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[bookmark: _Toc58417102]Literature review

We searched PubMed for full-text journal articles published between Jan 1, 2010, and Dec 31, 2017, using the MeSH terms “pre-exposure prophylaxis (PrEP)” and “homosexuality, male” and using key words (“pre-exposure prophylaxis” or “preexposure prophylaxis” or “PrEP”) and (“men who have sex with men” or “MSM”)  in titles and abstracts. Search results (520 records) were reviewed to identify publications which examined the population-level HIV transmission impact or population-level cost-effectiveness of PrEP in high-income settings. We identified a total of 18 modelling studies of PrEP impact among men who have sex with men (MSM) and four studies (Table S1.1, (1-4)) were based on the same model with minor variations (thus only the most recent one (2) was included). Among the 15 unique models of PrEP impact, three included serosorting. A total of nine models have assessed the individual-level behaviour change among those on PrEP and its influence on the transmission impact of PrEP. Specifically, the models examined increases in number of partners and reductions in condom use. Most models predicted that realistic increases in partner number or decreases in condom use would not fully offset, but could weaken, PrEP’s impact on reducing HIV transmission. We did not identify any study that examined the influence of serosorting patterns on the estimated transmission impact of PrEP at the population-level, or what could happen to HIV incidence if the use of PrEP changes serosorting patterns.
[bookmark: _Toc58342266]
[bookmark: _Toc58417103]Appendix-1 Table S1.1 Publications which examined the population-level HIV transmission impact or population-level cost-effectiveness of pre-exposure prophylaxis in high-income settings. 
	Number
	Study citation
	Adapted from the same model
	Modelled assortative sexual mixing by HIV status
	Modelled risk compensation due to pre-exposure prophylaxis

	1
	(5)
	No
	Yes
	Yes

	2
	(6)
	No
	Yes
	Yes

	3
	(7)
	No
	No
	Unclear

	4
	(8)
	No
	No
	Yes

	5
	(9)
	No
	No
	Yes

	6
	(10)
	No
	No
	No

	7
	(11)
	No
	No
	No

	8
	(12)
	No
	No
	No

	9
	(13)
	No
	No
	No

	10
	(14)
	No
	No
	Yes

	11
	(15)
	No
	No
	Yes

	12
	(16)
	No
	No
	No

	13
	(17)
	No
	No
	Yes

	14
	(18)
	No
	No
	Yes

	15
	(1)
	Yes; publications 15-18 are all based on the same model. 
	Yes
	Yes

	16
	(2)
	Yes; publications 15-18 are all based on the same model.
	Yes  
	No

	17
	(3)
	Yes; publications 15-18 are all based on the same model.
	Yes
	Yes

	18
	(4)
	Yes; publications 15-18 are all based on the same model.
	Yes
	No
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[bookmark: _Toc58342268][bookmark: _Toc58417105]Overview
We developed a deterministic dynamic compartmental model to simulate sexual HIV transmission between men who have sex with (MSM). The model is a set of coupled ordinary differential equations, which are solved numerically using Euler integration. The model is implemented in MATLAB (version 9.6) and is available at: https://github.com/mishra-lab/prep-serosort. The model considers 5 compartments defined by HIV status and the use of HIV pre-exposure prophylaxis (PrEP) and antiretroviral therapy (ART) as illustrated in Figure S2.1. Individuals in each compartment were stratified into two levels of sexual activity, denoted by  [low, high], representing different sexual partner change rates. We denote susceptible individuals by , individuals on PrEP by , individuals living with undiagnosed HIV by , individuals living with diagnosed HIV by , individuals on ART by , and the total number of individuals in the model by . We modeled a simplified version of HIV progression (i.e. we did not distinguish HIV disease stages) as we did not intend to examine the historical trajectory of the local HIV epidemic or to evaluate the impact of ART and elements along the HIV care continuum.

Susceptible individuals enter the model into susceptible health state () at onset of sexual activity at a rate of   , which increases linearly over time () to reﬂect population growth at g=1% per year,(19) where  is the baseline entry rate. Individuals in the susceptible compartment may acquire HIV at a rate of  (force of infection) and transition to the undiagnosed HIV () state until they are diagnosed at a rate of  and transition into . Susceptible individuals initiate PrEP at a rate of , and are assumed to remain on PrEP once initiated. 

Individuals taking PrEP () acquire HIV at a rate of , and are assumed to be diagnosed immediately due to high rate of HIV testing while on PrEP. Diagnosed individuals () initiate ART at a rate of , and individuals on ART () discontinue treatment at a rate of . Individuals exit model due to death or cessation of sexual activity at a baseline exit rate of  , which includes exit rate due to cessastion of sexual activity () and baseline mortality if an individual is not living with HIV (). Individuals living with HIV experience a higher rate of all-cause mortality ( for those living with HIV but not on ART; or  for those living with HIV and on ART) than individuals not living with HIV (), thus exit the model at an additional rate of  for individuals living with HIV but not on ART and  for individuals on ART. The state transitions are summarized in Figure S2.1 and in the following differential equations. Parameter definitions and symbols are given in Table S2.1, and described in detail in Section 3 Parameterization.
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[bookmark: _Toc58417106][bookmark: _Toc4321878]Figure S2.1 Schematic of the HIV transmission model structure with state transitions. S: susceptible, P: on pre-exposure prophylaxis, U: undiagnosed HIV, D: diagnosed HIV, T: on HIV antiretroviral treatment. See Table S2.1 for definitions of parameters and their symbols shown in Figure S2.1. Activity level not shown.
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[bookmark: _Toc58417107]Table S2.1 Model parameter symbols.
	Parameters
	Symbol

	Entry and exit rate
	

	Baseline entry rate (person-1 year-1)
	

	Baseline exit rate (person-1 year-1)
	

	Population annual growth rate (year-1)
	

	All-cause mortality 
	

	No HIV infection (person-1 year-1)
	

	HIV infected, not on ART (person-1 year-1)
	

	HIV infected, on ART (person-1 year-1)
	

	Sexual behavioural parameters
	

	Number of concurrent sexual partners for low sexual activity MSM (person-1 year-1)
	

	Ratio: number of partners for high sexual activity MSM to number of partners for low sexual activity MSM 
	

	Proportion of high sexual activity MSM
	

	Number sex acts (partnership-1 year-1)  
	

	Proportion of insertive anal sex acts, seroconcordant partnerships
	 

	Proportion of insertive (HIV-negative perspective) anal sex acts, serodiscordant partnerships
	 

	Condom use in serodiscordant partnerships
	

	Relative condom use in sero-concordant vs. discordant partnerships
	

	Condom efficacy 
	

	Sexual mixing parameters
	

	Model 1 -serosorting
	

	Model 2 – sero-proportionate mixing
	

	Per act HIV transmission probability
	

	Insertive sex act (per anal sex act-1)
	

	Receptive sex act (per anal sex act-1)
	

	Testing, treatment, PrEP parameters
	

	Rate of HIV testing (person-1 year-1)
	

	Rate of ART initiation (person-1 year-1)
	

	Rate of ART drop-out (person-1 year-1)
	

	Proportion of viral suppression among individuals on ART
	prop

	PrEP coverage 
	

	Rate of PrEP initiation (person-1 year-1)
	

	PrEP effectiveness in reducing HIV transmission
	


Abbreviations: NA, not applicable; ART, antiretroviral therapy; MSM, men who have sex with men; PrEP, HIV pre-exposure prophylaxis; HIRI: HIV Incidence Risk Index. 


[bookmark: _Toc58342269][bookmark: _Toc58417108]Force of infection
We modelled HIV transmission via anal sex only. We did not consider vertical transmission as it was very rare – for example, in 2017, only 3 out of 2402 new HIV diagnoses in Canada were attributed to mother-to-child transmission(20). Data in the North America setting show that 4%-12% of MSM also inject drugs(21) , however we did not consider transmission via injection drug use because our study focuses on the serosorting in the context of sexual partner selection. Approximately 13% of MSM self-identified as bisexual in Montreal, Canada(22), however, we did not consider transmission via vaginal sex for model simplification, and because data on serosorting patterns from the perspective of bisexual men’s female partners are not available.

The force of infection  is the risk of acquiring HIV for a susceptible individual not on PrEP. When defining , an individual’s activity ( [low, high]) and perceived HIV serostatus ( [perceived HIV negative, perceived HIV positive]) are distinguished from those of their sexual partners by a prime (i.e. , ). The force of infection depends on the following parameters as defined in equation (7): average number of male sexual partners per year, ; probability of partnership formation between the individual (, ) and the partner (, ), ; the proportion of partners who are infectious (); and the transmission probability per serodiscordant partnership per year ().  

