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Despite substantial recent declines, general population HIV incidence in sub-
Saharan Africa remains above international targets. Better description of risk
factors for new infections would improve prioritisation of interventions. Using
data from population-based cohorts in Kenya, Malawi, Tanzania, South Africa,
Uganda, Zimbabwe we described the prevalence of risk factors for men and
women aged 15-24 and 25-49 and estimated the association between individual
and community-level risk factors and HIV acquisition between 2005 and 2016.
Among 43,434 men and 55,919 women aged 15 to 49 there were 4,612 ser-
oconversions. Education, marital status, male circumcision, new sexual part-
ners, types of partner, prevalence of untreated HIV infection in the community
and community partner acquisition rates were associated with HIV incidence.
Only the prevalence of untreated HIV was a risk for both sexes and apparent at
all ages. The prevalence of risk factors varied by age, sex and study. HIV inci-
dence was higher in people aged 25-49 living in communities where men had
high partner acquisition rates. Our results show potential for improved pre-
vention through changed timing of prevention interventions relative to beha-
viour and the utility of using community characteristics to target prevention.

Despite dramatic declines in HIV incidence in Eastern and Southern
Africa there were 450,000 new infections in 2023', the majority of
which occurred among members of the general population’. UNAIDS
2030 targets for ending AIDS may be missed and HIV prevention
programmes require strengthening'. Accurate targeting of prevention
requires good information on who is most at risk of acquiring HIV and
would help achieve these targets while being cost-effective to deliver.

Studies have explored risk factors for HIV acquisition in the
general population across sub-Saharan Africa®?. Generally, these

found higher incidence in women compared to men and variations
in incidence by age*"'****. The most commonly identified risk
factors for HIV infection were: being unmarried (in five
populations)®'01151820-222628 = haying  multiple partners (in four
populations)'*1820-22262829 " haying a sexually transmitted infection
(STI) (in six populations)®!!21415192023283032 and alcohol use (in two
populations)®'1520212633 (see Supplementary Material Appendix 1 for
detailed description of literature review). However, comparison of risk
factors across different populations is hampered by differences in
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analytical approaches between the studies, in risk factors evaluated,
period of study and the age ranges.

Understanding drivers of new infections is essential for effective
prevention. Structural determinants and more proximate individual-
level factors are relevant and some will be amenable to change. To
identify potential risk factors for this analysis we devised an analytical
framework (Supplementary Fig. 1), initially based on the proximate
determinants framework set out by Boerma and Weir** adapted for an
individual-based risk factor analysis and supported by our literature
review. We start with the sequence of events needed for a susceptible
person to become infected with HIV followed by a representation of
how both the proximate and more distal risk factors influence different
stages in that sequence. A risk factor may exert a differing degree of
influence on different stages which might partly explain the varying
results obtained in different analyses.

The sequence begins with a susceptible index person seeking,
then meeting, a potential new sexual partner who may have HIV and
may be viraemic. If they have sex, and do not use a method of HIV
prevention, the susceptible person may become infected. If this does
not happen, and the person remains susceptible, they may continue
the partnership and the cycle will repeat. During the partnership the
partner may become infectious for HIV and place the index person at
risk. Within our framework we have identified the distal and proximate,
measurable factors and which events in the sequence they may
influence.

The prevalence of infectious individuals in the population and the
chances of a susceptible person encountering an infectious one will
greatly modify the effects of risk behaviours, such as sex without using
a condom. The prevalence of infectious individuals depends on other
people’s risk behaviour, treatment uptake and adherence.

We investigated individual and community-level risk factors for
incident HIV infections among adults in the general population in
Kenya, Malawi, South Africa, Tanzania, Uganda and Zimbabwe. Kenya,
Malawi, Tanzania and Zimbabwe are on track to achieve the UNAIDS
2030 target for reductions in incidence whilst South Africa has made
moderate, and Uganda only limited progress towards this goal®. To
understand the contribution of distinct, and ideally modifiable, beha-
viours and characteristics, we created variables that aligned with our
analytical framework and were independent of other aspects of
behaviour and individual circumstances (see Table 1). We looked for
associations which were generalisable across settings in both the
direction and magnitude of effect.

In this study, we find that education, marital status, male cir-
cumcision, new sexual partners, types of partner, prevalence of
untreated HIV infection in the community and community partner
acquisition rates are associated with HIV incidence. We show that the
prevalence of risk factors and the nature of their associations with HIV
incidence differs by age and sex.

Results

Data available

Between 2005 and 2016, 99,353 initially HIV-negative individuals aged
15 to 49 were observed and tested for HIV at least once following an
initial negative HIV test (43,434 men and 55,919 women). They con-
tributed 349,201 person years (58% from women) and there were
4,612 seroconversions (72% among women). The largest study, was
uMkhanyakude (23,794 people and 2,876 serconversions) and the
smallest Ifakara (1,451 people) (Table 2).

Data on sexual partners and recent behaviour was available for
almost 90,000 person years. Coverage was incomplete, because data
were not sought for all periods in all studies, and around 90% of
respondents contributed time to the unknown category for these
variables. There was less person time without behaviour data for men
(e.g., 65% for number of partners) than for women (72%).

Prevalence of potential risk factors

The distributions of person-years, by age and sex, for each of the
potential risk factors are shown in for the pooled cohort in Table 2 and
separately for each study, by sex, in Supplementary Data 1 and 2. These
are described in detail in Supplementary Methods.

Most respondents lived in rural areas, or in small urban or peri-
urban areas within a predominantly rural setting. Around a quarter of
people reported moving house during the period of observation.
People with primary education contributed approximately 60% of
person-time.

Men and women differed in their behaviour and this also var-
ied by age.

Young men spent 60% of their time with no partner, 30% with one
and 10% with multiple partners. 95% of their time was prior to mar-
riage. Young men also spent the least time in age disparate partner-
ships: 73% of their time in partnerships was with partners aged within 5
years of their own age and less than 1% was spent with partners where
the age gap was more than 10 years. New partnerships were most
common among young men who spent 23% of their time in partner-
ships that were less than a year old (Table 2 and Supplementary Data 1).

Older men spent the most time in partnerships, with only 10% of
time without a partner, and the most in multiple partnerships (27% of
time). A quarter of their time was prior to first marriage or cohabita-
tion. Of their time spent in partnerships, 46% was with a partner within
5 years of their own age and 21% was with partners where the age gap
was more than 10 years. New partnerships accounted for 20% of older
men’s time in partnerships (Table 2 and Supplementary Data 1).

Young women spent 48% of their time without a partner and 51%
was with one partner. 75% of time was spent unmarried and 22% with a
married or cohabiting partner. Age differences between partners were
not universal and for 54% of young women’s time in partnerships, the
age gap was less than 5 years. 11% of young women’s time was in the
first 12 months of a partnership (Table 2 and Supplementary Data 2).

Older women spent 15% of their time with no partners and 84%
with one partner. Around 60% of time was spent married or cohabiting
with a partner, except in uMkhanyakude where most of the time was
spent unmarried. Althought much of the time spent in partnerships
was with partners similar in age (43%), substantial portions were with
partners who had a 5 to 10 year age gap (28%) and those where the age
gap was more than 10 years (17%). Just 6% of older women'’s time was
spent in the first year of a partnership (Table 2 and Supplemen-
tary Data 2).

Information on partnership type was not regularly collected in
every study. Where available, the proportion of time spent in regular
partnerships was similar by age and sex, ranging from 22% to 30% of
person-time in the pooled data (Table 2 and Supplementary Data 1
and 2). Older men spent a similar amount of time with casual partners
(21%) but women and younger men reported less (10-12%).

Male circumcision status was also inconsistently collected but,
where known, the proportion of young men’s person-time post-cir-
cumcision ranged from 6% in Masaka to 92% in Ifakara. In total, 14% of
the time contributed by young men for this analysis was known to be
post-circumcision, 45% of the time where status was known. For older
men, 18% of time was post-circumcision, representing 63% of the time
for which status was known.

Differences between the studies were observed in marital status,
numbers of partners, types of partner, new partnerships, and condom
use (see Supplementary Data 1 and 2). The variation observed across
the studies was not predictable, in that these aspects of behaviour did
not differ in the same way between studies.

