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Abstract 

Objectives Since 2017, the Public health Agency of Sweden recommend that pre-exposure 

prophylaxis for HIV (PrEP) should be offered to high-risk individuals, in particular to men who 

have sex with men (MSM). The objective of this study is to develop a mathematical model 

investigating the effect of introducing PrEP to MSM in Sweden.

Design A pair-formation model, including steady and casual sex partners, is developed to 

study the impact of introducing PrEP. Two groups are included in the model: sexually high-

active MSM and sexually low-active MSM. Three mixing assumptions between the groups are 

considered.

Setting A gay-friendly MSM HIV/STI-testing clinic in Stockholm, Sweden. This clinic started 

offering PrEP to MSM in October 2018.

Participants The model is calibrated according to detailed sexual behaviour data gathered in 

2015 among 403 MSM.

Results By targeting sexually high-active MSM, a PrEP coverage of 3.5% of the MSM 

population (10% of all high-actives) would result in the long-term prevalence to drop 

considerably (close to 0%). While targeting only low-actives would require a PrEP coverage of 

35% for a similar reduction. The main effect of PrEP is the reduced susceptibility, whereas the 

increased HIV-testing rate (every 3rd month) among PrEP users plays a lesser role.
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Conclusions To create a multifaceted picture of the effects of interventions against HIV, we 

need models that include the different stages of HIV infection and real-world data on detailed 

sexual behaviour to calibrate the mathematical models. Our findings conclude that targeting 

HIV high-risk individuals, within HIV risk populations such as MSM, with PrEP programmes 

could greatly decrease the long-term HIV prevalence in Sweden. Therefore, risk stratification 

of individuals is of importance in PrEP implementation programmes, to ensure optimising the 

effect and cost-effectiveness of such programmes.

Strengths and limitations of this study

 Using a mathematical pair-formation model we study the effect of introducing PrEP 

among MSM in Sweden, a group at high risk of HIV acquisition. 

 The model divides the population into sexually high-active MSM and low-active MSM, 

where high-actives are offered to use PrEP. 

 The model is calibrated to detailed sexual behavioural data gathered among the MSM 

population now being offered PrEP in Sweden.

 Limitations of this study include that the data only makes it possible to include two 

activity-groups, and that we do not allow for more than one steady sex partner at a 

time.
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INTRODUCTION

In Sweden, the HIV prevalence was estimated to 0.07% in the general population in 2015,[1] 

whereas the self-reported HIV prevalence among men who have sex with men (MSM) has 

been estimated between 2% to 6%.[2] Sweden was the first country to report having achieved 

the UNAIDS/WHO 90-90-90 goal in 2016,[1] with at least 90% of people living with HIV being 

aware of their HIV status, 90% of HIV diagnosed individuals being on antiretroviral therapy 

(ART), and with 90% of those on ART being under viral suppression.[3] Viral suppression 

means achieving continuously undetectable HIV viral load that diminishes onward 

transmission to close to zero.[4,5]

As a result of ART’s effectiveness in viral suppression it can be viewed as an effective 

preventive measure for further HIV transmission. However, on its own it does not seem to 

reduce HIV prevalence enough in risk-groups, such as the MSM population, but needs to be 

combined with additional preventive strategies.[6–8] One such preventive intervention is oral 

pre-exposure prophylaxis for HIV (PrEP), i.e. that the antiviral drugs tenofovir-emtricitabine 

are taken by individuals with negative HIV serostatus to prevent HIV acquisition.[9,10] PrEP 

effectiveness is dependent on adherence to PrEP to ensure that protective concentrations of 

the drugs are present at exposure to prevent transmission.[11] Two different studies report 

that PrEP reduces the HIV incidence by 86% among MSM (95% CI 40–98 and 90% CI 64–96 

respectively).[9,10] Due to the effectiveness of PrEP, the World Health Organisation (WHO) 

recommend PrEP to be offered to individuals at substantial risk of HIV acquisition, defined as 

an HIV incidence of 3 or above per 100 person-years.[12] 
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The use of PrEP in Sweden was approved in 2016 by the Swedish Medical Products 

Agency.[13] Since 2017, the Public health Agency of Sweden recommend that PrEP should be 

offered to high-risk MSM. However, very few clinics started offering PrEP at this time due to 

logistical and funding concerns. Since June 2018, the New Therapies Council recommend 

Swedish counties to implement PrEP programmes for MSM and offer subsidised PrEP.[14] 

The larger gay-friendly sexual health clinics in the major three urban areas of Sweden have 

since then started to implement PrEP. As of July 2019, approximately 315 individuals have 

initiated PrEP in Stockholm (personal communication with Dr. FinnFilén responsible for PrEP 

at Venhälsan, Södersjukhuset).

The objective of this study is to investigate the effect of introducing PrEP to MSM in Sweden. 

First, we incorporate the use of PrEP into pair-formation models developed to study HIV 

transmission.[15] This model separates individuals depending on sexual activity-degree, high-

active or low-active.  The model is then fitted to sexual behaviour data from a gay-friendly 

HIV/STI-testing clinic in Stockholm, Sweden. Finally, the effect of PrEP on HIV transmission is 

studied by risk-stratifying MSM for PrEP, to explore the level of PrEP coverage needed to 

substantially reduce the long-term HIV prevalence.

METHODS 

To study the introduction of PrEP, we develop a pair-formation model that includes steady 

(long-term) partnerships and casual (one-off/occasional) sex partners. We categorise 

individuals as sexually high-active or low-active, with different sex partner mixing patterns, 

different HIV-diagnosis rates, and allowing for high-actives to use PrEP. We incorporate two 

stages of HIV infectiousness: the early acute (primary) stage and the subsequent chronic 
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(asymptomatic) stage.[16] The model is then calibrated to detailed sexual behaviour data and 

the observed HIV prevalence. We earlier developed a model to disentangle the roles of casual 

and steady partnerships on HIV transmission, which we further elaborate in this work.[15] We 

begin by describing the model for sexual contacts and continue with how transmission of HIV-

infection is modelled. Then we apply sexual behaviour data gathered among MSM. The full 

description of the model can be found in the Supplementary material S1.

Dynamic pair-formation model 

Consider a sexually active same-sex population where new individuals enter the sexually 

active population without having a steady sex partner. Individuals can have at most one 

steady partner at a time, which can end by separation or death of either partner. Individuals 

can also have casual sex partners during steady partnerships as well as during periods without 

steady partnerships; the rate at which this occurs depends on the steady partnership status 

of the individuals under consideration. Based on data, we allow singles to have a higher rate 

of casual sex than individuals in a steady partnership. Not only partnership status affects the 

rate of finding new casual sex partners, we additionally allow for individuals to be either high-

active or low-active regarding the frequency of having casual sex partners.

Letting the rate of finding a new casual sex partner depend on the partnership status and the 

activity-degree of both potential members in the sexual act, yields 16 different casual sex 

partnership combinations. We let  denote the rate at which an individual with activity-𝛼𝑟𝑞
𝑖𝑗

degree  and  steady partners try to find a casual sex partner with activity-degree  and  𝑟 𝑖 𝑞 𝑗

steady partners, where  and . These rates play an 𝑟,𝑞 ∈ {ℎ = high,  𝑙 = low} 𝑖,𝑗 ∈ {0,1}
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important role in our modelling and are described in detail in the Supplementary material S1 

and S2.

Casual sex and mixing patterns 

Creating the groups high-active and low-active makes it necessary to formulate mixing 

between the groups. Three activity-degree mixing assumptions are considered: proportionate 

mixing, complete assortativity, and mixing fitted to responses of a proxy question. Common 

to all three models is that high-actives have casual contacts at a fixed rate being larger than 

that of low-actives. Proportionate mixing implies that an individual chooses a casual partner 

at random among the potential casual sex attempts in the population, i.e. the probability of 

having a high-active casual partner is the same for low-active and high-active individuals. 

Complete assortativity means that high-actives only have high-active casual partners and low-

actives only have low-active casual partners. 

We estimate the assortativity according to the testing-clinic participants answer to one 

question on partners’ sexual activity, as described in Supplementary material S3.5. This 

question is referred to as a proxy question for partners activity-degree. The proxy for partners 

activity-degree and knowing whether an individual is high-active or low-active, specifies the 

amount of assortativity in the data. The estimated assortativity can take values between 0 

and 1, where 0 corresponds to proportionate mixing and 1 to complete assortativity.

Since we do not know whether or not participants’ casual sex partners are in steady 

partnerships, the mixing between singles and individuals in a partnership is assumed to be 

random (proportionate mixing).
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Model of infection 

To model the spread of infection we use a compartmental model, much like the SIR model 

(Susceptible → Infectious → Recovered),[17] but with two stages of infectiousness: acute 

followed by chronic. The probability of transmission of HIV depends on the stage of infection 

when no antiretroviral treatment is used.[18] In the early acute stage the probability of 

transmission is much higher due to higher viral load than in the chronic stage. The probability 

of transmission in one unprotected sex act (in our case anal intercourse) is denoted  when 𝑝𝐴

in the acute stage and  when in the chronic stage. The model allows for different levels of 𝑝𝐶

condom use with steady and casual sex partners, and it is incorporated by reducing the 

transmission probability accordingly. The time until diagnosis and the beginning of ART 

depends on the degree of sexual activity. Further, individuals on ART are assumed to be virally 

suppressed and thereby to no longer transmit infection. The compartmental model therefore 

divides the population into susceptible, infectious in the acute stage, infectious in the chronic 

stage, and being on ART-treatment.

The aim with defining this model is to introduce the possibility for high-actives to take PrEP, 

which, when taken correctly, decreases the probability of getting infected with HIV by 

approximately 86%.[9,10] Moreover, individuals accepting PrEP need to test themselves 

every third month. The model is illustrated in Supplementary material Figure S1.1.
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Data and calibration 

The data was gathered at a gay-friendly HIV/STI-testing clinic (Venhälsan) in Stockholm, 

Sweden, during 2015.[19] MSM visiting testing-clinics might be more sexually active than 

other MSM, e.g. sexually inactive or MSM with one sex partner might not visit testing-clinics 

as often. 403 MSM participants answered a structured timeline follow-back questionnaire 

and reported their total number of sex partners during the last 12 months. Detailed sexual 

behaviour data was collected on participants’ last ten sex partners during the last 12 months, 

including: type of sex partner (casual or steady); frequency of sex acts; condom use with each 

partner; the duration of each sexual relationship; and the answer to the proxy question on 

partners’ sexual activity-degree. All 403 participants were included in the study by Hansson 

et al.[15] However, inclusion in this study requires that participants have reported their total 

number of sex partners during a year to determine their activity-degree. Moreover, for a 

partner to be included, the proxy question regarding the partner’s sexual activity-degree must 

be answered. Of the 403 participants, four participants reported having zero sex partners the 

previous 12 months and 28 participants did not answer that particular question. Of the 

remaining 371 participants, detailed information on 1991 different sex partners (510 steady 

and 1481 casual) were given. We have an answer to the proxy question for 1424 of the 1481 

casual sex partners. When removing the 57 casual sex partners with no answer to the proxy 

question, 368 participants (and 1903 partners) remain and was included in the analysis 

presented here.

The participants demonstrate a considerable difference in yearly number of sexual partners, 

with a range from 1 to 250 sexual partners. We choose the mean (15) as our cut-off for 

Page 10 of 63

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2019-033852 on 5 F

ebruary 2020. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

defining high-active individuals, resulting in that 33.7% are high-actives. The mean number of 

sex partners for high-actives is 33.2 (sd=32) and for low-actives it is 6.0 (sd=3.2).

Partnership and epidemic parameters

The parameters and their values used in the analysis are given in Table 1. Some parameters 

are estimated from the testing-clinic data (part 1 - 4 in Table 1), some parameters are varied 

(part 2 in Table 1), and some are taken from the available literature (part 5 in Table 1). In the 

analysis, the standard errors of all estimates from the testing-clinic data can be included to 

obtain a 95% credibility interval (using Monte Carlo simulation) of the prevalence estimated 

from the model (see Table S3.2).

The mean times to ART, denoted  for a high-active and  for a low-active, are calibrated to 𝛾ℎ 𝛾𝑙

fit the observed prevalence. From the data we estimate that  (Supplementary 𝛾ℎ = 2.35𝛾𝑙

material S3.3), this relationship will be kept throughout the analysis, such that only one of the 

parameters need to vary.   

Estimated rates of meeting a new casual sex partner

Table 1 shows the estimated rates of meeting a new casual sex partner. In the third part of 

Table 1 we have not utilised the proxy question on partners activity-degree, these estimates 

are enough when assuming proportionate mixing or complete assortativity. The proxy 

question is used to get the estimates in the fourth part of Table 1. From this table and a given 

choice of mixing pattern, one can estimate the rates of looking for a new casual sex partner 

. The final values of  can be found in the Supplementary material Table S3.5.𝛼𝑟𝑞
𝑖𝑗 𝛼𝑟𝑞

𝑖𝑗
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Table 1: Estimates of partnership and epidemic parameters. Abbreviations used: AI - anal intercourse, URAI - unprotected 
receptive anal intercourse, UIAI - unprotected insertive anal intercourse. 

1. Partnership parameters
Parameter Value Definition Source
1/(𝜎 + 2𝜇) 271.5 days Mean duration steady partnership MSM data

1/𝜌𝑃0 152.8 days Mean time being single MSM data
1/𝜆 12.3 days Mean time between AI within steady partnership MSM data
𝑃0 0.360 Fraction without a steady partner MSM data
𝑃1 0.640 Fraction with a steady partner MSM data
𝜋ℎ 0.337 Fraction high-actives MSM data
𝜋𝑙 0.663 Fraction low-actives MSM data

2. Parameters for condom use, PrEP, and time to treatment Source
𝑞𝑠 54.1% Mean condom use steady partner MSM data
𝑞𝑐 62.9% Mean condom use casual partner MSM data
𝜉 Rate for a high-active to start taking PrEP 

(calibrated to achieve different % PrEP coverage)
Varied

Mean time from infection to successful 
antiretroviral treatment for a

1/𝛾𝑃 0.25 years high-active on PrEP [20]
1/𝛾ℎ 1.5 – 3 years high-active not on PrEP Varied
1/𝛾𝑙 3.5 – 7 years low-active 1/𝛾𝑙 = 2.35 /𝛾ℎ

3. Casual sex partner parameters from data not using proxy Source
Mean time until new casual sex partner for a

1/𝛼ℎ ∙
0 ∙ 10.7 days high-active when single MSM data

1/𝛼ℎ ∙
1 ∙ 12.5 days high-active when in partnership MSM data

1/𝛼𝑙 ∙
0 ∙ 66.5 days low-active when single MSM data

1/𝛼ℎ ∙
1 ∙ 97.9 days low-active when in partnership MSM data

4. Casual sex partner parameters from data using proxy Source
Mean time until new casual partner 
for a high-active with a

1/𝛼ℎℎ
0 ∙ 14.1 days high-active when single MSM data

1/𝛼ℎ𝑙
0 ∙ 43.7 days low-active when single MSM data

1/𝛼ℎℎ
1 ∙ 15.4 days high-active when in partnership MSM data

1/𝛼ℎ𝑙
1 ∙ 66.4 days low-active when in partnership MSM data

Mean time until new casual partner 
for a low-active with a

1/𝛼𝑙ℎ
0 ∙ 109.3 days high-active when single MSM data

1/𝛼𝑙𝑙
0 ∙ 169.6 days low-active when single MSM data

1/𝛼𝑙ℎ
1 ∙ 136.1 days high-active when in partnership MSM data

1/𝛼𝑙𝑙
1 ∙ 348.9 days low-active when in partnership MSM data

5. Parameters from the literature
Parameter Value Definition Source

70% Condom efficiency [21]
1/𝛿𝑎 0.24 years Mean time in acute infection stage [18]
1/𝜇 60 years Sexually active life-span [22,23]

Per-act transmission probability
0.1835 Acute stage URAI [16]
0.0138 Chronic stage URAI [16]
1.48% Overall URAI [24]
0.62% Overall UIAI [24]
2.39 Of URAI in comparison to UIAI [24]

𝑝𝐴 0.1301 Acute stage combined URAI-UIAI [16,24]
𝑝𝐶 0.0098 Chronic stage combined URAI-UIAI [16,24]
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Patient and public involvement

There was no patient and/or public involvement in the planning of this study.

ANALYSIS AND RESULTS 

The assortativity regarding activity-degree is measured to 0.14, meaning that the studied 

population choose casual partners with a moderate assortativity. The HIV prevalence among 

the 368 participants is 5%, which is in line with national levels among MSM,[2] and this 

prevalence will be used as a baseline when studying the effect of PrEP. Specifically, the 

baseline model is the model where no one uses PrEP ( ) and that is calibrated to achieve 𝜉 = 0

a 5% equilibrium prevalence. The only parameter not being able to be estimated from the 

HIV/STI-testing clinic data, or that can be taken from the literature, is the mean time to 

successful ART-treatment. Hence, to calibrate the model to the observed 5% prevalence, we 

find the mean time to treatment that corresponds to this prevalence. To study the effect of 

PrEP, we use the same parameter set-ups as for the baseline model but additionally allow for 

sexually high-actives to use PrEP ( ), and then find the new equilibrium prevalence. We 𝜉 > 0

use ‘long-term prevalence’ and ‘equilibrium prevalence’ interchangeably. We begin by 

presenting the results of the model where PrEP has not yet been introduced, then we move 

to the model where high-actives are offered PrEP.

