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Abstract

Introduction: Several HIV risk scores have been developed to identify individuals for prioritized HIV prevention in sub-
Saharan Africa. We systematically reviewed HIV risk scores to: (1) identify factors that consistently predicted incident HIV
infection, (2) review inclusion of community-level HIV risk in predictive models and (3) examine predictive performance.
Methods: \We searched nine databases from inception until 15 February 2021 for studies developing and/or validating HIV
risk scores among the heterosexual adult population in sub-Saharan Africa. Studies not prospectively observing seroconver-
sion or recruiting only key populations were excluded. Record screening, data extraction and critical appraisal were conducted
in duplicate. We used random-effects meta-analysis to summarize hazard ratios and the area under the receiver-operating
characteristic curve (AUC-ROC).

Results: From 1563 initial search records, we identified 14 risk scores in 13 studies. Seven studies were among sexually active
women using contraceptives enrolled in randomized-controlled trials, three among adolescent girls and young women (AGYW)
and three among cohorts enrolling both men and women. Consistently identified HIV prognostic factors among women were
younger age (pooled adjusted hazard ratio: 1.62 [95% confidence interval: 1.17, 2.23], compared to above 25), single/not
cohabiting with primary partners (2.33 [1.73, 3.13]) and having sexually transmitted infections (STls) at baseline (HSV-2: 1.67
[1.34, 2.09]; curable STls: 1.45 [1.17; 1.79]). Among AGYW, only STls were consistently associated with higher incidence, but
studies were limited (n = 3). Community-level HIV prevalence or unsuppressed viral load strongly predicted incidence but was
only considered in 3 of 11 multi-site studies. The AUC-ROC ranged from 0.56 to 0.79 on the model development sets. Only
the VOICE score was externally validated by multiple studies, with pooled AUC-ROC 0.626 [0.588, 0.663] (I%: 64.02%).
Conclusions: Younger age, non-cohabiting and recent STls were consistently identified as predicting future HIV infection.
Both community HIV burden and individual factors should be considered to quantify HIV risk. However, HIV risk scores had
only low-to-moderate discriminatory ability and uncertain generalizability, limiting their programmatic utility. Further evidence
on the relative value of specific risk factors, studies populations not restricted to “at-risk” individuals and data outside South
Africa will improve the evidence base for risk differentiation in HIV prevention programmes.
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1 | INTRODUCTION

Efficiently identifying populations and individuals at high risk
of HIV infection and linking them to effective HIV prevention
is essential for continued progress towards ending HIV as a
public health threat [1]. Differentiating HIV prevention based
on risk of infection is especially important for interventions

that are expensive and intensive for both the client and the
health system, such as daily oral pre-exposure prophylaxis
(PrEP) [2-5]. Identifying those at highest risk for infection
is most difficult in sub-Saharan Africa, where 58% of the
1.5 million global new infections in 2020 occurred [6], and a
large proportion of new infections were through heterosexual
transmission among the general population [7].
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Several HIV incidence risk scores have been proposed as
prognostic tools for identifying individuals at high risk for HIV
infection in sub-Saharan Africa [8,9]. HIV risk scores combine
data on multiple prognostic factors into a single score that
summarizes an individual’s risk for infection. Certain interven-
tions might be offered, or restrict eligibility to, individuals with
scores above a specified threshold [10]. An optimal threshold
maximizes the share of incident infections among the higher
risk group while minimizing the total proportion classified as
such, but there is typically a trade-off between these. Risk
scores are empirically derived using data from large-scale, lon-
gitudinal studies like HIV randomized-controlled trials (RCTs)
and cohort studies that collect comprehensive HIV prognos-
tic factors spanning the behavioural, socio-demographic, part-
nership domains among HIV-negative adults and prospectively
measure HIV incidence, usually within 1 year or less after
the baseline risk assessment. Generalizability is validated by
applying the risk score to independently collected data and
studying how well the score discriminates those who subse-
quently acquire HIV.

Recently, national HIV programmes have focused on priori-
tizing interventions to geographic areas with high HIV burden
[1], but not widely implemented risk scoring tools to differ-
entiate individual-level access to HIV interventions. The geo-
graphically focused strategy is epidemiologically justified for
two reasons: high HIV burden indicates previous high HIV
risk, and, secondly, high HIV prevalence or unsuppressed HIV
viraemia implies greater exposure to HIV infection among
those currently at risk [11,12]. This community-level exposure
does not fit naturally into the individual-level risk framework
of risk scoring.

Mathematical modelling has demonstrated that consider-
ing both geographic location and risk populations in prior-
itizing of HIV prevention improves the efficiency and cost-
effectiveness relative to only one dimension [13]. The new
Global AIDS Strategy 2021-2026 embraces this approach—
recommending that HIV prevention is prioritized for various
population groups differentiated according to thresholds for
the local HIV incidence [14]. For example, for adolescent girls
and young women (AGYW), the strategy recommends prioriti-
zation of services to those at high risk based on: (1) the sub-
national annual incidence greater than 3%, or (2) an incidence
of 1-3% and self-reported high-risk behaviours or recent sex-
ually transmitted infection (STI) [14].

We conducted a systematic review of HIV risk score tools
in sub-Saharan Africa to explore this from both perspectives.
Firstly, to motivate improved modelling of HIV incidence and
prioritizing of HIV prevention, we sought to identify prognos-
tic factors from the HIV risk score literature that stratify pop-
ulation HIV risk, and the ability of these factors to discrimi-
nate HIV incidence within a population. Secondly, we queried
the extent to which HIV risk scores considered community-
level HIV prevalence or population viraemia as a predictor in
prognostic models for individual HIV incidence risk. Specifi-
cally, we searched literature for studies that either developed
or validated an HIV incidence risk score model among adult
heterosexual populations, and analysed the data to: (1) iden-
tify risk factors that have consistently shown strong effects on
HIV incidence across different models and settings, (2) eval-
uate whether community-level HIV prevalence has been con-

sidered as a determinant of HIV risk in risk score develop-
ment and (3) examine the efficiency of risk scores in differ-
entiating high- and low-risk individuals quantified by the area
under the receiver-operating characteristic curve (AUC-ROC).