Associations with HIV acquisition in pooled data
Table 3 gives the incidence rates (per thousand person years) derived
from multiple imputation and crude hazard ratios (HR).
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Table 1] List of measures identified in the conceptual framework with their corresponding definition in the data available for

analysis

Framework level Concept Variable Notes

DISTAL

Characteristics Age 5-year age groups: 15-19, 20-24, 25-29, 30-34, Included as a time-varying covariate
35-39, 40-44, 45-49

Characteristics Sex Male, Female Included

Characteristics Education No formal education, Primary, Secondary, Tertiary, Included as a time-varying covariate'
Don’t know

Characteristics Wealth Not available

Circumstances

Demographic structure

Ratios of age group sizes

Not used - if estimated for whole study would
simply be equivalent to study-level fixed effect.

Circumstances

Place of residence

Rural, Urban, Peri-urban, <1km from road, >1km
from road agricultural estate, commercial center,
roadside trading, subsistence farming

Included as a time-varying covariate: used in study-
specific crude analysis, not harmonised

Circumstances

Moved house

Moved house within the last 12 months (binary)

Included as a time-varying covariate

Circumstances

Social context

Alcohol use

Not available

Circumstances

Infrastructure

Social premises

Not available

Circumstances

Health services

Not available

Time

Calendar year

Calendar year grouped (2005-2008, 2009-
2012, 2013-2016)

Included as a time-varying covariate

Availability of partners

Community partner
acquisition

Partner acquisition rate among peers per 100 per-
son years

Included as a time-varying covariate

Availability of partners

Community partner loss

Partner loss rate among peers per 100 person years

Included as a time-varying covariate

Availability of partners

Community partner
acquisition

Partner acquisition rate among potential partners
per 100 person years

Included as a time-varying covariate

Availability of partners

Community partner loss

Partner loss rate among potential partners per 100
person years

Included as a time-varying covariate

Personal preference

PROXIMATE

Number of partners
Type of partners

Marital status

Never married, currently married, formerly married,
been married but no information on current status,
unknown’

Included as a time-varying covariate?

Number of partners

Number of partners in the
last year

0,1,2, 3+, Unknown*

Included as a time-varying covariate®

Number of partners

More than one partner in the
last year

No, Yes, Unknown*

Included as a time-varying covariate®

Type of partners

Had a causal partner in the
last year

No, Yes, Unknown*

Included as a time-varying covariate®

Type of partners

Had a regular (non-cohabit-
ing) partner in the last year

No, Yes, Unknown*

Included as a time-varying covariate®

Type of partners

Age(s) of partner(s) in the
last year

More than 10 year age gap, 5-10 year age gap, less
than 5 year age gap

Included as a time-varying covariate®

Prevalence of untreated
infection

Prevalence of untreated
infection

Percentage of people of the opposite sex in the age
range of potential partners who are HIV+and not on
treatment

Included as a time-varying covariate®

Contraception

Desire to conceive

Not enough comparable data across studies

Contraception

Contraceptive use at
last sex

No, Yes, Unknown*

Not enough comparable data across studies

HIV prophylaxis

Condom use with all part-
ners in the last year

Consistent (used on all occasions with all partners),
inconsistent (used consistently with some partners
but not others, or sometimes used with a partner),
not used, no partners

Included as a time-varying covariate®

HIV prophylaxis

Male circumcision

Circumcised (medical or traditional) or not

Included as a time-varying covariate

HIV prophylaxis

PrEP use

Not included: little data, and little availability in the
study areas during this period

Sexual Practices

sexual practices

Not enough harmonisable data.

SEQUENCE OF EVENTS

Seek new partner

Not enough harmonisable data.

Meet new partner

New partner in the last year

Included as a time-varying covariate

Partner is viraemic

Viral load of partners

Proxied by untreated prevalence

Included. Not possible to collect this information
for all types of partner

Exposure

Coital frequency with all
partners in the last year

Average weekly coital frequency with all partners
across the year

Included as a time-varying covariate®. Collected in
Ifakara, Kisesa, Kisumu in two rounds only and in
Manicaland in three rounds.
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Table 1 (continued) | List of measures identified in the conceptual framework with their corresponding definition in the data

available for analysis

Framework level Concept Variable

Notes

Outcome HIV seroconversion

Ended a partnership in the
last year

Continue partnership
ceding a survey round

Had a partnership that ended during the year pre-

Included as a time-varying covariate. In many sur-
vey rounds the only data on end of partnerships
was whether or not it was ongoing at the time of the
survey

* Unknown includes time when information was not elicited from respondents (questions not asked) and information missing due to item non-response or respondents missing a survey round.

'Status changed at the midpoint between two reports.
2Status changed at the time the new status was reported.

3Status applied to the entire year before the survey, based on the responses given to questions about behaviour in that period.

The adjusted HR from the preferred multivariate models are
shown in Table 4 and Supplementary Data 7-10 present the compar-
ison multivariate models. The different versions of the models gave
broadly similar results. Models including the prevalence of untreated
infection and calendar year did not show an effect of both; we opted to
include untreated prevalence in our preferred model, since it is the
more proximate determinant of infection. For each sex and age group,
this was model 4 in Supplementary Data 7-10, which included a fixed
effect for study, the prevalence of untreated infection and the other
risk factors but did not include age and calendar year.

In the crude analysis, associations with calendar year, prevalence
of untreated infection, having a regular partner and having a new
partner were seen for men and women in both age groups. Incidence
was lower in 2013-16 compared to 2005-08 with crude HR ranging
from 0.60 (95% CI 0.46-0.79) in older women to 0.70 (95% C1 0.61-0.81)
in younger women (Table 3). Having new, regular or casual partner-
ships compared to all other partnership configurations (including no
partner), were risks for HIV acquisition. There was strong evidence that
the community prevalence of untreated HIV infection was associated
with higher incidence hazards in all groups and this was the only
association that remained apparent for men and women in both age
groups in the adjusted for analysis (Table 4). The effect was strongest
for young men where a one percentage point increase in this pre-
valence was associated with a 7% increase in the hazards of HIV
acquisition (Adj. HR 1.07, 95% CI 1.05-1.09). The association with the
prevalence of untreated infection was not seen in the models which
included age and calendar time (Supplementary data 7 to 10). It is
correlated both with age and with calendar time and, when included in
the same models, these variables more efficiently explain the variation
in the outcome.

In the crude analysis, characteristics of partnerships were con-
sistently associated with acquisition risk for men and women in both
age groups but once adjusted for other factors these associations
differed by sex and by age. In the crude, there was strong evidence for
an association with regular partners in all groups with HR ranging from
1.75 to 3.17. For casual partners the strongest evidence was for young
women (crude HR 1.57 95% CI11.22-2.02) and older women and men had
only weak evidence for a more modest association (crude HR range
1.27-1.42). Strong evidence for associations with new partnerships were
seen in all groups with HR ranging from 1.5 for men to 2.5 for older
women (Table 3).

Young men
For young men, having moved house in the last year was associated
with increased risk of HIV acquisition (crude HR 1.68 95% CI 1.11-2.55)
but this was not seen in the adjusted model after adjusting for part-
nership factors. In both crude and adjusted models there was weak
evidence that secondary education was protective (HR 0.72 95% CI
0.49-1.06) (Table 4).

The strong protective effects of being unmarried (adj HR 0.38 95%
ClI 0.23-0.61) and being circumcised (adj HR 0.38 95% CI 0.21-0.70)

were the only individual-level factors for which strong evidence of
association with HIV acquisition was seen in the crude and adjusted
analysis.

In the crude analysis, young men with no partners experienced a
lower hazard of HIV acquisition than men with one partner (crude HR
0.62 95% Cl 0.43-0.91) while those who had multiple partners (crude
HR 2.32 95% CI 1.46-3.70) had higher risk. There was no evidence for an
association with the age gap between partners. After adjustment, there
was no evidence for the association of partner type with acquisition of
HIV by young men with the adjusted HRs tending towards 1. There was
weak evidence for a diminished association with multiple partners
(Supplementary Data 9).

Older men

For older men, in the crude analysis there was weak evidence for
increased risk of HIV acquisition following a house move (crude HR
1.30 95% CI 0.94-1.81) but, after adjustment, this could have been due
to chance. A lower hazard of HIV acquisition among men with primary
education in the crude analysis reversed, following adjustment, to a
declining trend with increasing education but these associations may
have been due to chance.

