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Cambodia achieved the UNAIDS 90-90-90 targets in 2017; however, clinic
congestion, stigma, and mental health disparities continue to challenge sus-
tained HIV care. This quasi-experimental study evaluated a community-based
antiretroviral therapy delivery model compared with multi-month dispensing
among people living with HIV across 20 clinics (N =4,089) from 2021 to 2023.
Baseline and endline surveys and clinical data assessed treatment adherence,
viral suppression, retention in care, stigma, depressive symptoms, and quality
of life. Both approaches achieved high retention in care (>97%) and viral
suppression rates (>99%). The community-based model showed significantly
improved adherence, reduced depressive symptoms, and higher physical
health-related quality of life. Modest reductions in experienced stigma were
observed, but effects on internalised and anticipated stigma were incon-
clusive. These findings indicate that community-based antiretroviral therapy
delivery effectively sustains adherence and improves health outcomes, sup-
porting its integration into Cambodia’s HIV care system alongside interven-
tions targeting stigma reduction.

Cambodia has made significant strides in addressing the HIV epi-
demic. The prevalence of HIV among adults aged 15-49 years
decreased from 1.7% in 1998 to 0.5% in 2023. It was also one of the
three Asia-Pacific countries to achieve the UNAIDS 90-90-90 targets
in 2017, defined as 90% of all people living with HIV knowing their HIV
status, 90% of those diagnosed receiving sustained antiretroviral
therapy (ART), and 90% of those on ART achieving viral
suppression'?. As of 2023, 89% of an estimated 76,000 people living
with HIV in Cambodia had been diagnosed, 89% had received sus-
tained ART, and 87% had achieved viral suppression’. Nonetheless,

further progress is necessary for Cambodia to meet the UNAIDS 95-
95-95 targets and eventually eliminate HIV.

In Cambodia, HIV services are provided through 74 ART clinics
managed by the government and non-governmental organisations
(NGOs) across 25 provinces®. These clinics face significant challenges,
including congestion and shortages of human resources, which
impede high-quality care, especially for unstable individuals who
require regular follow-ups. People living with HIV also experience
substantial psychological challenges, including stigma, which is closely
associated with poorer mental health outcomes® and can negatively

'Saw Swee Hock School of Public Health, National University of Singapore and National University Health System, Singapore, Singapore. 2KHANA Centre for
Population Health Research, Phnom Penh, Cambodia. *Department of Community and Global Health, Graduate School of Medicine, the University of Tokyo,
Tokyo, Japan. “Faculty of Social Sciences and Humanity, Royal University of Phnom Penh, Phnom Penh, Cambodia. ®National Centre for HIV/AIDS, Derma-
tology, and STD, Phnom Penh, Cambodia. ®Faculty of Medicine and Health, University of Sydney, Sydney, NSW, Australia. ’Department of Infectious Disease
Epidemiology, London School of Hygiene and Tropical Medicine, London, UK. 8Public Health Program, College of Education and Health Sciences, Touro
University California, Vallejo, CA, USA. “ e-mail: siyan@nus.edu.sg

Nature Communications | (2025)16:11612 1


http://orcid.org/0009-0001-5606-8552
http://orcid.org/0009-0001-5606-8552
http://orcid.org/0009-0001-5606-8552
http://orcid.org/0009-0001-5606-8552
http://orcid.org/0009-0001-5606-8552
http://orcid.org/0000-0001-8617-4578
http://orcid.org/0000-0001-8617-4578
http://orcid.org/0000-0001-8617-4578
http://orcid.org/0000-0001-8617-4578
http://orcid.org/0000-0001-8617-4578
http://orcid.org/0000-0002-1451-6628
http://orcid.org/0000-0002-1451-6628
http://orcid.org/0000-0002-1451-6628
http://orcid.org/0000-0002-1451-6628
http://orcid.org/0000-0002-1451-6628
http://orcid.org/0000-0002-0569-3518
http://orcid.org/0000-0002-0569-3518
http://orcid.org/0000-0002-0569-3518
http://orcid.org/0000-0002-0569-3518
http://orcid.org/0000-0002-0569-3518
http://orcid.org/0000-0002-3045-5386
http://orcid.org/0000-0002-3045-5386
http://orcid.org/0000-0002-3045-5386
http://orcid.org/0000-0002-3045-5386
http://orcid.org/0000-0002-3045-5386
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66606-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66606-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66606-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66606-x&domain=pdf
mailto:siyan@nus.edu.sg
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66606-x

affect ART adherence and retention in care®’. Additionally, specific
populations, particularly those with vulnerable socioeconomic or
clinical statuses and inadequate social support, are at risk of being lost
to follow-up in ART™. Other concerns include missed appointments
and improper storage of antiretrovirals (ARVs) after dispensing".

Since 2015, the World Health Organization (WHO) has advocated
for a client-centred approach using differentiated service delivery
(DSD) models tailored to the needs of people living with HIV while
lessening the burden on health systems”. DSD models, such as
community-based ART distributions, as seen in Mozambique and
Lesotho, have shown promising results in improving ART adherence,
alleviating clinic congestion, and enhancing mental health for people
living with HIV®*,

In Cambodia, where community-based services are integral to the
national HIV response, the National Centre for HIV/AIDS, Dermatology,
and STD (NCHADS) initiated the multi-month dispensing (MMD)
model in 2017. This model allows clinically stable individuals—typically
those on ART for at least 1 year, with viral suppression and no sig-
nificant clinical complications—to visit ART clinics every 3-6 months,
thereby reducing travel burdens®. Building on this, a quasi-
experimental study introduced a Community-based ART Delivery
(CAD) model, further decentralising care by integrating ARV distribu-
tions within peer-led community networks'.

The CAD model represents a contextually adapted, peer-led
approach to delivering differentiated HIV services in Cambodia.
Building on earlier models, such as Community ART Groups, which
leveraged the lived experiences of people living with HIV to strengthen
adherence and peer solidarity, CAD advances this paradigm by intro-
ducing greater formalisation, professionalisation, and operational
alignment with national HIV programme processes. Unlike rotational
or volunteer-based peer delivery systems, CAD engages people living
with HIV as formally trained and compensated Community Action
Workers (CAWs) to lead monthly community-based group sessions.
These sessions are not limited to ART distribution, but also incorpo-
rate structured health education, treatment adherence counselling,
basic health monitoring, and peer-led psychosocial support. Psycho-
social support in this context comprised emotional reassurance,
informational guidance, and motivational engagement, provided
through structured interactions between CAWs and group partici-
pants, as well as informal peer bonding among participants
themselves.

This embedded design aims to address persistent structural and
psychosocial barriers to care, particularly HIV-related stigma, social
isolation, and mental health burden, among stable people living with
HIV in rural and underserved communities. While psychosocial inter-
ventions have been integral to other differentiated models, including
those implemented in Uganda and Zimbabwe'%, the CAD model dis-
tinguishes itself through the routinisation and institutionalisation of
these components within a formally supervised, peer-delivered plat-
form. The intervention logic drew on behavioural theory, particularly
constructs from social cognitive theory and the stress-buffering model
of social support'?°, which posit that peer role-modelling, emotional
validation, and perceived support can reduce psychological distress
and reinforce treatment adherence. Rather than layering delivery
support onto community health workers, the CAD model embeds
these services as standard monthly functions, integrated with national
referral, reporting, and supervision systems.

Although both CAD and MMD models require biannual clinic
visits for clinical monitoring and prescription renewal, the CAD model
decentralises many non-clinical functions—such as routine ARV refills,
adherence counselling, and basic health assessments—into the com-
munity setting. This redistribution reduces the workload of healthcare
providers and enhances patient experience by limiting in-facility
interactions for stable clients, while also leveraging peer networks to
sustain engagement in care. The CAD model shares structural

similarities with adherence clubs in sub-Saharan Africa”?; however, it
is contextually adapted to the Cambodian health system. Unlike typical
ART adherence clubs, which are managed by formal cadres under
standard operating procedures®?*, the CAD model is implemented by
formally trained and compensated CAWs employed by community-
based implementing partners, operating under national supervision
and reporting frameworks. A defining feature is structured monthly
contact with every participant, ensuring medication dispensing,
adherence counselling, health education, and psychosocial support—
even for those unable to attend group sessions—thereby maintaining
continuity of care in alignment with project protocols and national HIV
programme priorities.

This quasi-experimental study estimated treatment effects while
accounting for baseline differences and time-invariant confounding in
non-randomised settings. The resulting evidence would inform CAD’s
potential institutionalisation and scale-up within Cambodia’s national
HIV response, offering policy-relevant insights into implementing
peer-led, community-integrated service delivery. More broadly, this
evaluation contributes to the global evidence base on differentiated
HIV care and supports Cambodia’s strategic transition toward inte-
grated, person-centred models that prioritise sustainability, service
quality, and long-term well-being of people living with HIV.

Results

Participant characteristics

As shown in Fig. 1, 4089 people living with HIV were enroled in this
study and completed baseline surveys, with 2040 (49.9%) in the CAD
and 2049 (50.1%) in the MMD group. By the endline, 3977 participants
(97.3%) were retained in HIV care; of those, 1626 (79.7%) in CAD and
1441 (70.3%) in MMD completed endline surveys. Among 85 partici-
pants who did not remain in HIV care, 42.4% were from CAD and 57.6%
from MMD due to death, loss to follow-up, or transfer. Of those who
were retained in care but did not complete endline surveys (22.9%), a
higher percentage of participants were from MMD (61.6%) compared
to CAD (35.2%).