Prior to the introduction of PrEP
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In dividing the population into two activity-degrees and using fitted assortativity, we find that 

the prevalence of 5% (95% CRI 2.3-7.6%) is obtained when the mean time to ART is 𝛾 ―1
ℎ =

 years for high-actives, (4.15 years for low-actives). In doing this calibration to the 1.77

observed 5% prevalence, the estimated percent of individuals with positive HIV serostatus 

that are on ART-treatment is 95.8%.

Disregarding the proxy question, we would not know how the population mix regarding 

activity-degree. We could then use the other two mixing patterns. Assuming proportionate 

mixing, the prevalence of 5% (95% CRI 2.1-7.8%) is obtained when  years. This set-𝛾 ―1
ℎ = 1.79

up yields that the estimated percent of individuals with HIV that are on ART-treatment is 

95.7%. For complete assortativity, the prevalence of 5% (95% CRI 2.7-7.0%) is obtained when 

 years, and then the estimated percent of individuals with HIV that are on ART-𝛾 ―1
ℎ = 1.63

treatment is 96.4%. Figure 1a) depicts the prevalence for varied values of the mean time to 

ART-treatment and Figure 1b) shows the 95% credibility intervals.

[INSERT FIGURE 1 HERE]

Using the fitted assortativity, a prevalence of 5% was found when the mean time to ART was 

1.77 years for high-actives, while the same time to ART for the proportionate mixing 

assumption yields a prevalence of 4.6% (95% CRI 1.7-7.3%), and complete assortativity yields 

a prevalence of 6.9% (95% CRI 4.6-8.8%). This shows that higher assortativity regarding 

activity-degree leads to higher prevalence and easier allows for HIV being endemic. With 

increased assortativity, the allocation of the infected individuals becomes different, as seen 

in Table 2, with more high-actives being infected. Interesting to note, from Figure 1a, is that 

the difference between the mixing assumption decreases with an increased time to ART.
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Additionally, from Table 2 we note that approximately 35% of HIV transmissions occur within 

a steady partnership.

Table 2: For the three mixing assumptions, we show the estimated mean time to ART corresponding to a prevalence of 5%. 
For this prevalence and for each of the three mixing assumptions, we also show the route of transmissions and HIV prevalence 
for the two respective activity-degree groups.  The shown values for the time to ART-treatment are for high-active individuals, 
the time to ART-treatment for low-actives is 2.35 times larger. For the allocation of the 5% infected we show the percentage 
of high-actives and low-actives, respectively, that are HIV-positive.

Overall HIV prevalence of 5%
Prop. mixing Fitted Assort. Compl. Assort.

Time to ART (years) 1.79 1.77 1.63
Route of transmission

Steady partner 35% 35% 32%
Casual sex when in partnership 38% 39% 41%

Casual sex when single 26% 26% 27%
HIV prevalence in the group

High-actives 9.05% 9.23% 10.79%
Low-actives 2.94% 2.85% 2.06%

Effect of introducing PrEP

We now present the effect of introducing PrEP. This is done by starting at a prevalence of 5% 

and then increasing the PrEP coverage. That is, we use the parameter values from the model 

without PrEP that achieved a 5% equilibrium prevalence, but now allow high-actives to take 

PrEP and find the new equilibrium prevalence. We stress that the results are the long-term 

effect of certain levels of PrEP coverages, even with no more infections it will naturally take a 

long time for the HIV prevalence to reach 0%. 
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If the population is not divided according to activity-degree, the PrEP coverage would need 

to be 5.2% of the total population to reduce the long-term prevalence from the observed 5% 

to close to 0%. Dividing the population according to activity-degree and only targeting high-

actives for PrEP, Figure 2a shows the combined effect of PrEP and an increased testing rate: 

reaching a coverage of 1% of the population (3.0% of high-actives) will reduce the long-term 

prevalence from 5% to 3.6%; reaching a coverage of 3.5% of the population (10.4% of high-

actives) will reduce the long-term prevalence to 0%.

 [INSERT FIGURE 2 HERE]

Being able to target risk groups for PrEP makes a big difference: targeting low-actives instead 

would result in a needed PrEP coverage of 34.4% of the population to reach an equilibrium 

prevalence close to 0% (Figure S4.1). 

To ascertain the respective effects of PrEP, the decreased susceptibility by 86% and the more 

frequent HIV-testing rate (every third month), we do two additional analyses. If being on PrEP 

is not combined with an increased testing rate, but only a reduced susceptibility, reaching a 

coverage of 3.5% of the population will reduce the prevalence to 0.5% (Figure 2b). If being on 

PrEP does not give any reduced susceptibility, but only an increased testing rate, reaching a 

coverage of 3.5% of the population will reduce the prevalence to 1.9%. 

For results concerning the more short-term effect of PrEP, see Supplementary material S4.7.

DISCUSSION

Our results suggest that a PrEP coverage of at least 3.5% of the MSM population, when 

sexually high-actives are targeted, is needed for the long-term prevalence of HIV to drop to 
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close to 0% among MSM in Sweden. This can be compared to a 34.4% PrEP coverage needed 

if only low-active MSM were targeted for PrEP. These results emphasise the need for risk 

stratification among MSM, to ensure that those in need of PrEP receive the intervention. To 

reach high-risk MSM, out-reach programmes and peer education programmes have been 

found to be effective, scale up of these may increase the effect of PrEP implementation on 

the HIV epidemic among MSM in Sweden.[25]  

We find that the greatest effect of the combined PrEP intervention follows from the 

decreased susceptibility to HIV, not the increased HIV-testing rate. This result would be 

hidden in a model not taking the different stages of infection into account (Supplementary 

material S4.2). Hence, to make a correct assessment of a PrEP programme's effect, the 

complexities of HIV transmission, the different stages of infection, need to be accounted for. 

The benefit of targeting high-risk individuals for PrEP has been found by other studies.[8,26–

29] Our analyses adds to these findings by including additional parameters. Punyacharoensin 

et al.[8] investigate the effect of different HIV interventions, including PrEP, among MSM in 

the UK. They define low-actives as MSM with one or fewer new sexual partners a year, while 

our definition of high-active MSM (at least 15 partners a year) is to address a group with very 

high HIV risk. Secondly, they address mixing through a different method using an odds ratio 

among male heterosexuals, while we use data from the MSM population under study. 

Rozhnova et al.[29] use four risk-groups, however, they do not estimate mixing between the 

groups but assume intermediate mixing.

Our model has four strengths worth mentioning. First, our model design is strengthened by 

that it is calibrated to fit detailed data of MSM who visited an STI/HIV-testing clinic in Sweden. 

For example, when the model is calibrated to data and the observed 5% HIV prevalence, the 
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estimated percentage of individuals with HIV that are on ART-treatment, 95.8%, are very close 

to the observed value of 95.1%.[1] In addition, the very same clinic where the data was 

gathered is the largest implementer of PrEP in Sweden, prescribing PrEP to 315 MSM since 

October 2018. Secondly, we can measure the assortativity with respect to activity-degree of 

the study participants. The mixing between high-actives and low-actives is estimated to be 

more assortative than proportionate mixing (0.14 vs 0), and by using the estimated 

assortativity we get more reliable results with narrower 95% CRIs than for proportionate 

mixing (Figure S4.3). For realistic mean times to ART, the mixing assumption has an impact on 

the estimated prevalence, making it an important factor to include. Thirdly, an important 

model choice is to include steady partnerships, not only casual contacts, since HIV 

transmission occurs to a large extent within a steady partnership (Table 2). Finally, the result 

concerning PrEP coverage is robust to variations in the parameter set-ups (Supplementary 

material S4.6).

Our model includes limitations. First, the proxy question used to fit the assortativity can only 

define two activity-degree groups and not more. The real-life scenario is probably more 

heterogeneous than accounted for in our model; even with a high PrEP coverage, the 

prevalence would likely stay above 0% due to some sub-groups of MSM taking larger HIV risks 

than the high-actives within our model. Additionally, some individuals are probably even 

more low-active (such as MSM in monogamous steady partnerships) than we allow for.  

Secondly, many possible changes in sexual behaviour are not included. Our model assumes 

no change in sexual behaviour when being on ART and we do not assume any increased HIV-

testing rate for a sex partner to someone living with HIV. Individuals on PrEP are assumed to 

stay on PrEP, except if they get diagnosed with HIV and are put on ART-treatment. Moreover, 

individuals are assumed to belong to one of the sexual activity-groups during their whole life.  
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Thirdly, the data is collected among a convenience sample of MSM visiting an HIV/STI-testing 

clinic, thereby it is not representative of all MSM in Sweden. Fourthly, the model does not 

consider imperfect PrEP adherence. However, in Supplementary material S4.4 we consider 

different values of PrEP effectiveness. Finally, our model does not incorporate concurrent 

steady partnerships. This is a common assumption for compartmental models,[8,15,30] and 

inclusion would possibly strengthen the model. However, our model does consider casual sex 

partners concurrent to steady partners.

In future work, risk compensation could be studied more thoroughly, e.g. changed behaviour 

of individuals on PrEP. Other risk behaviours for HIV than sexual activity-degree could be 

considered to define the risk-group offered PrEP, such as taking part in group sex, consistent 

drug use, and transactional sex. Another possible extension is to stratify our model by age, 

letting also activity-degree vary between the age groups to capture that certain age groups 

could be more sexually active.

We conclude by stating the result emerged from the heterogeneous activity-degrees: 

heterogeneity in sexual activity does increase the prevalence, however, it also makes targeted 

interventions much more effective.
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FIGURE TITLES

Figure 1: (a) Estimated prevalence of HIV (y-axis) for the three mixing assumptions and 

different mean time to ART-treatment (x-axis). The presented time to ART-treatment is for 

high-active individuals, for low-actives it is a factor 2.35 higher. (b) The same estimated 

prevalence as in (a), but now showing the prevalence separately and including the 95% 

credibility interval for the three mixing assumptions. In one simulation, each partnership 

parameter (estimated from data) was drawn from its distribution. With that set-up of drawn 

parameters, we calculated the prevalence. This was repeated 1000 times to obtain the 

credibility interval.

Figure 2: The effect of introducing PrEP to sexually high-actives. In (a) the x-axis shows 

different PrEP coverage levels and the y-axis the corresponding HIV prevalence. The three 

lines show: the HIV prevalence in the total population (black solid line), the HIV prevalence 

among high-actives (lighter short-dashed line), and the HIV prevalence among low-actives 

(darker long-dashed line).  (b) depicts the effect of PrEP by looking at: (i) solely the reduction 

of susceptibility and no increased testing rate; and (ii) solely the increased testing rate and no 

reduced susceptibility.
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S1 Formulation of the model

S1.1 Pair-formation model

We consider a sexually active same-sex population where new individuals enter the sexually active popula-
tion according to an exponential distribution with rate µn, and each individual leaves the sexually active
population at rate µ. The size of the sexually active population will therefore fluctuate around the value n,
which is assumed to be large. Individuals enter the sexually active population without a steady partner. The
rate at which an individual who is single enters into a partnership is ρP0, where P0 is the fraction of single
individuals in the population. This means that the higher the fraction of single individuals, the higher the
pair-formation rate. Individuals can have at most one steady partner at a time and the separation rate for
each partnership is denoted σ. Therefore, a partnership lasts for an exponential time with mean duration
1/(σ + 2µ).

The partnership network is assumed to be stable, i.e. the proportion of singles remains at P0 for all t.
We can then express P0 (and the proportion P1 = 1 − P0 of individuals with a partner) in terms of model
parameters [S1]:

P0 =

√
(σ + 2µ)(4ρ+ σ + 2µ)− (σ + 2µ)

2ρ
. (S1.1)

The rate of sexual acts within a partnership is denoted λ. Beside steady partners, individuals may have
casual sex partners during steady partnerships as well as during single periods; the rate at which this occurs
depends on the partnership status of the individual under consideration.

Up to this point, the pair-formation model described is the same as in [S2]. The first extension of the
model from [S2] is to allow for individuals to be either low-active or high-active with regards to the number
of casual sex partners. In our application, an individual is assumed to be sexually high-active if they have 15
or more sex partners per year. The fractions of sexually high-active and sexually low-active in the population
are denoted πh and πl, respectively (πh + πl = 1).

Let αrqij be the rate an individual with activity degree r ∈ {l = low, h = high} and i ∈ {0, 1} steady
partners tries to find a casual sex partner with activity degree q ∈ {l = low, h = high} and j ∈ {0, 1} steady
partners. For this attempt to succeed the individual must actually meet an individual with activity degree
q and j steady partners, and therefore, the rate of actual casual sex is αrqij Pjπq. For example, a single who

is low-active has casual sex with another low-active single at rate αll00P0πl, and with a high-active individual
in a steady partnership at rate αlh01P1πh.

S1.2 Model of infection

As explained in the main text, to model an infection on the network we use a so-called SIR compartmental
model (for a survey on stochastic SIR models see [S3]). Individuals can either be susceptible (S), infectious
in the acute stage (A), infectious in the chronic stage (C), or on ART-treatment (T ). The second extension
of the model in [S2] is to allow for these two infectious stages. Once an individual becomes aware of their
infection and starts ART-treatment they are interpreted as immune and can no longer transmit infection.
The average duration of the acute infection stage is 2.9 months (= 0.24 years) [S4]. Hence, an individual
goes from A to C at rate δa = 1/0.24 years−1.

Given an unprotected sexual contact (in our case anal intercourse) between an infectious and susceptible
individual, there is a probability of transmission depending on stage of infection: pA when in the acute stage
and pC when in the chronic stage. Therefore, the transmission rate for an infectious individual in the acute
stage in a steady partnership with a susceptible individual is pAλ, and the transmission rate in a casual
sexual encounter is pAα

rq
ij . Note that the probabilities pA and pC of transmission are for the unprotected

case, in reality some of the intercourses are with condom. Condom use may also differ with steady and
casual sex partners.

The third extension to [S2] is that the time until diagnosis and the beginning of successful ART-treatment
may depend on the degree of sexual activity. A sexually high-active individual is put on ART-treatment at
rate γh and a sexually low-active at rate γl.
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Table S1.1: Summary of model parameters. The partnership formation model parameters are given in
the first part of the table and the parameters connected to the epidemic in the second part.

Partnership parameters

n average population size

µ rate of leaving the sexually active population

ρ partnership formation rate

σ separation rate

λ rate of sex acts within a steady partnership

πh fraction of high-active individuals

πl fraction of low-active individuals

ξ rate for high-actives to start taking PrEP

αrqij rate for a r-active individual with i steady partners
to try to have casual sex with a q-active with j steady
partners

Epidemic parameters

pA probability of infection in one unprotected anal in-
tercourse during the acute infectious stage

pC probability of infection in one unprotected anal in-
tercourse during the chronic infectious stage

γh ART-treatment rate for high-actives

γl ART-treatment rate for low-actives

γP ART-treatment rate for high-actives on PrEP

δa rate of going from acute infection stage to the chronic
stage

The fourth and main extension is to introduce the possibility for a high-active to take PrEP which
dramatically decreases the probability of getting infected with HIV. The rate a high-active initiate PrEP is
denoted ξ, and in our model the use of PrEP reduces the per-act probability of infection by 86% [S5]. A
high-active on PrEP is tested and, if HIV-positive, put on ART-treatment at a rate γP = 1/0.24 years−1.

To summarise, the model is captured by 30 parameters (20 free parameters): n, µ, ρ, σ, λ, pA, pC , δa,
ξ; the fraction high-actives πh and the fraction and low-actives πl = 1− πh; the 16 parameters αrqij (8 free),
where r, q ∈ {l, h} and i, j ∈ {0, 1}; and the three γP , γh and γl, where γh = 2.349γl as described later
in Section S3.3. We provide an overview of the notation in Table S1.1 and an illustration of the model in
Figure S1.1. Note that, we could instead allow for low-actives, instead of high-actives, to be offered PrEP.
This possibility will be briefly explored to be compared to the effect of targeting HIV high-risk individuals
for a PrEP intervention programme.
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Figure S1.1: Representation of possible states a low-active (a) and a high-active (b) can be in. Individuals
enter the MSM population as singles into the S compartment. High-actives move to SPrEP at a rate ξ
whereas low-actives can never start to use PrEP. Susceptible individuals who acquire infection move to the
A compartment (acute infection). Individuals in the A compartment can move to the C (chronic infection)
at rate δa or to the T (ART-treatment) compartment. The rate an individual moves to the T compartment
is γP for a high-active on PrEP, γh for a high-active not on PrEP, and γl for a low-active. Individuals in the
T compartment stays there until they leave the sexually active population. The rate of leaving the sexually
active population is denoted µ.
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S2 Rate of new casual sex partners

From our egocentric data on the sexual behaviour, we can determine if a participant is low-active or high-
active and if he was single or in a steady partnership while having casual sex. It is therefore possible to obtain
an estimate of the rate that an r−active individual with i steady partners finds new casual sex partners, let
us denote this by αr·i· , where r ∈ {h = high, l = low} and i ∈ {0, 1}. These rates (αr·i· ) can be used to express
the different αqrij for different mixing assumptions.

