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Objectives: To estimate the epidemiological impact of past HIV interventions and the

magnitude and contribution of undiagnosed HIV among different risk groups on new

HIV acquisitions in Côte d’Ivoire, Mali and Senegal.

Design: HIV transmission dynamic models among the overall population and key

populations [female sex workers (FSW), their clients, and MSM].

Methods: Models were independently parameterized and calibrated for each set of

country-specific demographic, behavioural, and epidemiological data. We estimated

the fraction of new HIV infections over 2012–2021 averted by condom use and

antiretroviral therapy (ART) uptake among key populations and non-key populations,

the direct and indirect contribution of specific groups to new infections [transmission

population-attributable fraction (tPAF)] over 2012–2021 due to prevention gaps, and

the distribution of undiagnosed people with HIV (PWH) by risk group in January 2022

and their tPAF over 2022–2031.

Results: Condom use and ART may have averted 81–88% of new HIV infections over

2012–2021 across countries, mostly due to condom use by key population. The tPAF of

all key populations combined over 2012–2021 varied between 27% (Côte d’Ivoire) and

79% (Senegal). Male key populations (clients of FSW and MSM) contributed most to

new infections (>60% in Mali and Senegal) owing to their higher HIV prevalence and

larger prevention gaps. In 2022, men represented 56% of all PWHwith an undiagnosed
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infection in Côte d’Ivoire (male key populations¼15%), 46% in Mali (male key
populations¼23%), and 69% in Senegal (male key populations¼55%). If HIV testing
and ART initiation rates remain at current levels, 20% of new HIV infections could be
due to undiagnosed key populations living with HIV in Côte d’Ivoire over 2022–2031,
53% in Mali, and 65% in Senegal.

Conclusion: Substantial HIV diagnosis gaps remain in Western Africa, especially
among male key populations. Addressing these gaps is key to impacting the HIV
epidemics in the region and achieving the goal of ending AIDS by 2030.

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
AIDS 2024, 38:1783–1793
Keywords: female sex workers, HIV diagnosis, HIV epidemiology, HIV
incidence, key and vulnerable populations, men who have sex with men,

Western Africa
Introduction

Almost a third of people with HIV (PWH) living in
Western Africa had an undiagnosed infection in 2020 [1].
This is still far from the 95% diagnosis coverage target by
2025 set forth by the Joint United Nations Programme on
HIV/AIDS (UNAIDS) [2]. In this region, diagnostic
gaps are particularly pronounced for key populations,
which include female sex workers (FSW), their clients,
and MSM. Structural factors such as poverty, discrimina-
tion, and stigma are important barriers to uptake of HIV
services [1,3–6] that create unmet HIV needs for key
populations [7,8]. Until at least 2008, and apart from
several successful research projects among FSW in the
1990s (e.g. Benin, Côte d’Ivoire, Senegal) [9,10], national
HIV prevention programs in Western African countries
have generally placed a strong emphasis on the general
population, rather than key populations [11,12].

Côte d’Ivoire, Mali, and Senegal are three Western
African countries where members of key populations are
important to the overall HIV transmission dynamics
[10,12,13]. The levels of discrimination and stigma that
key populations experience are generally high but vary
across key populations and countries [3,14,15]. Sex work
is legal in all three countries and even regulated by the
authorities in Senegal [16], whereas sex between men is
legal in Côte d’Ivoire and Mali, but criminalized and
severely punished in Senegal [17–19]. The three
countries have progressively integrated HIV prevention
programs, including condom distribution, among vul-
nerable groups in their national plans, initially among
FSW, MSM only from the mid-2000s [20,21], but few
programs and reliable surveys exist for FSW clients.

Although overall HIV prevalence has declined to
relatively low levels in Western Africa (1% in 2023), it
remains nine-fold higher among key populations
compared to the overall population [8,12,22]. HIV
prevalence among FSW has sharply decreased in these
countries [23–25], partly due to successful condom
promotion [25–27]. Nevertheless, higher HIV-acquisi-
tion risks persist among key populations compared to
non-key populations. For example, HIV prevalence
among MSM in Senegal appears to have increased from
18% in 2014 [28] to 28% in 2017 [29] (compared to
0.3% among all adult men in 2023 [30]). Quantifying
HIV diagnosis gaps among different risk groups help
identify among whom to strengthen the HIV care
continuum to help achieve epidemic control [31–33].

