K., et al., Predictors of lost to follow up from antiretroviral therapy among adults in 
354 sub-Saharan Africa: a systematic review and meta-analysis. Infect Dis Poverty, 2021. 10(1): p. 
355 33.
356 16. Endebu, T., G. Taye, and W. Deressa, Rate and predictors of loss to follow-up in HIV care in a 
357 low-resource setting: analyzing critical risk periods. BMC Infectious Diseases, 2024. 24(1): p. 
358 1176.
359 17. Kaplan, S.R., et al., Contemporary disengagement from antiretroviral therapy in Khayelitsha, 
360 South Africa: A cohort study. PLoS Med, 2017. 14(11): p. e1002407.
361 18. Esra, R.T., et al., Historical visit attendance as predictor of treatment interruption in South African 
362 HIV patients: Extension of a validated machine learning model. PLOS Glob Public Health, 2023. 
363 3(7): p. e0002105.
364 19. Arnesen, R., A.P. Moll, and S.V. Shenoi, Predictors of loss to follow-up among patients on ART at 
365 a rural hospital in KwaZulu-Natal, South Africa. PLoS One, 2017. 12(5): p. e0177168.
366 20. Hans, L., et al., HIV Viral Load Testing in the South African Public Health Setting in the Context of 
367 Evolving ART Guidelines and Advances in Technology, 2013-2022. Diagnostics (Basel), 2023. 
368 13(17).
369 21. Ngandu, N.K., et al., HIV viral load non-suppression and associated factors among pregnant and 
370 postpartum women in rural northeastern South Africa: a cross-sectional survey. BMJ Open, 2022. 
371 12(3): p. e058347.
372 22. South African National Department of Health, 2019 ART clinical guidelines for the management of 
373 HIV in adults, pregnancy, adolescents, children, infants and neonates. South Africa, 2019.
374 23. South African National Department of Health, 2023 ART clinical guidelines for the management of 
375 HIV in adults, pregnancy and breastfeeding, adolescents, children, infants and neonates. South 
376 Africa, 2023.
377 24. Murphy, J.P., et al., Assessment of facility-based tuberculosis data quality in an integrated 
378 HIV/TB database in three South African districts. PLOS Glob Public Health, 2022. 2(9): p. 
379 e0000312.
380 25. Osler, M., et al., A three-tier framework for monitoring antiretroviral therapy in high HIV burden 
381 settings. J Int AIDS Soc, 2014. 17(1): p. 18908.
382 26. Lehohla, P. and A. Statistics South, The South African MPI : creating a multidimensional poverty 
383 index using census data. Report. 2014: Statistics South Africa.
384 27. Bolker, B.M., et al., Generalized linear mixed models: a practical guide for ecology and evolution. 
385 Trends in ecology & evolution, 2009. 24(3): p. 127-135.
386 28. Donoghoe, M., logbin: Relative risk regression using the log-binomial model. Permanent url: 
387 http://cran. r-project. org/package= logbin (accessed 12 December 2016), 2015.
388 29. Bates, D., et al., Fitting linear mixed-effects models using lme4. Journal of statistical software, 
389 2015. 67: p. 1-48.
390 30. GQIS.org. QGIS Geographic Information System [Internet]. 2025  [cited 2025 February 05]; 
391 Available from: http://qgis.org/.
392 31. Municipality Demarcation Board. Ward boundaries shapefiles [Data set]. 23 October 2023 [cited 
393 2025; Available from: https://dataportal-mdb-sa.opendata.arcgis.com/search?tags=ward.
394 32. Gounder, L., et al., Geospatial and temporal mapping of detectable HIV-1 viral loads amid 
395 dolutegravir rollout in KwaZulu-Natal, South Africa. PLOS Global Public Health, 2024. 4(5): p. 
396 e0003224.
397 33. Haider, M.S., et al., Spatial distribution and mapping of COVID-19 pandemic in Afghanistan using 
398 GIS technique. SN Soc Sci, 2022. 2(5): p. 59.

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted November 9, 2025. ; https://doi.org/10.1101/2025.11.06.25339741doi: medRxiv preprint 

http://cran/
http://qgis.org/
https://dataportal-mdb-sa.opendata.arcgis.com/search?tags=ward
https://doi.org/10.1101/2025.11.06.25339741
http://creativecommons.org/licenses/by/4.0/


