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Abstract
Introduction: HIV pre-exposure prophylaxis (PrEP) has been recommended and partly subsidized in Québec, Canada, since
2013. We evaluated the population-level impact of PrEP on HIV transmission among men who have sex with men (MSM) in
Montréal, Québec’s largest city, over 2013–2021.
Methods: We used an agent-based mathematical model of sexual HIV transmission to estimate the fraction of HIV acqui-
sitions averted by PrEP compared to a counterfactual scenario without PrEP. The model was calibrated to local MSM sur-
vey, surveillance, and cohort data and accounted for COVID-19 pandemic impacts on sexual activity, HIV prevention, and
care. PrEP was modelled from 2013 onwards, assuming 86% individual-level effectiveness. The PrEP eligibility criteria were:
any anal sex unprotected by condoms (past 6 months) and either multiple partnerships (past 6 months) or multiple uses of
post-exposure prophylaxis (lifetime). To assess potential optimization strategies, we modelled hypothetical scenarios prioritiz-
ing PrEP to MSM with high sexual activity (≥11 anal sex partners annually) or aged ≤45 years, increasing coverage to levels
achieved in Vancouver, Canada (where PrEP is free-of-charge), and improving retention.
Results: Over 2013–2021, the estimated annual HIV incidence decreased from 0.4 (90% credible interval [CrI]: 0.3–0.6)
to 0.2 (90% CrI: 0.1–0.2) per 100 person-years. PrEP coverage among HIV-negative MSM remained low until 2015 (<1%).
Afterwards, coverage increased to a maximum of 10% of all HIV-negative MSM, or about 16% of the 62% PrEP-eligible HIV-
negative MSM in 2020. Over 2015–2021, PrEP averted an estimated 20% (90% CrI: 11%–30%) of cumulative HIV acquisi-
tions. The hypothetical scenarios modelled showed that, at the same coverage level, prioritizing PrEP to high sexual activity
MSM could have averted 30% (90% CrI: 19%–42%) of HIV acquisitions from 2015-2021. Even larger impacts could have
resulted from higher coverage. Under the provincial eligibility criteria, reaching 10% coverage among HIV-negative MSM in
2015 and 30% in 2019, like attained in Vancouver, could have averted up to 63% (90% CrI: 54%–70%) of HIV acquisitions
from 2015 to 2021.
Conclusions: PrEP reduced population-level HIV transmission among Montréal MSM. However, our study suggests missed
prevention opportunities and adds support for public policies that reduce PrEP barriers, financial or otherwise, to MSM at
risk of HIV acquisition.
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1 INTRODUCT ION

After over 20 years under study [1–3] and 10 years of
availability [4], oral pre-exposure prophylaxis (PrEP) has

proven highly efficacious for preventing HIV acquisition
across transmission routes. Rigorous randomized controlled
clinical and pragmatic trials, and other observational data,
speak directly to its benefits among men who have sex with
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men (MSM) when taken daily or on-demand [10, 5–9]. The
IPERGAY trial in France and Québec (Canada) showed an
86% (95% confidence interval [CI]: 40%–98%) efficacy among
MSM assigned to on-demand oral PrEP compared to placebo
[6]. Furthermore, its open-label extension study suggested
that effectiveness could reach 97% (95% CI: 81%–100%)
among fully adherent on-demand PrEP users [8]. However,
limited research has examined PrEP’s real-world impact on
HIV dynamics over years of implementation, and all existing
studies were empirical, relying on observed HIV diagnoses
[11, 12], which can be affected by testing efforts.

Individual-based trials are important to demonstrate
individual-level effectiveness but cannot provide the effect
size estimates of public health relevance: the population-level
relative decline in HIV incidence. Beyond the direct benefits
to PrEP users, the population-level effects include the indirect
gains accrued by individuals not taking PrEP, who are at
reduced risk of HIV acquisition as PrEP interrupts transmis-
sion chains and diminishes the number of their contacts able
to transmit HIV. However, estimating this population-level
effect empirically can be methodologically challenging, as the
ongoing transmission dynamics and use of other prevention
tools can make it difficult to define suitable control groups.
In Québec, concomitant 2013–2015 changes in antiretro-
viral treatment (ART) guidelines to immediate initiation and
strengthened “undetectable = untransmittable” messag-
ing especially complicate this. Under these circumstances,
mathematical modelling can be advantageous [13].

Québec implemented interim guidelines for tenofovir diso-
proxil fumarate/emtricitabine (TDF-FTC) as HIV PrEP in 2013
[14], the only province/territory to do so ahead of Health
Canada’s licencing in 2016 and the development of national
PrEP guidelines in 2017 [15]. These guidelines recommended
PrEP for MSM who had condomless anal sex in the past 6
months and met one of the following criteria: (1) two or more
sex partners in the past 6 months; (2) history of repeated
post-exposure prophylaxis (PEP) use; (3) history of syphilis or
an anal bacterial sexually transmitted infection; (4) sex with a
partner living with HIV whose risk of transmission is consid-
ered high; or (5) psychoactive substance use during sex [14,
16, 17]. Concurrently, Québec’s drug insurance programme
included TDF-FTC as PrEP in its formulary, reducing its cost
to a monthly co-payment of up to CAD$97 [18]. However, a
decade later, PrEP’s impact on the local HIV epidemic has not
been evaluated, partly due to the aforementioned challenges.
Such evaluations are essential for understanding PrEP’s role
in eliminating HIV and improving its delivery.