We conducted amathematical modelling analysis estimating
the population-level impact of condom use and antiretrovi-
ral therapy (ART) on HIVacquisitions and deaths in Côte
d’Ivoire, Mali and Senegal over 2012–2021, the contribu-
tion of different groups to new HIV acquisitions and
transmissions over successive decades, and the gaps in HIV
diagnosis among selected groups in 2022 and their
contribution to new acquisitions over 2022–2031.
Methods

Mathematical model of HIV transmission and
control
A previously published deterministic compartmental
model of HIV transmission in Côte d’Ivoire [10,34]
was adapted for our analysis and parametrized and
calibrated to country-specific demographic, behavioural,
HIVepidemiological and intervention data over time for
Côte d’Ivoire, Mali, and Senegal separately. The model
simulates the HIV epidemic over 1980–2031. Details of
model, data sources, and fitting are given in Supplemen-
tary File 1, http://links.lww.com/QAD/D285.

The model represents an open and growing population
stratified in eight risk groups including FSW, their clients
(‘clients’), men who have sex with male and female
partners (MSMW) and with male partners exclusively
(MSME), and the remaining non-key population female

http://links.lww.com/QAD/D285
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and male populations stratified in low risk/intermediate
risk (based on their number of partners). Despite
experiencing lower levels of stigma and vulnerability
compared with FSWand MSM, clients were classified as
key population in our study because of their dispropor-
tionate contribution to new HIV transmissions in sub-
Saharan Africa [10,35–37]. Each risk group is further
divided into four age groups: 15–19, 20–24, 25–49, and
50–59 years old. People enter the model at age 15 years as
sexually naive or active, or to the 24–49-years-old age
group (migration). Three types of partnership (hetero-
sexual non-commercial and commercial, and between
men) are explicitly modelled alongside risk and age sexual
mixing. FSW can only form partnerships with clients
(Table S1b, http://links.lww.com/QAD/D285 and Fig-
ure S1a, http://links.lww.com/QAD/D285).

People acquire HIV at an annual per-capita rate force of
infection, which depends on per-sex-act transmission
probabilities by sex (we assumed higher male-to-female
and male-to-male HIV transmission risks than female-to-
male) and disease stage, numberof sexual partners, age/risk
groupmixing, number and types of sex acts per partnership
type (time-specific, risk-specific, and age-specific) fraction
of acts involving condoms, HIV prevalence, and levels of
HIV viral suppression among partners. People with an
untreated HIV infection progress through five infection
stages (Figure S1c, http://links.lww.com/QAD/D285).
HIV testing of both people not living with HIV and
PWH, and treatment of PWH are explicitly modelled
(Figure S1d, http://links.lww.com/QAD/D285), with
diagnosed PWH initiating ART, increasing their life
expectancyand reducing infectivity.Condomuse andHIV
testing rates reflected empirical trends over time and were
assumed to remain constant after the last data point
available, which generally resulted in slow increases in the
fraction of PWH on ART and virally suppressed (who
cannot transmit HIV) in most risk and age groups until
2031. We assumed that condom use reduced per-act HIV
transmission risk by 75–94% [38] and up to 25%
overreporting of condom use by FSW [38–40]. The
marginal use ofHIV preexposure prophylaxis (PrEP) in the
countries was not modelled [41].

Data sources and model calibration
The demographic, epidemiological, and HIV intervention
parameters and fitting outcomes were informed by available
country-specific data sources (Tables S2a,b,c, http://links.
lww.com/QAD/D285). Fitting outcomes, stratified by age,
sex, and groups, included: HIV prevalence and incidence,
annual number of new HIV infections and HIV-related
deaths, fraction of people ever tested, fraction of all PWH
with a diagnosed infection, on ART, with a suppressed viral
load, and the annual number of total and positive HIV tests.
Demographic information (growth rate, age distribution,
deaths rates) was sourced from the United Nations
Population Division (2019 revision) [42]. The size of each
key population reflected available county-specific empirical
estimates (Table S1a, http://links.lww.com/QAD/D285).
Sexual behaviours (including condomuse),HIV testing rates,
andHIV prevalence of overall and non-key populations over
time were informed by nationally representative household-
based surveys from 1992 to 2018 (e.g. Demographic Health
Surveys [43], Multiple-Indicator Cluster Surveys [44],
Population-based HIV Impact Assessment (PHIA) [45]).
UNAIDS’ Shiny90 [46] estimates informed the fraction of
people ever tested (by HIV status) and the fraction of PWH
diagnosed. Finally, biological parameters reflecting HIV
transmissibility, disease progression, and the efficacy of
condom use were abstracted from published literature (Table
S1c, http://links.lww.com/QAD/D285).