In the crude analysis, current marriage was protective for older
men, with increased risks for the never and formerly married men but,
once adjusted for having a partner, only the formerly married had
higher risk of HIV acquisition (adj HR 1.41 95% CI 1.06-1.86). The HR for
having multiple partners were positively associated with HIV acquisi-
tion but ths may have been due to chance (Supplementary Data 10).
HIV acquisition hazard decreased as the age gap with partners
increased, but this may also have been a chance finding (Table 3).
Among older men, inconsistent condom use was associated with
higher hazard of HIV acquisition in the crude analysis (HR 1.91 95% CI
1.35-2.69) but not in the adjusted. Unlike for younger men, there was
no evidence for an association with male circumcision.

In the adjusted model having a regular partnership remained
associated with risk for older men (Adj. HR 1.82 95% CI 1.24-2.68,
Table 4) but the effect of new partnerships was diminished and the
confidence intervals were wide (Supplementary Data 10).

Young women

For young women, having moved house in the last year showed a crude
association with increased risk of HIV acquisition (crude HR 1.29 95% CI
1.04-1.60) which disappeared once adjusted for other factors. Sec-
ondary education was protective when compared with primary (adj.
HR 0.74 95% C1 0.59-0.92). Being formerly married was associated with
increased risk of HIV acquisition compared with current marriage (adj.
HR 2.71 95% CI 1.63-4.50). Young women in casual partnerships had
higher HIV incidence compared to young women with other partner-
ship types (including no partner) (adj. 1.82 95% CI 1.38-2.39). Regular
partners were also a risk for young women (adj. HR 1.70 95% CI 1.39-
2.08). The association with new partnerships remained for young
women (adj. HR 1.35 95% Cl 1.07-1.72) but the increase in risk with

Nature Communications | (2026)17:1195


www.nature.com/naturecommunications

//doi.org/10.1038/s41467-025-67966-0

https

Article

9g 888l Sle LTl L08E [40) e} e LLOL LS o 885¢ 8lrS umouw| 10N
Lzl S610L v2ae cl 6L 881 €l 6Ll Lyy 0 [44 €C «Paliew Jan3
vz £90€C v19L ge L61E 00T 88 €TroL 689¢ 9 688 986 pauew Apswiiog
444 96LLL GG861 el oL8yl zl6L €le fordvarg LUTL [T LSLE 98¢cT paluew Apuaiind
709 5618l (o]0) 74} 9661 LSSYS eviee gce €869 fefRke} Loy 656.9 97¢9T paliiew 1anaN
SNels jeldew ualnd
0'Le LveTL 6'LC 6.58€ Sv ¢e6ls 6'S Syve
sisupMed xas aysoddo jenuajod ul aje. sso) Jauried
68l ceVeL o474 6/58€ 1'8 Ce6ls Sal Svvve
siauyied xas ausoddo jenuajod uil ajes uonisinboe Jaulied
(44 SL9TL 9'G 6.G8€ 7' TTels L'ee 87/9¢
s199d Buowe 8kl SO J8UME]
€9 SL9¢L 96l 6.58€ 74 ¢e6ls L'6e 877/9¢
si9ad Buowe aje.l uonisinboe Jsuned
6l 929LE §8091L L9V 0L62C SL9€EL oLL £2S0T S876 LTl [hge144 80LclL 9L-€10C
089 S€eL0g [o]Xel4 S€9 €600¢€ ogL8l L0€ LELBT 6/9€L L0T 0866¢ 4571 ¢1-600¢C
Ly G/L9€ SOLSL (474 o9lve LovvL G8¢ LLLee 9l00L L0C L60ET 800¢L 80-500C
(padno.b) Jeak Jepuajed
gel Sv89 LOVL 9GL 61799 L8LL 59 LI8Y §809 144 6.6V 86/9 SOA
9geL L69LLL 1800€ 8891 ¥/90L 6.ClE 869 09699 oL98lL L6V €€90L ¢058¢ ON
1eaA 1se) 8y ul asnoy pano
198 G66€S 86VEL L9€L €CLoY 0899l LS€ 144414 V&L LEE C¢6SLE SLevL umowjun
8L LE8C 0SL 14 felerd 6¢€ S¢ 750€ LE8 14 8G¢E 8€¢C Areniay
L6l e14VA% Lc0s 8l oesrL L8LL 147" geLEl cesy 19 900vL €579 Atepuodeg
6S€ 9C697 0eslL 06¢ £8L0¢C 1¢80L (444 96v7S¢C 89 o€l 44234 £080L Atewnd
9€ 6€9¢ £90L 9 (144 80¢ el LLOL vie € 144 Lzl uoieanps jewloj oN
uoneonp3j
el €651 G8L L els 88¢ € 7SS LST L SEe (/4" (eluezue)) eiexey|
oLL 6.9€¢C LVS9 (074 cLLel €LLS oL c09LL 08S¢ o€ [4%i44" 2¢9LS (eAua)y) nwinsiy
LIL 0L8¥C 0L9S 697l c€89¢C 7096 00¢ 05601 414 06¢€ S0S€C ¢SSs8 (eal3y yinos) sapmjeAueLINN
€0¢ L06Y¢ oles cel cleLL oves LSL €898l L60Y 69 LSPLL 6157 (epuebn) 1exey
6L vSeel 8vLC i G168 809¢€ 19 8Lv6 1902 cl 6798 8€0¢ (epuebn) exesey
8cl £evel 80LE 9 ovsy STl 88 rSr9 88LlL Ll logy 6651 (emqequiz) puejesjuepy
60L 896V1 LS0€ 8¢ LS 96€¢ 89 oveL €eLl 8l cr99 607C (eluezuey ) esospy
(i LE18 L1S€ 9C ee9 06¢e 9C 8919 89¢ 8 8LLS 988¢C (imeje|y) ebuoiey
aweu Apms
oLyl gesvel ¢0L0E €vslL €CTLL vzele €9L 69LLL cro6l LS €195L LE68C 1eloL
W S Ad N )] S Ad N W S Ad N )] S Ad N
61-SC ve-si 61-5¢ veZ-Sl
uswoM usiy