2 | METHODS

21 |

We searched for studies that developed and/or validated the
HIV incidence risk scores among adult heterosexual popula-
tions of sub-Saharan Africa. Specific inclusion criteria were:
(1) development and/or validation of any predictive multivari-
able model (“risk score”) with prospectively measured HIV
incidence as the main outcome (i.e. documented HIV-negative
status at baseline), (2) enrolled from adult heterosexual pop-
ulations and (3) conducted in sub-Saharan African countries.
Studies were excluded if: (1) HIV seroconversions were not
determined by an HIV-negative test result at baseline fol-
lowed by a positive or negative result during follow-up, (2)
study populations were key or selected populations only (men
who have sex with men, female sex workers, pregnant women,
serodiscordant couples, HIV-exposed infants and people who
inject drugs).

Keywords, synonyms and related terms covered the
domains of “sub-Saharan Africa,” “HIV/AIDS,” and “risk
score.” The full electronic search strings for all databases
are available in the Supporting Information (Appendix ).
No restrictions were imposed on the types nor years of
publications; however, only publications written in English
were included.

Search strategy

22 |

Nine databases were searched: MEDLINE, Embase, Global
Health, PsycINFO, Maternity & Infant Care Database,
CINAHL (EBSCO), Scopus, Cochrane Library and the Web of
Science, on 15th February 2021.

Sources of information

23 |

Titles and abstracts were independently screened by two
reviewers for eligibility against the inclusion and exclusion cri-
teria. Discrepancies were resolved by either consensus after
discussion or decision of a third reviewer. After abstract
screening, full texts were reviewed for inclusion by two inde-
pendent reviewers. Reasons were provided for any exclusion
of studies at this stage. Again, any discrepancies in decisions
or reasons were resolved through discussion or by a third
reviewer. Abstract screening, full text review and data extrac-
tion were conducted by KMJ, HE, OE, KL, AH and MJT.

Study selection

24 |

Data were extracted by two independent reviewers, with dis-
crepancies resolved through discussion. We referred to the
Critical Appraisal and Data Extraction for Systematic Reviews
of Prediction Modelling Studies (CHARMS) Checklist when
creating the data extraction form (Appendix II) [15]. After
extraction, two reviewers assessed the risks of bias for each
study independently using the Prediction Model Risk of Bias

Data extraction and risk of bias assessment
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(PROBAST) assessment tool checklist [16], under the four
domains “Population,” “Predictor,” “Outcome” and “Analysis.”
A domain where one or more criteria was/were not fulfilled
might be judged as “high risk of bias,” whereas a study with
one (or more) domain(s) at “high risk of bias” would be judged
as having an overall “high” risk of bias.

25 |

We aimed to identify significant and measurable prognostic
factors that define high-risk groups or individuals for priori-
tized HIV prevention. We first summarized the key character-
istics, setting and study population(s) of each included study,
and whether it developed a risk score, externally validated a
score or both. A development study could conduct internal
validation by using re-sampling methods (bootstrap or cross-
validation) to estimate the AUC-ROC, or by splitting the sam-
ple into training and testing sets; external validation where
the risk score was applied to a different study population than
which it was originally derived can be performed in the same
analysis or by others in follow-up studies. We then assessed
the importance of each predictor by examining (1) the number
of times it was included in the final risk prediction model of
a model development study, (2) the summary of the adjusted
and unadjusted effect size estimates. Finally, we summarized
the AUC-ROC, proportion identified “high risk” by each score
and the corresponding HIV incidence in the high-risk group,
to assess the risk scores discrimination and compared them
across settings to examine generalizability.

Overall summary effect size estimates (and the 95% con-
fidence interval) for predictors were estimated by a random
effects model. Estimates were pooled for both the adjusted
and unadjusted effects because adjusted effects were only
available in studies that included the particular predictors in
the multivariable models (due to significant univariate asso-
ciation), risking biasing summary estimates away from null.
Between-study variance was reported with the [? statistics
to evaluate the heterogeneity. Random effects meta-analysis
based on the inverse variance method with Sidik-Jonkman
estimator for between-study variance was done in R (version
4.0.3) [17] using the packages “meta” and “metafor” [18,19].
Meta-analysis for AUC-ROC was performed using methods
described by Zhou and colleagues in Medcalc (version 19.8)
[20,21]. Forest plots and funnel plots were created using the
package “meta” and Medcalc, respectively.

The systematic review protocol was pre-registered on
PROSPERO (CRD42021236367) [22]. We referred to the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) checklist for presenting the review [23].

Data synthesis and reporting

3 | RESULTS

Database searches identified 2029 records; 466 dupli-
cates were removed and 1563 titles and/or abstracts were
screened, of which 25 studies were retained for full-text
screening. One additional conference abstract was available
after initial screening, resulting in 13 studies (9 peer-reviewed
articles, 2 posters, 1 editorial letter and 1 abstract) that met
the inclusion criteria and were included in this review
(Figure 1) [8,9,24-34]. Critical appraisal according to the

PROBAST checklist concluded that 1 out of 12 models
developed and 2 out of 9 validated were of low risk of bias
(Figure S1, and Tables S3 and S4). Inadequate adjustment
for over-fitting or model optimism was common among the
development studies (six out of nine). For the validation
studies, inadequate sample size (four of nine) and missing
predictors (five of nine) were common limitations. Among
studies that reported information about loss-to-follow-up and
incomplete data (9 of 15 studies; Table S5), the proportion
of enrolled participants included in final analysis ranged from
80% to over 95% in the RCTs (except for one) and 60% in
RCCS open-cohort study. The three studies with data from
population cohorts used imputation to account for missing
data and Ayton imputed unavailable predictor variables (Table
S5).