Table 1 shows that most participants were recruited from urban
areas, with a higher proportion in the MMD group (75.5%) than in
the CAD group (61.0%). Most participants were aged 15-49, pre-
dominantly female, married, and with a primary school education.
Many were farmers, fishermen, self-employed individuals, or
unemployed. MMD participants were nearly four times more likely
than CAD participants to identify as lesbian, gay, bisexual, trans-
gender, or queer (LGBTQ+) (4.7% vs. 1.2%). Most had small families,
and the median monthly household income was higher among
MMD participants than in CAD participants (USD 216 vs. USD 192). A
significantly higher proportion of CAD participants (25.9%) repor-
ted at least one comorbidity compared to MMD participants
(17.9%). A significantly higher proportion of MMD participants were
newly diagnosed with HIV (0-5 years) and newly on ART (0-5 years)
compared to those in the CAD arm. Conversely, a significantly
higher proportion of CAD participants had lived with HIV and
received ART for 11 years or longer. However, most participants in
both groups had lived with HIV and received ART for 11-20 years.
Approximately half of the participants travelled less than 30 min to
ART clinics, and the mean waiting time was slightly higher in the
CAD group (2.2 h) than in the MMD group (1.6 h).

Implementation fidelity and group participation

As a measure of implementation fidelity, group attendance data
recorded by CAWs were analysed for the period between November
2021 and March 2023. During this period, a total of 1,168 group ses-
sions were conducted across 10 intervention sites, with a median of
79.5 sessions per site (interquartile range [IQR]=85.5). Each site
operated a median of eight groups (IQR = 5.5). The median number of
participants per session was 158.6 (IQR =161.0), corresponding to a
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Enrolment

Baseline Surveys
N=4089

CAD Intervention
N=2040 (49.9%)

y

MMD Control
N=2049 (50.1%)

18 months

Retained in care
N=3977 (97.3%)

A 4
Retained in Care
N= 1984 (97.3%)

Lost to follow up

Not Retained in Care=56 (2.7%)
Dead=24 (42.9%)

Lose=9 (16.1%)

Transfer out=3 (5.4%)

Unknown Reasons =20 (35.7%)
Incomplete endline survey=358 (17.5%)

A

A
Retained in Care
N= 1993 (97.3%)

Lost to follow up

Not Retained in Care=56 (2.7%)
Dead=23 (41.1%)

Lose=12 (21.4%)

Transfer out=14 (25%)

Unknown Reasons =7 (12.5%)

‘Unavailable' =179 (50%)
‘Unreachable'=62 (17.3%)
'Unable to attend’ =35 (9.8%)

Endline Surveys
N=3067 (77.1%)

Incomplete endline survey=552 (26.9%)
‘Unavailable' =228 (41.3%)
‘Unreachable'=218 (39.5%)

A 4

Completed Endline Surveys
N=1626 (79.7%)

'Other reasons'=29 (8.1%)
‘Moved' =15 (4.2%)
Unknown Reasons =38 (10.6%)

Fig. 1| Flowchart of participants from 20 antiretroviral therapy clinics across
Cambodia. Flowchart showing participant progression from enrolment to 18-
month follow-up in the CAD and MMD groups. Boxes present numbers and

A 'Other reasons'=50 (9.1%)
Completed Endline Surveys ‘Unable to attend' =28 (5.1%)
N=1441 (70.3%) 'Moved' =28 (5.1%)

percentages at each stage, including reasons for loss to follow-up. Arrows indicate
the flow of participants. CAD community-based antiretroviral therapy delivery,
MMD multi-month dispensing.

median session attendance rate of 86.7% (IQR=13.8%). Site-level
attendance rates ranged from 71.4% to 119%, with values above 100%
reflecting cumulative attendance counts across overlapping sessions.
Importantly, all absentees were individually followed up and received
ART refills and support through home-based or one-to-one contact.
These attendance data demonstrate strong participant engagement
and operational fidelity of the CAD model across all intervention sites.
Detailed indicators are presented in Supplementary Table S3.

Treatment outcomes

Retention in HIV care was high in both groups, 98.2% in the CAD and
97.6% in the MMD group. More than 99.0% of participants maintained
suppressed viral loads, with minimal differences between the two arms
(Table 1).

The CAD and MMD groups demonstrated similar treatment out-
comes, as evidenced by descriptive trends (Table 2) and robust inter-
vention effects (Tables 3 and 4). At baseline, the CAD group had
slightly lower self-reported ART adherence than the MMD group
(87.0% vs. 90.3%, Table 2). By the endline, ART adherence declined
modestly in both groups, but the CAD group maintained a superior
trajectory (86.8% vs. 84.4% in MMD). As shown in Table 3, the CAD
group had 64% higher odds of ART adherence (adjusted odds ratio
[AOR], 1.64; 95% confidence interval [Cl], 1.21-2.23). Table 4 confirmed
a significant difference-in-difference (DiD) advantage of 5.5% (95% CI:
1.96-9.01). These findings substantiate CAD’s non-inferiority and
superiority in maintaining adherence, even in the presence of baseline
differences between groups.

HIV-related stigma

Table 2 shows that MMD participants were significantly more likely to
report no stigma experienced at baseline than CAD participants (94.5%
vs. 92.2%). At the endline, the CAD group showed a marginal
improvement (92.4%), while the MMD group experienced a decline
(91.3%). As shown in Table 3, adjusted models suggested a trend
toward reduced stigma in the CAD group (AOR 148, 95% CI:
0.99-2.20), although DiD estimates were inconclusive (2.44%, 95% CI:
-0.30 to 5.18, Table 4). Internal stigma increased sharply in both
groups (CAD: 69.0%-80.3%, MMD: 63.4%-73.1%), while no significant
differences were observed for fear of stigma.

Depressive symptoms

Both the CAD and MMD groups experienced a reduction in the pro-
portion of participants reporting no depressive symptoms over time
(CAD: 77.7%-72.7%, MMD: 83.8%-71.5%, Table 2). The decline was more
pronounced in the MMD group; however, the between-group differ-
ence at the endline was not statistically significant. Adjusted models
(Table 3) indicated that CAD participants had 54% higher odds of
maintaining no depressive symptoms than those in the MMD group
(AOR 1.54, 95% CI: 1.20-1.97). This advantage was corroborated by a
significant DiD estimate of 6.8% (95% Cl: 2.7-10.9; Table 4), indicating a
smaller decline in the proportion of participants without depressive
symptoms in the CAD group compared to the MMD group.

Quality of life (QoL)

Table 2 shows that the MMD group reported better physical health
(54.6% in CAD vs. 69.7% in MMD) at baseline. By endline, both groups
experienced a decline in physical health-related QoL (49.6% in the CAD
group; 51.7% in the MMD group), but the CAD group demonstrated
striking superiority in the DiD estimate for physical health-related QoL
(11.6%, 95% CI: 6.6-16.5, Table 4), supported by robust intervention
effects (AOR 1.70, 95% CI: 1.37-2.11, Table 3). Despite the MMD group’s
superior baseline mental health-related QoL (CAD 76.3% vs. MMD
84.2%), CAD narrowed this gap at endline (CAD: 82.1% vs. MMD: 77.6%).
No significant difference was observed regarding mental health-
related QoL (AOR 1.20, 95% Cl: 0.92-1.57, Table 3). Adjusted models
consistently outperformed crude models, as reflected in lower Baye-
sian Information Criterion (BIC) values (Table 3), which reinforces the
validity of the estimates. All outcomes met prespecified non-inferiority
margins, with superiority established for ART adherence and mental
health- and physical health-related QoL.