	
	[bookmark: eq_lambda](7)



[bookmark: _Toc5365749][bookmark: _Toc58342270][bookmark: _Toc58417109]Probability of transmission per serodiscordant partnership
The probability of HIV transmission per serodiscordant partnership per year () depends on: the biological probability of transmission per insertive act  and per receptive act , the total number of sex acts per partnership  per year , the proportion of sex acts which are insertive from the perspective of HIV-negative men , the proportion of sex acts in which condoms are used , and the efficacy of condoms at reducing transmission . Considering these parameters,  is defined using the accumulation of the probability of escaping infection across all sex acts in the partnership (binomial model):

	
	[bookmark: eq_beta_partnership](8)



We assume the same number of sex acts per partnership per year across all partnership types. However, we distinguish the proportion of sex acts which are insertive from the perspective of HIV-negative men () and the proportion of sex acts in which condoms are used () by whether or not a partnership is perceived serodiscordant. (if ); (if ) where  reflects condom use in serodiscordant partnerships and  reflects relative condom use in seroconcordant vs. serodiscordant partnerships.

[bookmark: _Toc58342271][bookmark: _Toc58417110]Sexual mixing patterns
The probability of partnership formation between individuals and their partners is summarized in the mixing matrix  which is defined as the product of independent mixing matrices corresponding to activity levels () and serostatus (). Therefore, .
[bookmark: _Toc5365751]
Because our research question focused on on mixing by serostatus, we maintained proportionate sexual mixing by sexual activity level. Thus, we define the probability of partnership formation between an individual of sexual activity level  and a partner of sexual activity level  ( as:

	
	(9)



We model assortative sexual mixing by perceived HIV serostatus using the approach outlined by Garnett et al,27 via a parameter  which controls the degree of assortative mixing. The value of 0 indicates fully sero-assortative mixing where individuals form partnerships exclusively with those of the same perceived HIV serostatus, and the value of 1 indicates sero-proportionate mixing where individuals select partners proportionally to the total partnerships available by perceived HIV serostatus. Thus, we define the probability of partnership formation between an individual of perceived HIV serostatus  and a partner of perceived HIV serostatus  ( ) as equation (10), where  = 1 if  and  = 0 if otherwise:

	
	(10)
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[bookmark: _Toc58342273][bookmark: _Toc58417112]PrEP initiation 
We assume uniform coverage of PrEP by sexual activity level, with a rapid increase in the rate of PrEP initiation () (defined in equation 11) yielding a linear increase in coverage during roll-out until specified coverage () was achieved in one year. PrEP coverage remained stable thereafter. We explicitly did not include rates of discontinuing PrEP (as observed in practice28) because our intervention analyses focus on a stable proportion of susceptible individuals on PrEP. Therefore, cessation of PrEP would lead to immediate initiation (or re-initiation) by another susceptible individual, and thus lead to the same mechanism of fewer susceptible individuals at the population-level.


	
	(11)



where:  is the desired PrEP coverage at time ;   is the force of infection among susceptibles , and  is the force of infection among PrEP users  (see the next section, 2.3.2). After the specified coverage  was achieved, we set , but still varied  instantaneously (in response to epidemic decline) to ensure stable coverage. 

[bookmark: _Toc58342274][bookmark: _Toc58417113]Reduction in HIV transmission probability
Once an individual initiate PrEP, the probability of HIV acquisition during every sex act is reduced by a factor  (PrEP effectiveness). This was implemented by multiplying the biological probability of transmission per insertive act  and per receptive act  by a factor of  in equation (8). Therefore, the probability of HIV acquisition per serodiscordant partnership per year for an individual on PrEP () is defined in equation 12. Therefore, we can define the force of infection for PrEP users () using equation 7 by substituting  with .

	
	(12)
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Maintain serosorting at the pre-intervention level
We define the probability of partnership formation () following PrEP intervention using a 3x3 mixing matrix in equation (13), where individual’s perceived HIV serostatus and PrEP use  [1 = perceived HIV-negative and not on PrEP, 2 = on PrEP, 3 = perceived HIV-positve]; and partner’s perceived HIV serostatus and PrEP use . For example,  is the probability of partnership formation between perceived HIV-negative man not on PrEP with another man on PrEP. We use upright font to denote variables indexed by  and , as compared to italic font for variables indexed by  and .

	
	(13)



In intervention scenarios in which PrEP does not modify sexual mixing patterns, we assume both PrEP users and men not on PrEP maintain the pre-intervention sexual mixing patterns as described in 2.2.2. Therefore,  can be defined based on equation (10) as follows. For partnerships with perceived HIV-positive individuals,  is equivalent to the corresponding pre-intervention value of  from equation (10):

	
	(14a)

	
	(14b)



For partnerships with perceived HIV-negative individuals,  and  combined represent the corresponding pre-intervention value of  from equation (10), with partnership formation probability distributed proportionally among the two elements:

	
	(15a)

	
	(15b)

	
	(15c)

	
	(15d)



PrEP-mediated serosorting
In intervention scenarios with PrEP-mediated serosorting, we consider that: 
1) As soon they initiate PrEP, individuals on PrEP no longer serosort and thus select partners proportional to the partnerships available by perceived HIV serostatus; 
2) men not on PrEP adapt accordingly when they form partnerships with PrEP users to satisfy partnership balancing; 
3) men not on PrEP continue to serosort among themselves (when men not on PrEP form partnerships with another men not on PrEP) at the pre-intervention level of serosorting.

The mathematical solutions to balancing partnerships while satisfying the above assumptions are as follows.

We assume that PrEP users () no longer serosort and choose their partners proportionally to available partnerships by perceived HIV serostatus. Thus,  can be defined as:

	
	(16)



In order to satisfy partnership balancing as shown in equation 17,
	
	(17)



perceived HIV-negative individuals not on PrEP () and perceived HIV-positive individuals () both have to adjust the number of partnerships they form with PrEP users (). In particular, the partnership formation probabilities  and  are defined using equation (17), yielding:

	
	(18a)
	

	
	(18b)



which is equivalent to proportional partnership formation by perceived HIV status and PrEP use. Equations 18a and 18b show that when PrEP users no longer serosort, men not on PrEP adapt accordingly when they form partnerships with PrEP users to satisfy partnership balancing. Indeed, men not on PrEP adapt in away that they select PrEP users as their sexual partners proportional to the availability of partnerships (men not on PrEP no longer serosort with PrEP users, and form sexual partnerships with PrEP users in a sero-proportionate manner ).

We assume men not on PrEP (including perceived HIV-negative individuals not on PrEP () and perceived HIV-positive individuals ()) continue to serosort at their pre-intervention level of serosorting () when they form partnerships with another men not on PrEP (the remaining partnerships amongst men not on PrEP, with probabilities , , , and ). Thus, we define the probability of partnership formation similar to equation (10), but conditional on the remaining probability mass (), as shown in equations (19a and 19b). After simplification of equations 19a and 19b, we find that  and  under PrEP-mediated changes in serosorting when PrEP users no longer serosort will be equivalent to  and  under the scenario when PrEP users continue to serosort, respectively.

	 =  
	(19a)



	 =  
	(19b)



Finally,  and  can then be determined using:

	
	(20a)

	
	(20b)



Difference in partnership formation probability between scenarios when PrEP users stopped vs. continued serosorting
In summary, if we define the difference in the probability of partnership formation () between a) the scenario in which PrEP users no longer serosort (PrEP-mediated changes in serosorting), and b) the scenario in which PrEP users maintained serosorting as , we can summarize the changes as follows:

1) When PrEP users no longer serosort (sero-proportionate mixing), the proportion of HIV-positive partners for PrEP users will increase, thus ;
2) Similarly, the proportion of HIV-negative partners (both on and not on PrEP) for PrEP users will decrease, thus  and ;
3) As shown in equation (18a and 18b), to satisfy partnership balancing, men not on PrEP will adapt to form partnerships with PrEP-users in a sero-proportionate manner; thus for HIV-negative individuals not on PrEP, the proportion of HIV-negative partners on PrEP will decrease  ); and for HIV-positive individuals, the proportion of HIV-negative partners on PrEP will increase ();
4) As shown in equation (19a and 19b), the proportion of HIV-positive partners for HIV-negative individuals not on PrEP will be the same in both scenarios (); as will the proportion of HIV-negative not on PrEP for HIV-positive indivdiuals);
5) In order to satisfy partnership balancing overall as per equation (20), the proportion of HIV-negative partners not on PrEP will thus increase for HIV-negative not on PrEP individuals (); and the proportion of HIV-positive partners for HIV-positive individuals will decrease ().