sJ1019e} ysu jenualod jo aosuajenald pue uoneindod Apnis jo uonduioseq | Z a1qeL

1195

Nature Communications | (2026)17


www.nature.com/naturecommunications

//doi.org/10.1038/s41467-025-67966-0

https

Article

LLyL 9esyelL L0L0E rr8L vaeLL vZele 619 02609 8Lyl LSy L8615 elord¥4 uoneuw.ojul ou
S8 ¥7L0€EL 09L€ 8l ¥0LOL 6187 pasipwnoay
89 L1 Lree cL Leeel L8ES 10N
(Auo uawi) pasiownoIO S|
(444" 8L6LL 0650€ cesl L68SL 898lE SeL 75689 2968l 8€g 89917, 0068¢ eep oN
€e 8v./€ Tz6¢e 8 8e8 vLLL 44 [Kefka ozee z 18y 665 Yoam/sawn +L
13 6G6 €Lzl € Sve (3744 € 414 or9 0 79¢€ 9s¥ Yoam/L >
9 189 9zL (4 (44" L6l (4 €8l 4514 0] 66 cel 017
JeaA 1se) ay) ul siaulled jje yum Aouanbaiy jenod
OoOoLL G0S66 6C96¢ €col 695€S £81l6¢ 999 L8ELS £0C8L L1E ovves L1€9C elep oN
LS (0154 LroL 67l 80LT oLe €9 88T 0G6T 19 €5¢S 0LlS (s)ioupied maN
oce L09€T 69591 ¢L9 9¥760C 66491 14" 90S1L 0L68 €9l 6L6LL oceyl siaupnied mau oN
1edA 1se) ayy ul souried mau e peH
o'l LELOVT ] £65¢Sl L1l 6v0crL 8V L8Vl
siauied xas ansoddo jenualod Ul UONOB)UI PalEaLILUN JO BOUD)EABId
880L 096.6 6€£56C 8¢0L Lrees S668C 06S S€9/S €ecsl 6€€ 0z0zs LS19C eep oN
LS LS9V 199¢ S6¢ LEOEL S90LL al L/9L vISL LoL 6181 .9CL Jauped oN
€9 1E9C LLYT 98 (0514} 095L Sl 186 €90L T 8zl seel umowyun aby
6€ ev9e 60€€ 9€ ¢L8 686 [44 SLET 60l 0] LS 99 QoUdJIolIp sieak +0L
8L ceLl9 jeteleie) acl 760€ G61Le o £/8€ 685E 8 8GL LL6 2ouBIByIp Siedh +G
¢Sl ClS6 LOVL vic L6¥9 €109 VL 9¢es 8ELY 69 £L0€9 vvLS abe Jo sieak g uiym
Jeak 1se) sy ul siaupied yum (s)aoualayip aby
¥OLL LETOOL cr96C cloL 66573 96¢6¢ L6S 4938065 LYE8L 6€€ LS0SS §€99¢ mouwy j,uoqg
€61 oreS 60LE oLy 16.9 oers 16 G9GE ze6T oL 9£€G 099t SOA
VLl £3968L €eveEl ley €£€84l GEBEL VL LGL6 vLOL el Geesl [43°14} ON
1eaA 1se) ayy ul sauried Jejnbas e peH
0Ll LETOOL cr96C cloL 66573 96¢6¢ 169 4938065 LYE8L 6€€ LS0SS §€399¢ mouwy j,uog
924 €9C §50T 86 {9474 961 144 €29¢ eviec g€ €95¢ ¢09T S9A
€ce ¥991e c98ylL €eL L8¥0C 0065L k4 ¢600L 198L L9l 866LL §86¢€L ON
1eaA 1se) 8y Ul souried jensed e peH
GloL €688 00¢6¢ 8.6 v6ler £€088¢C ovs 69¢¢S 886/L Gce €667 ¢€09¢ mowy j,uoqg
8l 0¢9 679 [44 13474 Ges LL LClS 006€ 143 192574 47k 4 SOA
8EY ereve 6460¢ 3174% L09LC 6€S0¢C 1SL vLEYL SLyol 8L 966¢¢C L6LLL ON
JeaA 1se) ayy ul saulied auo uey) aiow peH
6101 £Lr68 8026C 6.6 £9e6Y 8188¢ LS 961725 L66LL LTe Z0L0S G092 mouwj J,uoq
(4 €6 90L (4 8S €L 9C for4si} T6EL oL 598 966 sioupied +g
ol 128 8SS [k 79¢ L9V 14 709¢ S66C 14 8L/ 876l siouyed g
9L 69€6¢C cloLL (A7) (444" 0e9ll €el €qlelL LVL8 8L (0] 474 0.89 Jauped |
89 €eLs ecly [40}) SoceL LECLL Ll v66L 898l oL LCESL 199¢L siaupied oN
Jeak 1se) ay) ul si1auried Jo JaquinN
W S Ad N W S Ad N W S Ad N W S Ad N
6t-SC ve-si 61-SC ve-si
uswom usiy

s10108} s jenuajod jo aosuajenald pue uoneindod Apnis jo uonduosaq | (penunuod) g ajqel

1195

Nature Communications | (2026)17


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-67966-0

§ = % h-  her number of partners that was seen in the crude did not persist in the
< - . . . . .
s 2 93 i-  adjusted analysis. In the crude analysis there was a suggestion that HIV
S s 9  ele .
.§ 5 8 g- acquisition hazard increased as the age gaps between partners
€ oe increased but this may have been due to chance and there was no
o 1] . . . e . .
S8 |y 5 3 Blg £ evidence for this association in the adjusted model.
» QIR ([2 |« 3 fls|e|t o6
g 0 & °lg g8
° w
£ ES
R Older women
< o o 0|8 §°9 For older women, having moved house in the last year was associated
o |Q ]y 0| O Bloe 38 PR . .. .
x 5 § ) § 5 % § % SlE =8 with increased risk of HIV acquisition (adj HR 1.50 95% CI 1.19-1.88).
- 5 T . .
g £ g Unlike for younger people, among older women secondary education
T 2= was associated with a higher chance of HIV acquisition (adj HR 1.25 95%
<] g o
Qo . P .
2 2 8 9ol § 2lo § s ES CI 1.01-1.53). The risk of HIV acquisition in older women who were
a [©] N o . .
Rlz| [B|S[8]|8 Q] @S5 o2 married was around half that experienced by those never or formerl
£ £72 . .. . . .
£ ‘é% married. The association with new partnerships remained for older
5 28 women (adj HR 1.87 95% CI 1.29-2.71). Inconsistent condom use was
= s §& associated with acquisition of infection among older women (adj HR
s %
~ (%]
2 g = 2.06, 95% CI 1.59-2.67).
§ 25 . . . .
£ 59 In the crude analysis, there was a trend of increasing HIV acqui-
[To) < L+ v .ee N N . .
ol 18181510l s8] 2 g “§ 2 sition hazard with higher number of partners which was not seen in the
g g2 adjusted model. There was weak evidence that older women with a
£ 385 1 b hei had lower hazards of HIV
£ B gz arger age gap between their partners had lower hazards o
§ NI - % § - g 2 =2 § g acquisition (crude HR 0.65 95% Cl 0.41-1.01), the opposite effect to that
8 = . . . .
x w|RB|S|2(5 QIB|B|e 58¢ observed among young women, but this did not persist after adjust-
5 225 y ]
g 822 ment for other characteristics of the partners.
c § o3x8
(7] © o< S5 T
< v o 8 . .
5 9 § e § @ ‘§ 8 g § 3 :% @< Associations between community level factors and HIV
~ = = O . .
2|2 =z I(N|«¢|w |0 S 2 E} = incidence
8 285 Community rates of partner acquisition (CPAR) were available in Kar-
@ 685 y
[ 5 g8¢ onga, Kisesa and Rakai, and were highest for young men, and higher
B C = =
g = g 22 E for men than for women. Community partner loss rates (CPLR) were
- £ . eie
8 8 § T8 lower than acquisition rates, except for older men (Table 2) and were
[l . . . .
= ) © o S §ob not associated with incidence. CPAR among peers showed a crude
= (7} g < |o|b 2 & £ LED e ISTIPS
i T 256 association with incidence for men and older women (Table 3) and
— c o wn 3
8 g $a< men’s PAR was associated with risk for older women. In the adjusted
= < [ NI
5 ® © « 9|3 £z models, men’s PAR remained associated with HIV acquisition for older
< 5= o c =5
° x| |8 glelz|8|R] [B|8]2]]% SR men and older women (Supplementary Data 11 and 12). The effect of a
D= || |0 — |~ |W© = . . ”, . el
f‘ c 29 § one percentage point in the men’s partner acquisition rate was a 3%
> o . . . .
g 5 5352 increase in the HIV incidence hazard for both older women and older
Q .
g 2 51213 s é’ g ™ § g2 £g o % men (adjusted HRs 1.03, 95% CI 1.004-1.05 and 1.03, 95% CI 1.01-1.04,
L (o) 1o¢] < =] .
2 Rzl [F[3[3|8]2|2| [2]2|®]3 g °7 respectively).
= o
2 2 B3b
) . 2%z e .
s & 52 Sensitivity analyses
Q o £83¢ .
T = 5§ = § $ To assess whether the results were unduly influenced by any one study,
« g 3 @ 8 we repeated the models above for each study and did a meta-analysis
5 - S s g2°% to combine the estimates leaving one study out each time. The results
om— = — = > . . .
" ] s |o|o|we|w S © § - £¢ in Supplementary Table 2 show the estimates obtained are not deter-
- ~ 0 . .
3 T ogo a mined by any single study.
@© B4 . . . . .
9 = [ - S 2e5 To see if the risk factors were different in the most recent period
(@) = =
- S >2E(8[Selz|E| |B|F|8]: 2575 we repeated the preferred models for data from 2013-16 only and
k= I N R A R R D § 35 restricted to the studies which had data for this period: Kisesa, Masaka,
c >~ @ . o
@ 2 3 ‘é’ g ‘Cs'; Rakai, uMkhanyakude and Kisumu (Supplementary Data 13). For older
b~ — . . .
3] £lo < ~ w|d ZTE men, the HR were similar to the model using all years but the con-
c s3] 2|28 |alel8] [Ble|R|lz E2 3 ~ ; : L
o |22z ZlE(2(|8|8(3] BIS|S|S 538 fidence intervals were wider. New partners dld not show an association
i1 g g zc¢ for older women but other results were similar. For young men and
= i} = . .
o = 5 s 3 2 é women the only difference was that the confidence intervals for casual
(] e . . .
3 3 = g 2 g2 and regular partner estimates widened to include one.
= 3 8 £282e
> > ¢ £ . .
T £ £ BEEE Discussion
- 5 = =2 c . . . . .
2 B ° i ; 3g § % This multi-country study combined eight open cohort studies that
f= @ 2 s =
= § g g ol ® = 52 &g followed almost 100,000 people for 349,140 person years, observed
= - Q.= . . . .
§ Ble Z S 3 ; 2 z é% g2 g 4,617 new infections and collected detailed demographic and beha-
a5 e £ 5 3% 5 . . . " .
- Slglg|s|8|E[8|8 2| ;2228 vioural data. This large harmonised dataset facilitated an extensive
N 25| a|l3|% x| 2 BG LT . . Lo . .
) ElS|8 gla|& 8 2 ol s2e<o exploration of risk factors for HIV incidence in the general population.
— = c o O £ . A
el -g 212(8|8|2(2 S|2|2[8|sE¢ é’ s For young women, former marriage and having regular, casual
e 2 u £8228 and new partners were associated with increased risk of acquiring HIV