With close to two million people, Montréal is Québec’s
largest city [19] and its HIV epidemic epicentre [20]. It was
the first Canadian city to join the Fast-Track Cities initia-
tive, aiming to eliminate HIV [21], and has well-established
surveillance and population-based data for monitoring the HIV
response. Leveraging these data, we evaluated the population-
level effectiveness of PrEP on HIV transmission among MSM
in Montréal over 2013–2021 and investigated if and how this
intervention could have been optimized. Whereas mathemati-
cal models have commonly been used to project the potential
impacts of PrEP [22–25], our analysis, informed by real-world
PrEP use data, employed such a tool to retrospectively
evaluate PrEP’s implementation, disentangling the unique

contribution of PrEP from other interventions and simulating
an appropriate counterfactual scenario. PrEP is a pillar of HIV
elimination efforts [26] and a preferred prevention method
for many Canadian MSM [27]. Understanding the impact
of PrEP can guide decision-makers in accelerating the city’s
progress towards zero new HIV acquisitions.

2 METHODS

2.1 Model overview

We used an existing calibrated agent-based model of sexual
HIV transmission among Montréal MSM, described elsewhere
[28]. Briefly, it is a stochastic, mechanistic model includ-
ing modules simulating demographics, partnership dynamics
(i.e. casual and regular sex partnerships, and mixing by age,
serostatus and preferred insertive/receptive role during anal
sex), use of HIV prevention (i.e. condoms, PEP, PrEP and viral
suppression), HIV testing and ART (Figure S9), HIV trans-
mission and disease progression [28]. Initialized in 1975, the
model tracks a population of 10,000 MSM aged 15+ years
that increases over time, reflecting Montréal’s demograph-
ics. Men are categorized by age (15–24, 25–34, 35–44, 45–
54, 55+ years) and sexual activity level (low, medium and
high, with 0–5, 6–10 and 11+ sexual partners per year,
respectively) and exit the model upon death from natural
or HIV/AIDS-related causes. The model is implemented in R
(v.4.1.0) with a C++ back-end using the Rcpp library [29–31],
and simulated with a 2-week time step.

We calibrated the model to the following outcomes: the dis-
tribution of the number of anal sex partners in the past 6
months, prevalence and duration of regular partnerships, CD4
cell count at diagnosis by year (2013–2017), HIV prevalence
by age (18–29, 30–49, 50+ years) and year (2005, 2008,
2017–2019), prevalence of lifetime PrEP use by year (2017–
2019), PrEP coverage (defined as the proportion currently
using PrEP among those not living with HIV) by year (2017–
2019), the proportion of people living with HIV (PLHIV)
diagnosed by year (2005, 2008, 2017) and ART coverage
among PLHIV by year (2005, 2017–2018). Using an Approx-
imate Bayesian Computational Sequential Monte Carlo fit-
ting method [32, 33], we obtained 100 calibrated sets of the
54 parameters governing transmission and interventions cov-
erage that can reproduce the observed epidemic dynamics
(Figure S5).

2.2 PrEP-related data sources

We used data from two sources to parameterize and cal-
ibrate the PrEP module (Table 1). The Engage Cohort [34],
a population-based study of sexually active MSM aged 16+
years in Montréal, Toronto and Vancouver, provided data from
2017 to 2021. In Montréal, a closed cohort of men who had
sex with another man in the past 6 months were recruited
over 2017–2018 (N = 1179) by respondent-driven sampling
(RDS) and visits occurred annually until 2021. The l’Actuel
PrEP Cohort [35–37], an ongoing clinical cohort at Montréal’s
Clinique l’Actuel, provided data on individuals consulting for
and prescribed PrEP from 2013 to 2019 (N = 2746, 98% of
which are MSM). All Engage Cohort and l’Actuel PrEP Cohort
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Table 1. Summary of key pre-exposure prophylaxis (PrEP)-related model population characteristics, parameters and calibration

outcomes

Model population characteristic Percentage (90% CrI) Source

Percentage of MSM not living with HIV eligible for

PrEP on 1 January 2013a
58% (55%–60%) Model estimate

Percentage of MSM not living with HIV eligible for

PrEP on 1 January 2013 by sexual activity groupa
Low: 31% (28%–33%)

Medium: 62% (58%–65%)

High: 89% (87%–91%)

Model estimate

Percentage of MSM not living with HIV eligible for

PrEP on 1 January 2013 by age groupa
15–24 years: 44% (42%–46%)

25–54 years: 67% (64%–69%)

55+ years: 48% (44%–52%)

Model estimate

Parameter Value or prior distribution Source

PrEP effectiveness (assuming the same adherence

levels as the source)

86% Molina et al. [6]

Probability of PrEP uptake among MSM eligible for

PrEP by yeara
2013–2014: ∼U(0, 0.01)

2015: ∼U(0.01, 0.24)

2016: ∼U(0.01, 0.17)

2017: ∼U(0.01, 0.26)

2018: ∼U(0.06, 0.32)

2019–2022: ∼U(0.06, 0.32)

Calibration (informed by

the Engage Cohort

[34])

PrEP discontinuation rate (months−1)b ∼U( 1
13.00

, 1
8.44

) Calibration (informed by

l’Actuel PrEP Cohort

[35]36)