Sensitivity analyses

Table 5 shows that the CAD model maintained similar outcomes to
MMD in all tested scenarios, with effect estimates remaining stable or
strengthening under conservative assumptions. Under the missing-at-
random assumption, the CAD model was associated with a 6.6%
improvement in ART adherence (95% Cl: 5.2-7.8). For mental health
outcomes, the CAD model showed a 6.9 percentage-point advantage
(95% Cl: 5.5-8.5) in maintaining no depressive symptoms compared to
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Table 1| Summary of sociodemographic, clinical character-
istics, care retention and viral suppression in CAD and
MMD arms

Table 1 (continued) | Summary of sociodemographic, clinical
characteristics, care retention and viral suppression in CAD
and MMD arms

CAD (N=1626) MMD (N =1441) P value CAD (N=1626) MMD (N =1441) P value
n (%) n (%) n (%) n (%)
Study setting Duration of receiving ART (years)
Urban 992 (61.0) 1088 (75.5) <0.001 Newly on ART (0-5) 189 (19.7) 284 (19.7) <0.001
Rural 634 (39.0) 353 (24.5) Medium dura- 320 (19.7) 303 (21.0)
Age (years) tion (6-10)
Adults (15-49) 992 (56.7) 842 (58.4) 0.33 Long duration (11-15) 604 (37.2) 462 (32.1)
Older adults (50+) 704 (43.3) 599 (41.6) Very long dura- 513(31.6) 392(27.2)
tion (16+)
Gender = =
Mode of transportation to the ART clinic
Male 603 (37.1) 548 (38.0) <0.001
Tuk Tuk, motorcycle, 1551 (95.4) 1331 (92.4) <0.001
Female 1004 (61.8) 826 (57.3) or car
LGBTQ+ 19 (1.1) 67 (4.7) On foot or bicycle 69 (4.2) 54 (3.8)
Marital status Boat, ship, or others 6 (0.4) 56 (3.9)
Married 984 (60.5) 850 (59.0) 0.03 Travelling time to ART sites (hours)
Widowed 422 (26.0) 348 (24.2) Short travel (<0.5) 776 (47.7) 621 (43.1) 0.03
Never married or 220 (13.5) 243 (16.9) Medium travel (0.5-2) 717 (44.1) 702 (48.7)
divorced, or others
Long travel (2+) 133 (8.2) 118 (8.2)
Formal education (years) — - -
Waiting time at ART site (hours)
No, or unknown formal 295 (18.1) 230 (16.0) <0.001
cdieEiien Mean +SD 2.19+1.27 1.55+0.97 <0.001
Primary school (1-6) 831 (51.1) 679 (47.1) Retained in HIV care® 1984 (98.2) 1993 (97.6) 0.17
Seeaiaty 329 202) 3 210) Viral load 2021(99.1) 2040 (99.6) 0.01
school (7-9) suppressed®
Tertiary or uni- 171 (10.5) 221 (15.3) Values are n (%), unless otherwise indicated. Categorical comparisons were conducted using
versity (104) Pearson’s y” tests (two-sided); continuous variables were compared using two-sided Student’s t-
S test when normally distributed and two-sided Mann-Whitney U tests otherwise. No adjustments
Occupation for multiple comparisons were applied. Exact p values are reported.
Unemployed 307 (18.9) 267 (18.5) 0.004 ART antiretroviral therapy, CAD community-based ART delivery model, HIV human immunode-
. ficiency virus, IQR interquartile range, MMD multi-month dispensing model, NGO non-
Farmer, or fisherman 471(29.0) 352 (24.4) governmental organisation, SD standard deviation, USD United States dollar.
Self-employed 279 (17.2) 298 (20.7) 2LGBTQ+ includes lesbians, gay men, bisexual individuals, transgender people, queers, intersex
business individuals, asexual individuals, and those who choose not to identify.
N ] Uniformed officers include policemen, soldiers, and police military.
S)?;S\Lréﬁ(telc:: wrifee 20 (g 22 °Co-morbidities include diabetes mellitus, high cholesterol, and hypertension.
9N'=2020 in CAD, N=2042 in MMD. There were 20 missing values in CAD and 7 in MMD.
Other (taxi driver, 329 (20.2) 333 (23.1) °N'=2040 in CAD, N=2049 in MMD.
government staff or
NGO staff, uniformed
officer®, or private .. . . . .
employes) P the MMD model and clinically meaningful improvements in physical
— . health-related QoL (11.9%, 95% Cl: 10.6-13.3). The consistency between
Family size (number of family members) 3 . 7
- imputed and complete-case estimates underscores the legitimacy of
Small family (1-4) 1021 (70.9) 1230 (75.7) 0.003 .. . . .
: the missing-at-random assumption in this context.
giﬁﬁ%g’ Hios S ez There was minimal impact on estimates when accounting for
T e & potential differential loss to follow-up by adjusting key socio-
um 'er S EEEAIVRTEE demographic variables by 50%. ART adherence remained robust at
No children 682 (41.9) 601 (41.7) oz 6.4% (95% CI: 5.0-7.8), as did CAD’s advantage in sustaining no
One child 538 (33.1) 463 (32.1) depressive symptoms (6.7 percentage points [pp], 95% Cl: 5.2-8.3) and
Two or more children 406 (25.0) 377 (26.2) physical health-related QoL gains (11.6%, 95% Cl: 10.1-13.1). Notably,
Monthly household income (USD) mental health-related QoL scores increased slightly (3.9%, 95% CI:
Median (inter- 192 (237.6) 216 (240) 0.001 2.5-5.2 vs. 3.5%, 95% CI: 2.2-4.9 in Scenario 1)
quartile range) Under a conservative missing-not-at-random assumption, where
Presence of comorbidity diagnosed the loss to follow-up systematically underperformed, CAD’s super-
Having at leastone co- _ 421 (25.9) 258 (17.9) <0.001 iority persisted or even strengthened. ART adherence gains increased
morbidity® to 8.1% (95% Cl: 6.7-9.6), while the advantage in maintaining no
Duration of living with HIV (years) depressive symptoms rose to 8.3% (95% Cl: 6.9-10.0), and physical
ey gl 143 (8.8) 258 (17.9) <0.001 health improvements remained stable at 11.9% (95% CI: 10.5-13.3).
nosed (0-5) However, stigma-related outcomes exhibited differential patterns.
Medium dura- 263 (16.2) 258 (17.9) Although the CAD model continued to improve non-stigma experi-
tion (6-10) ences (6.3%, 95% CI. 4.5-8.0, compared to 4.9%, 95% CI: 3.3-6.6 in
Long duration (11-15) 541 (33.3) 389 (27.0) Scenario 1), the lower bounds of the 95% Cls for internal stigma (-0.32)
Very long dura- 679 (41.9) 536 (37.2) and fear of stigma (-0.66) did not exclude 0, indicating non-inferiority

tion (16+)

but a lack of superiority in these areas.
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Table 2 | ART adherence, mental health, stigma and discrimination, and quality of life of participants at baseline and endline in
CAD and MMD arms

Baseline Endline

CAD' (n=1626) n (%) MMD? (n=1441) n (%) P value CAD (n=1626) n (%) MMD (n=1441) n (%) P value
ART adherence
Self-reported ART adhered 1415 (87) 1301 (90.3) 0.005 1412 (86.8) 1216 (84.4) 0.05
HIV-related Stigma (People Living with HIV Stigma Index)
Non-stigma experienced 1499 (92.2) 1362 (94.5) 0.01 1503 (92.4) 1315 (91.3) 0.23
Low internal stigma 122 (69) 914 (63.4) 0.001 1305 (80.3) 1053 (73.1) <0.001
Not fear of stigma 1445 (88.9) 1234 (85.6) 0.01 1475 (90.7) 1281(88.9) 0.10
Mental health status (CES-D)
No depression symptoms 1263 (77.7) 1208 (83.8) <0.001 182 (72.7) 1030 (71.5) 0.45
Quality of life (SF-12)
Good mental health 1241 (76.3) 1213 (84.2) <0.001 1261 (77.6) 1183 (82.1) 0.002
Good physical health 887 (54.6) 1004 (69.7) <0.001 806 (49.6) 745 (51.7) 0.24

Values are n (%) unless otherwise indicated. Differences between study arms were evaluated using Pearson’s y? tests (two-sided) for categorical variables. No adjustments for multiple comparisons
were applied as this table reports descriptive outcome distributions. Exact p values are shown.
ART antiretroviral therapy, CAD community-based ART delivery, CES-D Center for Epidemiologic Study Depression Scale, MMD multi-month dispensing, SF-12 12-item Short Form survey.

Table 3 | Intervention effects of CAD among participants with completed baseline and endline surveys over time

Intervention effects®

Crude model Adjusted model®

OR [95% CI] P value Model fit (BIC)® AOR [95% CI] P value Model fit (BIC)®
ART adherence
Self-reported adherence 1.69[1.25, 2.29] 0.001 4723.69 1.64[1.21, 2.23] 0.002 4677.51
HIV-related Stigma (People Living with HIV Stigma Index)
No stigma 1.71[1.16, 2.52] 0.01 3264.96 1.48 [0.99, 2.20] 0.06 3269.99
Low internal stigma 1.17[0.93, 1.46] 0.18 7234.95 118 [0.94,1.48] 0.15 7235.89
Not Fear of stigma 0.91[0.66, 1.25] 0.57 4366.84 0.88[0.63,1.21] 0.42 435412
Mental health status (CES-D)
No depressive symptoms 1.58 [1.24, 2.02] <0.001 6666.34 1.54 [1.20, 1.97] 0.001 6521.37
Quality of life (SF-12)
Good mental health 1.24[0.96, 1.60] 0.09 6159.54 1.20[0.92, 1.57] 0.17 6031.94
Good physical health 1.76 [1.43, 2.16] <0.001 8293.89 1.70 [1.37, 2.11] <0.001 8121.65

Odds ratios (ORs) with 95% confidence intervals (Cls) were estimated using logistic regression with Huber-White robust standard errors. Two-sided Wald tests (df = 1) were used to obtain p values for
the CAD vs. MMD effect. Adjusted models included age and gender a priori plus outcome-specific covariates selected by backward elimination using the Bayesian Information Criterion (BIC);
retained covariates for each outcome are listed in Supplementary Table S1. Overall model fit statistics (BIC) are reported; global Wald y tests for model fit were significant (p < 0.001) for all crude and
adjusted models. No adjustments for multiple comparisons were applied. Sample sizes: CAD n=1626; MMD n =1441 (participants with baseline and endline data).