Nature Communications | (2026)17:1195 7


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67966-0

Table 3 | Crude HR and 95% CI for HIV seroconversion in pooled data, by age and sex, adjusted for study

Risk Factor

Young Men

Older Men

Young Women

Older Women

Incidence rate/1000 person years

6.7 (6.2-7.3)

10.7 (10.0-11.4)

23.3(22.3-24.3)

1.9 (11.3-12.4)

Education

No formal education

1.66 (0.45-6.09)

1.39 (0.76-2.56)

1.32 (0.53-3.29)

1.09 (0.75-1.60)

Primary 1 1 1 1

Secondary 0.71(0.48-1.03) 1.20 (0.96-1.51) 0.74 (0.59-0.92) 1.29 (1.05-1.59)
Tertiary 1.21(0.40-3.61) 0.96 (0.61-1.48) 0.36 (0.10-1.34) 0.62 (0.37-1.02)
Unknown 0.75 (0.58-0.96) 1.45 (1.20-1.74) 0.98 (0.83-1.15) 0.91(0.73-1.12)

Urban or rural Resident

Rural 1 1 1 1
Urban 1.79 (1.13-2.83) 1.29 (0.82-2.01) 1.18 (0.88-1.57) 1.35 (0.99-1.85)
Peri-urban 1.69 (1.36-2.10) 2.80 (2.24-3.51) 1.25 (1.11-1.40) 1.29 (1.10-1.51)

<1km from road

1.03 (0.29-3.58)

0.58 (0.33-1.01)

1.28 (0.73-2.27)

1.29 (0.83-2.02)

>1km from road

1.02 (0.32-3.21)

0.35 (0.19-0.65)

0.39 (0.16-0.94)

0.39 (0.21-0.75)

agricultural estate

1.52 (0.22-10.52)

1.90 (1.29-2.80)

2.53 (1.17-5.49)

1.91 (1.19-3.04)

commercial center

3.08 (0.81-11.71)

1.95 (1.31-2.92)

3.47 (1.85-6.52)

3.16 (2.11-4.71)

roadside trading

2.79 (1.01-7.73)

1.04 (0.60-1.79)

2.61(1.46-4.67)

1.76 (1.18-2.62)

subsistence farming

1.94 (0.49-7.72)

0.98 (0.56-1.73)

1.55 (0.73-3.29)

1.23 (0.77-1.96)

Moved house in the last year

No

1

1

1

1

Yes

1.68 (1.11-2.55)

1.30 (0.94-1.81)

1.29 (1.04-1.60)

1.84 (1.47-2.31)

Calendar year (grouped)

2005-08

1

1

1

1

200912

0.99 (0.77-1.26)

0.81(0.66-0.99)

0.90 (0.78-1.03)

0.86 (0.70-1.05)

2013-16

0.67 (0.50-0.89)

0.64 (0.51-0.80)

0.70 (0.61-0.81)

0.60 (0.46-0.79)

2005-08 uMkhanyakude

0.80 (0.64-0.99)

2009-12 uMkhanyakude

0.93 (0.75-1.16)

Partner acquisition rate among peers'

1.01(1.00-1.03)

1.03 (1.01-1.04)

0.97 (0.94-1.01)

1.04 (1.00-1.09)

Partner loss rate among peers'

1.01(0.99-1.04)

1.00 (0.99-1.00)

1.04 (0.96-1.12)

1.03 (0.96-1.10)

Partner acquisition rate in potential opposite sex partners'

0.90 (0.74-1.09)

1.08 (1.03-1.14)

1.00 (0.98-1.02)

1.03 (1.01-1.04)

Partner loss rate in potential opposite sex partners'

0.82 (0.59-1.14)

1.15 (1.01-1.30)

1.01(0.99-1.03)

1.00 (0.99-1.01)

Current marital status

Never married

0.32 (0.20-0.51)

2.67 (2.26-3.15)

1.05 (0.81-1.36)

2.51(1.96-3.22)

Currently married

1

1

1

1

Formerly married

1.60 (0.55-4.68)

1.47 (1.12-1.94)

4.15 (2.61-6.60)

213 (1.79-2.53)

Ever married no current info

*k

1.45 (0.78-2.68)

1.1 (0.56-2.18)

0.86 (0.64-1.15)

Not known

0.45 (0.25-0.81)

3.05 (1.87-4.97)

0.96 (0.69-1.34)

2.21(1.51-3.22)

Number of partners in the last year

No partners

0.62 (0.43-0.91)

0.75 (0.39-1.46)

0.51(0.43-0.60)

0.85 (0.60-1.22)

1 partner

1

1

1

1

2 partners

1.71 (0.94-3.10)

1.15 (0.75-1.75)

2.36 (1.40-3.97)

3.15 (1.69-5.88)

3+ partners

1.82 (0.77-4.27)

1.55 (0.94-2.56)

**

%

No data

0.96 (0.68-1.34)

0.94 (0.74-1.21)

0.72 (0.63-0.83)

0.93 (0.80-1.08)

Had more than one partner in the last year

No

1

1

1

1

Yes 2.32 (1.46-3.70) 1.32 (0.94-1.86) 3.03 (1.83-5.02) 3.15 (1.77-5.60)
No data 1.27 (1.00-1.61) 0.98 (0.78-1.23) 0.97 (0.85-1.10) 0.94 (0.81-1.09)
Had a casual partner in the last year

No 1 1 1 1

Yes 1.42 (0.91-2.22) 1.38 (0.91-2.11) 1.57 (1.22-2.02) 1.27 (0.86-1.88)
No data 1.25 (0.99-1.59) 0.84 (0.66-1.07) 0.99 (0.87-1.13) 0.93 (0.79-1.09)
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Table 3 (continued) | Crude HR and 95% CI for HIV seroconversion in pooled data, by age and sex, adjusted for study

Risk Factor Young Men Older Men Young Women Older Women
Had a regular partner in the last year

No 1 1 1 1

Yes 1.55 (1.09-2.22) 3.17 (2.18-4.59) 1.75 (1.48-2.08) 2.34 (1.82-3.01)
No data 1.35 (1.05-1.74) 1.25 (0.93-1.69) 1.20 (1.02-1.41) 1.30 (1.06-1.59)

Age difference(s) with partners in the last year

Partner within 5 years of age

1

1

1

1

Partner 5+ years older/younger

1.29 (0.44-3.79)

0.85 (0.55-1.31)

1.08 (0.84-1.40)

0.81(0.58-1.11)

Partner 10+ years older/younger

*k

0.65 (0.36-1.16)

1.39 (0.90-2.14)

0.65 (0.41-1.01)

Age not known/not given

1.01(0.58-1.79)

1.07 (0.54-2.11)

1.1 (0.83-1.47)

1.07 (0.75-1.52)

No partner in ref period

0.57 (0.39-0.83)

0.63 (0.31-1.27)

0.52(0.43-0.63)

0.69 (0.46-1.03)

No data

0.89 (0.64-1.24)

0.73 (0.54-0.98)

0.76 (0.64-0.89)

0.78 (0.63-0.96)

Prevalence of untreated infection in potential opposite sex partners

1.07 (1.05-1.09)