31 |

Studies were conducted in South Africa (n = 10), Uganda
(h = 4), Malawi, Zimbabwe (n = 3), Kenya (n = 2), Zambia
(h = 1) and Tanzania (n = 1). Three enrolled multi-country
study populations, and eight were multi-site within one coun-
try (Table 1). A total of 134,423 individuals (301,820 person-
years) were included in the studies, among whom 28.0% (N
= 37,599; 73,955 person-years) were from South Africa. One
study in Uganda and Kenya accounted for 56% of all par-
ticipants (75,558 individuals) [33]. The mean HIV incidence
was 4.82 per 100 person-years in studies conducted in South
Africa and 2.34 per 100 person-years elsewhere. Incidence
and risk factor data were collected before 2012 for seven
studies (mean incidence: 4.61 per 100 person-years) and
after 2012 for six (mean incidence: 3.16 per 100 person-
years). The majority (10 of 13) were among women only,
of which three were restricted to young women under age
25 or lower; three included women and men aged 15-49
years or 15 years and older. The majority (10 of 13) were
RCTs or quasi-experimental studies that restricted recruit-
ment and/or eligibility to specific at-risk population groups: (1)
sexually active, contraception-seeking women who attended
the family-planning, STls or research clinics (7 of 10, all RCTs)
[8,9,24-28], or (2) school-attending AGYW (3 of 10) [29-31].
The remaining three were large-scale cohort studies or com-
munity trials that recruited all consenting members within
the communities [32-34]. Geographic locations, study periods,
age groups and settings are given in Table 1.

Study populations

32 |

Nine studies reported on development of 14 HIV risk scores,
involving screening and model selection for baseline predic-
tors of HIV incidence (Table 1). Balzer et al. used a machine
learning approach, specifically the Super Learner ensemble
model method [35], which did not yield effect estimates for
individual risk factors [33]. Final regression results were also
not available for Roberts et al. (abstract only) [34]. For the
remaining studies, Table 2 reports the predictors considered
for inclusion and retained in the final model for each inde-
pendently developed score. The “retainment ratio” reports
the number of times a risk factor was retained in the final
score relative to the number of times it was considered as a

Factors included in HIV risk scores
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(n = 2029)

Records identified for screening:

Duplicate records removed

A

v

(n = 486)

(n = 1563)

Records screened

Irrelevant records

A

(n = 1538)

(n = 25)

Full-texts assessed for eligibility

Reports excluded:

Duplicates (n = 3)
Data set reused (n = 4)

A

A4

No predictive performance

(n=12)

Studies included in the review

measure (n = 2)
Seroconversion not measured
(n=4)

Personal communication:

\4

Conference abstract (n = 1)

A

Studies included in the review

(n=13)
v A4 A\ 4 A 4
Women all age Women - AGYW only Men and women
_ (age-stratified) _ _
(n=5) (n=2) (n=3) (n=3)

Figure 1. HIV risk score study selection. Abbreviations: AGYW, adolescent girls and young women; n, number.

“candidate” predictor, tabulated separately for risk scores for
women of all ages and for AGYW only study populations.

All of the four risk scores for all age, sexually active,
contraceptive-seeking women were developed using RCT data
in South Africa (VOICE included data from other countries
but 81% of study participants were from South Africa). Fac-
tors retained in all or three of four final models were: not
being married or cohabiting with primary partner (pooled
adjusted hazard-ratio [aHR] 2.33; 95% CI [1.73, 3.13]; Table
S6); younger age (pooled aHR: 1.62 [1.17, 2.23]; less than 25
years old except for Peebles et al. [?] at 27 years); and cur-
able STls at baseline (pooled aHR 1.45 [1.17, 1.79]) (Figure 2).
Human simplex virus-2 (HSV-2; pooled aHR 1.67 [1.34, 2.09])
and multiple sexual partners (pooled aHR: 1.62 [1.27, 2.07])
were included in two of four risk scores. Other demographic,
partnership, biological or community factors were either sel-
dom considered as candidate predictors or only retained in
one or fewer risk scores (Table 2). Among unselected candi-
date predictors, educational attainment, employment (or earn-
ing own income) and coital frequency were considered by all
four studies but not retained in any of the final models (Table
S1).

Three risk scores were developed specifically for sexually
active AGYW (aged 13-24, varying across studies) (Table 2).

HSV-2 was the only factor selected in all three (pooled aHR:
1.77 [1.24; 2.54]). Factors selected in two of three models
were curable STls (pooled aHR: 2.14 [1.40; 3.25]), having mul-
tiple partners (pooled aHR: 1.76 [1.19; 2.60]) and partner
having other sexual partners (pooled aHR: 2.35 [0.48; 11.53))
(Figure 3). Being not married/cohabitating was not selected in
any final models, unlike the models for all age contraceptive-
seeking women where it was selected by all models.

In summary, not being married or cohabiting was consis-
tently identified and had the largest effect size estimates in
studies among all-aged adult women. For AGYW, presence
of other STls was most consistently selected. Of the remain-
ing predictors, occupation, self-perceived HIV risk, partners’
occupation, having new partners, engaging in high-risk sex
(e.g. under alcohol use) and knowledge of partner’'s HIV sta-
tus showed significant associations but were seldom assessed
[32].