AOR adjusted odds ratio, ART antiretroviral therapy, BIC Bayesian information criterion, CAD community-based antiretroviral therapy delivery, CES-D Center for Epidemiologic Study Depression
Scale, Cl confidence interval, MMD multi-month dispensing, OR odds ratio, SF-12 12-item Short Form survey.

2N =1626 in CAD arm; N=1441in MMD arm.

bOutcome-specific covariates used in the adjusted models for each treatment outcome are detailed in Supplementary Table S1.

“The model fit was significant (p < 0.001) for all crude and adjusted models.

Bias-adjusted DiD estimates were consistently positive (6.71pp,
range 0.92-7.13 pp). A conservative stress test that lowered CAD spe-
cificity at endline attenuated the effect to 5.95pp (Supplementary
Table S2).

Discussion

Our findings demonstrate the effectiveness of the CAD model in
maintaining ART adherence, improving mental health, and enhancing
physical health outcomes compared to the MMD model over the 18-
month intervention period. Retention in HIV care was high in both
groups, with 98.2% of CAD participants and 97.6% of MMD participants
retained at endline, indicating that the CAD model did not compro-
mise care continuity with its decentralised and peer-led design. Viral
suppression rates exceeded 99% in both arms, with marginal differ-
ences favouring the CAD model, underscoring the overall robustness

of Cambodia’s HIV programme in sustaining virologic control across
models.

While self-reported ART adherence declined over time in both
groups, the decline was smaller in the CAD arm. Adjusted models
confirmed significantly higher odds of ART adherence among CAD
participants relative to MMD, consistent with existing literature
supporting the role of community-based models in enhancing
treatment engagement®?°. However, the absolute difference in
ART adherence between arms was modest (86.8% vs. 84.4%) and
must be interpreted within the context of high baseline adherence
and likely ceiling effects. These results suggest that, while the CAD
model may buffer against structural and psychosocial disruptions
(e.g. stigma, migration), its additive impact on ART adherence
may be constrained by already-strong performance in the
control group.
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Table 4 | Predicted probabilities, differences-in-difference estimates of intervention effects on treatment outcomes over time

CAD Intervention (N =1626) MMD Control (N =1441) DiD Estimate (%) Conclusion
[95% CI]

Baseline Endline Baseline Endline

P (%) [95% CI] P (%) [95% Cl] P (%) [95% CI] P (%) [95% Cl]
ART adherence
Self-reported ART 86.8 [85.2, 88.5] 86.1[84.4, 87.8] 90.7 [89.2, 92.2] 84.9 [83.1, 86.7] 5.0 [1.6, 8.5] Non-inferior and
adherence superior
HIV-related Stigma (People Living with HIV Stigma Index)
No stigma 92.6 [91.3, 93.8] 92.0 [90.6, 93.4] 94.4[93.2, 95.6] 91.4 [90.0, 92.8] 2.4[-0.3,5.2] Non-inferior
Low internal stigma 68.9 [66.6, 71.1] 80.0[78.0, 81.9] 64.0 [61.5, 66.5] 73.1[70.8, 75.4] 2.0[-2.4,6.4] Non-inferior
Not fear of stigma 89.1[87.5, 90.6] 90.0 [88.5, 91.5] 86.4 [84.6, 88.1] 88.9[87.3, 90.5] -1.6 [-4.7,1.6] Non-inferior
Mental health status (CES-D)
No depressive 78.2 [76.2, 80.2] 72.9 [70.7, 75.0] 83.4[81.5, 85.3] 71.2 [68.9, 73.5] 6.8 [2.7,10.9] Non-inferior and
symptoms superior
Quality of life (SF-12)
Good mental health 76.6 [74.5, 78.6] 77.8[75.8,79.8] 83.7[81.8, 85.6] 82.2[80.2, 84.1] 2.8 [-11,6.7] Non-inferior

Good physical health 56.5 [54.0, 59.0] 49.7[47.3,52.1]

68.7 [66.3, 71.1]

50.4 [47.8, 53.0] 11.6 [6.6, 16.5] Non-inferior and

superior

Prespecified non-inferiority margin, risk difference -10%

Non-inferiority was defined as a DiD estimate with a lower bound of the 95% confidence interval above the prespecified non-inferiority margin of 10%. Superiority was concluded if the entire 95%

confidence interval exceeded zero.

ART antiretroviral therapy, CAD community-based ART delivery, CES-D Center for Epidemiologic Study Depression Scale, Cl confidence interval, DiD difference-in-differences, MMD multi-month

dispensing, P predicted probability, SF-12 12-item Short Form survey.

Table 5 | Sensitivity analysis on difference-in-difference estimates of intervention effects on treatment outcomes over time

Scenario 1° Scenario 2° Scenario 3°
DiD estimate (%) [95% CI] DiD estimate (%) [95% CI] DiD estimate (%) [95% CI]
ART adherence
Self-reported ART adherence 6.6 [5.2, 7.8] 6.4 [5.0, 7.8] 8.1[6.7, 9.6]
HIV-related stigma (people living with HIV Stigma Index)
Non-stigma experienced 4.9 [3.3, 6.6] 4.6 [2.9, 6.1] 6.3[4.5, 8.1]
Low internal stigma -0.8[-2.2,0.4] -0.9[-2.4, 0.3] 1.1[-0.3, 2.3]
Not fear of stigma -0.8[-2.0, 0.5] -1.4 [-2.6, -0.0] 0.6 [-0.7,1.8]
Mental health status (CES-D)
No depression symptoms 6.9 [5.5, 8.5] 6.7 [5.2, 8.3] 8.3[6.9, 10.0]
Quality of life (SF-12)
Good mental health 3.5[2.2,4.9] 3.9[2.5,5.2] 3.5[21,4.8]

Good physical health 11.9 [10.6, 13.3]

11.6 [10.1,13.1] 11.9[10.5, 13.3]

AOR adjusted odds ratio, ART antiretroviral therapy, BIC Bayesian information criterion, CAD community-based ART delivery, CES-D Center for Epidemiologic Study Depression Scale, Cl confidence

interval, MMD multi-month dispensing, OR odds ratio, SF-12 12-item Short Form survey.

2Assumptions: (i) Missing at random. (i) Baseline characteristics remained unchanged at endline.

Assumptions: (i) Missing at random. (i) Some baseline characteristics changed at endline for 50% of participants with incomplete endline surveys.
°Assumptions: (i) Missing not at random, where participants with incomplete endline surveys had worse outcomes (e.g. 5% lower probability of adherence) than observed data at endline. (i) Baseline

characteristics remained unchanged at endline.

In such high-performing systems, statistically significant dif-
ferences should not be conflated with substantive clinical or pro-
grammatic gains. With large sample sizes, small effect sizes may
reach statistical significance even when their practical impact is
limited. In this case, the lower bound of the CI exceeding zero does
indicate a consistent directional benefit. Yet, a 2.4 percentage-point
advantage, though statistically significant, should be interpreted in
relation to the system’s maturity, the model’s scalability, and its
potential to prevent disengagement in harder-to-reach populations.
The CAD model’s ability to sustain ART adherence under real-world
implementation constraints, particularly during the COVID-19 pan-
demic, may reflect both effectiveness and operational resilience
and alignment with Cambodia’s shift from access-based targets
toward sustainable, person-centred HIV care in the post-90-
90-90 era.

Beyond ART adherence, psychosocial outcomes showed patterns
consistent with a protective effect on mental health in the CAD arm.
While mental health improved modestly in the CAD arm and declined
in the MMD arm, adjusted models indicated 54% higher odds of
maintaining no depressive symptoms among CAD participants, with a
significant DiD improvement of 6.8%. Notably, despite poorer baseline
mental health in CAD, the disparity between groups narrowed by
endline, suggesting a buffering effect of CAD on mental health
inequities”. Given the non-random, opt-in design, we interpret these
contrasts as associations rather than definitive causal effects. Physical
health-related QoL outcomes also favoured the CAD model, showing
clinically meaningful gains (DiD: +11.6%, 95% Cl: 9.75-13.36). However,
the impact of the CAD model on mental health-related QoL remained
inconclusive. Because three prespecified outcomes met the super-
jority criterion, we controlled the family-wise error rate across these
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claims using the Holm-Bonferroni step-down procedure (a =0.05);
each remained significant after adjustment.

The CAD model showed promise in reducing externalised stigma,
with non-stigma experiences improving in the CAD group but declin-
ing in the MMD group. However, internal stigma increased in both
groups, and adjusted models did not confirm the CAD model’s
superiority. While all stigma-related outcomes met non-inferiority
thresholds, these results align with evidence that CAD models alone
cannot address deeply internalised stigma without structural
interventions®. Integrating peer-led education, community engage-
ment, and policy reforms, guided by frameworks such as the Modified
Socio-Ecological Model, could enhance the CAD model’s potential to
mitigate stigma®’.

To support policy-relevant interpretation, we prespecified vali-
dated threshold-based endpoints for stigma, depression, and quality
of life, reporting the proportion of participants in favourable states.
This approach reduces model dependence in high-performing
cohorts, where score distributions are typically right-skewed with
ceiling compression®*, and aligns effect estimates with service tar-
gets expressed as absolute risks. We reported endline levels by arm
alongside DiD contrasts that accounted for baseline imbalance and
common time trends. Recognising that thresholding reduces within-
scale granularity, we interpreted magnitudes cautiously and noted that
complementary continuous analyses could be informative in
future work.