	 = 
	(21)
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[bookmark: _Toc58342277][bookmark: _Toc58417116]Overview
We summarized the parameter values and their corresponding method of parameterization and references in the main text Table 1. We obtained estimates of population growth rate from the census data(19). We reviewed published literature among MSM living in the North American setting for estimates of all-cause mortality specific to HIV status and treatment status(23-25), and biological determinants of HIV transmission(26). We obtained most sexual behavioural parameters from the behavioural and bio-behavioural surveys among MSM in the three urban settings (Montréal, Toronto, Vancouver) in Canada(22, 27, 28); and sourced city, region and provincial disease surveillance reports in addition to bio-behavioural surveys for estimates of calibration targets, and parameters related to health system engagement (HIV testing, ART initiation and dropout, etc.)(22, 27-37). Where data available, city-level data or health region-level data (the health region most overlapped with the city in terms of geographic boundary) was prioritized; followed by data specific to the greater metropolitan area and then provincial-level data. We provided the details of these data sources in Table S3.1. 

[bookmark: _Toc58417117]Table S3.1 Details on the data sources used for model parameterization.
	Data source type
	Model parameter or calibration target
	Details (to be finalized at the end)
	Setting (specific to analytic sample)
	Year

	Momentum Health Study: prospective cohort study of MSM (16 years or older) recruited using respondent driven sampling

	Bio-behavioural survey
	1.    HIV prevalence (adjusted for respondent driven sampling)
	Section 4.2.1
	The Greater Vancouver 
	2012-2014

	
	2.    Population-level serosorting pattern
	Section 4.2.4
	
	

	
	3.    Number of partners for low sexual activity MSM
	Main text Table 1; Section 3.2.1
	
	

	
	4.    Proportion of insertive (HIV-negative perspective) anal sex acts in serodiscordant partnerships
	Main text Table1
	
	

	
	5.    Condom use in serodiscordant partnerships
	Main text Table 1; Section 3.3
	
	

	
	6.    Relative condom use in sero-concordant vs. discordant partnerships
	Main text Table 1; Section 3.3
	
	

	Engage study: multi-site (Greater Montreal ,Greater Toronto (but the actual sample was mainly from City of Toronto), Greater Vancouver) prospective cohort study of MSM (16 years or older) recruited using respondent-driven sampling

	Bio-behavioural survey
	1.   HIV prevalence (adjusted for respondent driven sampling)
	Section 4.2.1
	The Greater Montreal
	2017-2018

	
	2.  ART coverage
	Section 4.2.3
	
	

	
	3.   Population-level serosorting pattern 
	Section 4.2.4
	
	

	Phase I M-Track: cross-sectional survey of MSM at five sentinel sites across Canada using venue-based sampling 

	Bio-behavioural survey
	1.    Condom use in serodiscordant partnerships
	Main text Table 1; Section 3.3
	Montreal, Toronto, Ottawa, Victoria, Winnipeg
	2005-2007

	
	2.    Relative condom use in sero-concordant vs. discordant partnerships
	Main text Table 1; Section 3.3
	
	

	The Lambda study: cross-sectional survey of MSM (16 years or older) recruited using venue-based sampling in Toronto and Ottawa (part of Phase I M-Track)

	Bio-behavioural survey
	1.   HIV prevalence
	Section 4.2.1
	Toronto
	2006-2007

	
	2.   Number of partners for low sexual activity MSM
	Main text Table 1; Section 3.2.1
	
	

	The Argus study: cross-sectional survey of HIV, viral hepatitis and sexually transmitted infections among MSM (18-81 years old) recruited using venue-based sampling (part of Phase I and II M-Track)

	Bio-behavioural survey
	1.   HIV prevalence 
	Section 4.2.1
	Montreal
	2005; 2008-2009

	The ManCount Study: cross-sectional survey of MSM (18 years and older) recruited using time-space sampling (part of Phase II M-Track)

	Bio-behavioural survey
	1.   HIV prevalence 
	Section 4.2.1
	Vancouver
	2008-2009

	Male Call: cross-sectional , toll-free telephone survey with a nationally-representative sample of MSM (16-89 years old) in Canada consisting of 1,235 respondents

	Behavioural survey
	1.   Number of partners for low sexual activity MSM
	Main text Table 1; Section 3.2.1
	Canada
	2011-2012

	Hassle Free Clinic survey: survey among MSM presenting for anonymous point-of-care HIV testing at Hassle Free Clinic (a busy sexually transmittef infection clinic) in downtown Toronto

	Clinic-based survey of convenient sample
	1.   Number of partners for low sexual activity MSM
	Main text Table 1; Section 3.2.1
	Downtown Toronto
	2016 (Wave 4)

	
	2.   Proportion of high sexual activity MSM
	Main text Table 1; Section 3.2.3
	
	2014-2015; 2016

	HIV in British Columbia: Annual Surveillance Report (BC Centre for Disease Control; 2016)

	Provincial disease surveillance report
	1. Number of annual new HIV diagnoses among MSM
	Section 4.2.2
	Vancouver Coastal Health Authority
	2013-2016

	Sexually Transmitted and Bloodborne Infections: Communicable Diseases in Toronto (Toronto Public Health; 2013-2017)

	City disease surveillance report
	1. Number of annual new HIV diagnoses among MSM
	Section 4.2.2
	Toronto Health Region
	2013-2016

	Surveillance Program for HIV Infection in Quebec Annual Reports (Institut national de santé publique du Québec; 2012; 2015; 2016)

	Provincial disease surveillance report
	1. Number of annual new HIV diagnoses among MSM (triangulated)
	Section 4.2.2
	Montreal Health Region
	2013-2016

	HIV Monitoring Quarterly Report For Vancouver Coastal Health (BC Centre for Excellence in HIV/AIDS; 2014-2018 the fourth quarter)

	Regional disease surveillance report
	1. ART coverage among MSM
	Section 4.2.3
	Vancouver Coastal Health Authority
	2014-2018

	
	2. Proportion of viral suppression among MSM on ART
	Main text Table 1
	
	

	
	3. ART initiation rate among MSM
	Section 3.5
	
	

	
	4. ART dropout rate among MSM
	Section 3.5
	
	

	HIV Care Cascade in Ontario by Sex, Age and Health region (Ontario HIV Epidemiology and Surveillance Initiative; 2015)

	Provincial disease surveillance report
	1. ART coverage among MSM (triangulated)
	Section 4.2.3
	Ontario
	2013-2015

	HIV testing in Ontario, 2016 (Ontario HIV Epidemiology and Surveillance Initiative; 2018)

	Provincial disease surveillance report
	1. Annual number of HIV testing among MSM (triangulated)
	Section 3.4
	Toronto Health Region
	2013-2015



Depending on the data availability and parameter properties, we used the following five types of method for evidence synthesis (main text Table 1): assumption, direct estimation (estimates directly extracted from the reference), indirect estimation (estimates pooled across multiple sources to derive either the average or the range; or extracted from a single source with adjustments), triangulation (estimates triangulated from several other parameters obtained from various sources), and no priors assigned (no priors assigned except its inherent range; e.g., we dynamically calculated the rate of PrEP initiation (>0) to reach pre-defined PrEP coverage). For parameters which were estimated via assumption, direct estimation and no priors assigned, we provided the details of parameterization in the ‘notes’ column of main text Table 1. For parameters which were estimated via indirect estimation and triangulation, we provided the details in the main text Table 1 and sections below. 

[bookmark: _Toc5365755][bookmark: _Toc58342278][bookmark: _Toc58417118]High and low activity groups parameters
We considered two levels of sexual activity in our model represented by different rates of partnership formation per year. Therefore, we obtained estimates for the following three parameters: number of partners for low sexual activity group, ratio between high vs. low sexual activity group in number of partners, and proportion of high sexual activity group. We used an HIV Incidence Risk Index (HIRI) score ≥25 to define MSM with high sexual activity levels, a tool previously validated among MSM populations in the US and Canadian settings to identify MSM at higher risk of infection(38-40). 

[bookmark: _Toc58342279][bookmark: _Toc58417119]Partner number in a ‘low’ activity group
We obtained estimates of partner number for the low sexual activity group from MSM reporting 0-5 partners in the previous six months. We calculated pooled average weighted by sample size across four studies (Momentum health study, the Lambda study, Male Call, and Hassle Free Clinic survey)(27, 39, 41, 42). Within each study, whenever estimates for partner number were reported in a categorical format, we obtained the midpoint of each category for calculation of average partner numbers. Our pooled estimates suggest MSM who report 0-5 partners in the previous six months have an average of 2 partners in the previous six month; thus we assume low sexual activity MSM have an average of 4 partners per year (main text Table 1).