Frequency of HIV testing while on PrEP (months) One-month post-initiation and

every subsequent 3 months

Québec PrEP guidelines

[16, 17]

Probability of attempting to use PEP among MSM

eligible for PEPc

2017: ∼U(0.03, 0.11)

Calibration outcomes Targets Source

Prevalence of lifetime PrEP use among all MSM by

year

2017: 6.1%–11.1%

2018: 17.3%–28.0%

2019: 22.5%–36.2%

Engage Cohort [34]

PrEP coverage (i.e. current use) among MSM not

living with HIV by year

2017: 3.1%–6.5%

2018: 7.4%–13.5%

2019: 6.2%–15.9%

Engage Cohort [34]

Abbreviations: CrI, credible interval; MSM, men who have sex with men, PEP, post-exposure prophylaxis; PrEP, pre-exposure prophylaxis.
aIn the model, MSM not living with HIV were eligible for PrEP if they had any anal sex acts unprotected by condoms in the past 6 months
and either: (1) ≥2 partnerships in the past 6 months or (2) ≥2 lifetime uses of PEP.
bThe PrEP discontinuation rate was converted to a probability for use in a Bernoulli distribution.
cIn the model, from 2001 onwards, men not living with HIV who had a casual, condomless anal sex act could attempt to obtain non-
occupational PEP. Beginning at 0% in 2001, the PEP uptake rates increased linearly up to the calibrated 2017 annual rate and were held
constant thereafter.

participants provided written informed consent prior to data
collection.

2.3 PrEP parameterization

The PrEP module required effectiveness, uptake and discon-
tinuation parameters (Table 1). To parameterize effectiveness,
we reviewed published literature and selected the IPERGAY
trial’s intention-to-treat estimate of 86%, considering its rel-
evance to Québec and accounting for imperfect PrEP adher-
ence. We estimated the remaining parameters by calibrating
to Engage data on lifetime PrEP use among all MSM and PrEP
coverage among those not living with HIV.

We calibrated annual probabilities of PrEP uptake among
PrEP-eligible men with prior distributions informed by Engage.
Engage captured self-reported information on the year of first
PrEP use among participants who reported ever using PrEP at
baseline and using PrEP in the past 6 months during follow-
up visits. We estimated the proportion of PrEP-eligible men
who first took PrEP each year, accounting for the complex
survey design using RDS-II sampling weights [38] and for loss-
to-follow-up using inverse probability of censoring weights
(Figures S1 and S2). To obtain estimates before 2017, we
assumed the number eligible at baseline was constant. For
calibration, we considered the 95% CI bounds and made
additional assumptions. First, since no participant reported
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starting PrEP in 2013 and only seven reported starting in
2014, we assumed uptake was equivalent in those years and
informed the prior by the 95% CI of the 2014 estimate. Sec-
ond, there was increased uncertainty regarding attrition and
measurement of PrEP initiation at the last study visit, pos-
sibly impacting the estimate for 2019. Since the 95% CI of
the 2018 estimate was wide and included plausible values for
both years, we used this to inform the prior distribution of
the uptake probability in 2019. Finally, we incorporated addi-
tional uncertainty in all uptake probability prior distributions
to allow for any residual attrition bias (Table 1).

Clinical data from l’Actuel informed the PrEP discontinua-
tion rate prior distribution. We defined PrEP discontinuation
using three criteria: (1) reported stopping at a follow-up visit;
(2) undergoing another PrEP consultation; or (3) >180 days
between visits. The discontinuation date was determined by
the available data, as follows: (1) the reported stop date; (2)
the date of the visit where stopping was reported; or (3) 3–
6 months (randomly chosen from a uniform distribution) after
the last visit before stopping. PrEP retention (i.e. duration of
continuous use) was calculated as the time between initia-
tion and discontinuation. The prior bounds of the discontin-
uation rate were obtained by inverting the age-standardized
interquartile range of individual retention (Table 1).

2.4 Modelling of PrEP initiation and
discontinuation

Starting from 2013, the model simulated oral PrEP use.
Matching the Québec guidelines, men susceptible to HIV
acquisition were eligible for PrEP if they had any anal sex acts
unprotected by condoms in the past 6 months and either: (1)
≥2 partnerships in the past 6 months or (2) ≥2 lifetime PEP
uses [16, 17].

At each time step, a Bernoulli distribution using the cal-
ibrated uptake probabilities determined if each eligible man
would initiate PrEP. Those selected underwent HIV testing
and started PrEP if the result was negative. HIV testing while
on PrEP occurred after the first month of use and every sub-
sequent 3 months. Those testing positive for HIV immediately
discontinued PrEP and started ART.

Finally, the calibrated discontinuation rate was converted to
a probability and used in a Bernoulli distribution to determine
who discontinued PrEP at each time step.

2.5 Impacts of COVID-19 pandemic disruptions
on sexual behaviours and PrEP

The COVID-19 pandemic’s impacts was incorporated into the
model starting from March 2020. Sexual activity, prevention,
and treatment changes were informed by Engage data. PrEP
use changes were also informed by l’Actuel. From March to
June 2020, partner change rates decreased, with a 0.5 and
0.2 absolute reduction in the mean number of annual part-
ners for those living and not living with HIV, respectively, in
the low-medium sexual activity groups and 5.0 and 10.4 part-
ners for those living and not living with HIV, respectively,
in the high sexual activity group. Due to service disruptions,
reductions in the probabilities of testing annually (by 51%
and 21% in the low-medium and high sexual activity groups,

respectively), PEP initiation (by 43%), PrEP initiation (by 35%)
and PrEP retention (discontinuation probability increased by
153%) remained until July 2021. After this time, we assumed
a return to pre-pandemic levels.