To evaluate the robustness of our findings in the context of
incomplete outcome data, we employed a structured sensitivity ana-
lysis framework using the Multivariate Imputation by Chained Equa-
tions (MICE) method, supplemented by exploratory nonparametric
approaches. This framework encompassed three analytically distinct
scenarios, each reflecting a different set of assumptions about the
missing data mechanism, ranging from conventional missing at ran-
dom (MAR) to more contextually grounded missing not at random
(MNAR) conditions.

Scenario 1 assumed that observed covariates fully explained
missingness, with participant characteristics remaining stable between
baseline and endline. This represents the classical MAR assumption
often used in applied analyses. Under this scenario, the CAD model
demonstrated consistent improvements in ART adherence (6.6%, 95%
Cl: 5.22-7.81), the probability of maintaining no depressive symptoms
(6.9%, 95% Cl: 5.54-8.50), and physical health-related QoL scores
(11.9%, 95% CI: 10.55-13.25). These estimates are closely aligned with
those derived from complete-case analyses, reinforcing the internal
consistency of findings under idealised assumptions. Scenario 2
retained the MAR framework but introduced potential deviations in
participant characteristics among those lost to follow-up, simulating
differential attrition by modifying covariates for 50% of individuals
with incomplete data. Treatment effects remained directionally stable,
with only marginal attenuation in magnitude, suggesting that moder-
ate covariate drift over time was unlikely to introduce substantial bias
into the observed effects.

Given that MAR is a strong and untestable assumption, particu-
larly in real-world HIV programmes where loss to follow-up is often
associated with unmeasured declines in health or psychosocial well-
being, we further evaluated an MNAR scenario (Scenario 3). In this
case, outcome probabilities were systematically reduced by 5% among
participants with missing endline data, reflecting a plausible mechan-
ism wherein individuals with poorer outcomes are more likely to dis-
engage from care. The persistence—and in some cases amplification—
of CAD’s estimated benefits under this assumption provides strong
support for the robustness of intervention effects to outcome-
dependent attrition.

To complement these parametric approaches, we also explored
missForest, a nonparametric, machine learning-based imputation
algorithm that does not rely on explicit distributional assumptions.

While point estimates were directionally consistent, the associated Cls
were considerably wider and less stable, likely due to greater estimator
variance and the algorithm’s incompatibility with model-based esti-
mators such as DiD. For these reasons, and in alignment with Rubin’s
rules for inference, MICE was retained as the primary approach for
handling missing data.

The convergence of estimates across complete-case, MAR, and
MNAR scenarios, combined with directional consistency under a
nonparametric framework, enhances the credibility of the findings.
Although the actual mechanism of missingness remains unverifiable,
this triangulated analytical strategy strengthens the internal validity of
the reported intervention effects. It mitigates concerns that the
observed benefits of CAD are attributable to systematic biases arising
from differential loss to follow-up.

Our study has several notable strengths. It is the first of its kind in
Cambodia and the region, providing critical insights into community-
based interventions for stable people living with HIV. With approxi-
mately 2000 participants per arm and coverage of 20 ART clinics
across both rural and urban areas, the study achieved strong statistical
power and broad representativeness. These features make the findings
directly relevant to national health policy and to improvements in HIV
care delivery. Internal validity was strengthened through multiple
sensitivity analyses, which demonstrated that the results were robust
to plausible mechanisms of missing data. Situated within the DSD lit-
erature, our findings extend evidence from adherence clubs—volun-
tary, group-based refill models that have shown high retention and
viral suppression among stable clients*>¢. Unlike club models, the
CAD approach guaranteed monthly scheduled contact, actively traced
absentees, and integrated peer psychoeducation with outreach for
non-attendees. Despite COVID-19 service disruptions, CAD sustained
near-universal virologic control and conferred advantages on selected
psychosocial outcomes. These results broaden person-centred DSD
options and align with international guidance emphasising flexible,
context-appropriate models for people living with HIV?"5,

Several limitations should be acknowledged. First, the quasi-
experimental design, while pragmatic and policy-relevant, lacked the
protection against confounding that randomisation affords. Clinics
were matched on observable features; however, unmeasured differ-
ences, such as leadership, staffing, or local engagement, may still have
influenced outcomes. We applied covariate adjustment and DiD esti-
mation to mitigate this risk, acknowledging the methodological chal-
lenges of interpreting interaction terms and ensuring valid inference in
nonlinear DiD models®™*, but the absence of a midline assessment
prevented empirical validation of the parallel-trends assumption.

Second, allocation was non-random, and CAD enrolment was
voluntary. DiD cannot remove time-varying, unmeasured differences,
such as motivation, readiness to switch, or caregiver support, that may
influence trajectories independently of the intervention. These issues
are most salient for psychosocial outcomes, which are particularly
vulnerable to selection and reporting biases. Monthly peer contact in
CAD may also have influenced self-report, creating arm-differential
measurement error that is not fully addressable by DiD. Furthermore,
as social support was not prespecified as a primary or secondary
analytic endpoint, the findings are reported descriptively to con-
textualise the model’s social-support mechanism rather than as a
directly measured outcome, and no causal inferences are drawn. For
this reason, we interpret psychosocial findings as adjusted associations
compatible with a buffering effect of CAD, rather than definitive causal
estimates. Randomised or stepped-wedge designs may be preferable
for future evaluations.

Third, delivery fidelity was monitored through agendas, CAW
reports, supervisory checklists, and follow-up for absentees, but
session-level attendance was not aggregated as a prespecified out-
come and thus could not be included in the impact analysis. Moreover,
CAWs operated as a project-supported rather than a civil-service
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cadre, so workforce absorption cannot be inferred from this study. Any
institutionalisation of CAD will require separate decisions from Cam-
bodia’s Ministry of Health on policy and financing.

Fourth, retention in care was defined as being in treatment at
18 months, as documented in routine clinic records. While aligned with
programme practice, this binary measure may overestimate retention
compared to more stringent definitions (e.g. two visits at least 90 days
apart within a year)*’. Transient care interruptions were not captured,
potentially obscuring patterns relevant for intervention design. Fur-
thermore, viral load monitoring was performed through routine
6-monthly testing, which was not harmonised with the study time
points. While this enhances external validity, it reduces attribution
precision. We retained the programmatic <1000 copies/mL threshold
per WHO and national guidance. Given that >90% of participants were
recorded as ‘virologically undetected’ (<40 copies/mL) and only a
small fraction fell between 50-1000 copies/mL, alternative cut-offs
would have yielded sparse categories without materially affecting
inference.

Fifth, ART adherence was measured by self-report, vulnerable to
recall and social-desirability bias, and potentially influenced by CAD’s
monthly peer contact. To mitigate this, data were collected privately
by independent staff with neutral scripts, and operational checks (pill
counts, refill logs) were used within CAD to prompt follow-up when
discrepancies arose. These operational data, however, were unsuitable
as analytic endpoints due to unsynchronised refill cycles. We therefore
interpreted adherence cautiously, triangulating with objective pro-
gramme measures (viral suppression and retention), which were uni-
formly high. Quantitative bias analysis indicated that plausible
reporting bias would not reverse the observed effects; however, the
magnitudes should be viewed as bounded rather than point-identified.

Finally, the COVID-19 pandemic curtailed the intervention from 24
to 18 months, eliminating the planned midline and weakening the
internal validity of the DiD. Both arms experienced disruptions in
access, ARV distribution, clinic consultations, and staffing, which
contributed to declines in adherence, mental health, and stigma. CAD
was adapted to these conditions with individualised and telehealth-
based delivery, which may have attenuated community-building
effects. Nevertheless, outcomes in CAD participants remained more
stable than in MMD, particularly for mental health and stigma, con-
sistent with a buffering effect. In Cambodia, where HIV-related stigma
remains entrenched, this relative protection may be of particular
significance.

These findings underscore the distinct added value of the CAD
model, which extends beyond decentralised ART delivery to actively
cultivate psychosocial resilience through peer-led engagement. Unlike
facility-based or other differentiated care approaches, the CAD model
embeds people living with HIV at the centre of service delivery, fos-
tering mutual trust, psychological safety, and emotional solidarity
within the community. By creating a stigma-free environment for ARV
distribution, the model facilitates meaningful peer connections and
leadership, reinforcing identity, agency, and social reintegration. The
structured roles and supportive peer networks likely enhanced parti-
cipants’ sense of belonging and purpose, protective factors known to
buffer against the adverse mental health impacts of chronic illness and
systemic disruption. These findings suggest that CAD offers a scalable,
context-appropriate solution to address both clinical and psychosocial
dimensions of HIV care, particularly in settings vulnerable to future
public health shocks. This buffering effect—evident in CAD’s more
stable mental health and stigma-related outcomes despite pandemic
disruptions—highlights its potential to foster community resilience in
ways that conventional service delivery cannot.