[bookmark: _Toc58342280][bookmark: _Toc58417120]Ratio of partner number in ‘high’ vs. ‘low’ activity groups 
[bookmark: _GoBack]Instead of direct fits of the partner number in the ‘high’ activity group, it was calculated based on the number of partners in the ‘low’ activity group and the ratio of ‘high’ vs. ‘low’ activity partners. To inform the estimates of this ratio, we calculated the incidence ratio between MSM of high sexual activity level (e.g., those with a HIRI score ≥25) and MSM of low sexual activity level (e.g., those with a HIRI score< 25) using the following steps. First, we obtained a 6-month HIV incidence estimate of 0·278% among 56,008 MSM in Ontario, calculated from an annual incidence rate of 558 per 100,000 MSM in Ontario in 2014(43). Second, we obtained estimates of sensitivity (43·3% (average of two estimates based on two datasets)) and specificity (89·7% (average of two estimates based on two datasets)) in predicting HIV incidence by a HIRI score ≥25 s reported by Smith et al(38). Finally, we derived an incidence ratio of 6 between MSM with a HIRI score ≥25 and MSM with a HIRI score < 25 (calculations shown in Figure S3.2). Similarly, among MSM in the Momentum study in Vancouver, those with a HIRI score >25 had HIV incidence rate of 7.0 per 100 person-years, in comparison to an overall HIV incidence rate of 1.1 per 100 person-years among all MSM in the study(44). HIRI is a composite score, comprising elements including number of sexual partners, age, number of receptive anal sex acts, number of HIV-positive partners, methamphetamine use, and poppers use in the last 6 months(38). If we simply derive the ratio in partner numbers between two groups (HIRI ≥25 vs. <25) without adjusting for the other elements of the index, our modelled incidence ratio between two groups would not necessarily reflect the true incidence ratio between two groups (HIRI ≥25 vs. <25). Therefore, we operationalized the difference between two activity groups via the number of sexual partners in the model, with the high activity group having 6 times as many sexual partners as the low activity group, while assuming all other elements the same between two groups (force of infection equation in section 2.2). This type of model simplification was necessitated due to lack of data to simultaneously distinguish the number of sexual partners, condom use, sex acts, and sexual mixing patterns by sexual activity level while accounting for correlations between these variable.

[bookmark: _Toc58342281][bookmark: _Toc58417121]Fraction of population in a ‘high’ activity group
We estimated the fraction of population with high sexual activity level via estimation of proportion of MSM with a HIRI score ≥25, in consistent with how we parameterized the ratio of ‘high’ vs. ‘low’ partner numbers outlined in section 3.2.2. Based on Smith et al. MSM with a HIRI score ≥25 comprised 10-12% of MSM population in the two US HIV prevention trials of HIV-negative MSM(38).  Similarly, Wilton et al. identified that MSM with a HIRI score 26 or higher made up 10% of MSM population who participated in the Hassle Free Clinic survey in Toronto in 2014-2015(39). As both the HIRI datasets in Smith et al study (overall incidence of 2·47%)(38) and participants in the Hassle Free Clinic (1·7% positivity)(39) likely represented a higher-risk population compared to the general MSM population, we set 12% as the upper limit for the range of the prior distribution for the fraction in the “high” activity group and considered a lower limit of 6% for the fraction in the “high” activity group.

	 
	 
	Total population of MSM in Ontario stratified by HIV serostatus
	 
	 

	
	 
	HIV-positive
	HIV-negative
	Total population
	6-month HIV incidence
	6-month HIV incidence ratio

	Stratified by HIRI score
	>=25
	=56008*0·00279*0·433
	=56008*(1-0·00279)*(1-0·897)
	=56008*0·00279*0·433 + 56008*(1-0·00279)*(1-0·897)
	=0·012
	=0·012/0·002=6

	
	<25
	=56008*0·00279*(1-0·433)
	=56008*(1-0·00279)*0·897
	=56008*0·00279*(1-0·433) + 56008*(1-0·00279)*0·897
	=0·002
	Reference

	
	Total 
	=56008*0·00279
	=56008*(1-0·00279)
	56008
	0·00279
	Not applicable

	 
	 *Bold indicates input estimates obtained externally for the calculations.
	 
	 



[bookmark: _Toc58417122]Figure S3.2 Calculation of HIV incidence ratios between MSM with HIRI score greater or equal to 25 and MSM with HIRI score less than 25.

[bookmark: _Toc58342282][bookmark: _Toc58417123]Condom use 
Based on data from the Momentum Health Study, self-reported HIV-positive men reported condom use in 36% of their sexual encounters with another men who they perceived to be HIV-negative or HIV status-unknown, and 12% of their sexual encounters with another men who they perceived to be HIV-positive(29); self-reported HIV-negative men reported condom use in 54% of their sexual encounters with another men who they perceived with certainty to be HIV-negative, and 57% of their sexual encounters with another men who they perceived otherwise(30). As such, data from the Momentum Health Study suggest condom use of 36%-57% in a serodiscordant partnership, and a relative condom use of 0·3-1 comparing condom use in a seroconcordant to serodiscordant partnership (12%/36% - 54%/57%). We further sourced condom use data reported by phase I M-track: consistent condom use varied from 55% with a regular HIV-positive partner to 96% with a casual HIV-positive partner as reported by self-reported HIV-negative or HIV status-unknown men; consistent condom use varied from 37% with a regular HIV-negative partner to 15% with a casual HIV-negative partner as reported by self-reported HIV-negative or HIV status-unknown men(27). By assuming sexual encounters with a regular partner accounting for 62% of sexual contacts(45), M-track data suggest a condom use of 70% (62%*55%+(1-62%)*96%) within serodiscordant partnerships, and condom use of 29% (62%*37%+(1-62%)*15%) within seroconcordant partnerships(27). 

Therefore, based on condom use data reported by both the Momentum Health Study and the M-track, we assumed condom use of 36%-70% in a serodiscordant partnership, and a relative condom use of 0·3-1 comparing condom use in a seroconcordant to serodiscordant partnership. We did not further distinguish condom use by sexual position (insertive or receptive) as uncertainty in the overall condom use without distinguish sexual position captures any potential variation in condom use by position.

[bookmark: _Toc58342283][bookmark: _Toc58417124]Annual HIV testing rate
We sourced both provincial and city levels data on HIV testing rate among MSM in Canada. Based on HIV testing data from the BC Centres for Disease Control and Prevention, Nosyk et al. derived an annual HIV testing rate of 0·45 in 2010 among MSM in British Columbia(46). We further calculated the annual HIV testing rate among MSM in Toronto using estimates on the annual number of HIV testing as numerator, and the population size of MSM as denominator. For the numerator, we triangulated the annual number of HIV testing among MSM in Toronto using the observed annual number of HIV tests among all adults in Toronto, and the proportion of HIV tests that were among MSM in Ontario, as reported by the Ontario HIV Epidemiology and Surveillance Initiative (OHESI) (2013-2015)(47). For the denominator, we triangulated the MSM population size in Toronto using adult male population size in Toronto as reported by Census Canada(23), and the published estimates of the proportion of adult males who self-reported as gay or bisexual (range 2·9%-6·2%)(48-51). Specifically, the denominator should have been MSM population size, excluding those who had been diagnosed a year ago, therefore including MSM who are true susceptible (MSM population size *(1-HIV prevalence), MSM who are living with HIV but undiagnosed (MSM population size *HIV prevalence *Undiagnosed fraction), and MSM who are newly diagnosed in the last year (MSM population size * annual HIV new diagnoses rate). However, we decided to approximate the denominator using the estimated population size of MSM only for the following reasons: 1) there is a large uncertainty in estimating the population size of MSM on its own (range from 2.9%-6.2%) of adult males; 2) estimating the proportion of MSM diagnosed a year ago requires estimation of several parameters, including HIV prevalence, undiagnosed fraction, new diagnosis rate, each of which has a large uncertainty range, therefore, when combined, would result in a large uncertainty surround the estimate of proportion diagnosed a year ago; 3) e.g., if we assume an HIV prevalence of  16.4%, undiagnosed fraction of 7.9% and new diagnoses rate of 620 per 100,000 MSM (the feature of the example model-simulated epidemic), we would obtain an estimate of the proportion of MSM diagnosed a year ago of 14.5% (calculated as 1-((1-0.164)+0.164*0.079+0.0062); when combined with the estimates of MSM population, it would results in 2.5%-5.2% of the adult male population as denominator, similar to the 2.9%-6.2% range. As such, we obtained an estimate of annual HIV testing rate among MSM in Toronto ranging from 0·23 to 0·78.