2.6 Model outputs and impact evaluation
measures

We tracked characteristics of PrEP use and coverage (per-
centage of susceptible individuals taking PrEP) and HIV acqui-
sitions over time. We then calculated the annual and cumu-
lative numbers of HIV acquisitions. Finally, we estimated the
annual incidence risk by the number of HIV acquisitions each
year divided by the number susceptible to HIV acquisition at
year-start.

The HIV epidemic was simulated 10 times for each of the
100 calibrated parameter sets and the outputs were summa-
rized by their mean. We performed this process under two
scenarios: the provincial PrEP intervention scenario and the
counterfactual scenario without PrEP. We measured PrEP’s
population-level impact by the fraction of HIV acquisitions
averted (calculated as the number of HIV acquisitions averted
by PrEP divided by the total number of acquisitions in the
counterfactual scenario without PrEP).

2.7 Sensitivity analyses

In sensitivity analyses, we relaxed the eligibility criteria since
MSM may have received PrEP despite not meeting all the
provincial criteria [39]. We considered two scenarios, each
applying only one eligibility criterion at a time: (1) condomless
anal sex in the past 6 months, and (2) ≥2 partnerships in the
past 6 months. The PrEP uptake rates were kept as calibrated.

Additionally, we assessed the robustness of our results to
the assumed PrEP effectiveness, increasing it to 96%, as data
indicated high adherence among continuous users (Supple-
mentary Materials).

2.8 Alternative PrEP intervention scenarios

We simulated alternative, hypothetical intervention scenar-
ios to explore how PrEP’s impact could have been optimized
(Table 2). These involved assessing the potential impact of
PrEP prioritization (either to men in the high sexual activity
group or those aged ≤45 years), increased coverage levels
(up to a maximum of 30% by 2019, approximating the cover-
age reached in Vancouver, where PrEP is free for eligible indi-
viduals) and increased retention (reducing the discontinuation
probability by 25% and 50%).

2.9 Ethics

The McGill University Research Ethics Board and the Research
Institute of the McGill University Health Centre approved this
study.
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Table 2. Pre-exposure prophylaxis (PrEP) intervention scenarios modelled among men who have sex with men (MSM) in Montréal

over 2013–2021

Scenario PrEP eligibility criteria PrEP usage

Provincial PrEP intervention scenario

Provincial PrEP intervention Provincial criteriaa Applied calibrated uptake rates

Alternative PrEP intervention scenarios

Prioritized high-activity users High sexual activity group Matched the coverage of the provincial intervention

scenario over time

Prioritized younger users Aged ≤45 years Matched the coverage of the provincial intervention

scenario over time

Increased coverage Provincial criteriaa Matched coverage targets of 5% or 10% by 2015

and 20% or 30% by 2019b

Increased coverage + prioritized high-activity users High sexual activity group Matched coverage targets of 5% or 10% by 2015

and 20% or 30% by 2019b

Increased coverage + prioritized younger users Aged ≤45 years Matched coverage targets of 5% or 10% by 2015

and 20% or 30% by 2019b

Increased retention (probability of discontinuation

reduced by 25% and 50%)

Provincial criteriaa Applied calibrated uptake rates

Abbreviation: MSM, men who have sex with men; PrEP, pre-exposure prophylaxis.
aIn the model, MSM not living with HIV were eligible for PrEP if they had any anal sex acts unprotected by condoms in the past 6 months
and either: (1) ≥2 partnerships in the past 6 months or (2) ≥2 lifetime uses of post-exposure prophylaxis.
bStarting with 0% coverage in 2013 and using linear interpolation to set the targeted coverage between 2013–2015 and 2015–2019. The
2019 coverage target was then maintained through to the end of 2021.

Figure 1. Pre-exposure prophylaxis (PrEP) coverage among men who have sex with men (MSM) not living with HIV in Montréal. Esti-
mated PrEP coverage over 2013–2021 among MSM not living with HIV in Montréal: overall (panel A) and stratified by age (panel B)
and sexual activity group (panel C). The coloured lines and bands show the model posterior mean and 90% credible intervals, respec-
tively. The three points and bars in panel A display the estimated PrEP coverage and 95% confidence intervals calculated from Engage
and adjusted by RDS-II and inverse probability of censoring weights.