Before we give the equations of the observable αr·i· in terms of the sought αqrij , we will present some
symmetry arguments which reduces the number of free parameters. To begin with, we have 16 different
parameters αrqij . For symmetry reasons, when disregarding the activity degrees, the total rate in the pop-
ulation at which singles have casual sex with individuals in a partnership needs to equal the rate at which
individuals in partnership have casual sex with singles. Assume that we have a population of size n = n0+n1,
where n0 = nP0 is the number of individuals without a steady partner and n1 = nP1 is the number with a
steady partner. A similar consistency criterion as for the rate of casual contacts disregarding heterogeneity
in activity degree must also hold for the model with two activity degrees: the rate low-active singles (n0πl
in the population) have casual sex with high-active singles must equal the rate high-active singles (n0πh in
the population) have casual sex with low-active singles, i.e.

n0πlα
lh
00P0πh = n0πhα

hl
00P0πl,

which simplifies to

αlh00 = αhl00.

Consistency hence require that

αlh11 = αhl11, αlh10 = αhl01, αlh01 = αhl10,

and

αll10 = αll01, αhh10 = αhh01 ,

or in one equation:

αrqij = αqrji . (S2.1)

This reduces the number of free parameters to 10.
Let us now express the rate that an r−active individual with i steady partners finds new casual sex

partners, αr·i· , in terms of αrqij
αh·0· = (αhl00P0 + αhl01P1)πl + (αhh00 P0 + αhh01 P1)πh

αl·0· = (αll00P0 + αll01P1)πl + (αlh00P0 + αlh01P1)πh

αh·1· = (αhl10P0 + αhl11P1)πl + (αhh10 P0 + αhh11 P1)πh

αl·1· = (αll10P0 + αll11P1)πl + (αlh10P0 + αlh11P1)πh.

(S2.2)

This system of equations can later together with a proportionate mixing or complete assortativity assumption
be solved, the solutions can be found in Section S2.1 and section S2.1, respectively.

For the case of an assortativity between the proportionate mixing and complete assortativity, we need
further information than the αr·i· provides. With the help of a proxy question on participants’ partners sexual
behaviour (explained in Section S3.5), we can additionally estimate more detailed rates than αr·i· : the rate
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that an r−active individual with i steady partners finds new casual sex partners that are q−active, αrqi· . The
following hold for these rates



αhh0· = (αhh00 P0 + αhh01 P1)πh

αhl0· = (αhl00P0 + αhl01P1)πl

αlh0· = (αlh00P0 + αlh01P1)πh

αll0· = (αll00P0 + αll01P1)πl

αhh1· = (αhh10 P0 + αhh11 P1)πh

αhl1· = (αhl10P0 + αhl11P1)πl

αlh1· = (αlh10P0 + αlh11P1)πh

αll1· = (αll10P0 + αll11P1)πl.

(S2.3)

This gives us 8 equations with 10 unknowns. The data does not provide information on whether a casual
sex partner is single or in a steady partnership. Therefore, we need to make further assumptions concerning
the relation (ratio) between the rate of finding a casual sex partner that are single and the rate of finding a
casual sex partner that are in a steady partnership. Let us consider one high-active individual, we assume
that the rate of casual contact with a high-active in a partnership compared to the rate with a high-active
single, is the same regardless if the considered individual is in a partnership or not, i.e.

αhh00
αhh01

=
αhh10
αhh11

, (S2.4)

and similarly, for a low-active individual (finding another low-active)

αll00
αll01

=
αll10
αll11

. (S2.5)

However, it turns out that the two equations are linearly dependent, we therefore need one more equation to
be able to solve the system of equations (S2.3). We make the same kind of assumption but for the case when
a high-active meets a low-active: for a high-active individual, the rate of casual contact with a low-active in
a partnership compared to the rate with a low-active being single is the same regardless if the high-active
individual is in a partnership or not

αhl00
αhl01

=
αhl10
αhl11

, (S2.6)

which further implies that
αlh

00

αlh
01

=
αlh

10

αlh
11

.

From the consistency criteria given in Equation (S2.1), Equation (S2.4)-(S2.6) the system of Equations
(S2.3) can therefore be solved. Let Dqr = πq(α

qr
0· P0 + αqr1· P1), then we can express the rate for a q−active

to try to find a r-active as:

αqrij =
αqri· α

rq
j·

Dqr
. (S2.7)

Note that, by consistency

Dhl = πh(αhl0·P0 + αhl1·P1) = πl(α
lh
0·P0 + αlh1·P1) = Dlh. (S2.8)

To conclude, the consistency criteria given in Equation (S2.1), that Dhl = Dlh, together with the as-
sumption given in Equation (S2.4)-(S2.6) implies that we can write αqrij as a product:

αqrij = ωqri ω
rq
j , (S2.9)

where

ωqri =
αqri·√
Dqr

.
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S2.1 Proportionate Mixing with respect to activity degree

Proportionate mixing with respect to activity degree means that an individual has no preference regarding
which type, high or low-active, it has casual sex with. An individual chooses at random of the potential casual
sex attempts in the population. The fraction of potential high-active and low-active casual sex partners will
not only depend on the sizes of the two groups, but also the rates at which they try to find new casual sex
partners. If the sizes of the groups would be equal, someone trying to find a new casual sex partner would by
chance meet a high-active more often since the high-active try to find a new casual sex partner more often
than the low-active. Proportionate mixing then implies that the rate a low-active single has casual sex with
a high-active single will be

αlh00P0πh = αl·0· ×
αh·0·P0πh

αl·0·P0πl + αh·0·P0πh + αl·1·P1πl + αh·1·P1πh

i.e. the rate a low-active single has casual sex, times the proportion of all casual sex partners that are from
high-active singles. In terms of αqrij we have that

αqrij = αq·i· ×
αr·j·

αl·0·P0πl + αh·0·P0πh + αl·1·P1πl + αh·1·P1πh

The expression for αqrij can also be found by using that proportionate mixing implies that ωlhi = ωlli and

ωhhi = ωhli . By dropping the second superscript and simply write ωli and ωhi , yields that

αqrij = ωqi ω
r
j .

This together with the system of equations (S2.2) gives the above solution for αrqij .

S2.2 Complete assortativity

Complete assortativity in whom you choose to have casual sex with regarding activity-degree implies that
no casual sex occurs between high and low active: αhlij = 0. With Equation (S2.9) the system of Equations
in (S2.2) can be written as


αh·0· = (αhh00 P0 + αhh01 P1)πh

αl·0· = (αll00P0 + αll01P1)πl

αh·1· = (αhh10 P0 + αhh11 P1)πh

αl·1· = (αll10P0 + αll11P1)πl

S2.9⇐⇒


αh·0· = ωhh0 (ωhh0 P0 + ωhh1 P1)πh

αl·0· = ωll0 (ωll0 P0 + ωll1 P1)πl

αh·1· = ωhh1 (ωhh0 P0 + ωhh1 P1)πh

αl·1· = ωll1 (ωll0 P0 + ωll1 P1)πl

with the solution

ωrri =
αr·i·√

αr·0·P0πr + αr·1·P1πr
.

For example, the rate a high-active single finds new casual sex partners that also are high-active, but in a
partnership, becomes

αhh01 P1πh = ωhh0 ωhh1 P1πh = αh·0· ×
αh·1·P1πh

αh·0·P0πh + αh·1·P1πh
= αh·0· ×

αh·1·P1

αh·0·P0 + αh·1·P1
.
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S2.3 Mixing determined by the proxy question

To obtain the different αqrij for the case of an assortativity between the proportionate mixing case and
complete assortativity, we use the 8 different αqri· estimated from data via the proxy question (see Table
S3.2) and Equation S2.9 to get the 16 αqrij , i.e.

αqrij = ωqri ω
rq
j =

αqri· α
rq
j·

Dqr
.

S3 Data and parameter estimates

We will here describe the data gathering, calibration of the model and the parameter estimates obtained
from the STI-clinic.

S3.1 Data description

The data used in this study was gathered at a gay-friendly STI-testing clinic in Stockholm, Sweden. Collec-
tion of data took place between February 2 and December 15, 2015. Participants first reported demographic
information and the total number of sex partners during the last 12 months, then the participants were asked
to fill in an app-based timeline follow-back (TLFB) questionnaire.

In the TLFB questionnaire participants were asked to mark up to 10 of their most recent sex partners
on a 12-month timeline. Participants did themselves label their partners into one of four partnership types:
1) casual unknown sex partner, 2) casual known sex partner, 3) regular sex partner (regular sex partner
but not a ’love’ relationship), and 4) main sex partner (a loving relationship, e.g. boyfriend/husband). For
casual sex partners, a partner was represented by a single point on the interactive timeline, and a steady sex
partner was represented by marking the start and end date of the relationship. For each sex partner on the
timeline the participants could report: the partnership type 1) to 4); age of partner; frequency of each sex
type (oral/anal; receptive/insertive); frequency of condom use; if the sex took place in Sweden or abroad;
drug use and transactions in connection to sex with each partner; and if the participant believed the sex
partner had other sex partners concurrently. This last question on concurrency is by us here referred to as
the proxy question (for activity-degree assortativity).

In total 403 participants completed the TLFB questionnaire, giving detailed information on 2112 different
sex partners. However, for a participant to be included in this study the total number of sex partners and
the proxy question need to be answered, as explained in the main manuscript, yielding the data-set of this
study consisting of 368 participants and 1903 partners.

S3.2 Scaling of the rate of finding a new casual sex partner

Participants reported their total number of sex partners during a year. The maximum number of sex partners
of a participant was 250. When dividing the population into a category of high-active (≥ 15 sex partners
a year) and one category low-active (< 15 sex partners a year), 124 (33.7%) participants are defined as
high-active and 244 (66.3%) are defined as low-active. The mean number of sex partners of high-actives is
33.21 (median 25, sd 32), and the mean number of low-actives is 5.96 (median 5, sd 3.2). The assumption
that only the number of casual sex partners is affected by activity-degree is supported by our data: the mean
number of steady partners for high-actives and low-actives is 1.37 and 1.39 respectively.

Additionally, the participants gave detailed information on their (up to) 10 most recent of these sex
partners. Participants reported what type of partner these 10 most recent sex partners were, either casual
or steady, and the timings of these partners on a timeline. As mentioned, a casual sex partner was reported
as a cross on the timeline representing the date of sex and a steady sex partner was given by the start date
and end date of the relationship. This timeline data is used to estimate, for example, the time until a new
casual sex partner. However, the timeline data only considers data on up to 10 casual sex partners, when
we in fact know that many participants have more than this. We therefore need to scale the rates of finding
a new casual sex partner according to the total number of partners reported by the participants.
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Figure S3.1: Distribution of steady sex partners of high-actives and low-actives, respectively.

The distribution of the number of steady sex partners of high-actives and low-actives are shown in Figure
S3.1, as seen the distributions are similar. The mean number of steady sex partners per year of a high-active
is 1.37 (sd 1.38), from which we estimate that the mean number of casual sex partners is µh = 31.84 (total
number - number of steady). The mean number of steady sex partners of a low-active is 1.39 (sd 1.15) and
the mean number of casual sex partners is therefore µl = 4.57. We use µh and µl to scale the rates of finding
casual sex partners, since the detailed data from where timings of casual sex partners was given only include
(up to) the 10 most recent sexual partners. In the detailed data, the mean number of casual sex partners is
5.35 for high-active individuals and 3.12 for low-active individuals. Hence the scaling factor will be µh/5.35
for high-active individuals and µl/3.12 for low-active individuals.

Finally, participants reported to have (a mean value of) 1.4 sex acts with each casual sex partner.

S3.3 Time since last HIV-test

In Table S3.1 the time since the last HIV-test are shown, indicating that sexually high-active participants
test themselves more often than sexually low-active participants. The rate to successful ART-treatment is
denoted γh and γl for high-actives and low-actives, respectively. Calculating ML-estimates of the time since
the last HIV-test, assuming an exponential distribution, we find that the testing rate of a high-active is 2.349
higher than the testing rate of a low-active. We will further assume that the same relationship holds for the
time to successful ART-treatment, i.e. the rate of initiating successful ART-treatment for an infected high-
active is 2.349 times higher than the rate of initiating ART-treatment for an infected low-active. Therefore,
we fix γh = 2.349γl such that we only need to vary one of the parameters.

S3.4 Distribution of parameters

The time durations in the model, such as the time until finding a new steady sex partner, are assumed to be
exponential and are hence specified by their rates. With this assumption we calculate a point estimate and
its standard error. In general, if we are looking at something occurring at an exponential rate, α say, then
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Table S3.1: Time since last HIV-test separated by degree of activity.

High (%) Low (%) Σ

< 6 mths ago 85 (68.5) 121 (49.6) 206

6 to 12 mths ago 20 (16.1) 54 (22.1) 74

1 to 5 yrs ago 9 (7.3) 35 (14.3) 44

> 5 yrs ago 0 (0) 11 (4.5) 11

No answer 10 (8.1) 14 (5.7) 24

Do not remember 0 (0) 2 (0.1) 2

Σ 124 (100) 244 (100) 368

the number of events N occurring during a time interval of length t is Poisson distributed with parameter
αt (N ∼ Poisson(αt)). Observing n events during a time t leads to the ML-estimate α̂ = n/t. The variance
of the estimate equal V ar (α̂) = V ar (N/t) = V ar(N)/t2 = α/t, which leads to a standard error of the
estimate of

√
α̂/t.

For example, in calculating the estimate of the rate for a high-active in a steady partnership to find a
high-active casual sex partner, we do as follows: find the total time high-active individuals are in a steady
partnership (Th1 ), then find the number of casual sex partners that occur during that time that is with
someone that also is high-active (Nhh

1 ) and multiply it with the scaling factor from Section S3.2 (Nhh
1 ×

µh

5.35 ).

The point estimate is given by α̂hh1· =
(
Nhh

1 ×
µh

5.35

)
/Th1 and its standard error by s.e.(α̂hh1· ) =

√
α̂hh1· /T

h
1 .

For the number of occurrences of anal intercourses (AIs) in a steady partnership, the participants reported
the number of acts during a 1-month period. Let m be the number of steady partners among all participants
and let ai denote the number of occurrences of AI with partner i = 1, . . . ,m. The estimated rate of AI, in
units of months, is

λ̂ =

∑m
i=1 ai∑m
i=1 1

=

∑m
i=1 ai
m

,

and the standard error is

s.e(λ̂) =

√
λ̂

m
.

In the data for casual sex partners, it is recorded if a condom was used (1) or not used (0) during
receptive anal intercourse (RAI) and during insertive anal intercourse (IAI). To estimate the condom use
in casual contacts we use a Bernoulli assumption and calculate the mean condom use during RAI and IAI,
respectively. With a Bernoulli assumption we mean that, in each new casual sex act a condom is used with
a probability, pc say, independently of previous sex acts. Then the estimate p̂c is given by the mean number
times a condom was used. The standard error is given by

s.e(p̂c) =

√
p̂c(1− p̂c)

n
,

where n here is the number of observations, i.e. the number of casual sex partners where a binary response
on condom use was given.

For condom use with a steady sex partner, participants could choose from a five-degree scale on how often
a condom was used during RAI and during IAI: always (100%), often (75%), half of the times (50%), seldom
(25%), and never (0%). Here, the participants did themselves, in a sense, give the mean number of times
they used condom with a partner. Assume the data consist of m such steady partners with corresponding
responses (y1, . . . , ym). The estimated condom use in steady partnerships, p̂s, is then the mean of the m
reported values on the five-degree scale, and the distribution of p̂s is approximated by the normal distribution

p̂s =
1

m

m∑
i=1

yi ≈ N(ps, τ
2/m).
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Table S3.2: Estimates of partnership and epidemic parameters.