33 |

Only 3 of 11 multi-site studies considered community-level
HIV prevalence as a covariate, and in all the three studies it
was selected into one or more of the final models [9,32,34].
In Peebles et al. [9], compared to residing in a community with

Inclusion of community HIV prevalence
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(i) married / cohabiting
Ref: married / cohabiting Sample size

Adjusted Hazard Ratio aHR 95% Cl Weight

Wand (2012) 1485 — &% 263 [1.45;4.79] 15.5%
Wand (2018) 6018 ——— 362 [2.49;5.26] 25.2%
Balkus (2016) 4834 — 1.80 [1.18;2.75] 22.7%
Burgess (2017) 1115 ———— % 248 [1.13;5.45] 10.7%
Burgess (2018) 431 1.49 [0.63;3.54] 9.2%
Peebles (2020) 2112 —a 1.85 [1.05;3.25] 16.7%
Random effects model _ 2.33 [1.73; 3.13] 100.0%

Heterogeneity: /° = 41%, t° = 0.0553, p = 0.13 f T !
0.5 1 2 6

(ii) age

Ref: older age Sample size Adjusted Hazard Ratio aHR 95% Cl Weight

Wand (2018), <25 vs 25-29 6018 1.58 [1.50; 1.65] 28.9%

Balkus (2016), <25 4834 —4 1.70 [1.28;2.26] 23.6%
Burgess (2018), <25 1115 —E— 0.89 [0.55; 1.45] 17.4%
Burgess (2017), <25 431 ——=—— 244 [1.22;4.88] 12.4%
Peebles (2020), 25-26 2112 ——=— 212 [1.31;342] 17.7%
Random effects model - 1.62 [1.17; 2.23] 100.0%
Heterogeneity: 12 = 53%, 1> = 0.0924, p = 0.07

05 1 2

(i) multiple sexual partners

Ref: 1 or 1-2 Sample size Adjusted Hazard Ratio aHR 95% CI Weight
Wand (2012), 2 (lifetime) 1485 —
Wand (2012), 3 (lifetime) 1485
3+

Wand (2018), 3+ (past 3 mo) 6018

1.34 [0.70;2.58] 13.4%
1.93 [1.08;3.45] 16.9%
161 [1.25;2.07] 69.7%

Random effects model -

Heterogeneity: 12 = 0%, 1* = 0.0061, p = 0.71

1.62 [1.27; 2.07] 100.0%

(iv) partners having other partners

Ref: no Sample size Adjusted Hazard Ratio aHR 95% Cl Weight
Balkus(2016), yes 4834 e 1.63 [1.03; 2.58] 21.0%
Balkus(2016), don't know 4834 - 1.81 [1.28; 2.55] 22.9%
Burgess (2017), yes 1115 — 0.76 [0.41; 1.41] 18.1%
Burgess (2017), don't know 1115 T 1.41 [0.79; 2.52] 18.8%
Burgess (2018), yes 431 ——+——— 3.77 [1.07; 13.29] 9.3%
Burgess (2018), don't know 431 ——— 4.02 [1.22; 13.27] 10.0%
Random effects model = 1.67 [1.04; 2.71] 100.0%

Heterogeneity: 1% = 51%, 1* = 0.2322, p = 0.07
0.1 05 1 2 10

(v) curable STIs

Ref: negative Sample size Adjusted Hazard Ratio aHR 95% Cl Weight

Wand (2012), genital discharge 1485 = 1.60 [1.02;2.52] 14.4%
Wand (2018) 6018 — 157 [1.29;1.92] 30.4%
Balkus(2016) 4834 - 1.49 [1.15;1.94] 25.4%
Burgess(2017), self-reported lifetime STIs 1115 — 1.06 [0.65;1.72] 13.2%
Burgess (2018), abnormal discharge 431 1.09 [0.62;1.91] 10.7%
Peebles (2020) 2122 2.22 [0.99;4.99] 6.0%
Random effects model = 1.45 [1.17; 1.79] 100.0%
Heterogeneity: /2 = 0%, T = 0.0290, p = 0.50
0.5 1 2

(vi) HSV-2

Ref: negative Sample size Adjusted Hazard Ratio aHR 95% Cl Weight
Balkus(2016) 4834 —a— 1.63 [1.26;2.10] 51.9%
Burgess(2017) 1115 e 1.41 [0.89;2.23] 20.2%
Burgess (2018) 431 ———+—— 2.10 [1.19; 3.69] 14.0%
Peebles (2020) 2112 —=—— 1.88 [1.07;3.31] 13.9%
Random effects model = 1.67 [1.34; 2.09] 100.0%
Heterogeneity: I? = 0%, v = 0.0076, p=072

0.5 1 2

(B)

(i) married / cohabiting

Ref: married / cohabiting Hazard Ratio HR 95% CI Weight
Wand (2012) —+—— 2.10 [1.31;3.37] 28.6%
Balkus (2016) ——=—— 250 [1.66;3.76] 31.7%
Burgess (2017) ——+—— 1.93 [1.03;3.61] 22.4%
Burgess (2018) —a— 0.94 [0.43;2.06] 17.3%

Random effects model ———  1.90 [1.25; 2.87] 100.0%
Heterogeneity: % = 37%, 1% = 0.0979, p = 0.19

0.5 1 2
(ii) age
Ref: older age Hazard Ratio HR 95% Cl Weight
Wand (2012), <25 vs 35+ —&—— 1.85 [1.08;3.16] 19.5%
Wand (2012), 25-34 vs 35+ 1.15 [0.63;2.10] 16.0%
Balkus (2016), <25 —==—  1.87 [1.43;2.45] 49.0%
Burgess (2018), <25 % 174 [0.94;3.22] 155%
Random effects model _ 1.71 [1.31; 2.22] 100.0%
Heterogeneity: 1% = 0%, 1> =0.0180, p=0.55

0.5 1 2
(iii) multiple sexual partners
Ref: 1 Hazard Ratio HR 95% Cl Weight
Wand (2012), 2 (lifetime) 1.80 [1.02;3.18] 33.7%
Wand (2012), 3 (lifetime) ——%—— 232 [1.36;3.95] 38.6%
Burgess (2018), causal partners ———— 1.91 [1.02;3.59] 27.7%
Random effects model e 2.02 [1.44; 2.82] 100.0%
Heterogeneity: 1 = 0%, t° = 0.0023, p = 0.80