[bookmark: _Toc58342284][bookmark: _Toc58417125]Annual ART initiation rate and dropout rate
We used population-level data on ART initiation and dropout among MSM diagnosed with HIV in the Vancouver Coastal Health Authority (regional data) in British Columbia to estimate the annual ART initiation and dropout rate among MSM in urban settings in Canada(31, 52-55). The annual rate of ART initiation was calculated as -ln(1 – proportion that initiated ART among those diagnosed but not on ART), in which the corresponding proportion that initiated ART per year was calculated as the number of people who initiated ART during one year (numerator) divided by the number of people diagnosed with HIV but not on ART at the end of the previous year (denominator), as reported in the quarterly HIV monitoring reports of the British Columbia Centre for Excellence in HIV/AIDS (BCCFE)(31, 52-55). We first calculated the proportion initiated ART per year, and then used the probability to rate conversion equation (p=1−e−rate) to derive the annual ART initiation rate, as the exact person-time at risk (<=1 year) was unknown for all individuals. The annual rate of ART dropout was calculated as -ln(1 – proportion that dropout of ART among on ART), in which the corresponding proportion that dropout ART per year was calculated as the number of people who were on ART by the end of previous year, plus the number of new ART initiations during the current year, and minus the number of people who were on ART by the end of current year, and then divided by the total number of people who should have been on ART by the end of current year had there was no dropout(31, 52-55). We did not remove death in our calculation because data on death did not distinguish whether the HIV-positive individual died while on ART or after dropped out of ART, and empirical data suggest a very small mortality among those on ART(56). Similarly, we first calculated the proportion dropped out of ART per year, and then used the probability to rate conversion equation (p=1−e−rate) to derive the annual ART dropout rate, as the exact person-time at risk (<=1 year) was unknown for all individuals. For example, at the end of 2016, a total of 4818 MSM were diagnosed with HIV in the Vancouver Coastal Health Authority, among whom 3935 were on ART(52). A total of 356 MSM initiated (both naïve initiation and experienced re-initation) ART in 2017, suggesting an annual ART initiation rate of 0·52 (-ln(1-356/(4818-3935)))(53). At the end of 2017, a total of 3961 MSM were on ART(53), suggesting 330 (3935+356-3961) MSM have dropped out of ART in 2017, reflecting an annual ART dropout rate of 0·08 (-ln(1-330/(3935+356)). Similarly, we first calculated the proportion initiated ART per year, and then used the probability to rate conversion equation (p=1−e−rate) to derive the annual ART initiation rate, as the exact person-time at risk (<=1 year) was unknown for all individuals. We repeated the calculation for each year between 2013-2017: the annual ART dropout rate remained consistent at a rate of 0·08, while the annual ART initiation rate ranged from 0·52-0·84(31, 52-55).  

[bookmark: _Toc58342285][bookmark: _Toc58417126]PrEP-specific parameters
We only considered daily oral PrEP use in our model as other dosing regimens and intermittent use of PrEP has not been approved by Health Canada.

[bookmark: _Toc58342286][bookmark: _Toc58417127]PrEP adherence and effectiveness
We modelled the use of oral PrEP. We did not explicitly consider PrEP dosing or adherence levels in our model; however, we examined a wide range of evidence-based PrEP effectiveness, reflecting varying dosing and/or adherence levels. We considered a PrEP effectiveness of 86% in our primary analysis, the same as that observed among MSM in France and Canada in the IPERGAY clinical trial(57) and among British MSM in the PROUD study(58). We varied the effectiveness from 44% to 99% in our sensitivity analysis to reflect varying PrEP dosing and/or adherence levels among MSM population as those observed in clinical trials, the Open-Label Extension (OLE) cohort studies, and demonstration studies (Table S3.6.1)(57-62). The lower bound of 44% effectiveness was informed by the iPrEX trial(59); and the upper bound of 99% was chosen to reflect a near  perfect effectiveness as have been demonstrated in the IPERGAY OLE study(61) and in a pilot study in Toronto, Canada(62).

[bookmark: _Toc58417128]Table S3.6.1 Effectiveness of oral pre-exposure prophylaxis in high-income settings. 
	Study name
	Study type
	Study setting
	Study population
	Year
	Type of PrEP
	PrEP effectiveness (confidence interval)
	Reference

	iPrEX  trial
	Double-blind placebo-controlled trials
	Peru, Ecuador, South Africa, Brazil, Thailand, US
	2499 MSM and transgender women who have sex with men
	2007-2009
	Daily TDF/FTC
	44% (15%-63%)
	(59)

	iPrEX open-label extension (OLE)
	OLE cohort study
	Peru, Ecuador, South Africa, Brazil, Thailand, US
	1603 MSM and transgender women who have sex with men
	2011-2012
	Daily TDF/FTC
	51% (23%-69%)
	(60)

	PROUD trial
	Open-label randomized controlled trial
	England
	544 MSM
	2012-2014
	Daily TDF/FTC
	86% (64%-96%)
	(58)

	IPERGAY trial
	Double-blind placebo-controlled trials
	Canada; France
	400 MSM and transgender women
	2012-2014
	‘On-demand’ TDF/FTC
	86% (40%-98%)
	(57)

	IPERGAY OLE
	OLE cohort study
	Canada; France
	361 MSM and transgender women
	2014-2015
	‘On-demand’ TDF/FTC
	97% (81%-100%); one participant who discontinued PrEP acquired HIV infection.
	(61)

	PREPARATORY-5 
	Open-label single-arm pilot study 
	Toronto, Canada
	52 MSM who scored 10 or higher on a validated HIV risk score (HIV Incidence Risk Index for MSM)
	2014
	Daily TDF/FTC
	No cases of HIV seroconversion occurred.
	(62)




[bookmark: _Toc58342287][bookmark: _Toc58417129]PrEP coverage
Once-daily Truvada (tenofovir disoproxil fumarate/emtricitabine) for HIV prevention was approved in 2016 in Canada. Among MSM recruited into the Engage study between February 2017 to February 2019, a total of 11%, 21% and 23% of HIV-negative MSM reported PrEP use in the last six months, in Montréal, Toronto, and Vancouver, respectively, after adjusting for the respondent-driven sampling(63).

To anticipate the potential PrEP coverage in the long term, we sourced data on PrEP uptake in urban settings in the US, which have a much longer time of PrEP implementation than any city in Canada (once-daily Truvada for HIV prevention was approved in 2012 in the US). Based on the National HIV Behavioural Surveillance among MSM recruited using venue-based sampling in the 23 urban areas in the US, an average of 25% of HIV-negative MSM reported use of PrEP in the past 12 months in 2017(64). Of the 23 surveyed areas, a total of 8 cities had more than 30% of HIV-negative MSM reporting PrEP use, and the PrEP uptake was the highest (48·6%) in San Francisco(64).

Therefore, we set the PrEP coverage at 30% in our primary analysis to reflect the potential PrEP coverage among MSM in ten years in urban settings in Canada, and examined a range of PrEP coverage (10%, and 50%) in our sensitivity analysis.  


[bookmark: _Toc58342288][bookmark: _Toc58417130]Model calibration
[bookmark: _Toc58342289][bookmark: _Toc58417131]Overview
We developed a deterministic, compartmental model of HIV transmission to reproduce the epidemiologic features of a stable HIV epidemic among MSM living in the three representative urban settings (Montréal, Toronto, Vancouver) of Canada, where the majority of MSM reside(65). We simulated and calibrated two models, with Model 1 assuming serosorting and Model 2 assuming sero-proportionate mixing. For both models, we simultaneously calibrated the models to an equilibrium state (stable (<1% relative change) HIV prevalence and incidence, which produced the following data: HIV prevalence (10·3-30·7%)(22, 27, 28, 32, 33); annual number of HIV new diagnoses per 100,000 MSM (range 194-909)(34-36); and ART coverage among MSM diagnosed with HIV (range 81-98%)(22, 31, 47, 52-55). In addition, we simultaneously calibrated Model 1 to empirical estimates of two population-level seroconcordance values drawn from the Momentum Health Study and Engage study: proportion of perceived seroconcordant partnerships by self-perceived HIV-negative or HIV status-unknown individuals (83·3-95·1%)(22, 30); and proportion of perceived seroconcordant partnerships by HIV-positive individuals (33·9-76·5%)(22, 29). We detailed the data source, estimation of those calibration targets, and calibration procedures in the sections below. 

[bookmark: _Toc58342290][bookmark: _Toc58417132]Calibration targets
[bookmark: _Toc58342291][bookmark: _Toc58417133]HIV prevalence
We obtained estimates of HIV prevalence among MSM in each of the three urban settings for at least two time points as shown in Figure S4.2.1. For Vancouver, we included more recent estimates (23·0% (95% CI: 15·5%-30·7%) after adjusting for respondent-driven sampling) from the Momentum Health study (2012-2014)(28), and earlier estimates (crude: 18·1% (15·9%-20·5%)) from the ManCount study (2008-2009)(32). For Montréal, we obtained estimate of HIV prevalence at three time points: the Argus study estimated a crude HIV prevalence of 12·5% (11·1%-14·1%) in 2005(27), and 13·6% (12·1%-15·3%) in 2008-2009(33); the Engage study estimated an HIV prevalence of 13·9% (10·3%-17·4%) after adjusting for respondent driven sampling(22). For HIV prevalence among MSM in Toronto, we obtained estimates from the Lambda study which suggested a crude HIV prevalence of 23·1% (20·2%-26·2%) in  2006-2007(27). We did not find more recent estimate of HIV prevalence among MSM in Toronto, except for the Engage study, the data collection of which is ongoing, and among the sample of MSM participated in the study between 2017 February and 2018 February, the crude HIV prevalence estimate was 21·9% (16·3%-27·5%)(66).  