Partnership parameters from data

Parameter Estimate S.E. Definition

σ + 2µ 1.344/year 0.070 Rate of ending steady partnership

ρP0 2.389/year 0.164 Rate of acquiring new steady partner

λ∗ 29.793/year 0.837 Rate of sex acts (AI) within steady partnership

α̂h
0· 34.169/year 0.722

α̂h
1· 29.227/year 0.707

α̂l
0· 5.490/year 0.221

α̂l
1· 3.729/year 0.168

α̂hh
0· 25.809/year 0.628

α̂hl
0· 8.360/year 0.357

α̂hh
1· 23.728/year 0.637

α̂hl
1· 5.499/year 0.307

α̂lh
0· 3.338/year 0.172

α̂ll
0· 2.152/year 0.138

α̂lh
1· 2.682/year 0.143

α̂ll
1· 1.046/year 0.089

qRAI
s 51.9% 2.4% Condom use steady partner RAI

qIAI
s 56.2% 2.3% Condom use steady partner IAI

%RAIs 49% - Percentage of steady RAI and IAI acts that are RAI

qRAI
c 62.8% 2.5% Condom use casual partner RAI

qIAI
c 63.1% 2.6% Condom use casual partner IAI

%RAIc 52% - Percentage of casual RAI and IAI partners that are RAI

Note AI: anal intercourse; RAI: receptive anal intercourse; IAI: insertive anal intercourse

Where ps is the true expected value of the condom use in steady partnerships and τ is the standard deviation
of the condom use. The estimate of τ2 is 1

m−1
∑m
i=1(yi − p̂s)2. The standard error of the estimated condom

use with steady sex partners is then given by

s.e.(p̂s) = τ̂ /
√
m =

√
1

m−1
∑m
i=1(yi − p̂s)2

m
.

With the estimated condom use during RAI and during IAI, we calculated the overall mean condom use
by taking the weighted average of these two estimates. See Table S3.2 for condom use estimates and the
proportion (weights) of sex acts that are RAI and IAI, from these values we can calculate the overall condom
use for steady partners

qs = qRAIs ×%RAIs + qIAIs ×%IAIs = 0.519 · 0.49 + 0.562 · 0.51 = 0.541,

and for casual sex partners

qc = qRAIc ×%RAIc + qIAIc ×%IAIc = 0.628 · 0.52 + 0.631 · 0.48 = 0.629.
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S3.5 Proxy of partners’ activity degree

For the 10 most recent sex partners the participants responded to detailed questions. One of the detailed
questions was what we referred to as the proxy question: ’Do you think that your sex partner had other sex
partners than you during the same time frame that he/she met you?’, with the possible answers

1. I know this person had sex with others

2. I think this person had sex with others

3. No, this person only had sex with me

4. I don’t know

The percentages of the answers to the proxy question are given in Table S3.3.

Table S3.3: Distribution of proxy variable on partners’ activity degree. One of the questions
participants answered concerning their 10 most recent sex partners was whether they believed their partners
had other concurrent sex partners. We use this as a proxy for partners activity-degree, as shown in the
fourth and last column. With the help of a consistency criterion, Equation (S2.8), we assigned the partners
of answer 4 as low-active.

Answer Of all partners
(n = 1903)

Of all casual part-
ners (n = 1424)

Proxy for part-
ner being

1. Yes 33.58% 32.65% High-active

2. Think so 33.63% 38.76% High-active

3. No 9.98% 3.30% Low-active

4. Don’t know 22.81% 25.28% Low-active

If a participant answered either 1 or 2 for a partner, we will take this as a proxy for that the partner is
high-active. If a participant answered 3, we will use this as a proxy for that the partner is low-active. We
now need to decide what to do with the 25% of the partners that participants labelled as No. 4 on the proxy
question, the partners that participants did not know whether they had other sex partners.

In the total population, consistency requires that the the number of casual sex acts high-actives have with
low-actives needs to equal the number of casual sex acts low-actives have with high-actives. This criterion
can be written, in terms of rates, as (Equation (S2.8))

Dhl = Dlh.

With this consistency we get help in determining how to assign the partners labelled as No. 4 on the proxy
question. If we simply remove these partners entirely, the left-hand side of Equation (S2.8) becomes 0.18 and
the right-hand side 1.93, very far from each other. Hence, to remove the partners of which the participants
do not know (No. 4) yields a too big inconsistency. If we instead assign all these partners as low-active,
we get that the left-hand side of Equation (S2.8) becomes 2.19 the right-hand side 1.93. This suggests that
many of the partners participants labelled as No. 4 should be categorised as low-active.

In Table S3.4 we show (for the two choices of actions of answer No. 4 ”I don’t know”), the proportion of
high-active individuals’ casual sex partners that will be with low-actives and with high-actives, respectively;
and the proportion of low-active individuals’ casual sex partners that will be with low-actives and with
high-actives, respectively. For example, if we assign all partners that participants labelled as No. 4 on the
proxy question as low-active, we find that 34.3% of low-active individuals’ casual sex partners will be with
low-actives, and 65.7% will be with high-actives.
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Table S3.4: Consequence of the two assignments of the partners of which participants do not
know if the partner did have other partners. The column named Removed means that the partners
of participants of which we do not know (answer 4 on the proxy question) were removed, and the column
As low-active means we assigned those partners as low-active. First, for the two assignments, we show the
proportion of low-active and high-active partners of participants who are low-active, then the same kind of
proportion but for participants who are high-active. Then we show the values of the right-hand side (Dlh)
and left-hand side Dhl of the consistency criterion Equation (S2.8)

Action on ”Don’t know”

Proportion Removed As low-active

low-low 0.067 0.343

low-high 0.933 0.657

high-low 0.021 0.220

high-high 0.979 0.780

Consistency

Dlh 1.9345 1.9345

Dhl 0.1825 2.19

S3.6 Final estimates of the rates of acquiring new casual sex partners

We will now show the final estimates of the rates of finding new casual sex partners, using the three different
mixing assumptions with respect to activity degree.

We found that the estimates for αqrij that utilises the proxy question could be written as Equation S2.9

αqrij = ωqri ω
rq
j =

αqri· α
rq
j·

Dqr
=

αqri· α
rq
j·

πq(α
qr
0· P0 + αqr1· P1)

,

where consistency requires that Dhl = Dlh (Equation (S2.8)) needs to be fulfilled. Utilising Table S3.4,
we found that assigning all partners that participants answered ”I don’t know” (answer No. 4) as low-
active on the proxy question yielded a value of 2.19 for the left-hand side and a value of 1.93 of the right-
hand side of Equation (S2.8), i.e. similar but not equal. We choose to work with the left-hand side,
setting Dhl = Dlh = 2.19 when estimating the different αqrij , which can be seen in Table S3.5. To make
the comparison between the different mixing assumptions, we also use that Dhl = Dlh = 2.19 for all
mixing assumptions. In Table S3.5 we show the estimates for proportionate and complete mixing under the
assumption that Dhl = Dlh, where the values in parenthesis are the ones not requiring that Dhl = Dlh.

To quantify the degree of assortativity (with respect to activity degree) as a value θ between 0 and 1,
where θ = 0 means proportionate mixing and θ = 1 means complete assortativity, we write

αqrproxy = (1− θ)αqrP + θαqrC .

Where αqrP is the rate, disregarding partnership status, a q-active tries to find an r-active under proportionate
mixing and αqrC under complete assortativity. These αqrproxy, αqrP , and αqrC can be found by calculating the
following quantity where αqrij , i, j ∈ 0, 1 is taken from the corresponding mixing assumption,

αqrX = αqr11P
2
1 + (αqr01 + αqr10)P0P1 + αqr00P

2
0 .

Where P0 is the proportion of the population without a steady sex partner and P1 the proportion with a
steady sex partner. As examples, using table S3.5 and the estimated value for P0 = 0.36 and P1 = 0.64, we
get

αhhP = 62.20 · P 2
1 + (72.44 + 72.44)P0P1 + 84.10 · P 2

0 = 69.8,

αhhC = 80.13 · P 2
1 + (93.02 + 93.02)P0P1 + 108.00 · P 2

0 = 89.7,

αhhproxy = 68.26 · P 2
1 + (74.25 + 74.25)P0P1 + 80.76 · P 2

0 = 72.6.
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Table S3.5: Estimates of rate parameters of finding new casual sex partner (years). For the two
extreme cases, proportionate mixing and complete assortativity, we give in parenthesis the casual sex rate
estimates not requiring that Dhl = Dlh. Note that α̂qr01 = α̂rq10 and is therefore not explicitly presented.

Parameter Proxy Prop Complete

α̂hh11 68.26 62.20 (64.03) 80.13 (81.76)

α̂hl11 6.70 8.15 (8.17) -

α̂lh11 6.70 8.15 (8.17) -

α̂ll11 1.14 1.06 (1.04) 4.81 (4.81)

α̂hh10 74.25 72.44 (74.85) 93.02 (95.58)

α̂hl10 8.34 11.99 (12.03) -

α̂lh10 10.19 9.46 (9.55) -

α̂ll10 2.35 1.57 (1.53) 7.08 (7.08)

α̂hh00 80.76 84.10 (87.52) 108.00 (111.75)

α̂hl00 12.69 13.92 (14.06) -

α̂lh00 12.69 13.92 (14.06) -

α̂ll00 4.83 2.30 (2.26) 10.42 (10.42)

The value of θ that corresponds to these values is 0.141. Doing the same kind of calculations but for αlh

and αll yields the same θ.
Note that, there could exist disassortative with respect to activity-degree, however, we disregard from

this since it seems unlikely in our application.
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S4 Additional results

We will in this Section go through some additional results mentioned in the main manuscript.

S4.1 Not distinguishing individuals according to activity degree

Here we examine what happens if we do not divide the population according to active-degree but assume
that everyone behaves in the same way regarding the number of casual sex partners and regarding the rate
to ART-treatment. For the case when no one yet is on PrEP, we find that R0 = 1 when the mean time to
successful ART-treatment is 3.28 years. A prevalence of 5% is obtained for a mean time to ART-treatment
of 3.57 years. In Figure S4.1 we show the effect of introducing PrEP in this model without high-actives
and low-actives. We see that the PrEP coverage in such a population would need to exceed 5% to reach a
prevalence close to 0 (in contrast to 3.5% as in the model where we have two activity degrees).
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e
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Figure S4.1: Effect of introducing PrEP in a population that is not separated according to activity degree,
but where everyone is assumed to behave the same with regards of finding new casual sex partners.

S4.2 Not including the different infectious stages acute and chronic

In Figure 2b) in the main text, we saw that the reduction in susceptibility due to PrEP had a larger effect
in reducing the prevalence than the increased testing rate of those on PrEP. The transmission probability of
HIV is much higher in the acute infectious phase, the first 3 months following infection, than in the chronic
phase. The reason for the lesser effect of an increased testing rate could be that it misses a large proportion
of the acute stage.

To help verify that this is the case, we modified the model to not make a distinction between the acute
and chronic stage; to only include one transmission probability during the whole infectious lifetime of an
infected individual. We calibrate this transmission probability so that when no one is on PrEP, and the
mean time to successful ART-treatment is 1.77 years for high-actives, the prevalence is equal to 5%. This is
done to match the set-up of the analysis in Figure 2b). The transmission probability is then 0.0208 for the
whole infectious time, instead of 0.1301 for the acute stage and 0.0098 for the chronic stage.

In Figure S4.2 it is seen that when only one infectious stage is included, the increased testing and diagnosis
rate has as equally big impact on the reduction of the prevalence as the reduced susceptibility of PrEP. This
implies that the lesser effect of the increased testing rate, that we found in Figure 2b) in the main manuscript,
can be assigned to it missing the 3 month long acute stage. Because, when we in this analysis distributed
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the increased transmission probability of the acute stage over an infected individual’s lifetime, an increased
testing rate got a bigger effect in reducing the prevalence than when we separated the infectious stages.
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Figure S4.2: Same set up as corresponding figure in main text, Figure 2b), but with no distinction between
the acute and chronic stage but only one infectious stage with one transmission probability.

S4.3 Range of 95% CRI

In Figure 1b) in the main manuscript we show the 95% credibility intervals of the estimated prevalence for all
three mixing assumptions. This was done for different mean times to ART-treatment to obtain the credibility
bands as in Figure S4.3a. Since it can be somewhat hard to compare the widths of said intervals in Figure 1b)
and Figure S4.3a, we additionally calculated the range of each credibility intervals and show the boxplot of
these values in Figure S4.3b. From Figure S4.3b it is seen that using the complete assortativity assumption
regarding activity-degree has most narrow 95% credibility intervals. Moreover, the fitted assortativity has
more narrow credibility intervals than the proportionate mixing assumption.

S4.4 Effect of different PrEP effectiveness in reducing susceptibility

In the introduction of the main manuscript we gave the estimated reduction of susceptibility of PrEP: 86%
with a 95% confidence interval of 40 - 98% [S5]. To investigate the effect of this variability, we analysed the
effect of introducing PrEP among high-active individuals with a 40% PrEP effectiveness, and then with a
98% PrEP effectiveness. The results can be seen in Figure S4.4. We see that, using the much less effective
value of 40% instead of 86%, to reach an endemic prevalence close to 0 increases the needed PrEP coverage
from 3.5% of the population (10.4% of all high-actives) to 4.4% of the population (13.1% of all high-actives).

S4.5 Effect of giving PrEP to low-actives instead of high-actives

In our analysis we mainly focus on the effect of high-active individuals accepting PrEP. If we instead want to
determine the effect of targeting low-actives for PrEP, we could just reverse which activity-group is allowed
to start taking PrEP. Here, we also show the results for when only low-actives are offered PrEP. As we
can see from Figure S4.5, a much higher coverage (35%) is needed to reach the same long-term prevalence
reduction compared to if high-actives were offered PrEP (3.5%) (Figure 2a in the main manuscript).
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Figure S4.3: The width of the estimated 95% credibility intervals. (a) depicts the credibility bands from
which we calculated the range of the credibility intervals, summarised as boxplots in (b).
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Figure S4.4: Endemic prevalence for different PrEP coverages and effectiveness.
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Figure S4.5: Effect of giving PrEP to low-actives instead of high-actives.
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S4.6 PrEP coverage for alternative transmission probabilities

The transmission probabilities for unprotected receptive anal intercourse (URAI) during the acute and
chronic stage are taken from the literature [S6] (0.1835 and 0.0138, respectively). To get the transmission
probabilities during unprotected insertive anal intercourse (UIAI), we use an estimate of the relationship
between the transmission probability between URAI and UIAI. The transmission probability for URAI is 2.39
times larger than the transmission probability for UIAI [S7]. Assuming equally many insertive as receptive
acts, the transmission probability during the acute stage was set to

pA = 0.1835× 0.5 + 0.1835× 0.5/2.39 = 0.1301,

and during the chronic stage

pC = 0.0138× 0.5 + 0.0138× 0.5/2.39 = 0.0098.

We now want to study how robust our conclusion concerning PrEP coverage, to achieve an endemic
prevalence close to 0%, is. We do this by altering the two transmission probabilities by setting them to
50% − 150% of their estimated values. For example: with 50% of the transmission probabilities, we have
that pA = 0.0651 and pC = 0.0049; with 150% of the transmission probabilities, we have that pA = 0.1952 and
pC = 0.0147. With given transmission probabilities pA and pC , we find the mean time to ART-treatment
corresponding to a prevalence of 5%. With the different set-ups generating a prevalence of 5%, PrEP is
introduced to high-active individuals. In Table S4.1 we show the different set-ups and the PrEP coverage
needed to get an endemic prevalence close to 0. Additionally, we alter the two transmission probabilities one
at a time in Table S4.2 and Table S4.3. In Table S4.2 we vary pA but let pC stay fixed at 0.0098. In Table
S4.3 we vary pC but let pA stay fixed at 0.1301. We conclude by noting that the results are almost invariant
to which set-up is used.

Table S4.1: Robustness of the PrEP coverage to obtain a long-term prevalence close to 0:
alteration of pA and pC . Assuming no one is on PrEP, we first find other combinations than the one used
in the main manuscript of the transmission probabilities and mean time to ART-treatment that generates
a prevalence of 5%. With these different scenarios that generates a prevalence of 5%, we then study the
needed PrEP coverage to obtain a long-term prevalence close to 0.

% of transmission probabilities pA = 0.1301 and pC = 0.0098

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

Time to ART-
treatment

5.38 4.10 3.23 2.60 2.13 1.77 1.48 1.25 1.07 0.92 0.80

PrEP coverage for
0 prevalence

3.42% 3.43% 3.44% 3.47% 3.49% 3.52% 3.55% 3.58% 3.61% 3.65% 3.68%

Table S4.2: Robustness of the PrEP coverage to obtain a long-term prevalence close to 0:
alteration of pA. Same procedure as in Table S4.1, but only the transmission probability in the acute stage
is altered. The transmission probability in the chronic stage is remained fixed at pC = 0.0098.

% of transmission probabilities pA = 0.1301.

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

Time to ART-
treatment

2.76 2.55 2.35 2.15 1.96 1.77 1.59 1.42 1.26 1.12 0.98

PrEP coverage for
0 prevalence

3.44% 3.45% 3.46% 3.48% 3.50% 3.52% 3.55% 3.58% 3.61% 3.64% 3.67%

19

Page 47 of 63

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2019-033852 on 5 F

ebruary 2020. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

Table S4.3: Robustness of the PrEP coverage to obtain a long-term prevalence close to 0:
alteration of pC . Same procedure as in Table S4.1, but only the transmission probability in the chronic
stage is altered. The transmission probability in the acute stage is remained fixed at pA = 0.1301.

% of transmission probabilities pC = 0.0098.