0.5 1 2
(iv) partners having other partners
Ref: no Hazard Ratio HR 95% Cl Weight
Balkus(2016), yes —— 1.87 [1.18; 2.96] 35.8%
Balkus(2016), don't know —_— 2.05 [1.45; 2.89] 47.7%
Burgess (2018), yes ————— 3.43 [1.06; 11.10] 8.6%
Burgess (2018), don't know ——— 3.85 [1.12;13.22] 7.9%

Random effects model = 2.18 [1.51; 3.13] 100.0%
Heterogeneity: /° = 0%, t° = 0.0414, p = 0.60

0.1 05 1 2 10
(v) curable STIs
Ref: negative Hazard Ratio HR 95% Cl Weight
Wand (2012), genital discharge 1.70 [1.07;2.69] 30.5%
Balkus(2016) ———  1.81 [1.40;2.35] 44.1%
Burgess (2018), abnormal discharge —— 0.97 [0.56; 1.69] 25.4%
Random effects model —_— 1.52 [1.04; 2.21] 100.0%
Heterogeneity: I = 51%, t° = 0.0663, p = 0.13

0.5 1 2

(vi) HSV-2
Ref: negative Hazard Ratio HR 95% Cl Weight
Balkus(2016) —— 1.41 [1.10; 1.80] 57.4%
Burgess(2017) —=—— 155 [1.10;2.19] 29.6%
Burgess (2018) ——#+— 1.54 [0.92;2.59] 13.0%
Random effects model - 1.47 [1.22; 1.77] 100.0%

Heterogeneity: /2 = 0%, 12 = 0.0002, p = 0.89
0.5 1 2

Figure 2. Forest plots of risk factor estimates among women in general. Adjusted (a) and unadjusted (b) effects were pooled together for:
(i) marital/cohabiting status, (ii) age, (iii) number of sexual partners, (iv) partners having other partners, (v) curable sexually transmitted
infection (STIs) and (vi) HSV-2. Abbreviations: aHR, adjusted hazard ratio; 95% Cl, 95% confidence interval; HR, hazard ratio; HSV-2,
herpes simplex virus type 2; Ref, reference category; STls, sexually transmitted infections.
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(A)
(i) Not married / cohabiting
Ref: married/cohabiting Sample size

Adjusted Hazard Ratio HR 95%-CI

’Q: 1.57 [0.8; 3.09]

0.5 1 2

Peebles (2020) 3461

(i) Multiple partners

Ref: 1 or none Sample size Adjusted Hazard Ratio aHR 95% Cl Weight
Burgess (2018), casual partners vs no 291 ———=—— 2.19 [1.09;4.39] 28.9%
Peebles (2020), 2+ (past 3 mo) 3461 —_— 1.61 [1.06;2.44] 71.1%
Random effects model _ 1.76 [1.19; 2.60] 100.0%
Heterogeneity: 12 = 0%, v = 0.0102, p = 0.46

0.5 1 2

(iii)Partners having other partner(s)

Ref: no Sample size Adjusted Hazard Ratio aHR 95% Cl Weight
Burgess (2018), yes 291 f——=—— 7.86 [1.02;60.43] 32.5%

Peebles (2020), yes/don't know 3461 1.31 [0.93; 1.85] 67.5%

Random effects model
Heterogeneity: /2 = 65%, t° = 0.9476, p = 0.09

2.35 [0.48; 11.53] 100.0%

=

01 0512 10

(iv)Curable STIs

Ref: no Sample size Adjusted Hazard Ratio aHR 95% CI Weight

Rosenberg (2020) reported varginal discharge 795 -1 2.61 [0.84;8.10] 13.7%

Peebles (2020) 3461 — 2.07 [1.33;3.23] 86.3%

Random effects model et 2.14 [1.40; 3.25] 100.0%
| I R B B

Heterogeneity: 1° = 0%, 1> = 0.0018, p = 0.71
02 05 1 2 5

(V)HSV-2

Ref: no Sample size Adjusted Hazard Ratio aHR 95% Cl Weight

Burgess (2018) 291 ——%—— 254 [1.39;4.64] 27.1%

Rosenberg (2020) reported genital sores 795 1.94 [0.57;6.61] 8.0%

Peebles (2020) 3461 - 1.51 [1.13;2.02] 64.9%

Random effects model _ 1.77 [1.24; 2.54] 100.0%
| R N |

Heterogeneity: /% = 16%, 1° = 0.0299, p = 0.30
02 05 1 2 5

(B)
(i) Not married / cohabiting

Ref: married / cohabiting Hazard Ratio HR 95% Cl Weight

Giovenco (2019) —_— 0.43 [0.13;1.42] 56.2%
Rosenberg (2020) ———t——+——— 1.58 [0.35;7.10] 43.8%

——

02 05 1 2 5

Random effects model
Heterogeneity: /2 = 43%, 1> = 0.3974, p = 0.18

0.76 [0.21; 2.75] 100.0%

(i) Multiple partners
Ref: 1 HR 95% CI

‘ | —?—‘~—‘ 2.34 [0.78; 7]

0.2 05 1 2 5

Hazard Ratio

Rosenberg (2020), 2+

(iii)Partners having other partner(s)

Ref: no Hazard Ratio HR 95% Cl Weight
Giovenco (2019) e s 1.69 [0.82;3.49] 75.1%
Rosenberg (2020) ———+———— 235 [0.66; 8.40] 24.9%

Random effects model _
Heterogeneity: /2 = 0%, 1* = 0.0048, p = 0.66

02 05 1 2 5

1.83 [0.97; 3.48] 100.0%

(iv)Curable STis

Ref: negative Hazard Ratio HR

o

02 05 1 2 5

95% Cl

Rosenberg (2020), reported abnormal discharge 3.36 [1.17; 9.66]

(V)HSV-2

Ref: negative Hazard Ratio HR 95% Cl Weight
Giovenco (2019) 2.82 [0.98;8.11] 54.6%

Rosenberg (2020), reported genital sores +———— 2.89 [0.91;9.20] 45.4%

Random effects model
Heterogeneity: /> = 0%, t° < 0.0001, p = 0.98

2.85 [1.31; 6.22] 100.0%

_
02 05 1 2 5

Figure 3. Forest plots of risk factor estimates among adolescent girls and young women (AGYW). Adjusted (a) and unadjusted (b) effects
were pooled together for (i) marital/cohabiting status, (ii) number of sexual partners, (iii) partners having other partners, (iv) curable
sexually transmitted infection (STIs) and (v) HSV-2. Abbreviations: aHR, adjusted hazard ratio; 95% Cl, 95% confidence interval; HR,
hazard ratio; HSV-2, herpes simplex virus type 2; Ref, reference category; STls, sexually transmitted infections.