For each country, the model was fitted using a Bayesian
framework, which triangulated all data sources while
considering uncertainties in both parameters and outcome
data (Supplementary File 1 p34, http://links.lww.com/
QAD/D285). We selected a first subset of parameter sets
from 50 million simulations (generated from a Latin
Hypercube sample) that produced predictions agreeing
with predefined ranges of the different fitting outcomes.
Then, the final posterior parameter sets (used as the base
case scenario) included the 100 simulations with the
highest likelihood from the first subset of simulations.

Impact of condom use and antiretroviral therapy
uptake on HIV infections and deaths
We calculated the fractions of new HIV infections and
deaths directly and indirectly averted by condom use,
ARTuptake, and both among the overall population and
specific risk groups over different time periods [t0, t1]
(indicator AFt0;t1 ) [31] as the relative difference between
the cumulative number of infections between the base-
case and a counterfactual scenario without one or both
interventions over [t0, t1] (details in Supplementary File 1,
p49, http://links.lww.com/QAD/D285).

Contributions to HIV acquisitions, to direct HIV
transmissions only, and to both direct and
indirect HIV transmissions (transmission
population-attributable fraction)
We derived the distribution of acquired infections and of
directly transmitted infections as the fractions of all new
cumulative infections over time period [t0, t1] which are
acquired by a specific risk group and which are directly
transmitted by a specific risk group, respectively. Finally,
the transmission population-attributable fraction
(tPAFt0;t1 ) [31], which captures both direct and indirect
transmissions, is the relative difference between the
cumulative number of new infections in the base-case
scenario and a counterfactual scenario where the specific
relevant risk group cannot transmit HIV to any partners
(equations in Supplementary File 1, http://links.lww.
com/QAD/D285). The tPAF can be interpreted as the
fraction of all new infections averted by an intervention
blocking all transmissions from the relevant risk group
(but not HIV acquisitions by this group).
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Magnitude of HIV diagnosis/treatment gaps and
associated transmission population-attributable
fractions
We estimated the fractions (i.e. prevalence) and popula-
tion distributions in January 2022, as well as 10-year
tPAFs of PWH in each risk group with an undiagnosed
infection, a diagnosed but untreated infection, and a
treated infection. We also estimated the 10-year tPAFs of
PWH who have never tested for HIV (even before living
with HIV).

All indicators were calculated over successive decades
between 1992 and 2031. We report median and 90%
uncertainty interval (UI, 5th and 95th percentiles of the
distribution) of model predictions across the 100
posterior parameter sets.
Results

Model fits to empirical data
Our models reproduced available empirical demographic,
epidemiological, and HIV intervention data across time,
age, and risk groups (Tables S2a-c, http://links.lww.com/
QAD/D285, Figures S2-4, http://links.lww.com/
Table 1. Summary of keymodel estimates of (a) size of key populations in 20
2012 and 2022, (c) coverage of ART in 2012 and 2022, and (d) fractions o
2022. Median and 90% UI (5th and 95th percentiles) of estimates are sh

Risk groups Côte d’Ivoire

(a) Relative population size in 2022
FSW (% of all women) 1.4% (0.9–1.9)
Clients of FSW (% of all men) 13.9% (8.4–18.4)
MSM (% of all men) 1.3% (0.9–1.6)
Key populationsa 8.8% (5.4–11.3)
Non-key populations 91.2% (88.7–94.6)

(b) HIV prevalence
2012 2022

All 3.4% (2.9–4) 2.1% (1.7–2
FSW 12% (9–16) 8% (6–11
Clients of FSW 4% (3–6) 2% (2–4)
MSM 15% (10–21) 7% (5–11
Key populationsa 6% (4–8) 3% (2–4)
Non-key populations 3.4% (2.9–4.0) 2.1% (1.7–2

(c) ART coverage among people with HIV
2012 2022

All 39% (35–42) 67% (64–6
FSW 38% (31–44) 64% (57–7
Clients of FSW 35% (31–42) 56% (52–6
MSM 26% (18–36) 52% (40–6
Key populationsa 34% (29–40) 57% (53–6
Non-key populations 40% (36–43) 68% (66–7

(d) Fraction of sex acts involving condom use in 2022
Partnerships between non-key populationsb 16% (9–24)
During sex workc 75% (63–88)
During sex between menc 74% (68–81)