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

Time to ART-
treatment

3.14 2.68 2.36 2.11 1.92 1.77 1.64 1.54 1.45 1.37 1.30

PrEP coverage for
0 prevalence

3.5% 3.5% 3.51% 3.51% 3.52% 3.52% 3.53% 3.53% 3.53% 3.54% 3.54%

S4.7 Short-term effect of different PrEP strategies

In our model, we assume that a sexually high-active start using PrEP at rate ξ. We then determine the
lowest possible rate ξ that yields an equilibrium prevalence of 0% and calculate which PrEP coverage this
corresponds to. The lowest PrEP coverage that eventually results in a 0% HIV prevalence is 3.5% of the
population. This ’eventually’ could be a very long time in the future. If no new HIV cases would occur,
it would still take many years before the prevalence reaches 0%; the HIV prevalence would not reach 0%
until the last person with HIV dies. However, HIV will effectively disappear when no new infections occur.
Remember that, in our model we assume that diagnosis and the beginning of ART-treatment is the same
as being uninfectious, and consequently, only individuals with undiagnosed HIV can transmit the infection.
Hence, we will here study not only the prevalence but also the percentage undiagnosed HIV cases for different
PrEP initiation rates, ξ.

In what follows, we will look at different rates ξ, where all rates result in an HIV prevalence of 0% in
the equilibrium steady state. The lowest ξ we look at will therefore corresponds to an equilibrium PrEP
coverage of 3.5% of the population (≈ 10% of high-actives). As a starting point, before any high-active
accepts PrEP, the prevalence is set to 5% and the percentage undiagnosed HIV cases to 0.21% (the model
with ξ = 0 calibrated to data). In the left panel of Figure S4.6, we show the HIV prevalence (%) at different
PrEP initiation rates, ξ, for 50 years after the beginning of a PrEP implementation programme. In the
middle panel of Figure S4.6, we show the percentage of individuals that are infectious and undiagnosed. In
the right panel of S4.6, we show the corresponding percentages of the population that are on PrEP for 50
years after the beginning of the PrEP programme. For the lowest rate ξ that results in an equilibrium HIV
prevalence of 0%, we see that after 50 years the PrEP coverage has only had time to reach 2%, but the
percentage undiagnosed has more than halved, and the prevalence has dropped from 5% to almost 4%. This
can be compared to the scenario with a ξ that results in an equilibrium PrEP coverage of 11%. Then the
PrEP coverage has reached a bit over 7% after 50 years, and the percentage undiagnosed HIV cases is only
1/20 of its value before the initiation of a PrEP programme (from 0.21% to 0.01%).

In Figure S4.7 we study, in more detail, the effects of different PrEP scenarios 10 and 20 years after their
initiation. We look at both the prevalence and the percentage undiagnosed HIV cases. After 10 years, if the
PrEP coverage has reached 5% (15% of all high-actives), the percentage undiagnosed HIV cases is reduced
from 0.21% to 0.14%. Looking at 20 years after a PrEP programmes initiation and where the PrEP coverage
has reached 5%, the percentage undiagnosed HIV cases is reduced to the low level of 0.04%. If the PrEP
coverage on the other hand has reached almost all high-actives after 10 years, that is 30% of the population,
then the percentage undiagnosed HIV cases is reduced to 0.03%. The same percentage of coverage after
20 years yields a percentage of 0.004% infectious and undiagnosed HIV cases; that is, almost no new HIV
infections occur.
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Figure S4.6: Effect of different PrEP scenarios on the HIV prevalence and new HIV cases (infectious and
undiagnosed).
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Figure S4.7: Effect of different PrEP scenarios 10 and 20 years after their initiation.
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S5 Finding the endemic prevalence, a deterministic approxima-
tion

Both the basic reproduction number and the endemic level can be obtained by using a deterministic ap-
proximation of the stochastic model. Assuming that the population is large, it is then enough to consider
expected values of the fraction of individuals that are susceptible, infectious, or recovered to obtain these
quantities. In the following section, we explain how we construct the compartments and give the differential
equations governed by the possible transitions within the network model. To find the endemic (or equilib-
rium) prevalence one needs to find the non-trivial steady state of the system of differential equations. The
trivial solution is that everyone is susceptible.

In Figure S1.1 we showed the different infectious states an individual can be in; the four different infectious
states are susceptible S, acute infectious A, chronic infectious C, and treated (on ART-treatment) T . We
further divide the population into different types, these types specify: if an individual is single or in a
partnership, if the individual is low-active or high-active in having casual sex partners, the infectious state
of the individual, and the partner’s infectious state. We will study the fraction of the population belonging
to each type, each individual will therefore contribute with 1/n to the type it belongs to.

The fraction of all individuals that are susceptible, single and r-active is denoted by Sr0 ; the fraction of
all individuals that are single, r-active, and infectious in the acute stage is denoted by Ar0; the fraction of
all individuals that are single, r-active, and infectious in the chronic stage is denoted by Cr0 ; and recovered
singles (on ART-treatment) that are r-active is denoted by T r0 .

Let X = {S,A,C, T} be the set of possible states not including PrEP, let XP = {SP,AP,CP} be the
possible states when being on PrEP, and let D = {l, h} be the set of possible activity degrees with regards
to the casual contacts. Furthermore, let Xrq

Y denote the fraction of individuals that are r-active of type
X ∈ X ∪ XP , with a q-active partner of type Y ∈ X ∪ XP . Note that, this counts each individual in the
fraction Xrq

Y , not each pair. E.g. SrqS is the fraction of all individuals that are susceptible r-active and in a
partnership with a q-active susceptible. The reason for taking this individual-based perspective is that the
data is individual based. Moreover, the individual-based perspective makes it simpler to extend the model
by allowing for more than one steady partner at a time in future work.

Disregarding the use of PrEP, there are in total 8 different single types and 64 types of partnerships
(hence 72 equations). Some of these types’ fraction must by consistency be equal, namely

• the 4 equations Xhl
X = X lh

X where X ∈ X

• the 12 equations Xqr
S = SrqX where X ∈ {A,C, T} and q, r ∈ D,

• the 8 equations Xqr
A = ArqX where X ∈ {C, T} and q, r ∈ D,

• the 4 equations T qrC = CrqT where q, r ∈ D,

which reduces the number of equations to 44.
Including the use of PrEP for high-actives creates: 3 more single types (denoted SPh0 , APh0 , and CPh0 );

48 partnership types between one participant on PrEP and one not on PrEP; and 9 partnership types where
both participants in the steady partnership are on PrEP. Hence, introducing PrEP increases the number of
types by 60; however, some of the PrEP types’ fraction must also by consistency be equal

• the 8 equations Xqh
SP = SPhqX where X ∈ X and q ∈ D,

• the 8 equations Xqh
AP = APhqX where X ∈ X and q ∈ D,

• the 8 equations Xqh
CP = CPhqX where X ∈ X and q ∈ D,

• SPhhAP = APhhSP ,

• SPhhCP = CPhhSP ,

• APhhCP = CPhhAP .
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Introducing PrEP increases the number of equations needed to be specified by 33, from 44 to 77.
There are some additional facts that will reduce the number of equations. Recall that the fraction without

a steady partner is denoted P0, the fraction with a steady partner is denoted P1, and the fraction high-active
individuals and low-active individuals in the population are denoted πh and πl, respectively. The following
two constrains concerning singles must hold:

πlP0 = Sl0 +Al0 + Cl0 + T l0,

πhP0 = Sh0 + SPh0 +Ah0 +APh0 + Ch0 + CPh0 + Th0 . (S5.1)

The following three constrains for individuals in steady partnerships must hold. (I) The fraction of the
population that is low-active in a steady partnership with a low-active is

π2
l P1 = SllS + SllA + SllC + SllT

+AllS +AllA +AllC +AllT

+ CllS + CllA + CllC + CllT

+ T llS + T llA + T llC + T llT

=
∑
X∈X

∑
Y ∈X

X ll
Y .

That is, we sum over all possible states X ∈ X , the first low-active individual in the relationship can have,
and over all possible states that Y ∈ X , the second low-active individual in the relationship can have. (II)
The fraction of the population that is low-active in a steady partnership with a high-active is

πlπhP1 = SlhS + SlhA + SlhC + SlhT + SlhSP + SlhAP + SlhCP

+AlhS +AlhA +AlhC +AlhT +AlhSP +AlhAP +AlhCP

+ ClhS + ClhA + ClhC + ClhT + ClhSP + ClhAP + ClhCP

+ T lhS + T lhA + T lhC + T lhT + T lhSP + T lhAP + T lhCP

=
∑
X∈X

( ∑
Y ∈X∪XP

X lh
Y

)
,

here we sum over all possible states X ∈ X , the first low-active individual in the relationship can have, and
over all possible states that Y ∈ X ∪ XP , the second high-active individual in the relationship can have.
The difference from the previous sum is that a high-active individual can be on PrEP. The fraction of the
population that is high-active in a steady partnership with a low-active (which is the same as fraction low
with high above) is

πhπlP1 =
∑

X∈X∪XP

(∑
Y ∈X

Xhl
Y

)
.

(III) The fraction of the population that is high-active in a steady partnership with a high-active is

π2
hP1 =

∑
X∈X∪XP

( ∑
Y ∈X∪XP

Xhh
Y

)
.

This leads to that we can reduce the number of equations further, from 77 to 72.
Before we show the system of differential equations that describe our model, we define some quantities

that will improve readability. Let us write the fraction of the population that is r-active susceptible in a
partnership as Sr1 (where 1 refer to having a steady partner),

Sr1 = SrhSP + SrhAP + SrhCP + SrhS + SrhA + SrhC + SrhT + SrlS + SrlA + SrlC + SrlT

= SrhSP + SrhAP + SrhCP +
∑
q∈D

SrqS + SrqA + SrqC + SrqT

=
∑
X∈XP

SrhX +
∑
X∈X

∑
q∈D

SrqX .

23

Page 51 of 63

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2019-033852 on 5 F

ebruary 2020. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

Similarly, we write the fraction r-active acute infectious individuals in a partnership as Ar1,

Ar1 =
∑
X∈XP

ArhX +
∑
X∈X

∑
q∈D

ArqX ;

the fraction r-active chronic infectious individuals in a partnership as Cr1 ,

Cr1 =
∑
X∈XP

CrhX +
∑
X∈X

∑
q∈D

CrqX ;

and the fraction r-active diagnosed and on ART-treatment in a partnership as T r1 ,

T r1 =
∑
X∈XP

T rhX +
∑
X∈X

∑
q∈D

T rqX .

For the PrEP states we have

SPh1 =
∑
X∈XP

SPhhX +
∑
X∈X

∑
q∈D

SPhqX ,

APh1 =
∑
X∈XP

APhhX +
∑
X∈X

∑
q∈D

APhqX ,

CPh1 =
∑
X∈XP

CPhhX +
∑
X∈X

∑
q∈D

CPhqX .

Remember that the transmission probability in one sex act in the acute stage is denoted by pA and in the
chronic stage by pC . An r-active individual who is single, susceptible, and not on PrEP acquire infection at
rate

βr0 = αrh00
(
pA(Ah0 +APh0 ) + pC(Ch0 + CPh0 )

)
+αrh01

(
pA(Ah1 +APh1 ) + pC(Ch1 + CPh1 )

)
+αrl00(pAA

l
0 + pCC

l
0)

+αrl01(pAA
l
1 + pCC

l
1).

Similarly, an r-active susceptible not on PrEP with a steady partner acquire infection via casual sex at rate

βr1 = αrh10
(
pA(Ah0 +APh0 ) + pC(Ch0 + CPh0 )

)
+αrh11

(
pA(Ah1 +APh1 ) + pC(Ch1 + CPh1 )

)
+αrl10(pAA

l
0 + pCC

l
0)

+αrl11(pAA
l
1 + pCC

l
1).

Introducing PrEP will make some susceptible less likely to acquire infection, let us denote the reduction by
ζ. Assuming a susceptible is protected by 86% by PrEP yields a value of ζ = 1− 0.86 = 0.14. A high-active
susceptible that is single and on PrEP will acquire infection via casual sex at rate ζβh0 .

The model can now be described by a set of 72 differential equations. We will begin by specifying all
single state equations, followed by the different partnership state equations. We remind the reader of the
parameter definitions that can be found in Table S1.1.

S5.1 Single states

For high-active susceptible singles not on PrEP we have that

dSh0
dt

=

Birth of
high-active︷︸︸︷
µπh + (σ + µ)Sh1︸ ︷︷ ︸

Separation of high-active
from a partner

−

High-active single starts PrEP,
dies or enter partnership︷ ︸︸ ︷
(ξ + µ+ ρP0)Sh0 − βh0S

h
0︸ ︷︷ ︸

High-active single
acquire infection

.
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For the other single states, we have

dSPh0
dt

= ξSh0 + (σ + µ)SPh1 − (µ+ ρP0)SPh0 − ζβh0SPh0 ,

dAh0
dt

= (σ + µ)Ah1 − (µ+ γh + δa + ρP0)Ah0 + βh0S
h
0 ,

dAPh0
dt

= (σ + µ)APh1 − (µ+ γP + δa + ρP0)APh0 + ζβh0SP
h
0 ,

dCh0
dt

= (σ + µ)Ch1 + δaA
h
0 − (µ+ γh + ρP0)Ch0 ,

dCPh0
dt

= (σ + µ)CPh1 + δaAP
h
0 − (µ+ γP + ρP0)CPh0 .

Due to constrain (S5.1), the fraction of the population that is high-active on ART-treatment is equal to

Th0 = πhP0 −
(
Sh0 + SPh0 +Ah0 +APh0 + Ch0 + CPh0

)
.

In a similar way we get the equations for a low-active single. Note that a low-active never starts to use
PrEP; however, we could switch which activity-group is targeted for the intervention.

dSl0
dt

= µπl + (σ + µ)Sl1 − (µ+ ρP0)Sl0 − βl0Sl0,

dAl0
dt

= (σ + µ)Al1 − (µ+ γh + δa + ρP0)Al0 + βl0S
l
0,

dCl0
dt

= (σ + µ)Cl1 + δaA
l
0 − (µ+ γh + ρP0)Cl0.

And the fraction low-active on ART-treatment is equal to T l0 = πlP0 −
(
Sl0 +Al0 + Cl0

)
.

S5.2 Partnership states

We will specify the partnership state equations in the following order: first all possible combinations of
a susceptible not on PrEP, SS , SA, SC , ST , SSP , SAP , SCP ; then all possible combinations of an acute
infectious individual not on PrEP that has not previously been specified, AA, AC , AT , ASP , AAP , ACP ;
then all possible combinations of a chronic infectious individual not on PrEP that has not previously been
specified, CC , CT , CSP , CAP , CCP ; then the treated individuals not previously specified, TT , TSP , TAP ,
TCP . Then we specify the partnership type equations of individuals on PrEP: for a susceptible on PrEP,
SPSP , SPAP , SPCP ; for an acute infectious on PrEP, APAP , APCP ; and finally for a chronic infectious on
PrEP, CPCP .

S5.2.1 Susceptible not on PrEP

For susceptible individuals not on PrEP in a partnership with another susceptible not on PrEP we have that

dShhS
dt

= ρ
(
Sh0
)2 − (2ξ + σ + 2µ)ShhS − 2βh1S

hh
S ,

dShlS
dt

= ρSh0S
l
0 − (ξ + σ + 2µ)ShlS − (βh1 + βl1)ShlS ,

dSllS
dt

= ρ
(
Sl0
)2 − (σ + 2µ)SllS − 2βl1S

ll
S ,

where SlhS = ShlS .
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For susceptible individuals not on PrEP in a partnership with an acute infectious individual not on PrEP

dShhA
dt

= ρSh0A
h
0 + βh1S

hh
S − (ξ + λpA + δa + γh + σ + 2µ)ShhA − βh1ShhA ,

dShlA
dt

= ρSh0A
l
0 + βl1S

hl
S − (ξ + λpA + δa + γl + σ + 2µ)ShlA − βh1ShlA ,

dSlhA
dt

= ρSl0A
h
0 + βh1S

lh
S − (λpA + δa + γh + σ + 2µ)SlhA − βl1SlhA ,

dSllA
dt

= ρSl0A
l
0 + βl1S

ll
S − (λpA + δa + γl + σ + 2µ)SllA − βl1SllA.

Note that ArqS = SqrA .
For susceptible individuals not on PrEP in a partnership with a chronic infectious individual not on PrEP

dShhC
dt

= ρSh0C
h
0 + δaS

hh
A − (ξ + λpC + γh + σ + 2µ)ShhC − βh1ShhC

dShlC
dt

= ρSh0C
l
0 + δaS

hl
A − (ξ + λpC + γl + σ + 2µ)ShlC − βh1ShlC ,

dSlhC
dt

= ρSl0C
h
0 + δaS

lh
A − (λpC + γh + σ + 2µ)SlhC − βl1SlhC ,

dSllC
dt

= ρSl0C
l
0 + δaS

ll
A − (λpC + γl + σ + 2µ)SllC − βl1SllC .