10-15% HIV prevalence, those in a community with 16-20%
prevalence had an aHR of 1.64 [1.08, 2.48], 1.71 [0.99, 2.96]
for 21-25% prevalence and 1.81 [1.03, 3.19] for 26-30% for
those aged 18-24 vyears old. Similarly, in Kagaayi et al. [32], an
aHR of 1.03 was associated with each percentage-point incre-
ment in community prevalence for both male [0.99,1.07] and
female [1.01, 1.06]. Roberts et al. [34] also found community
HIV prevalence and unsuppressed viral load to be highly pre-
dictive, but aHRs were not available.

34 |

We identified 14 risk scores from nine model development
studies (three models developed by Balzer et al. were con-
sidered separately) [33] (Table 3). Most studies used base-
line predictors to predict incidence infections observed dur-
ing the following 1 year, with some extending to 18 months
or 2 years (Table 3). When applied to the original data set
from which it was developed, the scores had low-to-moderate
AUC-ROC ranging from 0.56 to 0.79. Only the VOICE score
has been externally validated in other settings. In seven val-
idation studies with AUC-ROC estimates, the accuracy was

Predictive performance of the risk scores

lower (pooled AUC-ROC: 0.626 [0.588, 0.663]; I?: 64.02%)
than in the internal validation (AUC-ROC: 0.69 [0.66, 0.72])
(Table 3 and Figure 4). In addition to being among different
study populations, it was common for one or two predictors
to be missing in external validation sets (Table 3), which may
have also contributed to decreased accuracy. Regarding val-
idation of other scores, Roberts et al. developed their risk
scores in a large-scale cohort and validated them using data
collected in a subsequent time period, also showing moderate
discriminatory power (AUC-ROC 0.68 among female and 0.72
among male; Table 3).

Several studies compared the discriminative power of com-
bining multivariate risk scores versus single risk factors.
Balkus [8] reported that not being married/cohabiting with
primary partner alone yielded an AUC-ROC of 0.62 versus
0.69 for the full score, followed by age (0.60) and curable
STls (0.57). In a similar analysis, Peebles [?] found the most
important predictors were age (less than 27), not being mar-
ried/cohabiting and the provinces of residence. Three studies
[8,9,28] additionally provided a “modified score” that excluded
the laboratory-diagnosed STls, which are not routinely avail-
able in most settings. Removing laboratory-diagnosed STls
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Figure 4. Forest plot (a) and funnel plot (b) for the area-under-curve of the receiver operating characteristic curves (AUC-ROCs) from
external validation studies for the VOICE score. Studies with * did not collect all the predictors intended by the model (details are in
Table 3). Those with * used self-reported STIs history, syndromic management or self-reported symptoms in place of laboratory diag-
nosed STls status at baseline as intended by the original VOICE score (details are in Table 3 and Table S2). Abbreviations: AUC, area
under curve; 95% Cl, 95% confidence interval; ROC, receiver-operating characteristic.

reduced the AUC-ROC by between 1 and 8 percentage-points
(Table 3). Roberts et al. found that including only age, HIV
prevalence and viraemia as predictors produced an AUC-ROC
of 0.65 for women compared to 0.68 when all risk factors
were considered, and 0.71 for men compared to 0.72 when
all risk factors were considered (Table 3).

35 |

Most studies found that HIV incidence increased monoton-
ically with the risk scores, except for Giovenco et al. [29]
(Table S7). Figure 5 shows the proportion of participants iden-
tified as high risk compared to the percentage of incident
cases contributed by the high-risk group. In six of nine exter-
nal validation sets of the VOICE score with such informa-
tion available (Table S7), women with a VOICE score of 5 or
above (having around three to four of the seven risk factors)
had incidence above 3%, the WHO-recommended threshold
for PrEP prioritization. Among studies collecting for all predic-

Incidence among risk group categories

tors that were intended by the VOICE score (maximum score:
11), above 60% of women scored 5 or above [8,27,28]. The
threshold for which the observed incidence was >3% varied
across populations: in South African samples, Peebles et al. [9]
found that incidence was >3% if AGYW scored 3 out of 11,
while among the older sample aged 25-34 vyears, only those
scoring 6 out of 7 had incidence >3% (16.7% of the sample);
in KwaZulu-Natal, Wand et al. [25] observed >3% incidence
for 88% of women enrolled in five clinical trials, while in an
observational cohort, only 60% (third quintile and above) of
women had incidence >3% [34].