We summarized the estimates of HIV prevalence in the three urban settings in Canada in Figure S4.2.1. In general, the data suggest relatively stable HIV prevalence over time, which supports our assumption of HIV equilibrium under which we carried out analysis. For acceptance-rejection of model fitting and selection, for the lower limit, we used the minimum of the limits from reported 95% confidence intervals, while for the upper limit, we used the maximum value, resulting in a calibration range of 10·3%-30·7%. 

[image: ]

[bookmark: _Toc58417134]Figure S4.2.1 Estimates of HIV prevalence in the three urban settings in Canada between 2005 and 2017.


[bookmark: _Toc58342292][bookmark: _Toc58417135]Annual rate of new HIV diagnoses
We estimated the HIV diagnoses rate among MSM using the following data sources and calculations. For the numerator, we obtained the reported number of new HIV diagnoses in Toronto (city of Toronto Health Unit)(35, 67-69), Vancouver (Vancouver Coastal Health Authority)(34), and Montréal (Montréal Health Region)(36, 70), where the exposure category included MSM (including MSM who inject drugs (MSM/PWID)). The specific regions were selected given data availability to calculate and approximate the annual HIV diagnoses rate in urban settings in Canada. For the denominator, we triangulated the MSM population size using adult male population size in each of the corresponding regions as reported by Census Canada(23), and the  published estimates of the proportion of adult males who self-reported as gay or bisexual (range 2·9-6·2%)(48-51).

For Vancouver Coastal Health Authority, the number of annual new HIV diagnosis cases among MSM and MSM/PWID between 2013-2016 were directly extracted  from the BC CDC Annual HIV Reports(34). For Toronto Health Unit, we directly obtained the number of newly diagnosed HIV cases among MSM and MSM/PWID between 2013-2016 from the Toronto Public Health Communicable Disease Reports(35, 67-69). For Montréal Health Region, we first obtained the number of newly diagnosed HIV cases of all risk groups between 2013-2016(36); we then obtained the average proportion of newly diagnosed HIV cases among MSM and MSM/PWID in Montréal between 2002-2010(70); we further explored the proportion of new diagnosis among MSM or MSM/PWID in Quebec between 2005 and 2016, which was comparable to the average proportion in Montréal(36, 70); we therefore obtained maximum and minimum proportions of new diagnoses that were among MSM or MSM/PWID in Quebec to inform the range of proportion estimates to capture uncertainty(36); finally we multiplied the number of new diagnosis of all risk group with the proportion that were among MSM or MSM/PWID to obtain the number of newly diagnosed HIV cases among MSM and MSM/PWID in Montréal Health Region from 2013- 2016. In our calculations, we assumed either (a) missing at random for the upper limit of new diagnoses estimate or (b) all missing were not MSM for the lower limit of new diagnoses estimate, when the exposure category was missing. 

We summarized the estimates of annual HIV diagnosis rate in the three urban settings in Canada in Figure S4.2.2. For acceptance-rejection of model fitting and selection, for the lower limit, we used the minimum of the lower limits from each region, while for the upper limit, we used the maximum of the upper limits from each region, resulting in a calibration range of 194 to 909 per 100,000 MSM.  
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[bookmark: _Toc58417136]Figure S4.2.2 Estimates of annual new HIV diagnoses rate in the three urban settings in Canada between 2013 and 2016.


[bookmark: _Toc58342293][bookmark: _Toc58417137]ART coverage
We obtained estimates of ART coverage among MSM diagnosed with HIV in Vancouver (Vancouver Coastal Health Authority), Toronto (Toronto Health Region) and Montréal (Greater Montréal) to approximate the ART coverage estimate in the urban setting in Canada. 

Using 2014-2018 cascade of HIV data from the quarterly HIV monitoring reports of the BCCFE(31, 52-55), the proportion of diagnosed MSM living with HIV who are on ART (based on the population-level HIV drug treatment program data) ranged from 86%-87% in the Vancouver Coastal Health Authority. Using 2017-2018 biobehavioural survey data of MSM in the Greater Montréal (Engage study), we obtained an estimate of self-reported ART coverage of 98% (95%-100%) among MSM diagnosed with HIV; after adjusting for respondent-driven sample(22). We did not find direct estimate of ART coverage among MSM in Toronto, we therefore triangulated the estimates using the calculations: we obtained estimates on the ART coverage (based on the health administrative data record of documented ART use) among all diagnosed individuals living with HIV in the Toronto Health Region using the 2013-2015 cascade of HIV data from the OHESI report(37), and multiplied by a ratio of 1·06 (ratio of ART coverage comparing MSM to the total population enrolled in the Ontario HIV Treatment Network Cohort Study between 2001-2011)(71) to estimate the ART coverage among MSM in the Toronto Health Region, which ranged from 83%-87%. The estimates on ART coverage among the sample of MSM in the Engage study in Montreal may overestimate the true ART coverage of all MSM in Montreal, for the following reasons: 1) ART coverage was measured by self-report; 2) although the analysis adjusted for the respondent-driven sampling, study participation bias might still exist, with over-representation of individuals who were more likely to engage with the health system thus more likely to participate in the study. Therefore, we used the point estimate, rather than the upper range of the confidence interval of the Montreal estimate, to inform the ART coverage prior. In summary, we calibrated our model to an ART coverage of 81%-98% to reflect recent ART coverage data in the urban settings in Canada (Figure S4.2.3). 

[image: ]
[bookmark: _Toc58417138]Figure S4.2.3 Estimates of antiretroviral treatment coverage in the three urban settings in Canada between 2013 and 2018.

[bookmark: _Toc58342294][bookmark: _Toc58417139][bookmark: _Ref4412575][bookmark: _Ref4412580][bookmark: _Toc5365760]Population-level serosorting patterns
To reproduce epidemics which reflect patterns of serosorting at the population-level, we simultaneously calibrated the Model 1 to empirical estimates of two population-level seroconcordance values: proportion of seroconcordant partnerships (including HIV-negative and undiagnosed HIV) by self-perceived HIV-negative individuals (including individuals with undiagnosed HIV); and proportion of seroconcordant (positive) partnerships by HIV-positive individuals. We drew these estimates from the Momentum Health Study(29, 30) and Engage study(22). In both studies, partners’ HIV status were based on individuals’ reported perception/knowledge of partners’ HIV status but were not validated against partners’ true HIV status (as partners’ true HIV status was not measured), thus were subject to misclassification errors. To account for the potential misclassification bias, we estimated the proportion of seroconcordant partnerships in two ways: 1) if individuals reported that they did not know about a specific partner’s HIV status, we classified the partner as HIV-negative or undiagnosed; this approach would overestimate the true proportion of seroconcordant partnerships for self-perceived HIV-negative individuals and underestimate the true proportion of seroconcordant partnerships for HIV-positive individuals; 2) we calculated the proportion of seroconcordant partnerships conditional on individuals’ knowing partners’ HIV status; this approach might underestimate the true proportion of seroconcordant partnerships for self-perceived HIV-negative individuals and overestimate the true proportion of seroconcordant partnerships for HIV-positive individuals. We therefore used the estimates from both approaches described above to inform the prior range of population-level seroconcordance values.

Based on the Momentum Health study (2012-2014) of MSM in the Greater Vancouver area, among anal sex with last 5 partnerships in the previous six months, the proportion of perceived seroconcordant partnerships (including partners whom the individuals perceived as HIV-negative and whom the individuals did not know about HIV status) by self-perceived HIV-negative individuals was 92·7% (95%CI: 91·1%-94·1%)(30); and the proportion of perceived seroconcordant partnerships by HIV-positive individuals was 55·9% (95% CI: 51·2%-60·4%)(29). Conditional on knowing partners’ HIV status, the proportion of perceived seroconcordant partnerships by self-perceived HIV-negative individuals was 90·2% (95%CI: 88·0%-92·0%)(30); and the proportion of perceived seroconcordant partnerships by HIV-positive individuals was 71·4% (95% CI: 66·5%-76·0%)(29). Of HIV-positive individuals, 92.9% (82.1%-98.1%) were on ART, and 71.6% (56.6%-81.8%) were virally suppressed (<50 copies.mL)(28). Data were not available to distinguish serosorting patterns by ART use or viral suppression for HIV-positive individuals. 