And additionally, CrqS = SqrC .
For susceptible individuals not on PrEP in a partnership with an individual on ART-treatment

dShhT
dt

= ρSh0 T
h
0 + γh(ShhA + ShhC ) + γP (ShhAP + ShhCP )− (ξ + σ + 2µ)ShhT − βh1ShhT ,

dShlT
dt

= ρSh0 T
l
0 + γl(S

hl
A + ShlC )− (ξ + σ + 2µ)ShlT − βh1ShlT ,

dSlhT
dt

= ρSl0T
h
0 + γh(SlhA + SlhC ) + γP (SlhAP + SlhCP )− (σ + 2µ)SlhT − βl1SlhT ,

dSllT
dt

= ρSl0T
l
0 + γl(S

ll
A + SllC)− (σ + 2µ)SllT − βl1SllT .

We also have that T rqS = SqrT .
For susceptible individuals not on PrEP with a steady susceptible partner on PrEP we have

dShhSP
dt

= ρSPh0 S
h
0 + ξShhS − (ξ + σ + 2µ)ShhSP − (βh1 + ζβh1 )ShhSP ,

dSlhSP
dt

= ρSPh0 S
l
0 + ξSlhS − (σ + 2µ)SlhSP − (βl1 + ζβh1 )SlhSP .

Note that SPhhS = ShhSP and SPhlS = SlhSP .
For susceptible individuals not on PrEP in a partnership with an acute infectious individual on PrEP

dShhAP
dt

= ρSh0AP
h
0 + ζβh1S

hh
SP − (ξ + λpA + δa + γP + σ + 2µ)ShhAP − βh1ShhAP ,

dSlhAP
dt

= ρSl0AP
h
0 + ζβh1S

lh
SP − (λpA + δa + γP + σ + 2µ)SlhAP − βl1SlhAP .

Note that APhhS = ShhAP and APhlS = SlhAP .
For susceptible individuals not on PrEP in a partnership with a chronic infectious individual on PrEP

dShhCP
dt

= ρSh0CP
h
0 + δaS

hh
AP − (ξ + λpC + γP + σ + 2µ)ShhCP − βh1ShhCP

dSlhCP
dt

= ρSl0CP
h
0 + δaS

lh
AP − (λpC + γP + σ + 2µ)SlhCP − βl1SlhCP .
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Note that CPhhS = ShhCP and CPhlS = SlhCP .

S5.2.2 Acute infectious individuals not on PrEP

For acute infectious individuals not on PrEP in a partnership with another acute infectious not on PrEP we
have

dAhhA
dt

= ρ
(
Ah0
)2 − (σ + 2µ+ 2γh + 2δa)AhhA + 2

(
λpA + βh1

)
ShhA ,

dAhlA
dt

= ρAh0A
l
0 − (σ + 2µ+ γh + γl + 2δa)AhlA + (λpA + βh1 )ShlA + (λpA + βl1)AhlS ,

dAllA
dt

= ρ
(
Al0
)2 − (σ + 2µ+ 2γl + 2δa)AllA + 2

(
λpA + βl1

)
SllA.

where additionally AlhA = AhlA .
For acute infectious individuals in a partnership with a chronic infectious individual

dAhhC
dt

= ρAh0C
h
0 + δaA

hh
A − (σ + 2µ+ 2γh + δa)AhhC +

(
λpC + βh1

)
ShhC ,

dAhlC
dt

= ρAh0C
l
0 + δaA

hl
A − (σ + 2µ+ γh + γl + δa)AhlC +

(
λpC + βh1

)
ShlC ,

dAlhC
dt

= ρAl0C
h
0 + δaA

lh
A − (σ + 2µ+ γh + γl + δa)AlhC +

(
λpC + βl1

)
SlhC ,

dAllC
dt

= ρAl0C
l
0 + δaA

ll
A − (σ + 2µ+ 2γl + δa)AllC +

(
λpC + βl1

)
SllC .

Note that CrqA = AqrC .
For acute infectious individuals in a partnership with an individual on ART-treatment

dAhhT
dt

= ρAh0T
h
0 + γh(AhhC +AhhA ) + γP (AhhCP +AhhAP )− (γh + σ + 2µ+ δa)AhhT + βh1S

hh
T

dAhlT
dt

= ρAh0T
l
0 + γl(A

hl
C +AhlA )− (γh + σ + 2µ+ δa)AhlT + βh1S

hl
T ,

dAlhT
dt

= ρAl0T
h
0 + γh(AlhC +AlhA ) + γP (AlhCP +AlhAP )− (γl + σ + 2µ+ δa)AlhT + βl1S

lh
T ,

dAllT
dt

= ρAl0T
l
0 + γl(A

ll
C +AllA)− (γl + σ + 2µ+ δa)AllT + βl1S

ll
T .

Also, T rqA = AqrT .
For acute infectious individuals not on PrEP in a partnership with a susceptible individual on PrEP

dAhhSP
dt

= ρAh0SP
h
0 + ξAhhS + βh1S

hh
SP − (ζλpA + δa + γh + σ + 2µ)AhhSP − ζβh1AhhSP ,

dAlhSP
dt

= ρAl0SP
h
0 + ξAlhS + βl1S

lh
SP − (ζλpA + δa + γl + σ + 2µ)AlhSP − ζβh1AlhSP .

Note that SPhhA = AhhSP and SPhlA = AlhSP .
For acute infectious individuals not on PrEP in a partnership with an acute infectious individual on PrEP

dAhhAP
dt

= ρAh0AP
h
0 − (σ + 2µ+ γh + γP + 2δa)AhhAP + (λpA + βh1 )ShhAP + (ζλpA + ζβh1 )AhhSP ,

dAlhAP
dt

= ρAl0AP
h
0 − (σ + 2µ+ γl + γP + 2δa)AlhAP + (λpA + βl1)SlhAP + (ζλpA + ζβh1 )AlhSP .
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Note that APhhA = AhhAP and APhlA = AlhAP .
For acute infectious individuals not on PrEP in a partnership with a chronic infectious individual on

PrEP

dAhhCP
dt

= ρAh0CP
h
0 + δaA

hh
AP − (σ + 2µ+ γh + γP + δa)AhhCP + (λpC + βh1 )ShhCP ,

dAlhCP
dt

= ρAl0CP
h
0 + δaA

lh
AP − (σ + 2µ+ γl + γP + δa)AlhCP + (λpC + βl1)SlhCP .

Note that CPhhA = AhhCP and CPhlA = AlhCP .

S5.2.3 Chronic infectious not on PrEP

For an individual with a chronic infection not on PrEP in a steady partnership with another individual with
a chronic infection

dChhC
dt

= ρ
(
Ch0
)2

+ δa(AhhC + ChhA )− (σ + 2µ+ 2γh)ChhC ,

dChlC
dt

= ρCh0C
l
0 + δa(AhlC + ChlA )− (σ + 2µ+ γh + γl)C

hl
C

dCllC
dt

= ρ
(
Cl0
)2

+ δa(AllC + CllA)− (σ + 2µ+ 2γl)C
ll
C .

where ClhC = ChlC .
For an individual with a chronic infection not on PrEP in a steady partnership with an individual under

ART-treatment

dChhT
dt

= ρCh0 T
h
0 + δaA

hh
T + γh(ChhA + ChhC ) + γP (ChhAP + ChhCP )− (σ + 2µ+ γh)ChhT ,

dChlT
dt

= ρCh0 T
l
0 + δaA

hl
T + γl(C

hl
A + ChlC )− (σ + 2µ+ γh)ChlT ,

dClhT
dt

= ρCl0T
h
0 + δaA

lh
T + γh(ClhA + ClhC ) + γP (ClhAP + ClhCP )− (σ + 2µ+ γl)C

lh
T ,

dCllT
dt

= ρCl0T
l
0 + δaA

ll
T + γl(C

ll
A + CllC)− (σ + 2µ+ γl)C

ll
T .

where T rqC = CqrT .
For an individual with a chronic infection not on PrEP in a partnership with a susceptible individual on

PrEP

dChhSP
dt

= ρCh0 SP
h
0 + ξChhS + δaA

hh
SP − (ζλpC + γh + σ + 2µ)ChhSP − ζβh1ChhSP

dClhSP
dt

= ρCl0SP
h
0 + ξClhS + δaA

lh
SP − (ζλpC + γl + σ + 2µ)ClhSP − ζβh1ClhSP .

And additionally SPhhC = ChhSP and SPhlC = ClhSP .
For an individual with a chronic infection not on PrEP in a partnership with an acute infectious individual

on PrEP

dChhAP
dt

= ρCh0AP
h
0 + δaA

hh
AP − (σ + 2µ+ γh + γP + δa)ChhAP + (ζλpC + ζβh1 )ChhSP ,

dClhAP
dt

= ρCl0AP
h
0 + δaA

lh
AP − (σ + 2µ+ γl + γP + δa)ClhAP + (ζλpC + ζβh1 )ClhSP .

Note that APhhC = ChhAP and APhlC = ClhAP .
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For an individual with a chronic infection not on PrEP in a partnership with a chronic infectious individual
on PrEP

dChhCP
dt

= ρCh0CP
h
0 + δa(AhhCP + ChhAP )− (σ + 2µ+ γh + γP )ChhCP ,

dClhCP
dt

= ρCl0CP
h
0 + δa(AlhCP + ClhAP )− (σ + 2µ+ γl + γP )ClhCP .

where CPhhC = ChhCP and CPhlC = ClhCP .

S5.2.4 Treated individual

For an individual under ART-treatment in a steady partnership with another individual under ART-treatment
we have

dThhT
dt

= ρ(Th0 )2 + γh(AhhT + ChhT + ThhA + ThhC ) + γP (APhhT + CPhhT + ThhAP + ThhCP )− (σ + 2µ)ThhT ,

dThlT
dt

= ρTh0 T
l
0 + γh(AhlT + ChlT ) + γl(T

hl
A + ThlC ) + γP (APhlT + CPhlT )− (σ + 2µ)ThlT

dT llT
dt

= ρ(T l0)2 + γl(A
ll
T + CllT ) + γl(T

ll
A + T llC )− (σ + 2µ)T llT .

where T lhT = ThlT .
For treated individuals in a partnership with a susceptible individual on PrEP

dThhSP
dt

= ρTh0 SP
h
0 + ξThhS + γh(AhhSP + ChhSP ) + γP (APhhSP + CPhhSP )− (σ + 2µ)ThhSP − ζβh1ThhSP ,

dT lhSP
dt

= ρT l0SP
h
0 + ξT lhS + γl(A

lh
SP + ClhSP )− (σ + 2µ)T lhSP − ζβh1T lhSP .

We also have that SPhhT = ThhSP and SPhlT = T lhSP .
For treated individuals in a partnership with an acute infectious individual on PrEP

dThhAP
dt

= ρTh0 AP
h
0 + γh(ChhAP +AhhAP ) + γP (APhhAP + CPhhAP )− (γP + σ + 2µ+ δa)ThhAP + ζβh1T

hh
SP

dT lhAP
dt

= ρT l0AP
h
0 + γl(C

lh
AP +AlhAP )− (γP + σ + 2µ+ δa)T lhAP + ζβh1T

lh
SP .

Also, APhhT = ThhAP and APhlT = T lhAP .
For treated individuals in a partnership with a chronic infectious individual on PrEP

dThhCP
dt

= ρTh0 CP
h
0 + δaT

hh
AP + γh(AhhCP + ChhCP ) + γP (APhhCP + CPhhCP )− (σ + 2µ+ γP )ThhCP ,

dT lhCP
dt

= ρT l0CP
h
0 + δaT

lh
AP + γl(A

lh
CP + ClhCP )− (σ + 2µ+ γP )T lhCP .

where CPhhT = ThhCP and CPhlT = T lhCP .

S5.2.5 Individuals on PrEP

For susceptible individuals on PrEP with a steady partner on PrEP we have

dSPhhSP
dt

= ρ(SPh0 )2 + 2ξSPhhS − (σ + 2µ)SPhhSP − 2ζβh1SP
hh
SP ,

dSPhhAP
dt

= ρSPh0 AP
h
0 + ξShhAP + ζβh1SP

hh
SP − (ζλpA + δa + γP + σ + 2µ)SPhhAP − ζβh1SPhhAP ,

dSPhhCP
dt

= ρSPh0 CP
h
0 + ξShhCP + δaSP

hh
AP − (ζλpC + γP + σ + 2µ)SPhhCP − ζβh1SPhhCP .
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Note that APhhSP = SPhhAP and that CPhhSP = SPhhCP .
For acute infectious individuals on PrEP in a steady partnership with an individual on PrEP

dAPhhAP
dt

= ρ(APh0 )2 − (σ + 2µ+ 2γP + 2δa)APhhAP + 2(ζλpA + ζβh1 )APhhSP ,

dAPhhCP
dt

= ρAPh0 CP
h
0 + δaAP

hh
AP − (σ + 2µ+ 2γP + δa)APhhCP + (ζλpC + ζβh1 )SPhhCP .

Note that CPhhAP = APhhCP .
And very much finally, for an individual with a chronic infection on PrEP in a partnership with a chronic

infectious individual on PrEP we have

dCPhhCP
dt

= ρ(CPh0 )2 + δa(APhhCP + CPhhAP )− (σ + 2µ+ 2γP )CPhhCP .

References

[S1] Leung KY, Kretzschmar M, and Diekmann O. SI infection on a dynamic partnership network: charac-
terization of R0. Journal of Mathematical Biology, 71(1):1–56, 2015.

[S2] D. Hansson, K.Y. Leung, T. Britton, and S. Strömdahl. A dynamic network model to disentangle the
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Timeline follow-back tool
The TLFB tool was in Swedish and included one module concerning (1) sociodemographics, sexual 
identity, previous STI/HIV testing and diagnosis, and (2) a TLFB sexual behaviour module. 
The TLFB tool was answered on an interactive tablet device. Here we will give the translated 
questions (from Swedish to English) and describe the tool. Descriptions of the tool is given in italics. 

Sociodemographics, sexual identity, previous STI/HIV testing and diagnosis 
module 
First the participant enters a page where they can answer a set of questions concerning themselves.

1. What year were you born?

2. Were you born in Sweden? 
Yes (If yes, go to 2b-c)
No

2b. What country were you born in?
List of countries
Don't want to answer

2c. How many years have you been living in Sweden? 
Box for number
Don't want to answer

3. What is your highest level of completed education?
No education 
Elementary Grades 1-6
Elementary Grades 7-9
High school or equivalent
Non-university-post-high school education
Higher education/University
Doctorate
Other (Box for text)
Don't want to answer

4. What is your main occupation?
Full/Part time employment
Student
Self-employed
Job-seeking
Long-term sick leave
Sickness/activity leave
Retired
Other
Don't want to answer
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5. What is your average income per month?
Less than 15000SEK
15000-25000SEK
25000-35000SEK
35000-45000SEK
More than 45000SEK
Don't want to answer

6. I identify myself as 
Male
Female
Other
Don't want to answer

7. Are you or have you been a transperson?
Yes (Go to 7b & c)
No (If no, go to 8)
Don't want to answer

7b. Do you identify yourself as one or several of (you can answer several of the alternatives)?
Transperson
Transsexual 
Former Transsexual
Transvestite 
Transgender
Intergender
Intersexual
Other (box for text)
Don't want to answer

7c. Have you done a gender reassignment surgery?
Yes; Hormonal and Surgical
Yes; Hormonal
Yes; Surgical (partly or fully)
No
Don't want to answer

8. Do you identify yourself as one or several of (you can answer several of the alternatives)
Homosexual
Bisexual
Heterosexual
Other (Box for text)
Don't want to answer

9. What is your HIV status?
Negative
Positive (Go to question 9b, not 10)
Unsure/ I do not know
Don't want to answer
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9b. When did you find out that you have HIV?
Year (Box for number)
Don't want to answer

10. When did you last get an HIV test
Less than 6 months
6 to 12 months
1 to 5 years
More than 5 years
Never
Don't remember
Don't want to answer

11. Have you had any of the following sexually transmitted infections the last 12 months?
No
Chlamydia
Gonorrhoea
Syphilis
Herpes
Condyloma/HPV/genital warts
Lymfogranuloma venerum (LGV)
Mycoplasma
Chancroid
Hepatitis A
Hepatitis B
Other
Don't want to answer

12. How many sex partners have you had the last 12 months? 

Then the participants enter the TLFB module.

TLFB sexual behaviour module

Per partner (12 months)
Here we ask of you to report information on your 10 most recent sex partners during the last 12 
months on a timeline. Begin with your latest sex partner and choose the alternative that best match 
your relationship. 
Type of sex partner: which relationship do you have to your sex partner?

1. Main sex partner: A loving (emotional) relationship (e.g. boyfriend/girlfriend).
2. Regular sex partner (e.g. ‘friends with benefits’).
3. Casual known sex partner
4. Casual unknown sex partner

Upon answering this question the participant is brought to the timeline (represented by a green line). 

Begin with marking the length of the relationship with an approximate starting and ending date within 
the green area. Then continue with the questions.
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If the participant labelled their partner as steady (partner type 1 or 2), a line was marked on the 
timeline between the dates. If a participant labelled their partner as casual (partner type 3 or 4), an 
symbol X represented the casual sexual contact.