Building on these strengths, this study shows that the CAD model
is a promising strategy for improving ART adherence, mental health,
and physical health outcomes among stable people living with HIV in
Cambodia. With a 5.5% advantage in ART adherence and an 11.6%

improvement in physical health-related QoL compared to MMD, CAD’s
benefits align with global evidence on the value of community-based
HIV programmes in optimising care resilience. High retention rates in
HIV care (98.2%) and viral suppression rates (>99%) in both arms
confirm the robustness of Cambodia’s HIV care system. Still, CAD’s
superior capacity to sustain ART adherence, promote mental health,
and reduce stigma positions it as a holistic, patient-centred alternative
to clinic-based MMD. For policymakers, scaling up CAD in Cambodia
and similar settings is warranted, particularly given its adaptability to
telehealth and minimal implementation barriers during the COVID-19
pandemic. To maximise impact, however, scale-up efforts should
integrate targeted stigma-reduction and mental health interventions
to address persistent internalised stigma and improve the quality of
life of people living with HIV.

Future research should address the limitations and refine the
implementation of CAD to enhance its effectiveness. First, extending
follow-up under non-pandemic conditions would clarify CAD’s long-
term effectiveness and capture potential declines in retention, using
continuous metrics (e.g. treatment gaps, visit frequency) consistent
with established guidelines”. Second, mixed-methods approaches
that integrate qualitative evaluations are needed to examine con-
textual barriers, such as migration, telehealth access, and stigma, in
resource-limited settings. Concurrently, health system assessments
should evaluate scalability, including its effects on the workload of
healthcare providers. A cost-effectiveness analysis will inform deci-
sions on scale-up. Third, adapting CAD to integrate targeted mental
health and stigma-reduction components could enhance its holistic
impact. Replication studies across diverse health system contexts (e.g.
decentralised vs centralised) are also needed to test generalisability.
Finally, findings from these efforts should guide the development of
evidence-based guidelines for community-based HIV care, ensuring
alignment with pandemic-resilient strategies and global best
practices*.

Methods

Study design

This quasi-experimental study was conducted between November
2021 and April 2023 in 10 provinces with high HIV burden. Within these
provinces, 10 ART clinics were purposefully selected to implement the
CAD intervention, each matched with a control site that implemented
the standard MMD model. Site selection was guided by programmatic
feasibility and comparability in routine service delivery.

Sites were selected through consultation with the Database
Management officers of NCHADS and other stakeholders involved in
the national HIV programmes. The matching process considered three
primary criteria: (1) sufficient numbers of stable people living with HIV,
particularly those residing in geographically dispersed areas; (2) clinic
accessibility and operational readiness to implement CAD; and (3)
contextual similarity across arms, including urban/rural location, clinic
infrastructure, and catchment population size. Site proposals were
validated through stakeholder meetings and field visits. The CAD
group included six urban clinics and four rural sites across Phnom
Penh, Kampong Thom, Kampot, Koh Kong, and Takeo. The MMD
group included seven urban and three rural sites in Phnom Penh,
Kampong Cham, Pailin, Preah Sihanouk, Siem Reap, and Prey Veng.
The study protocol details have been published elsewhere'.

In the CAD arm, 82 CAWs were recruited and trained to lead
monthly group-based community ART delivery. Groups were formed
by clinic catchment area and neighbourhood proximity and often built
on existing peer networks supported by implementing NGOs. Partici-
pants could indicate preferences for membership. Once established,
groups were closed to preserve continuity, and members who with-
drew or transferred were not replaced. CAWs were selected for their
proximity to the clinic and typically resided in the same communities
as participants, thereby enhancing access and trust. Each CAW was
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assigned one group of approximately 20 to 30 members and remained
with that group throughout the 18-month intervention. Sessions were
convened monthly and typically lasted about 2 h at a consistent venue,
such as the CAW’s home or a private community space. When required,
programme staff provided temporary coverage to ensure continuity.
Attendance was primarily limited to enroled participants; caregivers,
family members, or programme staff occasionally joined to provide
support, particularly when sessions were hosted at home. CAWs were
engaged as a project-supported community cadre contracted via the
implementing partner for part-time engagement and received a stan-
dardised stipend.

CAWs completed a 2-day initial training programme, combining a
core induction and a field practicum. The curriculum, delivered by
NCHADS trainers and implementing-partner staff with input from ART
clinic personnel, covered ART dispensing and storage, vital-sign
assessment and documentation, referral mechanisms, group facilita-
tion, adherence counselling, and psychosocial domains, including
stigma, mental health, and sexual and reproductive health. The train-
ing integrated didactic sessions, role-plays, interactive discussions,
and supervised fieldwork to build practical competency. The practi-
cum confirmed readiness prior to deployment. CAWs subsequently
received structured support comprising monthly operational coach-
ing by implementing-partner field officers, quarterly clinical super-
vision by ART-clinic personnel, and periodic mentoring by NCHADS
delivered in person or remotely. Given this embedded supervision and
continuous performance monitoring, formal post-training certifica-
tion and refresher courses were not required during the study period.

Each session followed a standard agenda, including registration, a
basic health screening such as blood pressure and temperature taking,
group treatment adherence counselling, ART refills when due, peer-led
health education, and ART adherence monitoring through pill counts.
Education modules addressed ART adherence, HIV and opportunistic
infections, COVID-19 prevention, reproductive health, mental well-
being, hygiene, and community financial self-help. Fidelity was main-
tained through the use of structured tools, routine documentation,
and multi-level supervision. CAWs submitted monthly reports via the
project database, capturing attendance, dispensing, pill counts, vital-
sign assessments, and referrals. Supervisors reviewed submissions
using a standard checklist assessing completeness, timeliness, and
follow-through on referrals. Session delivery was supported by treat-
ment record books and standard guides containing scripts, checklists,
and referral forms. When participants were unable to attend, CAWs
conducted individual follow-ups and delivered ART at home to prevent
treatment interruptions. Process indicators were routinely commu-
nicated to ART clinics through established reporting channels to
ensure alignment with national service-delivery protocols. Pill counts
and refill logs were used operationally to verify recall and to prompt
counselling or home follow-up when discrepancies were observed.
Because refill cycles were not synchronised across participants, these
operational data were not analysed as endpoints.

In the MMD arm, participants collected and refilled their ARV
prescriptions at the ART clinics every three to 6 months. People living
with HIV in both arms visited ART clinics as needed for consultations
and routine clinical check-ups every 6 months. Clinical management
was conducted by trained personnel at ART clinics, in accordance with
national guidelines and protocols. A schematic comparison of the CAD
and MMD care pathways is presented in Fig. 2.

Community engagement and co-creation

The CAD model was developed and implemented with the active
involvement of people living with HIV who served as CAWs, drawing on
their lived experiences to ensure the intervention’s relevance and
effectiveness. CAWs played a vital role in site selection, intervention
design, and implementation through a stakeholder participatory
approach, ensuring that the model addressed community needs and

CAD Model

| MMD Model I

A\ 4 \ 4

Clinic Enrollment & Clinic Enrollment &
Baseline Screening

Baseline Screening

—

A 4 \4

Biannual Clinical Review Clinic Visit Every 3—6 Months

Clinic visits every 6 months
for lab monitoring,
prescription renewal, and
doctor consultation

ART refill, lab monitoring,
clinician consultation

A 4 v

Monthly Group Sessions Standard Counselling by HCW
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discretion of provider
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Community Follow-up
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CAWs)

Vital Sign Monitoring (BP, weight)

Health Education & Adherence Counselling
Peer Support & Emotional Check-ins
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Self-managed adherence;
no routine peer support

\ 4

CAWSs Submit Reports to
ART Clinic Monthly
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healthcare providers

Fig. 2 | Comparison of care pathways in the community-based antiretroviral
therapy delivery and multi-month dispensing models. Diagram comparing key
steps in the CAD and MMD care pathways. Boxes summarise major pathway
components; arrows indicate sequence of care.

aligned with national priorities. Furthermore, CAWs directly applied
their personal experiences to enhance the delivery of the intervention.
This involvement of individuals with lived experiences was crucial in
fostering trust, reducing stigma, and tailoring the intervention to the
realities faced by people living with HIV in Cambodia. Additional
details on collaboration, stakeholder engagement, and capacity-
building efforts are presented in the Inclusion and Ethics Statement.

Participants

People living with HIV were eligible for inclusion based on the fol-
lowing criteria: (1) aged 15 or older, (2) on first-line ART for at least 1
year, (3) not reporting ART-related adverse reactions or drug interac-
tions requiring regular monitoring, (4) free from tuberculosis and
other opportunistic infections at the time of baseline assessment, (5)
not receiving prophylactic treatment, (6) having at least two con-
secutive undetectable viral loads or CD4 counts above 200 cells/mm?®,
and (7) assessed by their healthcare providers as having a solid
understanding of lifelong treatment and medication adherence.
Pregnant or breastfeeding women were excluded from the study.

All participants in the control arm were enroled from clinics
already implementing the MMD model, which continued standard
operations throughout the study. In the intervention arm, eligible cli-
ents receiving either MMD or standard monthly ART care were offered
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CAD; those who declined remained in their existing modality. Partici-
pants who had previously received MMD services had been on that
model for at least 2 years before the study’s initiation. Those transi-
tioning from standard monthly care were required to meet the same
eligibility criteria, ensuring that all participants were clinically stable at
enrolment. Recruitment in both arms followed a census-based
approach at each of the 20 participating ART clinics. Allocation to
study arms was non-random, and CAD enrolment was voluntary for
eligible clients.