1.06 (1.05-1.07)

1.02 (1.01-1.03)

1.05 (1.03-1.06)

Had a new partner in the last year

No 1 1 1 1
Yes 1.49 (1.03-2.15) 1.48 (1.00-2.19) 1.80 (1.44-2.24) 2.52 (1.75-3.64)
No data 1.29 (1.00-1.65) 0.79 (0.63-1.00) 1.06 (0.92-1.21) 0.94 (0.80-1.10)

Coital frequency with all partners in the last year

Zero

*k

*k

*k

0.58 (0.13-2.64)

<1/week

1

1

1

1+ times/week

*k

1.65 (0.28-9.63)

1.10 (0.15-7.86)

0.74 (0.29-1.92)

No data

*k

1.77 (0.34-9.29)

1.27 (0.22-7.32)

0.81(0.35-1.85)

Is circumcised

Not

1

1

Circumcised

0.36 (0.20-0.66)

0.88 (0.61-1.27)

no information

1.36 (1.04-1.77)

1.65 (1.23-2.22)

Condoms used consistently with all partners in the last year

No partners

0.57 (0.40-0.83)

0.93 (0.59-1.47)

0.56 (0.46-0.68)

1.25 (0.93-1.69)

No condom use

1

1

1

1

Some condom use (sometimes or some partners

0.86 (0.54-1.36)

1.91 (1.35-2.69)

1.1 (0.90-1.37)

2.56 (1.99-3.28)

Complete condom use (all partners=always)

0.83(0.23-2.92)

1.05 (0.31-3.55)

1.19 (0.49-2.92)

0.98 (0.24-4.08)

Not sure- 6+ptnrs or missing data

1.95 (0.57-6.65)

0.56 (0.22-1.43)

*k

1.13 (0.54-2.38)

No data 0.82 (0.58-1.14) 0.92 (0.71-1.18) 0.74 (0.62-0.89) 1.18 (0.99-1.41)
Ended a partnership in the last year

No 1 1 1 1

Yes 1.30 (0.76-2.21) 1.16 (0.75-1.78) 1.64 (1.15-2.35) 1.44 (0.91-2.26)
No data 1.20 (0.95-1.52) 0.75 (0.61-0.92) 0.97 (0.85-1.10) 0.94 (0.81-1.10)

Bold font indicates estimates where the confidence intervals do not include 1.
** Cl not estimated due to zero failures in some imputations.
'Estimated for Karonga, Kisesa and Rakai only.

while secondary education was protective. For older women, being
unmarried, having changed residence in the last year, having a new
partner and inconsistent condom use were associated with risk and
tertiary education was protective. For young men, never being married
and being circumcised were associated with lower risk and no beha-
vioural risk factors were identified. In contrast, there were few pro-
tective factors for older men, among whom former marriage and
having a regular partner increased the risk. The community prevalence
of untreated HIV infection was associated with HIV acquisition among
men and women in both age groups. The rate of partner acquisition by
men in the community increased the risk of HIV acquisition among
older men and women. The relative paucity of identified risk factors for
men compared to women suggests that there were either unmeasured
factors which affect HIV incidence among men or the correlation
between reported behaviour and risk was weaker among men. For
young men, the strong association with the prevalence of untreated
infection, combined with the lack of behavioural risk factors may

indicate that their risk is affected by characteristics of partners besides
their number and relationship. A similar pattern of association by sex
was observed in the PopART trial in Zambia and South Africa®

We found associations that were consistent across the different
studies and also observed variations, by sex, age and study in the pre-
valence of risk factors. We have added information for populations in
Malawi where risk factors in the general population have not previously
been described. All of these had been identified as risks by other stu-
dies, and many have been used as components of HIV risk scoring
algorithms but this is the first time they have been compared in a single
analysis and shown to be consistently associated with risk in different
populations”. The effects of some risk factors varied by age and/or sex,
which matters where prevention activities are targeted a priori by age
and sex. Former marriage was a risk for all except young men. Only the
prevalence of untreated infection was associated with acquiring infec-
tions for both men and women and for both age groups, as seen
elsewhere®®*°, New partnerships were a risk for women but not men.
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Table 4 | Results from models of HIV incidence for each age and sex group, for 2005-16 inclusive, showing adjusted HR and

95% CI
Young Men Older Men Young Women Older Women
AdjHR  95%ClI Adj HR 95% CI Adj HR 95% CI Adj HR 95% ClI
Education
No formal education 119 0.32-4.43 1.26 0.50-3.15 1.09 0.74-1.60
Primary 1 1 1
Secondary 0.72 0.49-1.06 0.70 0.56-0.87 1.25 1.01-1.53
Tertiary 1.08 0.36-3.24 0.33 0.09-1.20 0.60 0.36-1.00
Unknown 0.64 0.49-0.83 0.87 0.74-1.04 0.87 0.70-1.09
Marital Status
Never married 0.38 0.23-0.61 112 0.85-1.47 114 0.87-1.49 2.30 1.78-2.97
Currently married 1 1 1 1
Formerly married 1.41 0.50-3.99 1.4 1.06-1.86 2.7 1.63-4.50 1.95 1.62-2.34
Ever married (no current info) 0.48 0.25-0.94 1.07 0.54-2.13 0.94 0.70-1.27
Not known 0.62 0.34-115 1.02 0.59-1.78 1.08 0.76-1.53 212 1.44-3.12
Changed residence within the last year
No 1
Yes 1.50 1.19-1.88
Is circumcised (men only)
No 1
Yes 0.38 0.21-0.70
Not known 1.25 0.95-1.63
Regular partner(s) in last year
None 1 1
One or more 1.82 1.24-2.68 170 1.39-2.08
Not known 118 0.86-1.62 0.98 0.69-1.40
New partnerships in last year
None 1 1
One or more 1.35 1.07-1.72 187 1.29-2.71
Not known 1.36 0.96-1.93 m 0.81-1.51
Casual partners in last year
None 1
One or more 1.82 1.38-2.39
Not known 1.000
Condom use in last year
No partners 1.09 0.77-1.54
No condom use 1
Some condom use 2.06 1.59-2.67
Consistent condom use 0.69 0.17-2.90
Not known 110 0.81-1.49
Prevalence untreated HIV in potential opposite sex partners 1.07 1.04-1.09 1.02 1.00-1.03 1.01 1.00-1.02 1.03 1.02-1.04
Study
Karonga 0.35 0.09-1.29 0.56 0.33-0.95 0.56 0.31-1.02 0.54 0.34-0.85
Kisesa 1.48 0.62-3.57 112 0.75-1.67 1.25 0.76-2.07 1.07 0.73-1.57
Manicaland 1.31 0.52-3.30 1.84 1.22-2.76 2.62 1.58-4.32 1.01 0.67-1.54
Masaka 1 1 1 1
Rakai 2.37 1.13-4.98 1.24 0.90-1.72 213 1.42-3.20 121 0.86-1.69
uMkhanyakude 6.95 3.52-13.7 2.98 1.79-4.97 9.64 6.84-13.57 2.37 1.66-3.39
Kisumu 1.51 0.72-3.17 0.87 0.59-1.29 1.07 0.71-1.60 113 0.82-1.55
Ifakara 0.56 ** 0.87 0.27-2.78 2.37 1.02-5.53 1.52 0.83-2.80
Number of seroconversionst 537 760 1842 1469
Number of respondentts 28348 19037 31895 30689
Total person yearst 73763 71528 76838 124240
Bold font highlights estimates whose confidence interval does not include 1.
** Cl not estimated due to zero failures in some imputations.
tMean across imputation.
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The effect of CPAR on incidence shows that other people’s
behaviour can have a demonstrable effect on individual risk. This has
also been reported elsewhere with a correlation between CPAR and
HIV prevalence seen using national level data and results from the
PopART trial showed men’s behaviour at the community level to be
predictive of incidence among women®**°, Communities with higher
CPAR will have a denser sexual network, with new partnerships more
closely spaced in time, increasing STI risk**2,

We did not find associations with multiple partners, which had
been seen in other studies®®'*!820-22262843 This may be because the risk
of multiple partnerships is experienced at the beginning of the most
recently acquired partnership and we controlled for this with variables
describing new and casual partnerships!1+1820-222628.29,

Whilst effective against HIV infection, condom use was difficult to
incorporate into these risk factor models, partly because it was not
common. In an analysis of the general population, where most people
have very low levels of HIV risk, condom use can be a marker of risky
behaviour even in a generalised epidemic setting. Our results indicate
condom use reported by older women was insufficient to offset the
increased risk they experienced. It suggests that at least one person in
the partnership was aware of a risk of HIV transmission and the need
for prophylaxis, which could make members of this group open to
using PrEP. However, the older women may not be the instigators of
condom use, or in a position to obtain and use PrEP and they would
also be protected by effective treatment of the male partners.