14

399 34. Murugesan, B., et al., Distribution and trend analysis of COVID-19 in India: geospatial approach. 
400 Journal of Geographical Studies, 2020. 4(1): p. 1-9.
401 35. Choi, K. and K. Chong, Modified Inverse Distance Weighting Interpolation for Particulate Matter 
402 Estimation and Mapping. Atmosphere, 2022. 13(5): p. 846.
403 36. Kitenge, M.K., et al., Persistent advanced HIV disease in rural KwaZulu-Natal, South Africa: 
404 Trends, characteristics, and the urgent need for targeted interventions. PLoS One, 2025. 20(2): p. 
405 e0317674.
406 37. Katirayi, L., et al., Understanding gender differences of people with HIV newly diagnosed or 
407 returning to care with advanced HIV disease in Malawi: a qualitative study. BMC Public Health, 
408 2023. 23(1): p. 2382.
409 38. Cassidy, T., et al., Attrition from Care Among Men Initiating ART in Male-Only Clinics Compared 
410 with Men in General Primary Healthcare Clinics in Khayelitsha, South Africa: A Matched 
411 Propensity Score Analysis. AIDS Behav, 2023. 27(1): p. 358-369.
412 39. Fatti, G., A. Grimwood, and P. Bock, Better antiretroviral therapy outcomes at primary healthcare 
413 facilities: an evaluation of three tiers of ART services in four South African provinces. PLoS One, 
414 2010. 5(9): p. e12888.
415 40. Berheto, T.M., D.B. Haile, and S. Mohammed, Predictors of Loss to follow-up in Patients Living 
416 with HIV/AIDS after Initiation of Antiretroviral Therapy. N Am J Med Sci, 2014. 6(9): p. 453-9.
417 41. Chauke, P., M. Huma, and S. Madiba, Lost to follow up rate in the first year of ART in adults 
418 initiated in a universal test and treat programme: a retrospective cohort study in Ekurhuleni 
419 District, South Africa. Pan Afr Med J, 2020. 37: p. 198.
420 42. Ambia, J., et al., Outcomes of patients lost to follow-up after antiretroviral therapy initiation in rural 
421 north-eastern South Africa. Trop Med Int Health, 2019. 24(6): p. 747-756.
422 43. Mberi, M.N., et al., Determinants of loss to follow-up in patients on antiretroviral treatment, South 
423 Africa, 2004-2012: a cohort study. BMC Health Serv Res, 2015. 15: p. 259.
424 44. Selvitella, A., The ubiquity of the Simpson’s Paradox. Journal of Statistical Distributions and 
425 Applications, 2017. 4(1): p. 2.
426 45. Dorward, J., et al., Implementation and outcomes of dolutegravir-based first-line antiretroviral 
427 therapy for people with HIV in South Africa: a retrospective cohort study. Lancet HIV, 2023. 10(5): 
428 p. e284-e294.
429 46. Dzomba, A., et al., Viral load dynamics among adults receiving HIV care in rural North-Eastern 
430 South Africa, 2015–2020: insights from a population-based record linkage study. Frontiers in 
431 Public Health, 2025. 13: p. 1551847.
432 47. Grabowski, M.K., et al., Prevalence and Predictors of Persistent Human Immunodeficiency Virus 
433 Viremia and Viral Rebound After Universal Test and Treat: A Population-Based Study. J Infect 
434 Dis, 2021. 223(7): p. 1150-1160.
435 48. Rosen, J.G., et al., Temporal dynamics and drivers of durable HIV viral load suppression and 
436 persistent high- and low-level viremia during Universal Test and Treat scale-up in Uganda: a 
437 population-based study. medRxiv, 2023.
438 49. Etoori, D., et al., Misreporting of Patient Outcomes in the South African National HIV Treatment 
439 Database: Consequences for Programme Planning, Monitoring, and Evaluation. Front Public 
440 Health, 2020. 8: p. 100.
441 50. Naidu, L., Comparing routinely collected data sources in South Africa: TIER.Net vs SyNCH, in 
442 12th SA AIDS Conference. 2025: Emperors Palace.

443 Supporting information 
444 S1 Fig. Study area, sub-districts and clinic locations. 

445 S2 Fig. Overall number of ART initiators and prevalence of AHD among clients who had CD4 count 
446 by district.

447 S3 Fig. Overall number of ART initiators and prevalence of AHD among clients who had CD4 count 
448 by sub-district.

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted November 9, 2025. ; https://doi.org/10.1101/2025.11.06.25339741doi: medRxiv preprint 

https://doi.org/10.1101/2025.11.06.25339741
http://creativecommons.org/licenses/by/4.0/


15

449 S4 Fig. Overall number of PLWH who had scheduled visits and proportion of treatment 
450 interruption by district.

451 S5 Fig. Overall number of PLWH who had scheduled visits and proportion of treatment 
452 interruption by sub-district.

453 S6 Fig. Overall number of PLWH who had scheduled visits more than 5 months from ART 
454 initiation and proportion of viraemia by district. VL, viral load; mL, millilitre.

455 S7 Fig. Overall number of PLWH who had scheduled visits more than 5 months from ART 
456 initiation and proportion of viraemia by sub-district. VL, viral load; mL, millilitre.

457 S1 Table. Characteristics of clients by year and CD4 count category at ART initiation.

458 S2 Table. Characteristics of clients by scheduled visit year and treatment interruption status at 
459 first visit in each year.

460 S3 Table. Characteristics of clients by viral load year and viral load category at viral load testing.

461 S4 Table. Unadjusted relative risk of clinic-level prevalence of AHD, treatment interruption, 
462 viraemia.

463

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted November 9, 2025. ; https://doi.org/10.1101/2025.11.06.25339741doi: medRxiv preprint 

https://doi.org/10.1101/2025.11.06.25339741
http://creativecommons.org/licenses/by/4.0/