Based on the Engage study (2017-2018) of MSM in Montréal, among all anal or oral sex partners in the previous six months, after adjusting for the respondent-driven sampling, the proportion of perceived seroconcordant partnerships (including partners whom the individuals perceived as HIV-negative and whom the individuals did not know about HIV status) by self-perceived HIV-negative or HIV status-unknown individuals was 94·6% (95%CI: 94·0%-95·1%); and the proportion of perceived seroconcordant partnerships by HIV-positive individuals was 36·4% (95% CI: 33·9%-39·0%)(22). Conditional on knowing partners’ HIV status, the proportion of perceived seroconcordant partnerships by self-perceived HIV-negative or HIV status-unknown individuals was 90·7% (95%CI: 89·7%-91·5%); and the proportion of perceived seroconcordant partnerships by HIV-positive individuals was 61·5% (95% CI: 58·1%-64·9%)(22). Of HIV-positive individuals, 97.7% (95.2%-100%) were on ART, and among those on ART, 89.7% (81.9%-97.3%) were virally suppressed (<50 copies.mL)(22). Data were not available to distinguish serosorting patterns by ART use or viral suppression for HIV-positive individuals. The authors of the Engage study noted that “we did not simultaneously consider the influence of viral suppression on sexual mixing; only 33 HIV-positive MSM were not virally suppressed in our study, limiting the analytical power” (22).

The Engage study also collects data among MSM in Toronto and Vancouver, the data collection of which is still on-going. Based on the existing sample collected between 2017-2018, among all anal or oral sex partners in the previous six months, the proportion of perceived seroconcordant partnerships (including partners whom the individuals perceived as HIV-negative and whom the individuals did not know about HIV status) by self-perceived HIV-negative or HIV status-unknown individuals was 90·5% (95%CI: 89·6%-91·4%) and 92·2% (95%CI: 91·3%-93·0%) for Vancouver, and Toronto, respectively; and the proportion of perceived seroconcordant partnerships by HIV-positive individuals was 46·0% (95% CI: 43·0%-49·1%) and 47·0% (95%CI: 44·4%-49·6%) for Vancouver, and Toronto, respectively(72);. Conditional on knowing partners’ HIV status, the proportion of perceived HIV-negative partnerships by self-perceived HIV-negative or HIV status-unknown individuals was 84·8% (95%CI: 83·3%-86·1%) and 87·1% (95%CI: 85·6%-88·4%) for Vancouver, and Toronto, respectively(72); and the proportion of perceived seroconcordant partnerships by HIV-positive individuals was 73·2% (95% CI: 69·7%-76·5%) and 55·8% (95%CI: 53·0%-58·6%) for Vancouver, and Toronto, respectively(72).

In summary, as there is uncertainty in the measure of population-level serosorting patterns, and in order to capture a reasonably wide range of potential patterns of serosorting, we calibrated our model to the minimum of the limits from reported 95% CIs, while for the upper limit, we used the maximum value, resulting in a calibration range of 83·3%-95·1% for the estimates on proportion of seroconcordant partnerships by self-perceived HIV-negative or HIV status-unknown individuals; and a range of 33·9%-76·5% for the estimates on the proportion of seroconcordant partnerships by HIV-positive individuals.

[bookmark: _Toc58342295][bookmark: _Toc58417140][bookmark: _Toc5365767]Calibration and model fitting procedures
We simulated and calibrated two models (with serosorting vs. with sero-proportionate mixing) to address our first objective. For both models, we initialized the model with 50000 individuals distributed into two sexual activity groups, and seeded the epidemic with three individuals living with HIV distributed across three compartments (undiagnosed, diagnosed but not on ART, and on ART) in each risk group at t = 0. 

[bookmark: _Toc58342296][bookmark: _Toc58417141]Calibration of Model 1 with serosorting
We sampled 2000 sets of priors using Latin hypercube sampling(73), and calibrated the model to an equilibrium state, defined as stable (<1% relative change per year) HIV prevalence and incidence. The following parameters were fitted assuming uniform prior distributions with plausible ranges, as indicated in the main text Table 1:
1. Proportion of the population classified as high sexual activity ()
2. Condom use in perceived serodiscordant partnerships ()
3. Relative condom use in perceived seroconcordant vs. discordant partnerships ()
4. Levels of serosorting ()
5. Rate of HIV testing ()
6. Rate of ART initiation ()

We used acceptance-rejection method to select posterior parameter sets which reproduced HIV prevalence, annual HIV new diagnoses rate, ART coverage among MSM diagnosed with HIV and population-level serosorting patterns described in the sections above. A total of 320 sets of calibrated posteriors were selected through Model 1 fitting.

[bookmark: _Toc58342297][bookmark: _Toc58417142]Calibration of Model 2 with sero-proportionate mixing
For each set of fitted parameters from Model 1, we aimed to identify a matching set of parameters for Model 2 which generated comparable (<2% relative difference) calibration targets: HIV prevalence, new annual HIV diagnoses rate, and ART coverage. To do so, we first set the value of  =1 in Model 2 reflecting sero-proportionate mixing. We then used fitted posterior parameter set from Model 1 as fixed parameters for Model 2, except for two parameters which we re-fit: condom use between perceived serodiscordant partnerships ; and relative condom use in perceived seroconcordant vs. discordant partnerships . We re-fit the two condom use parameters given the uncertainty in estimating these parameters and because the presence or absence of serosorting would need to be offset by a parameter related to transmission risk in order to generate the same overall HIV prevalence in Model 2 as in Model 1. We re-fit the two condom use parameters within their original prior ranges specified in the main text Table 1, so that the equilibrium values of HIV prevalence, HIV new diagnoses rate and ART coverage generated by Model 2 matched those generated by Model 1. This fitting procedure used an optimization algorithm described below. We obtained 244 sets (76% out of 320) of fitted parameters for Model 2 which each matched an individual epidemic simulated by Model 1.

Optimization algorithm 
The fminsearch function in MATLAB uses the Nelder-Mead Simplex Method(74) to minimize an arbitrary user-specified function  of one or more variables . However, fminsearch does not permit bounds on the values of . If bounds are required (such as for a uniform prior distribution), the user-contributed function fminsearchbnd can be used instead(75), which uses a transformation of variables to find a vector  that minimizes , subject to  within the specified bounds, based on the same algorithm as fminsearch. In our case, the fitted variables are , the bounds are the corresponding prior ranges (main text Table 1), and the objective function  is defined as a weighted sum of squared errors across our three calibration targets:

	
	(22)



where  is the equilibrium value of calibration target  from Model 1, and  is the equilibrium value predicted by Model 2 given parameters . Weights  ensure each target contributes equally to . The initial values of  for the optimization algorithm are derived from the posterior parameter values from Model 1. We ran the optimization for each posterior parameter set from Model 1, in an attempt to find a matching parameter set for Model 2. Successful convergence of the optimization yields the best possible values of ; however this does not necessarily imply that  is satisfactory. Thus, the final step is to ensure each target is individually matched to  difference:

	
	(23)



and only accept the matched parameter set (which include ) if equation (23) is satisfied for all three targets.


[bookmark: _Toc58342298][bookmark: _Toc58417143]Model analyses
We measured the population-level PrEP impact by the relative HIV incidence reduction ten years post to PrEP intervention, a measure often referred to as relative risk reduction (RRR). We denoted the population-level PrEP impact ten years post to PrEP intervention in Model-1 with serosorting, under the scenario when PrEP did not change sexual mixing patterns (Scenario-1) as RRRmodel=1,scenario=1, calculated as (Imodel=1,t=0 – Imodel=1,scenario=1, t=10)/Imodel=1,t=0, where I model=1,t=0  refers to the HIV incidence at equilibrium prior to PrEP initiation in Model-1 with serosorting, and Imodel=1, scenario=1, t=10  refers to the HIV incidence ten years post to PrEP initiation, under the scenario when PrEP did not change sexual mixing patterns. Similarly, we denoted the population-level PrEP impact in Model-2 with sero-proportionate mixing, under the scenario when PrEP did not change sexual mixing patterns (Scenario-1) as RRRmodel=2,scenario=1, calculated as (Imodel=2,t=0 – Imodel=2,scenario=1, t=10)/Imodel=2,t=0. Finally, we denoted the population-level PrEP impact in Model-1 with serosorting, under the scenario when PrEP users stopped serosorting (Scenario-2) as RRRmodel=1,scenario=2, calculated as (Imodel=1,t=0 – Imodel=1,scenario=2, t=10)/Imodel=1,t=0, where Imodel=1, scenario=2, t=10  refers to the HIV incidence ten years post to PrEP initiation in model with serosorting, under the scenario when PrEP users stopped serosorting immediately after PrEP initiation. 
To quantify the influence of serosorting, we calculated the absolute difference in the population-level PrEP impact between Model-1 with serosorting vs. Model-2 with sero-proportionate mixing as RRRmodel=1,scenario=1 - RRRmodel=2,scenario=1. Similarly,  to quantify the influence of PrEP-mediated changes in serosorting, we calculated the absolute difference in the population-level PrEP impact between scenarios when PrEP users stopped serosorting vs. continued serosorting as RRRmodel=1,scenario=2 - RRRmodel=1,scenario=1.