We did not find universal associations between different types of
partnership and acquisition of infection. This may be an artefact of our
analytical approach. We had a separate category for new partnership,
which encompassed many of the casual partnerships and was generally
predictive of incidence. Fewer people were in casual partnerships than
regular so power to detect an association was lower. Semantic differ-
ences in the terms used for partner type, due to translation and
mapping local descriptions onto standard terms, might have led to
some misclassification of partner types.

This highlights a problem of labelling particular types of part-
nership as those which present a greater risk of HIV transmission.
Partnerships frequently evolve over time, and what begins as casual
(and new) can progress to something regular and onwards to marriage.
This complicates assessment of the effect of condom use. Where
condoms are used, it is most often at the start of the partnership and
they are frequently discontinued as the relationship matures, parti-
cularly if childbearing is intended. If couples do not test and disclose
before discontinuing condom use then adequate condom use in the
initial, casual, stage may postpone HIV transmission until later, when
the partnership has become more stable. We know that condom use
levels vary by type of partnership and we observed differences by
study, age and sex (Table 1 and Supplementary Data 1 and 2) so these
might contribute to the differences in partnership risks**. The level of
risk in different partnerships may be further modified by patterns of
partner acquisition for people in partnerships wherein concordant
negative partnerships can become serodiscordant. The number and
type of existing partners affect the chances of acquiring a new partner.
People with partners are less likely than single people to acquire a new
partner and the extent of the difference varies by sex, country and the
type of partnership*’. Differences in the extent of mutual monogamy
between marital, regular and casual partnerships will affect incidence
risk, unless this is offset by condom use or PrEP. Our analyses were
adjusted for partner acquisition and condom use at the individual-level
but we did not capture population-level differences in partnership
characteristics. Selection effects caused by differences in partnership
behaviours might also explain the different effects of circumcision for
younger and older men. Our results suggest that older men who are
circumcised have a different risk profile to younger men, one that has
not been captured in our analysis. Additionally, we were unable to
distinguish medical from traditional circumcision, and older men may

be more likely that younger men to have undergone a procedure that is
less effective for HIV prevention.

The importance of new partners and the largely protective effect
of marriage, also seen by others®®'01>1821222843 "implies that people
navigate periods of increased risk before arriving into the relative
safety of a marriage. The protective effect of marriage may be over-
stated by this, and other, similar analyses. Discordant couples who
have sex before marriage and do not take steps to prevent transmis-
sion of infection are likely to become seroconcordant. Marriages that
start out, or become serodiscordant, will likewise remain ser-
odiscordant for only a short period in the absence of prevention
measures. Work from Rakai showed that a large proportion of new
infections could be linked to an incident infection in a household
contact’. Therefore, people included in an incidence analysis (who are
HIV-negative) and initially observed while currently married are likely
to have an HIV-negative partner or be taking effective steps to prevent
HIV transmission from a positive partner. We considered looking only
at recent marriages to investigate this but did not have sufficient
statistical power.

The prevention response to any association with partner type
would be similar: the use of condoms or PrEP, testing and disclosure
and effective treatment for PLHIV. Our results show that using one
universal definition of a ‘risky’ type of partnership as the trigger for
intervention could fail to capture people before they are exposed to
risk. It could be more useful to think about how people navigate
transitions in their partnerships and what is needed to make these
transits safe, rather than focussing on people who have already spent
some time in a particular category of partnership. Finding out how to
identify people who are about to make risky transitions could be
useful, for example, the substantial increase in risk associated with a
new partnership would be best addressed before the person entered
into the partnership, not after they have done so.

Harmonisation and secondary analysis of disparate sources of
data inevitably introduces some limitations and can be especially
complicated for sexual behaviour, where reporting is subjective and
may be affected by social desirability bias. Different survey frequencies
and incomplete participation in every survey round led to person time
being classified as “unknown” for many aspects of behaviour and the
extent of this varied between studies and over time. The different sizes
and durations of the studies meant some contributed more data than
others. These differences could have affected the results as availability
of data was correlated with the study and calendar time, which were
also associated with HIV incidence. We mitigated against this by
including a fixed effect for study in all models and by conducting a
sensitivity analysis. In some models, some of the “unknown” categories
retained an association with HIV incidence, possibly because people
with missing data were different (e.g., due to work or travel patterns)
or because there was residual confounding by study or calendar per-
iod. Sensitivity analysis showed the results were robust to the omission
of each study, and there was not sufficient study heterogeneity to
vitiate the pooled estimates. Our population-level measures were
estimated based on data for the entire study area, which may have
masked geographic heterogeneity in risk. Without good information
on the extent of mixing between residents of different areas of the
studies it was not possible to produce estimates that were mean-
ingfully geographically stratified. By using the average across the
whole area our measures may be less precise but, given the small size
of most of the studies, and the detection of plausible associations we
believe this to be a minor limitation.

Using harmonised data meant the omission of some information
on wealth, alcohol use and sexual practices which have been shown to
have important associations with HIV acquisition>®!11520-21263336.43 e
do not think their omission has affected our results. Wealth is difficult
to harmonise as the locally relevant measures are not easy to translate
across contexts. We did not attempt to do this because we expected
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the effects of wealth on behaviour, and thus HIV risk, to differ between
studies, as has been seen elsewhere*’. Most studies had some infor-
mation on alcohol use and specific sexual practices but these were for
different time periods. They are very proximate factors which may
change with each encounter and some of the information is imprecise,
which introduces noise in the associations when they are included in
regression analysis of whole populations over a long timescale. Prox-
imate measures such as these, and condom use and PrEP, are difficult
to capture at this scale. There was little PrEP available in the the study
populations at the time of data collection. How the availability of PrEP
has affected the associations we have shown will depend on how these
are correlated with access to and uptake of PrEP. Particularly for
women our risk factors speak of periods when women might have less
agency and power; in those moments PrEP could be transformative
and might remove that excess risk, but those same factors might also
hinder its use.

The socially-conditioned and subjective nature of self-reported
data on sexual behaviour is a perennial problem. We believe these data
to be high-quality because there are high levels of trust between the
study communities and researchers in these long-running projects
and, because each study is bespoke to a small area, the enquiries are
tailored to the local population®. Differences in the local meaning
ascribed to descriptions of partners, alongside social desirability bias,
may have led to the quite large differences in the prevalence of
reported partner types. Finding coherent associations between several
hypothesised risk factors and HIV incidence shows the measures, even
if inaccurate, are capturing differences in HIV risk.

The associations identified here related to new infections that
occurred between 2005 and 2016 and the risks we have identified may
be less important today. Treatment was available for this entire period
though availability was limited in some studies before 2010 and
treatment eligibility expanded over time. Sensitivity analysis limited to
2013-16 data suggests that the risk factors in that period were similar to
those identified for the whole period. Many were identified as risks in
the late 1990s and early 2000s, at very different phases of the epi-
demic. This consistency over time could mean that they remain
important going forwards.. An analysis of slightly more recent PHIA
data found only two risk factors for women, living in a subnational area
with high HIV-1 viremia and having a non-cohabiting partner but this
was based on a small number of recent infections which may have
precluded identification of other risks*®. There are no studies with
recently collected data on HIV risk factors and their association with
documented HIV seroconversion in the general population in sub-
Saharan Africa. This is likely explained by changing research priorities
and funding, meaning more recent data are not available for most of
the ALPHA cohorts, and due to the length of time it takes to harmonise
data for multicountry studies. Initiatives such as the African Population
Cohorts Consortium will increase the speed with which results can be
produced®’.

We observed a large number of respondents, but they came from
just eight districts in six countries so may not represent the experience
elsewhere in these countries, or in other countries in the region. That
the results are stable across the different studies, which represent a
diverse range of peoples, gives us confidence that these findings can
be more widely applicable.