3 RESULTS

3.1 PrEP coverage

According to Engage data, PrEP uptake was low after
Québec’s interim guidelines were published in 2013 and grad-
ually started increasing in 2015, reaching 5% (95% CI: 3%–
7%) coverage among MSM not living with HIV by 2018
(Figure 1). In 2020, Engage data indicated that 10% (95% CI:

6%–16%) of Montréal MSM not living with HIV were cur-
rently on PrEP. Our model reflected these trends well, match-
ing the estimated PrEP coverage at 4% (90% credible inter-
val [CrI]: 2%–6%) in 2018 and 10% (90% CrI: 8%–12%) in
2020 (Figure 1). Among the PrEP-eligible population, which
accounted for 62% (90% CrI: 60%–65%) of MSM not living
with HIV (Figure S6), current use reached 16% (90% CrI:
12%–20%) in 2020 (Figure S7). During the initial waves of
the COVID-19 pandemic, there was a large decline in PrEP
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Figure 2. Annual HIV incidence in the provincial pre-exposure prophylaxis (PrEP) intervention and counterfactual scenarios. Estimated
HIV incidence rates over 2013–2021 among men who have sex with men (MSM) in Montréal under the provincial PrEP intervention and
counterfactual scenarios. The rates are presented overall (panel A) and stratified by age (panel B) and sexual activity group (panel C).
The coloured lines and bands show the posterior mean and 95% credible intervals, respectively.

coverage due to reduced initiation and increased discontinua-
tion (by model design), but coverage rebounded in mid-2021
(Figure 1). Throughout the study period, PrEP usage varied
across different age and sexual activity groups (Figure 1).

3.2 Annual HIV incidence

The modelled annual HIV incidence was 0.4 per 100 person-
years (90% CrI: 0.3–0.6) in 2013 and decreased to 0.2 per
100 person-years (90% CrI: 0.1–0.2) in 2021 (Figure 2). Prior

to the PrEP scale-up, the estimated annual incidence differed
markedly by age and sexual activity levels (Figure 2). In 2013,
the oldest age group (55+) had the lowest estimated annual
incidence (0.2 per 100 person-years [90% CrI: 0.1–0.3]) com-
pared to the 15- to 24-year-olds (0.3 per 100 person-years
[90% CrI: 0.2–0.5]) and the 25- to 54-year-olds (0.5 per
100 person-years [90% CrI: 0.3–0.7]). By the end of 2020,
incidence reached 0.1 per 100 person-years in the 15–24
(90% CrI: 0.1–0.2) and 55+ (90% CrI: 0–0.1) age groups, and
0.2 per 100 person-years (90% CrI: 0.1–0.3) in those aged
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Figure 3. Annual HIV incidence by pre-exposure (PrEP) use status in the provincial PrEP intervention scenario. Estimated HIV incidence
rates under the provincial pre-exposure prophylaxis (PrEP) intervention scenario over 2013–2021 among men who have sex with men
(MSM) in Montréal, stratified by PrEP use status. The coloured lines and bands show the posterior mean and 95% credible intervals,
respectively.

Figure 4. HIV acquisitions averted under the provincial pre-exposure prophylaxis (PrEP) intervention scenario. Estimated annual (2013–
2021) and cumulative (2015–2021) fractions of acquisitions averted due to the provincial PrEP intervention among men who have sex
with men in Montréal. The coloured points and bars show the posterior mean and 90% credible intervals, respectively.

25–54. Across sexual activity levels, those with more sexual
partners had a higher incidence. Over time, the most pro-
nounced incidence reductions were exhibited by the highest
sexual activity group, decreasing from 0.8 per 100 person-
years (90% CrI: 0.6–1.1) in 2013 to 0.3 per 100 person-years
(90% CrI: 0.2–0.5) in 2021. Considering PrEP use status over
2016–2021, the incidence was higher among MSM eligible
but not taking PrEP and even higher among those who dis-
continued PrEP (Figure 3).

3.3 Impact evaluation

Over the study period, the annual fractions of HIV acqui-
sitions averted by PrEP increased (Figure 4). In the early
years of PrEP availability, when coverage was lowest, it had
a limited impact on averting HIV acquisitions. However, start-
ing in 2017, PrEP began to have greater impacts. In 2021,
PrEP averted an estimated 38% (90% CrI: 20%–53%) of
HIV acquisitions. Given the low coverage before 2015, we
focused on the cumulative evaluation from 2015 onwards and
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Table 3. Cumulative pre-exposure prophylaxis (PrEP) impact evaluation results among men who have sex with men (MSM) in

Montréal over 2015–2021

Scenario

Number of HIV

acquisitions averted in

the total MSM

populationa N (90% CrI)

Fraction of HIV

acquisitions

averted % (90%

CrI)

Number of person-years on

PrEP needed to prevent

one HIV acquisitionb

Person-years (90% CrI)

Provincial PrEP intervention scenario

Provincial PrEP intervention 207 (81–365)c 20% (11%–30%) 106 (40–172)

Alternative PrEP intervention scenarios

Prioritized high-activity users 302 (144–522) 30% (19%–42%) 63 (31–106)

Prioritized younger users 176 (59–324) 18% (8%–28%) 117 (47–251)

Increased coverage:

5% by 2015–20% by 2019 482 (288–738) 49% (39%–57%) 108 (6–168)

5% by 2015–30% by 2019 554 (338–855) 56% (48%–63%) 135 (79–203)

10% by 2015–20% by 2019 563 (320–837) 57% (46%–65%) 104 (63–168)

10% by 2015–30% by 2019 621 (338–954) 63% (54%–70%) 130 (77–219)

Increased coverage + prioritized high-activity usersd:

5% by 2015–20% by 2019 608 (347–932) 61% (52%–68%) 86 (51–140)

10% by 2015–20% by 2019 684 (410-1040) 70% (62%–76%) 85 (51–134)

Increased coverage + prioritized younger users:

5% by 2015–20% by 2019 414 (239–626) 42% (32%–50%) 128 (74–200)

5% by 2015–30% by 2019 491 (266–783) 50% (42%–58%) 154 (86–260)