ART, antiretroviral therapy; FSW, female sex workers.
aKey populations, female sex workers, their clients (‘clients’), and MSM co
bHere, shown for the case where both partners are aged between 25 and
cCondom use during sex between MSM and their female partners and betwe
between non-key population partners.
QAD/D285), although data triangulation highlighted
several discrepancies between low fractions of PWH
reporting ever having tested [47], and high fractions of
PWH virally suppressed for the same population. Similar
to the UNAIDS estimates, modelled national HIV
prevalence was highest in Côte d’Ivoire (2.0% in 2022,
0.8% in Mali, and 0.3% in Senegal, Table 1), whereas
prevalent infections were more concentrated among key
populations in Mali and Senegal (Table 1, Figures S2–S4,
http://links.lww.com/QAD/D285). Predicted HIV
prevalence has decreased overall and among all risk
groups except amongMSM in Senegal where it remained
stable (Figure S4g, http://links.lww.com/QAD/D285).
ART coverage in 2022 was generally lower among key
populations PWH than non-key populations PWH,
especially among MSM in Senegal (Table 1).

Impact of interventions on HIV outcomes
averted fractions
We estimated that the combined use of condoms and
ART may have directly and indirectly averted 81–88% of
all new HIV infections and 45–64% of all HIV deaths
over 2012–2021 across countries. An estimated 74%
(90% UI: 65–82%) of all new HIV infections may have
been averted by all condom use in Côte d’Ivoire, 75%
22 relative to the total sex-specific population, (b) HIV prevalence in
f sex acts across all partnerships modelled that involved condoms in
own.

Mali Senegal

0.6% (0.4–0.9) 0.6% (0.5–0.8)
10.8% (5.1–18.1) 4.2% (2.6–7.2)
0.4% (0.2–0.5) 0.5% (0.3–0.9)
5.8% (2.9–9.4) 2.6% (1.8–4.2)

94.2% (90.6–97.1) 97.4% (95.8–98.2)

2012 2022 2012 2022
.5) 1% (0.7–1.2) 0.6% (0.4–0.8) 0.5% (0.4–0.5) 0.3% (0.3–0.4)
) 15% (13–19) 8% (7–11) 7% (5–11) 4% (2–6)

4% (2–6) 2% (1–3) 3% (2–5) 2% (1–3)
) 22% (17–27) 13% (9–16) 19% (14–26) 22% (15–28)

5% (3–8) 3% (2–4) 5% (3–8) 4% (2–6)
.5) 1% (0.7–1.2) 0.6% (0.4–0.8) 0.5% (0.4–0.5) 0.3% (0.3–0.4)

2012 2022 2012 2022
9) 27% (25–31) 46% (43–51) 51% (46–55) 68% (63–71)
5) 40% (32–55) 49% (37–63) 30% (23–37) 50% (41–59)
1) 26% (20–33) 38% (32–46) 49% (37–58) 70% (61–77)
0) 47% (36–55) 56% (44–67) 20% (13–24) 28% (20–36)
1) 31% (27–37) 44% (38–51) 35% (29–40) 45% (37–51)
0) 26% (23–29) 47% (44–52) 58% (52–63) 78% (75–82)

3% (1–5) 1% (1–2)
82% (69–96) 78% (64–90)
76% (70–81) 77% (71–83)

mbined.
49 years old.
en clients and their non-FSW partners are assumed to be similar than
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(66–85%) in Mali, and 82% (74–87%) in Senegal (Table
2, Figures S5a and b, http://links.lww.com/QAD/D286
of Supplementary File 2, http://links.lww.com/QAD/
D286), mainly due to high condom use by FSW and
clients with all their partners (who report >90% of
condom use at last sex [25–27,48–50] although we
assumed a 25% overreporting, Table S1d, http://links.
lww.com/QAD/D285). Comparatively, ART may have
averted 45% (30–50%) of all new HIV infections in Côte
d’Ivoire over 2012–2021, 27% (22–34%) in Mali, and
48% (43–54%) in Senegal, reflecting the slower increases
in ART coverage over the same period (Table 1). The
estimated population-level impacts of condom use and
ART are presented with more details in the supplement.

Fraction of new HIV infections acquired, directly
transmitted and transmission population-
attributable fraction
Our model predicted that women acquired more new
infections (median: 52–58% across countries) than they
directly transmitted (22% in Senegal, and �40% in Côte
d’Ivoire and Mali) over 2012–2021 (Fig. 1, Table S3,
http://links.lww.com/QAD/D286).

In Côte d’Ivoire, key populations (including clients)
acquired a median 14% (9–20%) and directly transmitted
20% (12–32%) of all new infections over 2012–2021 and
had a 10-year tPAF of 27% (16–40%; Table 3 and Fig. 1).
The tPAF over 2012–2021 was highest for clients of FSW
(20%; 12–35%) than FSW (7%; 3–13%) and MSM (3%;
2–6%). In Mali, key populations acquired an estimated
29% (17–42%) of all newHIV infections over 2012–2021,
directly transmitted 54% (38–70%) of all infections, and
had a 10-year tPAF of 63% (45–77%). The 10-year tPAF
was particularly high for FSWand their clients, 24% (13–
39%) and 50% (35–63%), respectively. Key populations in
Table 2. Impact of condom use and ART uptake on HIV outcomes over 20
related deaths over 2012–2021 averted by the intervention used by all or
and 90% UI (5th and 95th percentiles) of estimates are shown.