4 | DISCUSSION

Implementers of HIV programmes in high HIV prevalence set-
tings in sub-Saharan Africa are considering how to optimize
HIV prevention, including whether and how to implement HIV
risk scoring tools to support identification and prioritization
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Figure 5. Percentage of individuals identified as high risk among incident cases versus proportion classified as high risk for: women
enrolled in clinical trials (a), AGYW (b) and the general population (c). When the highest score was used as the threshold, few or none
were classified as high risk and they took up a small fraction of all HIV incident cases (indicated by the origin). When the lowest score
was used, all were classified as high risk and all incident cases were among them. Abbreviations: AGYW, adolescent girls and young

women; Dev, development set; Val, validation set.

of persons to receive certain interventions, especially oral
PrEP and anticipated future prevention technologies. Our
systematic review identified several scoring algorithms devel-
oped or validated for this purpose. Risk score development
has especially focused on sexually active women of repro-
ductive age or AGYW. Twelve of the 15 sources of studies
included data from South Africa and all four risk scores
for all-aged women were among RCTs enrolling sexually
active, contraceptive-seeking women in South Africa. Only
three studies included men and women [32-34]. Among
sexually active women of all ages, younger age, not being
married/cohabiting and having a history of STls (at baseline
or lifetime, both laboratory-confirmed and self-reported) were
consistently identified as prognostic factors. Among sexually
active AGYW, history of STls remained consistently selected,
but importantly being single/non-cohabiting was not consis-
tently identified. Of the three studies including men, only
one reported effect estimates for specific risk factors, with
age, education, partner’s occupation, partner's HIV status,
numbers of partners, alcohol before sex, male medical circum-
cision, STls, community type and community HIV prevalence
found to be significantly associated with HIV acquisition
[32].

Risk scoring based on multiple predictors can improve effi-
ciency in identifying individuals at higher risk of acquiring
HIV compared to using individual risk factors [9,36], but the
improvement was only marginal (<0.1 increase in AUC-ROC)
[36]. HIV incidence increased steadily with risk score in both
development and validation studies, but the ability of risk
scores to predict HIV incidence was only moderate. AUC-ROC

values ranged from 0.56 to 0.79. AUC-ROC measures the
discriminative power of the risk score defined as the proba-
bility that a risk score can successfully predict an HIV inci-
dent case from a case-and-control pair [37]. An AUC-ROC
equal to 1 implies the model perfectly discriminates those
who will acquire HIV and those who do not, while 0.5 implies
the model has no discriminative power. Most were lower than
the AUC-ROC of scores developed for specific populations
of sero-discordant couples (AUC-ROC: 0.70 [0.64, 0.76] and
0.76 [0.70,0.83] for two external validation) [38], men-having-
sex-with-men in Kenya (0.76 [0.71,0.80]; derivation set) [39],
and pregnant and post-partum women in Kenya (0.84 [0.72,
0.95] for derivation set; 0.73 [0.57,0.90] for internal valida-
tion set) [40]. The VOICE score was the only model exter-
nally validated by multiple studies (nine). Predictive perfor-
mance of VOICE varied greatly across studies, even among
those with all the predictors collected from women seek-
ing contraceptives, which is the original intended population.
Among AGYW-only populations, the discriminative power of
the VOICE score is expected to be lower because one of the
factors, younger age, is fulfilled by everyone in the sample.
Only 3 of 11 multi-site studies considered community-level
HIV prevalence or viraemia as a prognostic factor, but all
showed it being highly predictive [2.32,34]. This supports
recommendations to consider both community-level exposure
and individual factors to assess individual HIV risk and opti-
mal prevention options. In fact, Roberts et al. found that
adding factors beyond community viraemia and age only mod-
estly improved predictive ability, questioning the added value
of potentially burdensome screening for more detailed risk
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behaviours [34]. In contrast, in their analysis adjusted for
study sites, Balkus et al. identified non-cohabitation as the
most predictive factor, but additional covariates also substan-
tially improved predictions [8]. Further data across multiple
settings to adjudicate the added value of more detailed indi-
vidual risk assessment will help guide HIV programme imple-
mentation strategies.

The implication of the only moderate discrimination is that
any use of risk scores to determine eligibility for certain pre-
vention modalities will either restrict access for a large share
of individuals who are at risk for future infection or require
either setting a very low threshold score to ensure a high
proportion of infections are included. In the latter case, the
burden of implementing the screening tool may not outweigh
the benefit, if only a relatively small share of the popula-
tion are ultimately screened out. Rather than restricting eli-
gibility, another potential use of risk scores may be as a
tool to prompt discussion about HIV prevention to individuals
or in settings where it might otherwise not be offered. The
consistently identified risk factors offer some promise that
they could be valuable predictors for risk stratitfication. The
threshold for such an offer could be differentiated according
to local context: a relatively high threshold in settings with
low community prevalence or viraemia and a lower threshold
in areas with higher community exposure.

41 |

There are several possible reasons that risk scores based on
well-established risk factors are only moderately discrimina-
tive. First, HIV risk can change rapidly over short time inter-
vals with life course events. Risk assessed at baseline may
only be moderately predictive of an individual’s actual HIV risk
6-12 months later. Individuals identified as low risk at base-
line may become high risk over the time due to changes in
their behaviours, their partners’ behaviours or migration into
new communities. Second, risk of acquiring HIV depends not
only on individual-level risk factors but also predictors related
to their partners and communities. Consequently, adults with
behaviour considered “low risk,” such as a single cohabiting
sex partner, could still be exposed to high risk of HIV infection
if their partner acquires HIV. While the HIV incidence rate
among this group is relatively low, they may contribute a large
proportion of total new infections, fundamentally limiting the
extent to which HIV prevention can be optimized without spe-
cific, timely and accurate information about risk among sex-
ual partners. Both the number of partners and partner having
other partners were significantly associated with HIV acquisi-
tion in around half of the reported risk scores (Table 2). Third,
factors included in risk scores are susceptible to reporting
or measurement errors to varying degrees. Recent STI, iden-
tified through laboratory diagnosis in the clinical trials used
for risk score development, was the most consistently identi-
fied predictive factor for HIV infection. However, laboratory
testing for STls is not routinely available in most low- and
middle-income countries, where they were typically diagnosed
through syndromic management instead. In our review, valida-
tion studies using self-reported or syndromic identified STls
[27,28,30] had similar accuracy (AUC-ROCs) as those using
laboratory tests [?] (Table 3), but elsewhere syndromic man-

Discriminatory ability of risk scores

agement has consistently had only low to moderate accuracy
[41-43].