1. Question concerning all types of sex partners (sex partner of type 1-4)
 Gender of sex partner 

Question: 
Person is:
Male
Female 
Trans 
Other: (box for text)

2a. Questions concerning casual sex partner (that was marked with an X) 
Question: 
What type of sex did you have?
Anal sex – gave 
Anal sex – received
Vaginal sex 
Gave oral sex
Received oral sex
Other:

Condom use was given by ticking in one of the boxes ‘condom’ or ‘no condom’

2b. Questions concerning steady sex partner (marked with a line)

Anal sex – gave – Approximately how many times a month? Box for number 
Anal sex – received – Approximately how many times a month? Box for number
Vaginal sex – Approximately how many times a month? Box for number
Gave oral sex – Approximately how many times a month? Box for number 
Received oral sex – Approximately how many times a month? Box for number

For each of the sex types the following was asked
How often did you use condom?
Always (100%)
Often (75%)
Half of the times (50%)
Seldom (25%)
Never (0%)
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1

2 Abstract 

3 Objectives Since 2017, the Public health Agency of Sweden recommend that pre-exposure 

4 prophylaxis for HIV (PrEP) should be offered to high-risk individuals, in particular to men who 

5 have sex with men (MSM). The objective of this study is to develop a mathematical model 

6 investigating the effect of introducing PrEP to MSM in Sweden.

7

8 Design A pair-formation model, including steady and casual sex partners, is developed to 

9 study the impact of introducing PrEP. Two groups are included in the model: sexually high-

10 active MSM and sexually low-active MSM. Three mixing assumptions between the groups are 

11 considered.

12

13 Setting A gay-friendly MSM HIV/STI-testing clinic in Stockholm, Sweden. This clinic started 

14 offering PrEP to MSM in October 2018.

15

16 Participants The model is calibrated according to detailed sexual behaviour data gathered in 

17 2015 among 403 MSM.

18

19 Results By targeting sexually high-active MSM, a PrEP coverage of 3.5% of the MSM 

20 population (10% of all high-actives) would result in the long-term HIV prevalence to drop 

21 considerably (close to 0%). While targeting only low-actives would require a PrEP coverage of 

22 35% for a similar reduction. The main effect of PrEP is the reduced susceptibility, whereas the 

23 increased HIV-testing rate (every 3rd month) among PrEP users plays a lesser role.

24

Page 3 of 62

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2019-033852 on 5 F

ebruary 2020. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

1 Conclusions To create a multifaceted picture of the effects of interventions against HIV, we 

2 need models that include the different stages of HIV infection and real-world data on detailed 

3 sexual behaviour to calibrate the mathematical models. Our findings conclude that targeting 

4 HIV high-risk individuals, within HIV risk populations such as MSM, with PrEP programmes 

5 could greatly decrease the long-term HIV prevalence in Sweden. Therefore, risk stratification 

6 of individuals is of importance in PrEP implementation programmes, to ensure optimising the 

7 effect and cost-effectiveness of such programmes.

8

9 Strengths and limitations of this study

10  Using a mathematical pair-formation model we study the effect of introducing PrEP 

11 among MSM in Sweden, a group at high risk of HIV acquisition. 

12  The model divides the population into sexually high-active MSM and low-active MSM, 

13 where high-actives are offered to use PrEP. 

14  The model is calibrated to detailed sexual behavioural data gathered among the MSM 

15 population now being offered PrEP in Sweden.

16  Limitations of this study include that the data only makes it possible to include two 

17 activity-groups, and that we do not allow for more than one steady sex partner at a 

18 time.

19
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1

2 INTRODUCTION

3 In Sweden, the HIV prevalence was estimated to 0.07% in the general population in 2015,[1] 

4 whereas the self-reported HIV prevalence among men who have sex with men (MSM) has 

5 been estimated between 2% to 6%.[2] Sweden was the first country to report having achieved 

6 the UNAIDS/WHO 90-90-90 goal in 2016,[1] with at least 90% of people living with HIV being 

7 aware of their HIV status, 90% of HIV diagnosed individuals being on antiretroviral therapy 

8 (ART), and with 90% of those on ART being under viral suppression.[3] Viral suppression 

9 means achieving continuously undetectable HIV viral load that diminishes onward 

10 transmission to close to zero.[4,5]

11 As a result of ART’s effectiveness in viral suppression it can be viewed as an effective 

12 preventive measure for further HIV transmission. However, on its own it does not seem to 

13 reduce HIV prevalence enough in risk-groups, such as the MSM population, but needs to be 

14 combined with additional preventive strategies.[6–8] One such preventive intervention is oral 

15 pre-exposure prophylaxis for HIV (PrEP), i.e. that the antiviral drugs tenofovir-emtricitabine 

16 are taken by individuals with negative HIV serostatus to prevent HIV acquisition.[9,10] PrEP 

17 effectiveness is dependent on adherence to PrEP to ensure that protective concentrations of 

18 the drugs are present at exposure to prevent transmission.[11] Two different studies report 

19 that PrEP reduces the HIV incidence by 86% among MSM (95% CI 40–98 and 90% CI 64–96 

20 respectively).[9,10] Due to the effectiveness of PrEP, the World Health Organisation (WHO) 

21 recommend PrEP to be offered to individuals at substantial risk of HIV acquisition, defined as 

22 an HIV incidence of 3 or above per 100 person-years.[12] 
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1 The use of PrEP in Sweden was approved in 2016 by the Swedish Medical Products 

2 Agency.[13] Since 2017, the Public health Agency of Sweden recommend that PrEP should be 

3 offered to high-risk MSM. However, very few clinics started offering PrEP at this time due to 

4 logistical and funding concerns. Since June 2018, the New Therapies Council recommend 

5 Swedish counties to implement PrEP programmes for MSM and offer subsidised PrEP.[14] 

6 The larger gay-friendly sexual health clinics in the major three urban areas of Sweden have 

7 since then started to implement PrEP. As of July 2019, approximately 315 individuals have 

8 initiated PrEP in Stockholm (personal communication with Dr. FinnFilén responsible for PrEP 

9 at Venhälsan, Södersjukhuset).

10 The objective of this study is to investigate the effect of introducing PrEP to MSM in Sweden. 

11 First, we incorporate the use of PrEP into pair-formation models developed to study HIV 

12 transmission.[15] This model separates individuals depending on sexual activity-degree, high-

13 active or low-active.  The model is then fitted to sexual behaviour data from a gay-friendly 

14 HIV/STI-testing clinic in Stockholm, Sweden. Finally, the effect of PrEP on HIV transmission is 

15 studied by risk-stratifying MSM for PrEP, to explore the level of PrEP coverage needed to 

16 substantially reduce the long-term HIV prevalence.

17

18 METHODS 

19 To study the introduction of PrEP, we develop a pair-formation model that includes steady 

20 (long-term) partnerships and casual (one-off/occasional) sex partners. We categorise 

21 individuals as sexually high-active or low-active, with different sex partner mixing patterns, 

22 different HIV-diagnosis rates, and allowing for high-actives to use PrEP. We incorporate two 

23 stages of HIV infectiousness: the early acute (primary) stage and the subsequent chronic 
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1 (asymptomatic) stage.[16] The model is then calibrated to detailed sexual behaviour data and 

2 the observed HIV prevalence. We earlier developed a model to disentangle the roles of casual 

3 and steady partnerships on HIV transmission, which we further elaborate in this work.[15] We 

4 begin by describing the model for sexual contacts and continue with how transmission of HIV-

5 infection is modelled. Then we apply sexual behaviour data gathered among MSM. The full 

6 description of the model can be found in the Supplementary material S1.

7

8 Dynamic pair-formation model 

9 Consider a sexually active same-sex population where new individuals enter the sexually 

10 active population without having a steady sex partner. Individuals can have at most one 

11 steady partner at a time, which can end by separation or death of either partner. Individuals 

12 can also have casual sex partners during steady partnerships as well as during periods without 

13 steady partnerships; the rate at which this occurs depends on the steady partnership status 

14 of the individuals under consideration. Based on data, we allow singles to have a higher rate 

15 of casual sex than individuals in a steady partnership. Not only partnership status affects the 

16 rate of finding new casual sex partners, we additionally allow for individuals to be either high-

17 active or low-active regarding the frequency of having casual sex partners.

18 Letting the rate of finding a new casual sex partner depend on the partnership status and the 

19 activity-degree of both potential members in the sexual act, yields 16 different casual sex 

20 partnership combinations. We let  denote the rate at which an individual with activity-𝛼𝑟𝑞
𝑖𝑗

21 degree  and  steady partners try to find a casual sex partner with activity-degree  and  𝑟 𝑖 𝑞 𝑗

22 steady partners, where  and . These rates play an 𝑟,𝑞 ∈ {ℎ = high,  𝑙 = low} 𝑖,𝑗 ∈ {0,1}
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1 important role in our modelling and are described in detail in Supplementary material S1 and 

2 Supplementary material S2.

3

4 Casual sex and mixing patterns 

5 Creating the groups high-active and low-active makes it necessary to formulate mixing 

6 between the groups. Three activity-degree mixing assumptions are considered: proportionate 

7 mixing, complete assortativity, and mixing fitted to responses of a proxy question. Common 

8 to all three models is that high-actives have casual contacts at a fixed rate being larger than 

9 that of low-actives. Proportionate mixing implies that an individual chooses a casual partner 

10 at random among the potential casual sex attempts in the population, i.e. the probability of 

11 having a high-active casual partner is the same for low-active and high-active individuals. 

12 Complete assortativity means that high-actives only have high-active casual partners and low-

13 actives only have low-active casual partners. 

14 We estimate the assortativity according to the testing-clinic participants answer to one 

15 question on partners’ sexual activity, as described in Supplementary material S3. This 

16 question is referred to as a proxy question for partners activity-degree. The proxy for partners 

17 activity-degree and knowing whether an individual is high-active or low-active, specifies the 

18 amount of assortativity in the data. The estimated assortativity can take values between 0 

19 and 1, where 0 corresponds to proportionate mixing and 1 to complete assortativity.

20 Since we do not know whether or not participants’ casual sex partners are in steady 

21 partnerships, the mixing between singles and individuals in a partnership is assumed to be 

22 random (proportionate mixing).
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1

2 Model of infection 

3 To model the spread of infection we use a compartmental model, much like the SIR model 

4 (Susceptible → Infectious → Recovered),[17] but with two stages of infectiousness: acute 

5 followed by chronic. The probability of transmission of HIV depends on the stage of infection 

6 when no antiretroviral treatment is used.[18] In the early acute stage the probability of 

7 transmission is much higher due to higher viral load than in the chronic stage. The probability 

8 of transmission in one unprotected sex act (in our case anal intercourse) is denoted  when 𝑝𝐴

9 in the acute stage and  when in the chronic stage. The model allows for different levels of 𝑝𝐶

10 condom use with steady and casual sex partners, and it is incorporated by reducing the 

11 transmission probability accordingly. The time until diagnosis and the beginning of ART 

12 depends on the degree of sexual activity. Further, individuals on ART are assumed to be virally 

13 suppressed and thereby to no longer transmit infection. The compartmental model therefore 

14 divides the population into susceptible, infectious in the acute stage, infectious in the chronic 

15 stage, and being on ART-treatment.

16 The aim with defining this model is to introduce the possibility for high-actives to take PrEP, 

17 which, when taken correctly, decreases the probability of getting infected with HIV by 

18 approximately 86%.[9,10] Moreover, individuals accepting PrEP need to test themselves 

19 every third month. The model is illustrated in Supplementary material S1.

20

21

22
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1 Data and calibration 

2 The data was gathered at a gay-friendly HIV/STI-testing clinic (Venhälsan) in Stockholm, 

3 Sweden, during 2015.[19] MSM visiting testing-clinics might be more sexually active than 

4 other MSM, e.g. sexually inactive or MSM with one sex partner might not visit testing-clinics 

5 as often. 403 MSM participants answered a structured timeline follow-back questionnaire 

6 and reported their total number of sex partners during the last 12 months. Detailed sexual 

7 behaviour data was collected on participants’ last ten sex partners during the last 12 months, 

8 including: type of sex partner (casual or steady); frequency of sex acts; condom use with each 

9 partner; the duration of each sexual relationship; and the answer to the proxy question on 

10 partners’ sexual activity-degree. All 403 participants were included in the study by Hansson 

11 et al.[15] However, inclusion in this study requires that participants have reported their total 

12 number of sex partners during a year to determine their activity-degree. Moreover, for a 

13 partner to be included, the proxy question regarding the partner’s sexual activity-degree must 

14 be answered. Of the 403 participants, four participants reported having zero sex partners the 

15 previous 12 months and 28 participants did not answer that particular question. Of the 

16 remaining 371 participants, detailed information on 1991 different sex partners (510 steady 

17 and 1481 casual) were given. We have an answer to the proxy question for 1424 of the 1481 

18 casual sex partners. When removing the 57 casual sex partners with no answer to the proxy 

19 question, 368 participants (and 1903 partners) remain and was included in the analysis 

20 presented here.

21 The participants demonstrate a considerable difference in yearly number of sexual partners, 

22 with a range from 1 to 250 sexual partners. We choose the mean (15) as our cut-off for 
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1 defining high-active individuals, resulting in that 33.7% are high-actives. The mean number of 

2 sex partners for high-actives is 33.2 (sd=32) and for low-actives it is 6.0 (sd=3.2).

3

4 Partnership and epidemic parameters

5 The parameters and their values used in the analysis are given in Table 1. Some parameters 

6 are estimated from the testing-clinic data (part 1 - 4 in Table 1), some parameters are varied 

7 (part 2 in Table 1), and some are taken from the available literature (part 5 in Table 1). In the 

8 analysis, the standard errors of all estimates from the testing-clinic data can be included to 

9 obtain a 95% credibility interval (using Monte Carlo simulation) of the prevalence estimated 

10 from the model (see Supplementary material S3).

11 The mean times to ART, denoted  for a high-active and  for a low-active, are calibrated to 𝛾ℎ 𝛾𝑙

12 fit the observed prevalence. From the data we estimate that  (Supplementary 𝛾ℎ = 2.35𝛾𝑙

13 material S3), this relationship will be kept throughout the analysis, such that only one of the 

14 parameters need to vary.   

15

16 Estimated rates of meeting a new casual sex partner

17 Table 1 shows the estimated rates of meeting a new casual sex partner. In the third part of 

18 Table 1 we have not utilised the proxy question on partners activity-degree, these estimates 

19 are enough when assuming proportionate mixing or complete assortativity. The proxy 

20 question is used to get the estimates in the fourth part of Table 1. From this table and a given 

21 choice of mixing pattern, one can estimate the rates of looking for a new casual sex partner 

22 . The final values of  can be found in Supplementary material S3.𝛼𝑟𝑞
𝑖𝑗 𝛼𝑟𝑞

𝑖𝑗
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1 Table 1: Estimates of partnership and epidemic parameters. Abbreviations used: AI - anal intercourse, URAI - unprotected 
2 receptive anal intercourse, UIAI - unprotected insertive anal intercourse. 