Averted fractions by condom use Averted fraction

Risk groups Côte d’Ivoire Mali Senegal Côte d’Ivoire M

(a) New HIV infections over 2012–2021
All 74% (65–82) 75% (66–85) 82% (74–87) 45% (39–50) 2
FSW 71% (61–80) 74% (64–84) 79% (68–86) 3% (1–7)
Clients 72% (62–81) 75% (64–84) 79% (69–86) 7% (4–12)
MSM 10% (6–17) 15% (9–23) 43% (29–54) 2% (0.7–3)
KP 73% (63–82) 75% (66–85) 82% (74–87) 11% (7–18) 1
Non-KP 14% (11–18) 1% (0.9–2) 0.7% (0.5–1) 40% (32–46) 1

(b) New HIV deaths over 2012–2021
All 22% (14–33) 19% (13–32) 30% (19–44) 40% (31–48) 2
FSW 19% (12–31) 18% (12–31) 22% (12–38) 2% (0.9–3)
Clients 20% (12–32) 18% (12–31) 22% (12–38) 5% (3–8)
MSM 1% (0.7–3) 2% (0.8–3) 12% (7–20) 1% (0.6–3)
KP 21% (13–32) 19% (13–32) 30% (19–44) 8% (4–12) 1
Non-KP 2% (1–3) 0.2% (0.1–0.3) 0.1% (0.1–0.1) 38% (28–45) 2

ART, antiretroviral therapy; Clients, clients of female sex workers; FSW, fe
combined; MSM, men who have sex with men.
Senegal acquired 43% (32–55%) of all newHIV infections
over 2012–2021, directly transmitted 72% (61–84%) of all
new infections and had a 10-year tPAF of 79% (69–89%).
The tPAF was highest for MSM and clients of FSW, 39%
(24–58%) and 36% (20–52%), respectively, compared to
FSW(17%;8–31%).Weestimated thatMSMWdirectlyor
indirectly transmitted (10-year tPAF) a quarter of new
infections occurring among all women in Senegal (Table
S4c, http://links.lww.com/QAD/D286). The 10-year
tPAFs of key populations remained relatively stable since
the 2000s in the three countries, except in Senegal where
they slightly increased (Figure S6, http://links.lww.com/
QAD/D286).

Finally, key populations and their sexual partners acquired
25% (15–40%) of new HIV infections over 2012–2021
in Côte d’Ivoire, 58% (41–74%) in Mali, and 74%
(63–85%) in Senegal (not shown).

HIV diagnosis gaps in 2022
We estimated heterogeneous diagnostic gaps across
countries in 2022. The highest overall median fraction
of PWH with undiagnosed infection was in Mali (48%),
followed by Côte d’Ivoire (25%) and Senegal (22%, Table
3). Women had smaller fractions of undiagnosed PWH
then men (median differences ranged between 16%-
points in Mali and 27%-points in Senegal). MSM in
Senegal and Côte d’Ivoire had the largest fraction of
undiagnosed infection in 2022 (median: 57 and 44%,
respectively) compared with non-key populationmen (24
and 36%). In Mali, the fraction of undiagnosed infections
among FSWand FSW clients were similar than among all
women and all men, respectively.

The reduction in the fractions of undiagnosed infections
between 2012 and 2022 was more pronounced for non-
12–2021. Estimated fractions of (a) new HIV infections and (b) HIV-
by specific risk groups (with all their partners for condoms). Median

s by ART Averted fractions by condom use and ART

ali Senegal Côte d’Ivoire Mali Senegal

7% (22–34) 48% (43–54) 82% (78–87) 81% (74–89) 88% (83–91)
8% (5–13) 7% (3–12) 74% (64–83) 78% (69–87) 82% (73–87)
9% (5–14) 20% (13–28) 75% (64–83) 76% (67–85) 83% (75–88)
4% (2–7) 10% (6–16) 15% (9–23) 21% (12–30) 47% (32–58)
9% (13–26) 32% (25–40) 78% (69–85) 81% (72–88) 87% (82–90)
2% (9–19) 29% (19–38) 49% (42–54) 14% (10–20) 30% (20–39)