42 |

Generalizing and applying the risk scores reviewed here
across high burden settings faces several challenges. First,
data were disproportionately from South Africa, which has
unique HIV epidemiology and low rates of marriage and
cohabitation compared to neighbouring countries. Risk fac-
tors consistently identified to be significant for sexually active,
contraceptive-seeking women (younger age, non-cohabitation
and STls) were all from South African studies. These may not
generalize to other settings with higher marriage rates and
younger age at marriage.

Second, some data used to develop and validate risk scores
were relatively old, with about half of studies completed
before 2012 when HIV incidence was higher and antiretro-
viral treatment (ART) coverage lower. Rapid scale-up of ART,
commensurate changes in community-level unsuppressed viral
load and shifting distribution of new infections to older
ages have affected exposure to HIV infection, and conse-
quently risk associated with individual characteristics may
have changed over time and vary across settings. Considering
how transmission dynamics interact with identified risk factors
will be important to ensure context appropriate focusing of
HIV prevention in a continually evolving epidemic [44].

Third, 7 out of 13 studies focused on the sexually active,
contraceptive-seeking women enrolled in RCTs, who were
intentionally selected as relatively high risk for testing novel
HIV prevention technologies. They excluded those who did
not attend STI or family clinics (for studies based on clinical
sites) and who intended to be pregnant within 1 or 2 years.
External validation of the VOICE score by Giovenco et al.
demonstrated that the score did not generalize to school-
attending AGYW, a majority of whom were young and not
cohabiting with a primary partner, but also not sexually active
at baseline assessment [29].

Fourth, there were subtle differences in definition and cod-
ing of risk factors across studies. This undermines the appro-
priateness of our pooled risk ratio estimates. In many vali-
dation studies, some selected risk factors were not available
or defined differently [26,29,30]. Inconsistencies in defining
and measuring certain risk factors like the partnership and
behavioural factors may have resulted in some important but
inconsistently reported predictors being overlooked.

Limited generalizability of risk scores

4.3 |

More generally, developing risk scores for HIV incidence
is fundamentally challenging, resulting in moderate to high
assessed risk of bias using the PROBAST checklist (Table S3).
As HIV infection is a relatively uncommon event, in most stud-
ies the ratio of cases observed to risk factors considered was
far lower than recommended. Many studies were limited in
accounting for over-fitting and model optimism, clarity about
handling missing data [16]. Our review was also constrained
by incomplete reporting of multivariate regression results of
initial and final models in some studies. Only a few studies
compared the AUC-ROC of the full models with that of indi-

Methodological challenges
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vidual predictors, making it difficult to draw conclusions about
the necessity of detailed risk assessment compared to a few
key characteristics—a key question for HIV programme imple-
mentation. Finally, we only focused on the heterosexual adult
population and did not consider risk scores among key and
vulnerable populations with high incidence. Other epidemio-
logical evidence strongly supports prioritization and provision
of HIV prevention for these groups where they can be identi-
fied.

44 |

Our review identified three priorities for future studies. First,
comparison of the AUC-ROCs of the full model versus individ-
ual predictors or more parsimonious models will help differ-
entiate key predictors for identifying risk groups and prioritiz-
ing resources and the relative value of factors that are more
invasive or intensive to collect. Use of machine learning tech-
niques has also showed a potential to improving prediction
accuracy and can be incorporated into some prevention inter-
ventions [45]. Second, additional risk score development and
validation using recent incidence data from wider geographic
settings will increase the generalizability of HIV risk scores.
Finally, although in our review all AUC-ROCs in the external
validation studies fell below 0.7, classified as poor discrimina-
tion by some [37], the discrimination of the risk scores may
be higher when applied outside selected RCT populations that
include not sexually individuals who would likely be screened
out by risk scores, but were systematically excluded from the
study populations. Alternately, individuals not sexually active
at a baseline risk assessment, but who become active, could
be an important risk population missed by the studies in our
review. This could be explored through modelling, and further
extended to study the infections averted, resources saved and
cost-effectiveness of incorporating multivariable risk scores
into risk stratification and prevention strategy prioritization,
and to model counterfactuals incidence for active control tri-
als and implementation studies [44]. Our findings inform such
analyses by providing data on the incidence rate ratios and
proportion of infections among each group compared to the
size of the group.

Future research priorities

5 | CONCLUSIONS

Several risk scores have been developed for identifying indi-
viduals at increased risk for HIV among general populations
in sub-Saharan Africa. Among sexually active, contraceptive-
seeking women, these studies have consistently identified
younger age, not being married/cohabiting and STls as risk
factors. These consistently identified risk factors may be use-
ful to prompt discussions or offers of efficacious HIV preven-
tion. However, taken together, the programmatic benefit of
implementing HIV risk scores as screening or triaging tools
may be limited due to only moderate overall discriminatory
ability and limited improvement compared to focusing on geo-
graphic areas with high HIV burden and basic demographics,
such as age group. The marginal benefits must be balanced
with additional administrative burden for providers and con-
sideration for whether screening questions could be perceived
as stigmatizing, invasive or exclusionary for clients.
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SUPPORTING INFORMATION

Additional information may be found under the Supporting
Information tab for this article:

Appendix |. Database search strategy

Appendix Il. Details on data extraction

Table S1. Characteristics of the included studies

Table S2. Methods for assessing curable sexually transmitted
infections (STls) and HSV-2 status

Table S3. Summary table for the risk of bias assessment
according to the PROBAST checklist

Table S4. Summary table on the concerns for applicability
according to the PROBAST checklist

Table S5. Summary of missing data and loss-to-follow-up
Table S6. Summary adjusted and unadjusted hazard ratios
(HRs)

Table S7. HIV incidence and distribution of high-risk group by
each risk score

Figure S1. Risk of bias assessment (a) and concerns for appli-
cability (b) for the model development (i) and validation (ii)
studies.
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