10% by 2015–20% by 2019 495 (279–761) 50% (41%–58%) 119 (70–192)

10% by 2015–30% by 2019 554 (324–837) 56% (47%–63%) 147 (88–234)

Increased retention:

probability of discontinuation reduced by 25% 279 (140–500) 28% (18%–41%) 149 (77–269)

probability of discontinuation reduced by 50% 234 (99–419) 23% (14%–33%) 139 (61–251)

Abbreviations: MSM, men who have sex with men; PrEP, pre-exposure prophylaxis.
aAssuming the model population represents 22% of the total MSM population in Montréal (see Table S1 for estimates of the MSM population
size over 2015–2021).
bCalculated as the total person years on PrEP divided by the number of HIV acquisitions averted.
cAnnual numbers of HIV acquisitions averted under the provincial PrEP intervention scaled to the total MSM population are presented in Table
S1.
dIt was not possible to reach 30% coverage by 2019 due to the insufficient number of individuals in the high sexual activity group.

estimated that PrEP averted 20% (90% CrI: 11%–30%) of
HIV acquisitions from 2015 to the end of 2021 (Table 3 and
Figure 4).

3.4 Sensitivity analyses

Our estimation of HIV incidence under PrEP intervention was
not sensitive to the level of PrEP efficacy (86% vs. 96%) or
loosened eligibility criteria (Figure S10).

3.5 Alternative PrEP intervention scenarios

Our alternative (hypothetical) analyses (Table 2) suggested
that, to have improved the impact of PrEP compared to
the provincial intervention scenario, prioritizing MSM in the
high sexual activity group (same overall coverage) or attain-
ing higher overall PrEP coverage of 5% or 10% and 20% or
30% coverage by 2015 and 2019, respectively, would have
been needed (Table 3 and Figure 5). Prioritizing PrEP to

MSM in the high sexual activity group (same coverage as the
provincial intervention) cumulatively averted 30% (90% CrI:
19%–42%) of HIV acquisitions over 2015–2021, with a peak
annual fraction averted of 52% (90% CrI: 30%–69%) in 2021
(Table 3 and Figure 5). Even higher impacts could have have
been acheived by reaching coverage targets of 5% or 10% by
2015 and 20% or 30% by 2019, especially when combined
with prioritized use for MSM with high sexual activity lev-
els. For instance, the scenario with the smallest increase in
PrEP coverage, reaching targets of 5% in 2015 and 20% in
2019, averted 49% (90% CrI: 39%–57%) of HIV acquisitions
between 2015 and 2022 (under provincial eligibility criteria),
and up to 68% (90% CrI: 54%–70%) when prioritizing PrEP
to the high sexual activity group. Conversely, the scenario
with the largest increase in PrEP coverage, mirroring the cov-
erage in Vancouver, reached targets of 10% by 2015 and
30% by 2019 and, under provincial eligibility criteria, averted
63% (90% CrI: 54%–70%) of HIV acquisitions over 2015–
2021.
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Figure 5. Estimated fraction of acquisitions averted due to pre-exposure prophylaxis (PrEP) intervention among men who have sex with
men (MSM) in Montréal under alternative (hypothetical) intervention scenarios. For each, the annual estimates from 2013 to 2021 and
cumulative estimates over 2015–2021 are shown. The coloured points and bars show the posterior mean and 95% credible intervals,
respectively.
The panels display the results of: (A) maintaining the observed PrEP coverage but prioritizing uptake in (1) the high sexual activity group
or (2) those aged 15–45 years; (B) maintaining the calibrated PrEP uptake probabilities but increasing retention on PrEP (for simplicity,
only the results of the 50% decrease in discontinuation probability scenario are plotted); and (C) increasing coverage up to a maximum
of 30% by 2019 for three different uptake assumptions: (1) the same as the provincial PrEP eligibility criteria, or prioritizing uptake in
(2) the high sexual activity group or (3) those aged 15–45 years. Note that, in the scenarios prioritizing MSM in the high sexual activity
group, it was not possible to reach 30% coverage by 2019 due to the insufficient number of individuals in the group. The results for
these scenarios are not presented.

4 D I SCUSS ION

This study presents a population-level estimate of PrEP’s
impact, considering both PrEP’s direct and indirect effects.
Using a detailed agent-based model of sexual HIV transmis-
sion and prevention among Montréal’s MSM, we created a
counterfactual scenario without PrEP and found that, despite
relatively low coverage, PrEP may have averted 20% (90%
CrI: 11%–30%) of new HIV acquisitions between 2015 and
the end of 2021 in this population. From 2015 to 2019,

as time and coverage accrued to 10% of MSM not living
with HIV and 16% of the PrEP-eligible, the annual fraction
of acquisitions averted by PrEP rose from 3% to 36%. After-
wards, despite the COVID-19 pandemic disruptions to cover-
age, this level of impact persisted.