9% (21–37) 48% (35–55) 55% (46–62) 45% (37–53) 64% (54–71)
3% (2–4) 4% (2–6) 23% (15–34) 23% (17–36) 28% (18–44)
6% (4–11) 11% (6–17) 27% (19–39) 25% (18–37) 35% (25–50)
2% (1–4) 6% (3–11) 3% (2–7) 5% (3–7) 19% (12–30)
1% (8–17) 20% (11–26) 33% (24–45) 32% (26–43) 50% (38–59)
2% (14–30) 38% (28–47) 39% (30–47) 22% (14–30) 38% (28–47)

male sex workers; KP, key populations: FSW, their clients, and MSM
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Fig. 1. Median fraction of new HIV infections which were acquired (left side of panels) and directly transmitted (right side of
panels) by different risk groups in (a) Côte d’Ivoire, (b) Mali, and (c) Senegal over 2012–2021. The width of the light blue bands is
proportional to the fraction of HIV infections acquired and transmitted over the period. Estimates for Mali should be interpreted
with caution as no estimates of HIV prevalence or antiretroviral therapy (ART) coverage was available for clients of female sex
workers (see discussion). FSW, female sex workers; MSMW, men who have sex with men and women; MSME, men who have sex
with men exclusively; MSM, all men who have sex with men; KP, FSW and their clients, and MSM combined.
FSW women (from 47 to 18% in Côte d’Ivoire, from 26
to 10% in Senegal, and from 67 to 42% in Mali, Tables S5
and S6, http://links.lww.com/QAD/D286) and least
pronounced for MSM in Mali and Senegal (from 47 to
40% and from 65 to 57%, respectively).

Population distribution of people with HIV with
an undiagnosed infection
Men accounted for medians of 69, 56, and 46% of all
PWH with an undiagnosed infection in 2022 in Senegal,
Côte d’Ivoire, and in Mali, respectively (Table 3). Key
populations accounted for most PWH with an undiag-
nosed infection in Senegal (60%, including 44% from
MSM) compared with 18 and 29% for Côte d’Ivoire and
Mali, respectively, mostly from clients of FSW. The
estimated fractions of PWH with a diagnosed infection
who were on ARTwere similar across countries and risk
groups (87–90%, Table S5, http://links.lww.com/QAD/
D286).

Transmission population-attributable fraction of
people with undiagnosed infection
If HIV testing and ART initiation rates remain at the
current levels over 2022–2031, the predicted median
tPAF of PWHwith an undiagnosed infection will be 67%
(60–75%) in Côte d’Ivoire, 83% (78–88%) in Mali, and
74% (66–81%) in Senegal over 2022–2031, which is
comparable to the 2012–2021 estimates (Fig. 2, Table S6,
http://links.lww.com/QAD/D286). In particular, the
tPAF of PWH who have never been tested (even before
living with HIV) over 2022–2031 was 47% (39–57%)
in Côte d’Ivoire, 65% (59–73%) in Mali, and 36%
(27–47%) in Senegal (not shown).
The tPAF of key populations with an undiagnosed
infection over 2022–2031 were higher inMali (53%; 35–
67%) and Senegal (65%; 54–75%) than Côte d’Ivoire
(20%; 11–31%) (Fig. 2, Table S6, http://links.lww.com/
QAD/D286). Clients of FSW with an undiagnosed
infection had the highest predicted tPAF over 2022–2031
in Côte d’Ivoire (15%; 8–26%) andMali (42%; 26–56%),
compared with 50% (31–64%) for MSM in Senegal.

The tPAF of PWH with a diagnosed but untreated
infection increased over time, up to 26% (19–38%) in
Côte d’Ivoire, 13% (9–21%) in Mali, 34% (22–54%) in
Senegal over 2022–2031 (Fig. 2) as the relative size of this
population among all untreated PWH increased over
time. Finally, as the fraction of PWH on ARTand with a
suppressed viral load increased over time, the tPAFs of
treated PWH with an unsuppressed viral load also
increased over time, and plateaued in 2020s onward
between a median of 14% (in Senegal) and 33% (in Côte
d’Ivoire, Fig. 2). The Figure S7, http://links.lww.com/
QAD/D286 illustrates the dependence of the contribu-
tion to future new HIV infections on our UNAIDS-
informed fraction of PWH with a suppressed HIV
viral load.
Discussion

Our analysis highlights the importance of addressing
the current gaps in HIV diagnosis, especially among
FSW, their clients, and MSM, to further decrease
HIV incidence and mortality in Western Africa. Over
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Table 3. HIV diagnosis among PWH. Estimated fraction of PWH with an undiagnosed infection in January 2022, distribution of PWH with an
undiagnosed infection in January 2022, and 10-year transmission population-attributable fraction (tPAF) by specific risk groups of PWHwith an
undiagnosed HIV infection over 2022–2031. Median and 90% UI (5th and 95th percentiles) of outcomes are shown. The sum of median
estimates for different risk groups may not sum to 100% exactly.