The published study protocol details the sample size, power
assumptions, and design parameters and is included in the
Supplementary'®. The final analytic sample comprised 2040 partici-
pants in the CAD arm and 2049 in the MMD, achieving the target
required for evaluating meaningful differences in primary outcomes
under pragmatic implementation conditions.

Data collection procedures

Quantitative data were collected at baseline in October 2021, prior to
the introduction of the CAD intervention in November, and at the
endline in April 2023, following the completion of the 18-month
intervention. The questionnaire included sociodemographic and self-
reported medical history, including comorbidities. Sex and gender
data were self-reported and included options for male, female, and
LGBTQ+ identities. Viral loads and CD4 counts were captured from the
clinics’ medical records.

A total of 27 trained personnel were involved in data collection,
comprising 24 field data collectors and three field supervisors. All
individuals were selected based on prior experience in HIV-related
research and expertise in public health, social science, or healthcare
data collection. To ensure neutrality, these data collectors operated
independently of the CAD intervention team and had no affiliation with
CAWs delivering the intervention. Interviews were conducted in pri-
vate settings using standardised, neutral scripts. Individual survey
responses were kept confidential and not shared with CAWs or clinic
staff; they had no influence on CAD eligibility or continued participa-
tion. CAWs, caregivers, and family members were not involved in the
interviews. The same team was deployed across both CAD and MMD
arms, following a site-by-site approach to ensure consistency and
minimise inter-arm bias.

Data collectors participated in a comprehensive 3-day training
workshop before each data collection wave. The workshops were led
by the Principal Investigator (S.Y.) and co-investigators from Khmer
HIV/AIDS NGO Alliance (KHANA) and NCHADS. Training sessions
covered key topics including the HIV care cascade, data collection
protocols, ethical considerations, confidentiality, and quality assur-
ance. Gender matching between data collectors and participants was
also considered to facilitate comfort during interviews. Responsi-
bilities of data collectors included mapping data collection procedures
at each site, contacting CAWs (in the CAD arm) to schedule participant
interviews, conducting face-to-face interviews with selected people
living with HIV, safeguarding participant confidentiality, recording
responses accurately, ensuring data quality through real-time valida-
tion and quality control checks, documenting field team progress,
reporting operational challenges or protocol deviations, and main-
taining the security of KHANA equipment and their safety. Supervisors
monitored adherence to protocol and addressed any emergent field
issues.

Outcome variables

The primary outcomes assessed included (i) retention in HIV care, (ii)
viral load suppression, and (iii) ART adherence. Retention in HIV care
was defined as whether people living with HIV were documented in
clinical records as actively receiving ART at the 18-month follow-up.
Viral load suppression was defined as achieving a viral load of fewer
than 1000 RNA copies/mL in the most recent measurement during the

study period, as documented in clinical records. ART adherence was
defined as a binary outcome based on self-reported responses to five
questions assessing medication practices over the prior 2 months:
missed any ARV doses in the past 2 months, had trouble remembering
to take ARVs, stopped taking ARVs when feeling better, missed ARV
doses in the past 4 days, and stopped taking ARVs when feeling worse.
Participants were classified as adherent only if they answered ‘no’ to all
five questions, prioritising specificity over sensitivity. This method
reduces the risk of misclassifying non-adherent individuals as adher-
ent. While pill counts or pharmacy refill data were considered, they
were deemed unreliable due to inconsistencies in participants’ pill
quantities during surveys (e.g. some had recently collected ARVs, while
others were due for refills).

Secondary outcomes included (i) HIV-related stigma, (ii) mental
health, and (iii) quality of life. We prespecified dichotomous endpoints
reflecting favourable states, defined using validated thresholds for
each instrument. Dichotomisation was selected to provide pro-
gramme-relevant, directly interpretable proportions and to minimise
sensitivity to skewness and ceiling effects.

HIV-related stigma was assessed in three dimensions, which
included experienced stigma, internal stigma, and fear of stigma, using
the People Living with HIV Stigma Index, which was validated for
people living with HIV in Cambodia***®. Experienced stigma was
defined as having experienced exclusion, harassment, or adverse
events across social, familial, or institutional settings, with a composite
score of less than 3 indicating the absence of experienced stigma.
Internal stigma reflected negative self-perceptions, with a score of less
than 5 indicating low internal stigma. Fear of stigma captured concerns
about rejection or discrimination, with a score of less than 2 indicating
no fear of stigma. Composite scores were generated by summing
binary variables. Thresholds were prespecified based on the Cambodia
validation, corresponding to the ‘none/low’ categories for each
domain, to ensure construct fidelity and facilitate direct interpret-
ability for programme decision-making.

Mental health was assessed using the 10-item Centre for Epide-
miology Studies Depression Scale (CES-D-10), with scores below 10
indicating no depressive symptoms®. This cut-point follows instru-
ment guidance and regional validation studies to maximise specificity
for the absence of clinically meaningful depressive symptoms. QoL
was measured using the Short-Form 12 (SF-12) survey, which included
12 items across eight health domains: physical function, social func-
tion, role limitations due to physical health, role limitations due to
emotional problems, mental health, vitality, bodily pain, and general
health*’. Responses were scored with the instrument’s published factor
weights to derive Physical (PCS) and Mental (MCS) Component Sum-
mary scores, then transformed to norm-based T-scores (mean 50, SD
10; higher values indicate better health). In accordance with the pre-
specified analysis plan and established SF-12 conventions, we applied
validated thresholds to create clinically interpretable positive-state
endpoints (PCS > 50; MCS > 42). The CES-D scale and the SF-12 have
been widely used in various Asian populations, including those in
Cambodia, India, Japan, and Singapore**™",

Covariate selection

Candidate covariates were identified a priori through a structured,
consultative process informed by Cambodia’s national HIV pro-
gramme priorities, the Boosted Integrated Active Case Management
framework, and a synthesis of empirical evidence from the HIV
implementation science literature. KHANA led this process in colla-
boration with representatives of people living with HIV, civil society
partners, and technical advisory groups. Covariates reflecting socio-
demographic, clinical, and structural domains were selected based on
their theoretical salience and contextual relevance to HIV-related
outcomes. These variables were consistently applied across all primary
and secondary models to adjust for potential confounding. Covariate
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inclusion was evaluated via the change-in-estimate approach descri-
bed in the ‘Statistical analysis” section.

Statistical analyses

To estimate the impact of the CAD model, this study employed a DiD
analytical framework to assess changes in clinical and psychosocial
outcomes between intervention and control groups over two time
points. This quasi-experimental method is well-suited for non-
randomised evaluations, as it controls for unobserved time-invariant
confounding by differencing out baseline group differences and
secular time trends. The DiD effect was derived from the interaction
term between treatment group and time (baseline vs. endline) within a
logistic regression model, adjusting for relevant covariates. The esti-
mator can be expressed as:

DiD= (YCAD,Endline - YCAD, Baseline) - (YMMD, Endline — yMMD,Baseline) (1)

Y denotes the predicted probability of the outcome.

Complete case analyses were done for participants who were
retained in HIV care and completed baseline and endline surveys.
Descriptive analyses summarised the sociodemographic character-
istics of participants. The Pearson’s Chi-square test assessed differ-
ences between ordinal data, while the Student’s ¢-test was used for
continuous variables when the normality assumption was met; other-
wise, the Mann-Whitney U-test was applied. Variables were cate-
gorised pragmatically to account for low cell counts.

The effects of the intervention on treatment outcomes were
modelled using logistic regression with robust standard errors to
account for potential heteroskedasticity. A structured covariate
selection strategy minimised bias and improved model precision. This
process consisted of four stages: evaluating potential confounders
using the change-in-estimate criterion, constructing an initial adjusted
model, refining the model through backward elimination guided by
the BIC, and validating the final specification via nonparametric
bootstrapping.

Each candidate covariate was assessed individually for its poten-
tial confounding effect. This entailed comparing a crude model,
comprising treatment, time, and their interaction, with an adjusted
model that included the covariate of interest. The influence of the
covariate was quantified as the percentage change in the treatment
coefficient:

ﬁcrude - :Badjusted

x100 2)
ﬁcrude

Percentage Change =

Covariates that resulted in a change exceeding 10% were con-
sidered confounders and retained in subsequent adjusted models.
This criterion was applied separately at baseline and endline to
account for potential differences in confounding structure over time.
At baseline, the impact of each covariate on the main effect of treat-
ment (i.e. the cross-sectional comparison between CAD and MMD
arms before intervention exposure) was evaluated. At endline, the
covariate’s influence was assessed on the combined effect of treatment
and its interaction with the timeline variable, as this interaction term
captures the differential change over time between groups and forms
the basis of the DiD estimate. This approach ensured that only cov-
ariates with a meaningful influence on the estimated intervention
effects were included in the final models, thereby enhancing the
validity of causal inference in the absence of randomisation.

Once potential confounders were identified, an adjusted logistic
regression model was estimated. This model included all significant
confounders identified in the previous step, as well as essential
demographic variables (i.e. age and gender), regardless of their
potential impact on the treatment effect. The inclusion of age and
gender was necessary due to their fundamental roles in influencing

health outcomes and their ability to enhance model interpretability
and generalisability. This step ensured that the treatment effect esti-
mates were not biased by minimising variable confounding, providing
a more accurate representation of the intervention’s impact.