Although our analysis suggests considerable population-
level benefits of PrEP intervention among MSM in Montréal,
it also highlights missed prevention opportunities. One way
to improve PrEP’s impact is to attain higher coverage. At the
observed levels, prioritizing MSM with higher sexual activity
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levels might have improved impact, but not to the same extent
as achieving higher coverage with the current provincial
eligibility criteria, which approximately 60% of MSM not living
with HIV met in our model. Increasing coverage to 5% or
10% in 2015 and 20% or 30% in 2019 could have prevented
more than twice the number of HIV acquisitions since 2015.
Given the coverage estimates over 2017–2020 for Vancouver
MSM, we believe that levels of 10% in 2015 and 30% in
2019 could have been feasible in Montréal and an estimated
63% (90% CrI: 54%–70%) of HIV acquisitions would have
been averted instead of 20%. Vancouver’s higher coverage
has been attributed to total public funding for PrEP in that
province [40], whereas the PrEP co-payment in Québec
can be as high as CAD$97 per month [18]. Even matching
5% coverage in 2015 and 20% in 2019 could have averted
49% (90% CrI: 39%–57%) of HIV acquisitions between
2015 and 2022, rising to 68% (90% CrI: 54%–70%) if
efforts focused on MSM frequently engaging in anal sex with
different partners.

Two other studies have examined the impact of PrEP
intervention empirically using surveillance data and
observed changes in HIV diagnoses pre- and post-PrEP
implementation [11, 12]. In Australia’s state of New South
Wales, PrEP reached an estimated 20% of MSM living with-
out HIV in 2016 and reduced new diagnoses of recent HIV
acquisitions among MSM by 31.5% (95% CI: 11.3%–47.3%)
in a 12-month post-implementation period, compared to the
year prior [11]. A similar study in Scotland, where PrEP is
delivered free-of-cost from national clinics, estimated that
20% of MSM attending such clinics were prescribed PrEP
and showed a 35.6% (95% CI: 7.1%–55.4%) reduction in new
diagnoses of recent HIV acquisitions among MSM over a
24-month post-implementation period [12].

It is challenging to directly compare these findings to ours
due to different time frames (PrEP’s impact is expected to
accrue over time) and variations in coverage and use. The
most comparable period of our study is over 2017 and 2018
when coverage was beginning to rise. In those years, we esti-
mated that 13% (90% CrI: 0%–32%) and 22% (90% CrI: 7%–
35%) of acquisitions were averted, respectively. While differ-
ences between our estimates may stem from lower cover-
age in our study, heterogeneity in risk across the populations
could also differ. Additionally, other factors like changes in
HIV testing trends, the use of diagnoses of recent acquisi-
tions to proxy incidence, and concomitant improvements in
the treatment and care cascade could influence the findings
of these studies.

Our analysis helped highlight missed opportunities in PrEP
delivery. For example, it took approximately 2 years for
PrEP coverage to start increasing after Québec issued guide-
lines. Increased awareness of PrEP’s efficacy and safety
among healthcare providers and potential users following the
early cessation of the IPERGAY trial in 2014 could have
encouraged earlier use. Even after PrEP expanded, cover-
age plateaued at 10%, never reaching Vancouver’s levels. Our
model indicated that many eligible MSM were not engaged in
PrEP care yet could have benefited from its use, as evidenced
by their higher HIV incidence. The financial burden of PrEP
in Montréal remains an important barrier, potentially leaving
behind those most at risk of HIV acquisition [41].

The findings from our impact evaluation should be inter-
preted cautiously. Our model used simplifying assumptions
about disease progression, HIV transmission and prevention
use. For instance, individuals on PrEP may be less likely to
serosort (i.e. choose partners not living with HIV), and PLHIV
may preferentially mix with PrEP users [34, 42]. If mixing was
less assortative by HIV status among those on PrEP, we might
have slightly overestimated the impact of PrEP. However, this
potential bias should be small given the high viral suppression
levels observed in Montréal. Additionally, the model did not
consider risk compensation or changes in sexual behaviour
that could be associated with PrEP use, which could overesti-
mate the impact of PrEP. However, this overestimation should
be small, given PrEP’s high effectivness. Finally, the model
did not differentiate between daily and on-demand regimens,
given their equivalent efficacy under perfect adherence.

Our analysis has several strengths. Firstly, we leveraged
data from multiple cohorts and surveys of MSM in Mon-
tréal to parameterize and calibrate the model. Secondly, using
a model allowed us to construct an appropriate counterfac-
tual scenario when there was no other control group avail-
able [13]. Thirdly, we controlled for changes in Québec’s ART
eligibility criteria. Lastly, our impact estimates include PrEP’s
direct effects in preventing HIV acquisition among users and
the indirect benefits to MSM not on PrEP due to overall
decreases in HIV prevalence.

5 CONCLUS IONS

PrEP has the potential to contribute significantly to HIV elimi-
nation as a key part of combination HIV prevention. However,
global scale-up has been slow, resulting in sub-optimal cover-
age and limited impact on incidence reductions [43]. In Mon-
tréal, despite modest coverage, PrEP had a notable impact
on HIV transmission, complementing declining incidence and
high ART coverage. Free PrEP could remove important barri-
ers, but more needs to be done to address stigma, discrim-
ination and certain physicians’ reticence to prescribe PrEP,
among others [44–50]. The availability of alternative formula-
tions like long-acting injectable PrEP could further usage and
support adherence [50]. By removing barriers, we can accel-
erate HIV elimination among MSM and other vulnerable pop-
ulations [51].
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SUPPORT ING INFORMAT ION