Our results raise the possibility that the timing of prevention
intervention relative to behaviour might be important. The importance
of new partnerships and former marriage suggests that the liminal
periods around partnerships’ beginning and end could be the start of
periods of increased risk. The identification of community level risk
factors risk point to the utility of using community characteristics to
target prevention, perhaps before individual behaviour escalates risk,
and even of altering these characteristics to ameliorate that increased
risk. Other authors have shown substantial age and spatial variation in
the prevalence of risk factors*s, that people cycle in and out of periods

of increased risk*’, and the utility of community level measures to
target prevention*® and these findings reinforce theirs. This could be
worthwhile in contexts, such as mature generalised epidemic settings,
where the “high risk” behaviours are not atypical behaviour but things
most people experience or do at some point. Our measures of both
untreated prevalence and partner acquisition can be calculated from
surveys, such as DHS. Continued effective prevention, in the face of
falling incidence, requires better targeting to reach those most in need
whilst remaining cost effective and these could be two new approaches
to improve that targeting. Demographic and social changes, such as
urbanisation, greater mobility, and increasing use of the internet and
social media may change the profile of the population at higher risk,
which emphasises the need for continued monitoring of HIV incidence
and sophisticated and evolving assessment of risk, alongside sustained
prevention, diagnosis and treatment.

Methods

Study design

We used open cohort data from eight independently run general
population cohort studies which are members of the Network for
Analysing Longitudinal Population-based HIV/AIDS data on Africa
(ALPHA): Ifakara and Kisesa in Tanzania, Karonga in Malawi, Kisumu in
Kenya, Manicaland in Zimbabwe, Masaka and Rakai in Uganda and
uMkhanykaude in South Africa®®. We used harmonised data from these
studies covering people observed between 2005 and 2016, the last
date at which most studies collected HIV data.

Ethical approval for this data harmonisation and analysis was
granted by the ethics committee of the London School of Hygiene and
Tropical Medicine (number 15472) and each study’s data collection and
analysis was approved by the relevant local committees. Data used in
this analysis are not publically available but may be made available to
bona fide researchers upon successful application to each study’s data
access committee.

Participants

Study participants were included in the incidence cohort if they had
participated in the study’s HIV testing at least twice whilst resident in
the area and their earliest result was HIV negative. In this analysis we
used data from people who were aged between 15 and 49.

Procedures

Several times a year, with the exception of Manicaland®, each study
collected demographic information from household heads in all con-
senting households within their study areas. For eligible adults, after
obtaining informed consent HIV tests and individual surveys, which
included questions on HIV-related risk behaviours and socio-
demographic characteristics, were carried out at regular intervals,
typically between one and three years apart.

Each study is autonomous and data were not standardised prior to
collection. Data were harmonised taking into account variation
between study sites and over time (see Supplementary Methods for
further details).

We identified and constructed a list of common explanatory
variables and prioritised those which captured a discrete aspect of
behaviour or personal characteristics and were available for most
participants. Table 1 shows the measures we reviewed and those we
included. We developed a population-level measure to describe the
prevalence of untreated HIV infection in people of the opposite sex,
resident within the study area,who were in the age range to be sexual
partners, constructed using HIV prevalence, ART coverage and the
distribution of age gaps between partners. We calculated other
population-based measures of risk describing partnership dynamics:
the partner acquisition rates' and rates for the dissolution of part-
nerships. For both rates, the denominator was person time in the year
before the survey, expressed per 100 person years. The numerators
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were, for acquisition, having had sex with a new partner in the last year
and, for dissolution, the ending of a partnership (dated to the time of
last sex) with a person the respondent had sex with at some point in the
year before the survey. We estimated these rates for peers of the same
sex (from the same study and calendar period and similar in age) and
also for opposite sex potential partners.

Statistical analysis

The outcome was HIV seroconversion, defined as an HIV positive test
in a participant who was resident at the time of the test and who had
previously tested negative for HIV. We used multiple imputation to
assign a seroconversion date in the interval between the last negative
and first positive test dates with a uniform distribution and fitted
piecewise exponential regression models to the survival time elapsed
between the date of the first negative test and the date of the last
negative test or seroconversion®>, For all estimates we used 70 impu-
tations and combined the estimates using Rubin’s rules®. Piecewise
exponential models were used because they allowed the shape of the
hazard function to vary between imputations and captured that var-
iation in the terms for age group.

Subjects had missing data for portions of their follow up time
because either information was not collected in every round, partici-
pants missed one, or more, survey rounds or due to a small amount of
non-response to particular questions. When information was not
available, we retained the person time in the analysis and assigned the
relevant period of person time to an “unknown” category. People who
remained HIV negative were censored at the time of their most recent
HIV test.

We wanted to assess if the effects of some risk factors differed by
age and sex so analysed four groups of respondents: young men aged
15-24, older men aged 25-49, young women aged 15-24 and older
women aged 25-49. Participants whose follow-up time spanned the
two age groups contributed to both groups, i.e., they were censored at
their 25" birthday in the younger age group and entered the older age
group as they turned 25.

We described every risk factor for each age group, study and
calendar period using the distribution of person-years for categorical
variables and the mean for continuous variables. We estimated the
study-specific crude hazard ratio (HR) for new HIV infections and made
the same estimates using data pooled from all studies, adjusted for
study. We examined the crude HRs for each risk factor and, where
study-specific effects appeared to differ based on both HR and p-
values, fitted interaction terms to assess effect modification by study.

Risk factors with a consistent pattern of association in the study-
specific analyses were included in adjusted models fitted to the data
pooled from all studies for each age and sex group. We focussed pri-
marily on the HRs, rather than their associated p-values, since some
studies lacked power for some comparisons. Where study-specific HR
were different, we included them and captured the heterogeneity of
effects between the studies by fitting terms for risk factor-study
interactions and retained those with small p-values for the interaction
terms. We included a fixed-effect for study because HIV incidence
differed between studies. We fitted three piecewise exponential
models including age and calendar year: 1) with a fixed effect for study,
allowing each study to have a different background incidence rate; 2)
with an age and study interaction to relax the assumption of propor-
tional hazards and allow the hazard function to behave differently over
age in the different studies and 3) with an age and study interaction
plus an interaction between study and prevalence of untreated infec-
tion in the opposite sex. We fitted a fourth model which omitted the
age and calendar year variables. We hypothesised that age and calen-
dar year are not direct determinants of HIV incidence and by omitting
them we aimed to reveal the more proximate determinants of HIV
incidence. Lastly, we reviewed the results from these four models for

each age and sex group and judged which was the most parsimonious
model- the preferred model- for each group.

Information on partnership dynamics (the numbers and timings
of partnerships) was available only for Karonga, Kisesa and Rakai. The
analysis was repeated with these studies including the measures of
partnership dynamics.

We conducted two sensitivity analyses. To assess the influence
each study had on the results from the preferred models we fitted
study-specific versions of those models, carried out a meta-analysis on
eachrisk factor estimate and then repeated the meta-analysis using the
leave-one-out approach. We also fitted the preferred models to data
from 2013-16 only, to see if risk factor associations were different in
that period.

Stata version 18.0 was used throughout the analysis.

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report.

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

Data availability

A subset of the ALPHA harmonised incidence data used in this study
for Karonga, Kisesa, Manicaland and uMkhanyakude have been
deposited in the DataFirst database under accession codes mwi-alpha-
him-karonga-2002-2017-v1 (Karonga), tza-alpha-himk-1996-2016-v1
(Kisesa), zwe-alpha-himm-1995-2016-v1 (Manicaland), zaf-alpha-himu-
2000-2016-v1  (uMkhanyakude) (https://www.datafirst.uct.ac.za/
dataportal/index.php/collections/ALPHA). The data are available to
bona fide researchers under licensed access via DataFirst. The full set
of data collected for this paper are individual participant data that
cannot be anonymised whilst maintaining the information needed for
this analysis. The study datasets used for this analysis (participant data
with identifiers and accompanying data dictionaries) can be requested
directly from the individual studies (see https://alpha.lshtm.ac.uk/
people/). Requests will be reviewed by each study’s data access com-
mittee according to their respective criteria for access.

Code availability
Code used in this paper is available at https://github.com/emmaslay/
ALPHA_HIV Risk_factors_analysis.
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