To further refine the model and achieve parsimony, backward
selection using BIC was performed. The BIC prioritises simpler models
while ensuring adequate fit to the data. The procedure began with the
fully adjusted model and iteratively removed covariates based on their
statistical significance. Covariates with the highest P values not part of
the primary treatment effect were excluded first. For categorical cov-
ariates, the overall significance was assessed using the Wald test. A
covariate was retained if its P value was below 0.05 or if its removal
caused a change of more than 10% in the treatment effect, indicating
its potential role as a confounder. The process continued until only
statistically significant or theoretically justified covariates remained,
ensuring that the model was both parsimonious and robust.

Once the final covariates were selected, the logistic regression
models were specified for each treatment outcome. Predicted prob-
abilities were computed using the margins command to estimate the
DiD effect. Nonparametric bootstrapping with 500 replications was
employed to estimate percentile-based 95% Cls, improving the preci-
sion and empirical reliability of the DiD estimates. Bootstrapping
involved repeatedly resampling from the dataset, fitting the logistic
regression model each time, and calculating the DiD estimate for each
sample. The distribution of these estimates provided Cls, which were
used to assess the non-inferiority and superiority of the intervention,
ensuring the observed treatment effects were not driven by sample
variability.

A prespecified non-inferiority margin of -10% was applied to
assess whether the CAD model was not unacceptably worse than MMD
across all evaluated outcomes. This margin was selected based on
clinical judgement, prior evidence from HIV care studies, assumptions
outlined in the study protocol, and the programmatic tolerance for
modest differences in effectiveness'®*?. Given its potential imple-
mentation advantages, it reflects the maximum acceptable difference
at which the CAD model would still be considered a viable alternative.
Statistical evaluation of non-inferiority was based on the 95% CI of the
DiD estimate. Non-inferiority was concluded if the lower bound of the
Cl exceeded -10%, indicating that the observed difference remained
within the predefined acceptable range. Superiority was concluded if
the lower bound exceeded 0%, demonstrating statistically significant
advantages of CAD over MMD.

ART adherence was measured by self-report, which is susceptible
to recall and social-desirability bias that may differ by study arm. We
therefore implemented a quantitative bias analysis (QBA) to assess
differential misclassification®***. Observed adherence proportions
were  corrected using the Rogan-Gladen  estimator®,
(3)pbias—adjusted = (pobserved + Sp - 1)/(Se + Sp - l)r truncated to [0,1]
with the constraint Se +Sp > 1. Scenario-specific values of sensitivity
(Se) and specificity (Sp) were prespecified for the Rogan-Gladen cor-
rection; the resulting quantities are deterministic bounds under these
assumptions and are therefore reported without p values or 95% Cls.

Guided by empirical evidence that self-report tends to over-
estimate adherence and acknowledging that monthly peer contact in
CAD could plausibly increase social-desirability bias relative to MMD,
we prespecified sensitivity ranges from 0.75 to 0.95 and arm-specific
specificity ranges (CAD: 0.60-0.90; MMD: 0.80-0.95). We also
implemented a conservative stress test that reduced CAD specificity at
endline while holding MMD parameters constant®*>°. For each sce-
nario, we recalculated bias-adjusted adherence by arm and time and
derived the DiD on the risk-difference scale using model-based mar-
ginal probabilities as previously described.

To rigorously address missing data due to loss to follow-up,
multiple imputation was conducted using the MICE method to prepare
data for DiD analysis. The primary analyses assumed data were MAR,
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where missing treatment outcomes were imputed via logistic regres-
sion imputation, incorporating outcome-specific covariates. To ensure
robustness, 10 imputed datasets were generated. Three sensitivity
analyses were conducted to evaluate the potential impact of different
missing data mechanisms: (1) Scenario 1 (MAR, primary analysis),
where missing outcomes were imputed based on observed covariates
without altering baseline characteristics®®; (2) Scenario 2 (differential
missingness in covariates), where the baseline characteristics of 50% of
the loss to follow-up individuals were systematically modified before
outcome imputation to account for potential differential attrition,
adjusting covariates plausibly affected by the intervention; and (3)
Scenario 3 (MNAR adjustment), where missing outcomes were first
imputed under MAR assumption and subsequently adjusted to
account for unobserved confounding by reducing the predicted
probabilities of loss to follow-up individuals by 5%, followed by resti-
mulating their outcomes using a Bernoulli distribution, thereby mod-
elling a scenario in which loss to follow-up individuals systematically
exhibited lower probabilities in outcomes. In each scenario, the DiD
estimate was derived from a logistic regression model that incorpo-
rated an interaction term between treatment and timeline, with the
final estimates pooled using Rubin’s rules. Nonparametric boot-
strapping (500 replications) was applied to quantify uncertainty,
computing 95% Cls using the percentile method.

Data analyses were conducted using STATA 18 software® and R
Studio (version 2024.04.1+748), employing the MICE and boot
packages®.

Safety and adverse events

An independent Data and Safety Monitoring Board periodically
reviewed the study’s progress and safety in consultation with the CAD
Project Steering Committee. Interim analyses were conducted to
assess the potential benefits and harms associated with the study’s
outcomes. Any adverse events were immediately reported to the study
principal investigators, site co-principal investigators, and NCHADS.
The CAD Project Steering Committee held ad-hoc meetings to review
and address these events as necessary.

Study registration and protocol deviations
The quasi-experimental study was registered with ClinicalTrials.gov
(NCT04766710) on 23 February 2021, and the first participant was
enroled on 1 April 2021. The ClinicalTrials.gov registration record was
prepared before enroling participants, in compliance with the National
Institutes of Health policy on clinical trial registration. While the study
was registered for transparency, it is not a randomised controlled trial
in the traditional sense; the registration aimed to ensure adherence to
ethical standards and transparency in reporting.

The study faced significant protocol deviations due to the COVID-
19 pandemic. Initially planned for 24 months, the CAD intervention was
shortened to 18 months due to project start-up delays and social
restrictions that disrupted its implementation. These unforeseen
challenges affected the study timeline, resource availability, and
operational capacity, preventing the completion of key assessments.
As aresult, the midterm quantitative survey and the endline qualitative
process evaluation could not be conducted, limiting the depth of
insights into participant experiences and the effectiveness of the
intervention. While adaptations were made, these deviations must be
taken into account when interpreting the study’s findings and
conclusions.

Inclusion and ethics statement

The CAD project is a collaboration between the National University of
Singapore, KHANA, and NCHADS, building on over a decade of part-
nership. KHANA, a key player in Cambodia’s HIV response since 1996,
and NCHADS, which leads the national HIV programme, developed a
standard operating procedure for the CAD model, endorsed by the

Ministry of Health. The project was designed using a stakeholder
participatory approach, involving HIV communities, key populations,
NGOs, government agencies, and development partners in the selec-
tion of sites, the design of interventions, and their implementation.
KHANA, NCHADS, and three community-based NGOs, along with
representatives of people living with HIV, led the development of the
intervention, guided by formative studies and national HIV pro-
gramme evaluations. Regular stakeholder workshops, project advisory
board meetings, and consultations with the National HIV Technical
Working Group ensured the intervention was relevant, sustainable,
and aligned with national priorities. Clear roles and responsibilities
were established before the study, with the study PI and local PIs ser-
ving as co-leaders in all decisions. The project also prioritised capacity
building, providing staff training, continuing education, and advanced
scholarly training to strengthen local expertise and ensure the long-
term sustainability of the CAD model within Cambodia’s HIV response
framework.

Ethical approval for this study was granted by the National Ethics
Committee for Health Research (Ref. 258/NECHR) of Cambodia’s
Ministry of Health. All participants, including people living with HIV,
CAWs, and healthcare workers, provided written informed consent
before data collection. Privacy and confidentiality were strictly upheld,
with all personal identifiers removed to ensure anonymity. Given the
inclusion of sensitive questions related to stigma, mental health, and
psychosocial well-being, trained data collectors employed trauma-
informed, non-judgmental interviewing techniques. They were
instructed to refer participants to appropriate support services in
cases of distress. Interviews were conducted in private settings to
ensure participant comfort and psychological safety. Participation was
entirely voluntary, and participants were free to decline or withdraw
from the study at any stage without penalty. In recognition of their
time and travel, all participants received transport compensation of
USD 5 to participate in baseline and endline surveys. Additionally,
during routine clinical follow-ups, NCHADS provided transportation
stipends ranging from USD 5 to USD 15, based on the travel distance.
These safeguards aimed to minimise risk, uphold ethical standards,
and ensure respectful and equitable engagement with all study
participants.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

De-identified participant-level data are publicly available on Code
Ocean under accession number 10.24433/C0.1562099.v1 (complete-
case analysis capsule) and mirrored for reproducibility under
10.24433/C0.6352452.v1 (sensitivity-analysis capsule). The raw identi-
fying data are protected and not publicly available due to data privacy
and ethical restrictions governed by the National Ethics Committee for
Health Research, Cambodia.

Code availability
All analysis code and the full computational environment are available
in Code Ocean at the same DOIs above.
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