[bookmark: _Toc58342299][bookmark: _Toc58417144]Supplementary results
[bookmark: _Toc58342300][bookmark: _Toc58417145]Appendix-6 Table S6.1A Results of sensitivity analyses for model parameters affecting the influence of PrEP-mediated changes in serosorting on the population-level HIV transmission impact of PrEP.
	 
	Partial rank correlation coefficient*

	Parameters
	Point
	Lower CI
	Upper CI

	PrEP effectiveness
	0·91
	0·90
	0·91

	Level of pre-intervention serosorting (0=sero-proportionate; 1=complete serosorting)
	-0·76
	-0·77
	-0·75

	PrEP coverage 
	-0·68
	-0·69
	-0·67

	HIV prevalence at equilibrium 
	-0·37
	-0·39
	-0·35

	Undiagnosed HIV at equilibrium
	0·05
	0·01
	0·07

	ART coverage at equilibrium**
	0·003
	-0·03
	0·03


*Partial rank correlation coefficient is a sensitivity measure for nonlinear but monotonic relationships between parameters and the outcome, providing a measure of monotonicity after the removal of the linear effects of all but one variable. Value of partial rank correlation coefficient ranged between -1 and 1, where a positive value indicates positive correlation and negative value indicates negative correlation. Abbreviations: PrEP, pre-exposure prophylaxis; ART, antiretroviral treatment. 
**The lack of correlation between ART coverage and the influence of PrEP-mediated changes in serosorting on the population-level HIV transmission impact of PrEP could be explained by: 1) relatively narrow range of ART coverage explored in our analyses; 2) as shown in Table S6.1B and S6.1C, ART coverage was negatively associated with difference in incident cases between two scenarios acquired from individuals living with diagnosed HIV, however, was not associated with difference in incident cases between two scenarios acquired from individuals living with undiagnosed HIV. Therefore, the influence of ART coverage on the overall difference in the population-level PrEP impact between two scenarios was diluted as opposed to other parameters. 
[bookmark: _Toc58342301][bookmark: _Toc58417146]Appendix-6 Table S6.1B Results of sensitivity analyses for model parameters affecting the influence of PrEP-mediated changes in serosorting on the incident cases acquired from individuals living with diagnosed HIV but not virally suppressed. 
	 
	Partial rank correlation coefficient*

	Parameters
	Point
	Lower CI
	Upper CI

	PrEP effectiveness
	-0.98
	-0.98
	-0.98

	PrEP coverage)
	0.87
	0.86
	0.88

	Level of pre-intervention serosorting (0=sero-proportionate; 1=complete serosorting
	0.74
	0.73
	0.76

	HIV prevalence at equilibrium 
	0.57
	0.54
	0.59

	Undiagnosed HIV at equilibrium
	-0.45
	-0.47
	-0.42

	ART coverage at equilibrium
	-0.19
	-0.21
	-0.15


*Partial rank correlation coefficient is a sensitivity measure for nonlinear but monotonic relationships between parameters and the outcome, providing a measure of monotonicity after the removal of the linear effects of all but one variable. Value of partial rank correlation coefficient ranged between -1 and 1, where a positive value indicates positive correlation and negative value indicates negative correlation. Abbreviations: PrEP, pre-exposure prophylaxis; ART, antiretroviral treatment. 

[bookmark: _Toc58342302][bookmark: _Toc58417147]Appendix-6 Table S6.1C Results of sensitivity analyses for model parameters affecting the influence of PrEP-mediated changes in serosorting on the incident cases acquired from individuals living with undiagnosed HIV. 
	 
	Partial rank correlation coefficient*

	Parameters
	Point
	Lower CI
	Upper CI

	Level of pre-intervention serosorting (0=sero-proportionate; 1=complete serosorting)
	0.88
	0.87
	0.89

	    HIV prevalence at equilibrium
	0.86
	0.85
	0.87

	Undiagnosed HIV at equilibrium
	0.43
	0.39
	0.46

	PrEP coverage
	0.43
	0.41
	0.45

	PrEP effectiveness
	-0.24
	-0.26
	-0.21

	ART coverage at equilibrium
	-0.02
	-0.06
	0.02


*Partial rank correlation coefficient is a sensitivity measure for nonlinear but monotonic relationships between parameters and the outcome, providing a measure of monotonicity after the removal of the linear effects of all but one variable. Value of partial rank correlation coefficient ranged between -1 and 1, where a positive value indicates positive correlation and negative value indicates negative correlation. Abbreviations: PrEP, pre-exposure prophylaxis; ART, antiretroviral treatment. 


[image: ]Appendix-6 Figure S.6.1 Kernel density-estimated distribution of calibrated posteriors for models with serosorting using Gaussian kernel approximation. Abbreviations: ART, antiretroviral treatment. 
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[bookmark: _Toc58342303][bookmark: _Toc58417148]Appendix-6 Figure S.6.2 Compare the posterior partnership distribution by perceived HIV status, and posterior condom use in models with serosorting vs. models with sero-proportionate mixing.  
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[bookmark: _Toc58342304][bookmark: _Toc58417149]Appendix-6 Figure S.6.3 Variations in the influence of serosorting on the population-level HIV transmission impact of pre-exposure prophylaxis (PrEP) 10 years after PrEP initiation at 86% effectiveness and 30% coverage, by pre-intervention level of serosorting and epidemiologic features of HIV epidemic at equilibrium.
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[bookmark: _Toc58342305][bookmark: _Toc58417150]Appendix-6 Figure S.6.4 Comparison of relative HIV incidence reduction 10 years after pre-exposure prophylaxis (PrEP) initiation as demonstrated using one example epidemic (HIV prevalence 16·2%; undiagnosis fraction 7·9%) simulated under the model with serosorting vs. model with sero-proportionate mixing, by PrEP coverage and effectiveness. In order to assess the relationship between PrEP impact with PrEP effectiveness and coverage in the model, respectively, we examined a full spectrum of hypothetical effectiveness (0%, 20%, 40%, 60%, 80%, 100%) and coverage (0%, 20%, 40%, 60%, 80%, 100%) levels, in addition to the evidence-driven levels evaluated in the sensitivity analyses (44%-99% effectiveness; 10%-50% coverage).
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[bookmark: _Toc58342306][bookmark: _Toc58417151]Appendix-6 Figure S.6.5 Demonstrating the influence of pre-exposure prophylaxis (PrEP)-mediated changes in serosorting (PrEP users stopped vs. maintained serosorting) on the population-level (A) sexual mixing patterns across all simulated-epidemics, (B) HIV transmission ten years after PrEP initiation for one example simulated-epidemic, and (C) sexual mixing patterns overtime for one example simulated-epidemic. *Minor absolute difference of 0.02% to 0.56%; due to the fact that in scenarios when PrEP users stopped serosorting, the overall incidence reduction was smaller, and thus in the long term, there would be a slightly larger number of HIV-positive individuals, and a slightly smaller number of perceived HIV-negative individuals in the population, leading to a slightly higher proportion of HIV-positive partners, and a slightly lower proportion of perceived HIV-negative partners; **Minor absolute difference of -0.38% to -0.01%; details see notation*; ***Example epidemic reflects HIV prevalence 16.2%, and undiagnosis fraction 7.9%. #Incident cases are from partnerships between HIV-negative respondents and undiagnosed partners; for example, 445 HIV-negative respondents acquired HIV from their partners with undiagnosed HIV in the scenario when PrEP users stopped serosorting; ****We assumed PrEP users immediately stopped serosorting since PrEP initiation.


[bookmark: _Toc58342307][bookmark: _Toc58417152]Appendix-6 Table S6.2. Comparing the difference in the population-level pre-exposure prophylaxis (PrEP) impact by sexual activity level among men who have sex with men (MSM) for one example simulated epidemic.*
[image: ]
* Example epidemic reflects HIV prevalence 16.2%, and undiagnosed fraction 7.9%. Although we did not directly examine how targeted PrEP interventions (e.g., prioritized to high sexual activity MSM) would modify our findings, we demonstrated in Appendix-6 Table S6.2 that given the same coverage and effectiveness, the PrEP impact on the relative HIV incidence reduction among the high sexual activity group was the same as that among the low sexual activity group. However, the same value of relative HIV incidence reduction could translate into a larger absolute number of infections averted among high sexual activity group than low sexual activity group, due to the higher baseline incidence in the former. As such, if PrEP were targeted to the high sexual activity group, the difference in PrEP impact measured by relative HIV incidence reduction between models with vs. without serosorting, and between scenarios when PrEP users stopped vs. continued serosorting, could translate into a larger difference in the absolute number of infections averted, compared to the uniform PrEP coverage intervention, further supporting the importance in the influence of serosorting and PrEP-mediated changes in serosorting on the PrEP impact. 
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