Fraction of PWH with
an undiagnosed
infection (2022)

Distribution of PWH with
undiagnosed infections by
risk group (2022)a

Transmission PAF by
PWH with undiagnosed
infection (2022–2031)

Côte d’Ivoire
All 25% (22–28) 100% (100–100) 67% (60–75)
All women 18% (15–21) 44% (38–51) 36% (30–41)
All men 37% (32–41) 56% (49–62) 55% (49–64)
FSW 31% (22–39) 3% (2–5) 5% (2–11)
Clients of FSW 37% (32–42) 11% (7–18) 15% (8–26)
MSM 44% (37–57) 4% (2–7) 2% (1–5)
Key populations 38% (33–42) 18% (13–27) 20% (11–31)
Non-key populations women 18% (14–21) 40% (35–48) 31% (24–39)
Non-key populations men 36% (32–41) 40% (33–48) 39% (27–51)

Mali
All 48% (43–51) 100% (100–100) 83% (78–88)
All women 42% (38–44) 54% (46–61) 44% (39–54)
All men 58% (50–63) 46% (39–54) 69% (62–74)
FSW 45% (33–60) 4% (2–8) 18% (9–35)
Clients of FSW 58% (49–64)b 20% (12–33) 42% (26–56)
MSM 40% (30–51) 3% (2–6) 6% (3–12)
Key populations 51% (46–58) 29% (17–41) 53% (35–67)
Non-key populations women 42% (37–44) 49% (41–57) 27% (19–35)
Non-key populations men 62% (54–68) 23% (16–30) 23% (10–38)

Senegal
All 22% (18–27) 100% (100–100) 74% (66–81)
All women 11% (9–15) 31% (21–40) 15% (10–23)
All men 38% (31–43) 69% (60–79) 70% (61–78)
FSW 28% (18–41) 5% (2–9) 7% (2–14)
Clients of FSW 23% (16–33) 11% (5–21) 14% (6–29)
MSM 57% (41–71) 44% (25–62) 50% (31–64)
Key populations 42% (34–51) 60% (46–74) 65% (54–75)
Non-key populations women 10% (7–13) 25% (17–35) 8% (5–13)
Non-key populations men 24% (17–33) 15% (8–23) 6% (3–13)

FSW, female sex workers; key populations, FSW, their clients, and MSM combined; MSM, men who have sex with men; PWH, people with HIV
aTakes into account the size of the risk population as well as the fraction of PWH in the relevant subgroup with undiagnosed infection.
bEstimates for Mali should be interpreted with caution as no estimates of HIV prevalence or coverage of treatment among clients of FSW was
available in the country (see discussion).
two-thirds of new HIV infections over the next decade
could be contributed by PWH with an undiagnosed
infection, including around half by PWHwho have never
tested for HIV. However, the risk groups contributing the
most to new acquisitions and transmissions varied across
countries, stressing the importance of country-specific
information (among key populations and non-key popula-
tions) to tailor interventions improving HIV treatment
coverage and reducing HIV incidence in the region.

We found substantial gaps in HIV diagnosis in the three
countries, especially in Mali where barely half of PWH
were estimated to have a diagnosed infection in 2022.
Median diagnosis coverage was consistently higher
among women than men across countries (by at least
15%-points). PWH with an undiagnosed infection
include a disproportionate number of members of key
populations, especially in Senegal (almost half) despite
their relatively small population size.

The estimated tPAFs of risk groups differed from the
distributions of PWH with an undiagnosed infection.
Transmission probabilities between men and from men to
women are higher than from women to men whereas
tPAFs of key populations were relatively large also because
they have higher number of partners and are often less
frequently virally suppressed. Importantly, our study
suggests that the distributions of acquired and transmitted
infections for the last decade may remain qualitatively
similar for the next decade unless HIV prevention/
treatment gaps are reduced among key populations.

Our analysis underscores differences in HIV epidemics
across the three countries studied. Fewer new HIV
infections in Côte d’Ivoire are contributed by FSW and
MSM than in Mali and Senegal, although clients of FSW
still contribute to a fifth of new HIV infections in Côte
d’Ivoire. This was qualitatively consistent with a study
fromMaheu-Giroux [10] where the tPAF of FSW clients
over 2005–2015 was 45%.