Additional information may be found under the Supporting
Information tab for this article:
Figure S1. Empirical estimates of pre-exposure prophy-
laxis (PrEP) eligibility among men who have sex with men
(MSM) in Montréal. The estimated annual percentage of
Montréal MSM eligible for PrEP (according to the provin-
cial criteria) among Engage participants that self-reported a
negative or unknown HIV serostatus. The first four Engage
study visits occurred annually over 2017-2021. All estimates
were adjusted by RDS-II and inverse probability of censoring
weights. The error bars show the estimated 95% confidence
intervals.
Figure S2. Empirical estimates of pre-exposure prophylaxis
(PrEP) uptake among men who have sex with men (MSM)
in Montréal. The estimated percentage of Montréal MSM
that reported first taking PrEP each year among Engage par-
ticipants eligible for PrEP (according to the modelled crite-
ria). No Engage participant reported first taking PrEP in 2013.
To obtain estimates before 2017 (when the study began), we
assumed the number eligible at baseline was constant. All esti-
mates were adjusted by RDS-II and inverse probability of cen-
soring weights. The error bars show the estimated 95% confi-
dence intervals.
Figure S3. Empirical estimates of pre-exposure prophy-
laxis (PrEP) adherence among men who have sex with
men (MSM) in Montréal. Estimates of PrEP adherence
among Montréal MSM calculated using the Engage cohort
and adjusted by RDS-II and inverse probability of censoring
weights. The first four Engage study visits occurred annu-
ally over 2017-2021. Panel A displays the self-reported aver-
age number of pills missed per week among continuous
PrEP users at each study visit. Panel B displays the self-
reported percentage of anal sex acts covered by PrEP among
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continuous PrEP users at the third and fourth study visits.
The error bars show the estimated 95% confidence intervals.
Figure S4. Empirical estimates of pre-exposure prophylaxis
(PrEP) dosing schedule among men who have sex with men
(MSM) in Montréal. The estimated percentage of PrEP users
following a daily or on-demand dose schedule calculated using
the Engage cohort and adjusted by RDS-II and inverse proba-
bility of censoring weights. The error bars show the estimated
95% confidence intervals. The first four Engage study visits
occurred annually over 2017-2021.
Figure S5. Select model calibration results reproduced from
Milwid et al8. Model calibration produced 100 parameter
sets, each of which were simulated once to produce figures
of the HIV prevalence over 1975-2019 (panel A), the propor-
tion of new HIV diagnoses in each CD4 cell count category
over 2013-2017 (panel B), the proportion of diagnosed peo-
ple living with HIV on antiretroviral treatment (ART) in 2005,
2017, and 2018 (panel C), and the proportion that ever used
pre-exposure prophylaxis (PrEP) over 2017-2019. The purple
lines boxplots show the model simulations. The orange points
and error bars show the target data used in calibration. For
results of the remaining calibration outcomes, please refer to
the supplementary materials of our previous model publica-
tion by Milwid et al8.
Figure S6. Modelled pre-exposure prophylaxis (PrEP) eligi-
bility among men who have sex with men (MSM) not living
with HIV in Montréal. The model estimated percentage of
MSM not living with HIV eligible for PrEP over 2013-2021 in
Montréal: overall (panel A) and stratified by age (panel B) and
sexual activity group (panel C). The coloured lines and bands
show the model posterior mean and 90% credible intervals,
respectively.
Figure S7. Modelled pre-exposure prophylaxis (PrEP) cov-
erage among PrEP-eligible men who have sex with men
(MSM) not living with HIV in Montréal. The model esti-
mated PrEP coverage over 2013-2021 among MSM eligible
for PrEP in Montréal: overall (panel A) and stratified by age
(panel B) and sexual activity group (panel C). The coloured

lines and bands show the model posterior mean and 90%
credible intervals, respectively.
Figure S8. Annual HIV incidence across ten simulations of
one parameter set. Estimated HIV incidence rates over 2013-
2021 among men who have sex with men (MSM) in Montréal
under the provincial pre-exposure prophylaxis (PrEP) inter-
vention scenario. The green lines display the results per simu-
lation and the black line displays the median.
Figure S9. Modelled antiretroviral treatment (ART) and
viral load suppression coverage among men who have sex
with men (MSM) living with HIV (PLHIV) in Montréal.
The model ART and viral load suppression coverage among
MSM living with HIV over 2013-2021. From 2013 onward, all
PLHIV in the model are eligible for ART and initiate upon HIV
diagnosis. The coloured lines and bands show the model pos-
terior mean and 90% credible intervals, respectively. The two
points and bars display the estimated ART coverage and 95%
confidence intervals calculated from Engage and adjusted by
RDS-II and inverse probability of censoring weights.
Figure S10. Sensitivity Analyses. The model estimated HIV
incidence rates over 2013-2021 among Montréal men who
have sex with men (MSM) under the provincial pre-exposure
prophylaxis (PrEP) intervention scenario with different PrEP-
eligibility criteria (panel A) and with different PrEP efficacies
(Panel B). The coloured lines and bands show the posterior
median and 90% credible intervals, respectively.
Figure S11. Cumulative Acquisitions Averted. Estimated
cumulative fraction of acquisitions averted due to pre-
exposure prophylaxis (PrEP) intervention among men who
have sex with men (MSM) in Montréal (provincial PrEP inter-
vention scenario) over varying time periods. The coloured
points and bars show the posterior mean and 90% credible
intervals, respectively.
Table S1. Annual pre-exposure prophylaxis (PrEP) impact eval-
uation results among men who have sex with men in Montréal
over 2015-2021 in the model population and scaled to the
total population.
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