In Mali, the HIV epidemic appeared to still be strongly
influenced by sex work, with large fractions of new HIV
infections being contributed by FSW and their clients.
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Fig. 2. Transmission population-attributable fraction (direct and indirect transmission) estimated for people with HIV of
different diagnosis and treatment stages. Estimated transmission population-attributable fraction (tPAFs) of members of key
populations (KP) living with HIVwith undiagnosed infection (pink boxes and intervals), All PWHwith undiagnosed infection (red),
with diagnosed infection but not on antiretroviral therapy (ART) (blue), and on ART (green) over successive decades. Boxes
represent median and interquartile range, whereas error bars represent 90% uncertainty interval (UI) (5th and 95th percentiles) of
tPAF estimates across all posterior parameter sets. KP include female sex workers, their clients, and MSM.
However, our estimates should be interpreted with
caution given the lack of specific HIV prevalence and
ART coverage estimates for FSW clients.

Our tPAFestimates ofMSMand clients of FSW(39 and 36%
over 2012–2021) for Senegal,were similar to recent estimates
for Dakar only, where the tPAF of sex between men over
2005–2015 was 42%, and 20% for non-commercial sex for
FSWand clients [13]. The large fractions (over 1/3) of new
HIV infections estimated to have been acquired by MSM,
despite the relatively small size of the population, suggests that
scaling-up PrEP in this population could meaningfully
accelerate the decrease in HIV incidence in the country.

Similar to other modelling studies of HIV in the region
[9,13,37], our analysis underlines the success of past
interventions against HIV. Approximately three-quarters
of newHIV infections over the last decade may have been
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prevented only by condom use by key populations.
Maintaining outreach and high levels of condom use
among key populations remains important, even in Côte
d’Ivoire where the epidemic appears to have progressed
among non-key populations. These findings concur with
recent modelling studies [36,37,51].

Our study has limitations, which highlights key data gaps
on the HIV prevalence and levels of treatment among
clients of FSW. Few surveys have been carried out in the
countries modelled, and none in Mali, which required
additional assumptions. Data from Côte d’Ivoire and
non-key populations data from Mali were used to inform
the number of paying and non-paying partners of clients
in Mali and the rates of HIV testing and treatment
initiation, respectively (Table S1e, http://links.lww.com/
QAD/D285). Despite being challenging to collect [52–
54], such data is needed as clients may contribute to large
fractions (30–40%) of newHIV infections in sub-Saharan
Africa [10,36,37]. Desirability bias in reporting of sexual–
behavioural data or condom use was addressed by
accounting for uncertainty in data and over-reporting
of condom use by FSW, reducing the risk of over-
estimating the impact of condom use by FSW [39].
However, no quantification of potential overreporting of
condom use byMSMwas available and our analysis might
slightly overestimate the impact of condom use by MSM
and slightly underestimate the tPAFs of MSM.

Our study is based on exhaustive reviews of country-
specific data since the 1980s, including recent integrated
biological and behavioural assessment (IBBS) surveys
among key populations (2020) [23,24,55,56], allowing to
model the plausible past and future dynamics of the HIV
epidemic. Models were fitted to all available data on levels
of HIV diagnosis and treatment among key and non-key
populations including the fraction of PWH who have
ever been tested for HIV, with a diagnosed infection, or
with a suppressed viral load, which improved model
predictions. Our Bayesian fitting method reflected
uncertainties in both parameter and fitting data and
allowed to triangulate different data sources. We
identified discrepancies between different empirical
HIV cascade estimates such as larger fractions of PWH
suppressed HIV viral load than reporting ever being
diagnosed by the same risk group because of under-
reporting of HIV status (often influenced by HIV stigma)
[47]. Our analysis distinguished and highlighted differ-
ences between indicators of HIV acquisition, direct HIV
transmission, and of direct and secondary transmission
(10-year tPAFs) when measuring contributions of risk
groups. This is important because diagnosing and treating
PWH prevent further transmission from them, which is
difficult to observe and measure empirically.

There is an urgent need to address gaps in HIV diagnosis
in West Africa, particularly among clients of FSW and
MSM, which would not only improve equity in HIV
treatment but also further curb HIV incidence in the
region. Maintaining access and distribution of condoms,
particularly for key populations, is still relevant. Scaling-
up up the access to well tolerated and anonymous HIV
testing through non-conventional modalities such as HIV
self-tests and empowered community organizations
(alongside national care providers) [57,58] may be an
effective way to improve the coverage of HIV diagnosis in
the context of stigma towards PWH and key populations.
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