1. Partnership parameters
Parameter Value Definition Source
1/(𝜎 + 2𝜇) 271.5 days Mean duration steady partnership MSM data

1/𝜌𝑃0 152.8 days Mean time being single MSM data
1/𝜆 12.3 days Mean time between AI within steady partnership MSM data
𝑃0 0.360 Fraction without a steady partner MSM data
𝑃1 0.640 Fraction with a steady partner MSM data
𝜋ℎ 0.337 Fraction high-actives MSM data
𝜋𝑙 0.663 Fraction low-actives MSM data

2. Parameters for condom use, PrEP, and time to treatment Source
𝑞𝑠 54.1% Mean condom use steady partner MSM data
𝑞𝑐 62.9% Mean condom use casual partner MSM data
𝜉 Rate for a high-active to start taking PrEP 

(calibrated to achieve different % PrEP coverage)
Varied

Mean time from infection to successful 
antiretroviral treatment for a

1/𝛾𝑃 0.25 years high-active on PrEP [20]
1/𝛾ℎ 1.5 – 3 years high-active not on PrEP Varied
1/𝛾𝑙 3.5 – 7 years low-active 1/𝛾𝑙 = 2.35 /𝛾ℎ

3. Casual sex partner parameters from data not using proxy Source
Mean time until new casual sex partner for a

1/𝛼ℎ ∙
0 ∙ 10.7 days high-active when single MSM data

1/𝛼ℎ ∙
1 ∙ 12.5 days high-active when in partnership MSM data

1/𝛼𝑙 ∙
0 ∙ 66.5 days low-active when single MSM data

1/𝛼ℎ ∙
1 ∙ 97.9 days low-active when in partnership MSM data

4. Casual sex partner parameters from data using proxy Source
Mean time until new casual partner 
for a high-active with a

1/𝛼ℎℎ
0 ∙ 14.1 days high-active when single MSM data

1/𝛼ℎ𝑙
0 ∙ 43.7 days low-active when single MSM data

1/𝛼ℎℎ
1 ∙ 15.4 days high-active when in partnership MSM data

1/𝛼ℎ𝑙
1 ∙ 66.4 days low-active when in partnership MSM data

Mean time until new casual partner 
for a low-active with a

1/𝛼𝑙ℎ
0 ∙ 109.3 days high-active when single MSM data

1/𝛼𝑙𝑙
0 ∙ 169.6 days low-active when single MSM data

1/𝛼𝑙ℎ
1 ∙ 136.1 days high-active when in partnership MSM data

1/𝛼𝑙𝑙
1 ∙ 348.9 days low-active when in partnership MSM data

5. Parameters from the literature
Parameter Value Definition Source

70% Condom efficiency [21]
1/𝛿𝑎 0.24 years Mean time in acute infection stage [18]
1/𝜇 60 years Sexually active life-span [22,23]

Per-act transmission probability
0.1835 Acute stage URAI [16]
0.0138 Chronic stage URAI [16]
1.48% Overall URAI [24]
0.62% Overall UIAI [24]
2.39 Of URAI in comparison to UIAI [24]

𝑝𝐴 0.1301 Acute stage combined URAI-UIAI [16,24]
𝑝𝐶 0.0098 Chronic stage combined URAI-UIAI [16,24]
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1

2 Patient and public involvement

3 There was no patient and/or public involvement in the planning of this study.

4

5 ANALYSIS AND RESULTS 

6 The assortativity regarding activity-degree is measured to 0.14, meaning that the studied 

7 population choose casual partners with a moderate assortativity. The HIV prevalence among 

8 the 368 participants is 5%, which is in line with national levels among MSM,[2] and this 

9 prevalence will be used as a baseline when studying the effect of PrEP. Specifically, the 

10 baseline model is the model where no one uses PrEP ( ) and that is calibrated to achieve 𝜉 = 0

11 a 5% equilibrium prevalence. The only parameter not being able to be estimated from the 

12 HIV/STI-testing clinic data, or that can be taken from the literature, is the mean time to 

13 successful ART-treatment. Hence, to calibrate the model to the observed 5% prevalence, we 

14 find the mean time to treatment that corresponds to this prevalence. To study the effect of 

15 PrEP, we use the same parameter set-ups as for the baseline model but additionally allow for 

16 sexually high-actives to use PrEP ( ), and then find the new equilibrium prevalence. We 𝜉 > 0

17 use ‘long-term prevalence’ and ‘equilibrium prevalence’ interchangeably. The set of 

18 equations used to find the equilibrium prevalence can be found in Supplementary material 

19 S4. We begin by presenting the results of the model where PrEP has not yet been introduced, 

20 then we move to the model where high-actives are offered PrEP.

21

22 Prior to the introduction of PrEP
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1 In dividing the population into two activity-degrees and using fitted assortativity, we find that 

2 the prevalence of 5% (95% CRI 2.3-7.6%) is obtained when the mean time to ART is 𝛾 ―1
ℎ

3  years for high-actives, (4.15 years for low-actives). In doing this calibration to the = 1.77

4 observed 5% prevalence, the estimated percent of individuals with positive HIV serostatus 

5 that are on ART-treatment is 95.8%.

6 Disregarding the proxy question, we would not know how the population mix regarding 

7 activity-degree. We could then use the other two mixing patterns. Assuming proportionate 

8 mixing, the prevalence of 5% (95% CRI 2.1-7.8%) is obtained when  years. This set-𝛾 ―1
ℎ = 1.79

9 up yields that the estimated percent of individuals with HIV that are on ART-treatment is 

10 95.7%. For complete assortativity, the prevalence of 5% (95% CRI 2.7-7.0%) is obtained when 

11  years, and then the estimated percent of individuals with HIV that are on ART-𝛾 ―1
ℎ = 1.63

12 treatment is 96.4%. Figure 1a) depicts the prevalence for varied values of the mean time to 

13 ART-treatment and Figure 1b) shows the 95% credibility intervals.

14 [INSERT FIGURE 1 HERE]

15 Using the fitted assortativity, a prevalence of 5% was found when the mean time to ART was 

16 1.77 years for high-actives, while the same time to ART for the proportionate mixing 

17 assumption yields a prevalence of 4.6% (95% CRI 1.7-7.3%), and complete assortativity yields 

18 a prevalence of 6.9% (95% CRI 4.6-8.8%). This shows that higher assortativity regarding 

19 activity-degree leads to higher prevalence and easier allows for HIV being endemic. With 

20 increased assortativity, the allocation of the infected individuals becomes different, as seen 

21 in Table 2, with more high-actives being infected. Interesting to note, from Figure 1a, is that 

22 the difference between the mixing assumption decreases with an increased time to ART.
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1 Additionally, from Table 2 we note that approximately 35% of HIV transmissions occur within 

2 a steady partnership.

3

4

5

6 Table 2: For the three mixing assumptions, we show the estimated mean time to ART corresponding to a prevalence of 5%. 
7 For this prevalence and for each of the three mixing assumptions, we also show the route of transmissions and HIV prevalence 
8 for the two respective activity-degree groups.  The shown values for the time to ART-treatment are for high-active individuals, 
9 the time to ART-treatment for low-actives is 2.35 times larger. For the allocation of the 5% infected we show the percentage 

10 of high-actives and low-actives, respectively, that are HIV-positive.

Overall HIV prevalence of 5%
Prop. mixing Fitted Assort. Compl. Assort.

Time to ART (years) 1.79 1.77 1.63
Route of transmission

Steady partner 35% 35% 32%
Casual sex when in partnership 38% 39% 41%

Casual sex when single 26% 26% 27%
HIV prevalence in the group

High-actives 9.05% 9.23% 10.79%
Low-actives 2.94% 2.85% 2.06%

11

12

13 Effect of introducing PrEP

14 We now present the effect of introducing PrEP. This is done by starting at a prevalence of 5% 

15 and then increasing the PrEP coverage. That is, we use the parameter values from the model 

16 without PrEP that achieved a 5% equilibrium prevalence, but now allow high-actives to take 

17 PrEP and find the new equilibrium prevalence. We stress that the results are the long-term 

18 effect of certain levels of PrEP coverages, even with no more infections it will naturally take a 

19 long time to eliminate HIV completely from the MSM community, i.e. for the HIV prevalence 

20 to reach 0%. 
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1 If the population is not divided according to activity-degree, the PrEP coverage would need 

2 to be 5.2% of the total population to reduce the long-term prevalence from the observed 5% 

3 to close to 0% (Supplementary material S5). Dividing the population according to activity-

4 degree and only targeting high-actives for PrEP, Figure 2a shows the combined effect of PrEP 

5 and an increased testing rate: reaching a coverage of 1% of the population (3.0% of high-

6 actives) will reduce the long-term prevalence from 5% to 3.6%; reaching a coverage of 3.5% 

7 of the population (10.4% of high-actives) will reduce the long-term prevalence to 0%.

8  [INSERT FIGURE 2 HERE]

9 Being able to target risk groups for PrEP makes a big difference: targeting low-actives instead 

10 would result in a needed PrEP coverage of 34.4% of the population to eventually eliminate 

11 HIV from the community (Supplementary material S5). 

12 To ascertain the respective effects of PrEP, the decreased susceptibility by 86% and the more 

13 frequent HIV-testing rate (every third month), we do two additional analyses. If being on PrEP 

14 is not combined with an increased testing rate, but only a reduced susceptibility, reaching a 

15 coverage of 3.5% of the population will reduce the prevalence to 0.5% (Figure 2b). If being on 

16 PrEP does not give any reduced susceptibility, but only an increased testing rate, reaching a 

17 coverage of 3.5% of the population will reduce the prevalence to 1.9%. 

18 For results concerning the more short-term effect of PrEP, see Supplementary material S5. 

19 We can for example note that using the lowest PrEP-initiation rate that corresponds to HIV 

20 elimination (the 3.5% PrEP coverage) would after 50 years have reduced the prevalence from 

21 5% to 4% and the percentage infectious and undiagnosed HIV cases by half (from 0.21% to 

22 0.09%). Using a higher PrEP-initiation rate would speed up the decrease in new HIV cases, for 
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1 example by reaching a PrEP coverage of 7% after 50 years would result in that the percentage 

2 of infectious undiagnosed HIV cases would be as low as 0.01%. 

3

4

5

6 DISCUSSION

7 Our results suggest that a PrEP coverage of at least 3.5% of the MSM population, when 

8 sexually high-actives are targeted, is needed to eventually eliminate HIV from the MSM 

9 population in Sweden. This can be compared to a 34.4% PrEP coverage needed if only low-

10 active MSM were targeted for PrEP. These results emphasise the need for risk stratification 

11 among MSM, to ensure that those in need of PrEP receive the intervention. To reach high-risk 

12 MSM, out-reach programmes and peer education programmes have been found to be 

13 effective, scale up of these may increase the effect of PrEP implementation on the HIV 

14 epidemic among MSM in Sweden.[25]  

15 We find that the greatest effect of the combined PrEP intervention follows from the 

16 decreased susceptibility to HIV, not the increased HIV-testing rate. This result would be 

17 hidden in a model not taking the different stages of infection into account (Supplementary 

18 material S5). Hence, to make a correct assessment of a PrEP programme's effect, the 

19 complexities of HIV transmission, the different stages of infection, need to be accounted for. 

20 The benefit of targeting high-risk individuals for PrEP has been found by other studies.[8,26–

21 29] Our analyses adds to these findings by including additional parameters. Punyacharoensin 

22 et al.[8] investigate the effect of different HIV interventions, including PrEP, among MSM in 
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1 the UK. They define low-actives as MSM with one or fewer new sexual partners a year, while 

2 our definition of high-active MSM (at least 15 partners a year) is to address a group with very 

3 high HIV risk. Secondly, they address mixing through a different method using an odds ratio 

4 among male heterosexuals, while we use data from the MSM population under study. 

5 Rozhnova et al.[29] use four risk-groups, however, they do not estimate mixing between the 

6 groups but assume intermediate mixing.

7 Our model has four strengths worth mentioning. First, our model design is strengthened by 

8 that it is calibrated to fit detailed data of MSM who visited an STI/HIV-testing clinic in Sweden. 

9 For example, when the model is calibrated to data and the observed 5% HIV prevalence, the 

10 estimated percentage of individuals with HIV that are on ART-treatment, 95.8%, are very close 

11 to the observed value of 95.1%.[1] In addition, the very same clinic where the data was 

12 gathered is the largest implementer of PrEP in Sweden, prescribing PrEP to 315 MSM since 

13 October 2018. Secondly, we can measure the assortativity with respect to activity-degree of 

14 the study participants. The mixing between high-actives and low-actives is estimated to be 

15 more assortative than proportionate mixing (0.14 vs 0), and by using the estimated 

16 assortativity we get more reliable results with narrower 95% CRIs than for proportionate 

17 mixing (Supplementary material S5). For realistic mean times to ART, the mixing assumption 

18 has an impact on the estimated prevalence, making it an important factor to include. Thirdly, 

19 an important model choice is to include steady partnerships, not only casual contacts, since 

20 HIV transmission occurs to a large extent within a steady partnership (Table 2). Finally, the 

21 result concerning PrEP coverage is robust to variations in the parameter set-ups 

22 (Supplementary material S5).
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1 Our model includes limitations. First, the proxy question used to fit the assortativity can only 

2 define two activity-degree groups and not more. The real-life scenario is probably more 

3 heterogeneous than accounted for in our model; even with a high PrEP coverage, the 

4 prevalence would likely stay above 0% due to some sub-groups of MSM taking larger HIV risks 

5 than the high-actives within our model. Additionally, some individuals are probably even 

6 more low-active (such as MSM in monogamous steady partnerships) than we allow for.  

7 Secondly, many possible changes in sexual behaviour are not included. Our model assumes 

8 no change in sexual behaviour when being on ART and we do not assume any increased HIV-

9 testing rate for a sex partner to someone living with HIV. Individuals on PrEP are assumed to 

10 stay on PrEP, except if they get diagnosed with HIV and are put on ART-treatment. Moreover, 

11 individuals are assumed to belong to one of the sexual activity-groups during their whole life. 

12 For the studied MSM population we do not have data on how individuals change between 

13 the two activity-groups, due to that the timeline data was restricted to 12 months. To study 

14 the potential effect of behavioural changes of activity-degree we allowed low-active MSM to 

15 become high-active and for high-active MSM to become low-active. We looked at several 

16 different magnitudes of switching between low-active and high-active and these analyses can 

17 be found in Supplementary material S5. In this extension of the model we also allowed for 

18 PrEP-users to stop taking PrEP. We find the same tendency as Rozhnova et al.[30]—that a 

19 slightly less PrEP coverage is needed to reach a long-term HIV prevalence of 0% when allowing 

20 individuals to change activity degree group. When individuals are fixed to one group the PrEP 

21 coverage needed to eliminate HIV was 3.5% while when allowing for switching the PrEP 

22 coverage needed varies between 2.5% - 3%. Thirdly, the data is collected among a 

23 convenience sample of MSM visiting an HIV/STI-testing clinic, thereby it is not representative 

24 of all MSM in Sweden. Fourthly, the model does not consider imperfect PrEP adherence which 
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1 could overestimate PrEP’s potential effect in reducing the HIV prevalence. However, in 

2 Supplementary material S5 we consider different values of PrEP effectiveness. Finally, our 

3 model does not incorporate concurrent steady partnerships. This is a common assumption 

4 for compartmental models,[8,15,31] and inclusion would possibly strengthen the model. 

5 However, our model does consider casual sex partners concurrent to steady partners.

6 In future work, risk compensation could be studied more thoroughly, e.g. changed behaviour 

7 of individuals on PrEP. Other risk behaviours for HIV than sexual activity-degree could be 

8 considered to define the risk-group offered PrEP, such as taking part in group sex, consistent 

9 drug use, and transactional sex. Another possible extension is to stratify our model by age, 

10 letting also activity-degree vary between the age groups to capture that certain age groups 

11 could be more sexually active.

12 We conclude by stating the result emerged from the heterogeneous activity-degrees: 

13 heterogeneity in sexual activity does increase the prevalence, however, it also makes targeted 

14 interventions much more effective.
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1 FIGURE TITLES

2 Figure 1: (a) Estimated prevalence of HIV (y-axis) for the three mixing assumptions and 

3 different mean time to ART-treatment (x-axis). The presented time to ART-treatment is for 

4 high-active individuals, for low-actives it is a factor 2.35 higher. (b) The same estimated 

5 prevalence as in (a), but now showing the prevalence separately and including the 95% 

6 credibility interval for the three mixing assumptions. In one simulation, each partnership 

7 parameter (estimated from data) was drawn from its distribution. With that set-up of drawn 

8 parameters, we calculated the prevalence. This was repeated 1000 times to obtain the 

9 credibility interval.

10

11 Figure 2: The effect of introducing PrEP to sexually high-actives. In (a) the x-axis shows 

12 different PrEP coverage levels and the y-axis the corresponding HIV prevalence. The three 

13 lines show: the HIV prevalence in the total population (black solid line), the HIV prevalence 

14 among high-actives (lighter short-dashed line), and the HIV prevalence among low-actives 

15 (darker long-dashed line).  (b) depicts the effect of PrEP by looking at: (i) solely the reduction 

16 of susceptibility and no increased testing rate; and (ii) solely the increased testing rate and no 

17 reduced susceptibility.
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S1 Formulation of the model

S1.1 Pair-formation model

We consider a sexually active same-sex population, where new individuals enter the sexually active popu-
lation according to an exponential distribution with rate µn and each individual leaves the sexually active
population at rate µ. The size of the sexually active population will therefore fluctuate around the value n,
which is assumed to be large. Individuals enter the sexually active population without a steady partner. The
rate at which an individual who is single enters into a partnership is ρP0, where P0 is the fraction of single
individuals in the population. This means that the higher the fraction of single individuals, the higher the
pair-formation rate. Individuals can have at most one steady partner at a time and the separation rate for
each partnership is denoted σ. Therefore, a partnership lasts for an exponential time with mean duration
1/(σ + 2µ).

The partnership network is assumed to be stable, i.e. the proportion of singles remains at P0 for all t.
We can then express P0 (and the proportion P1 = 1 − P0 of individuals with a partner) in terms of model
parameters [S1]:

P0 =

√
(σ + 2µ)(4ρ+ σ + 2µ)− (σ + 2µ)

2ρ
. (S1.1)

The rate of sexual acts within a partnership is denoted λ. Beside steady partners, individuals may have
casual sex partners during steady partnerships as well as during single periods; the rate at which this occurs
depends on the partnership status of the individual under consideration.

Up to this point, the pair-formation model described is the same as in [S2]. The first extension of the
model from [S2] is to allow for individuals to be either low-active or high-active with regards to the number
of casual sex partners. In our application, an individual is assumed to be sexually high-active if they have 15
or more sex partners per year. The fractions of sexually high-active and sexually low-active in the population
are denoted πh and πl, respectively (πh + πl = 1).

Let αrqij be the rate an individual with activity degree r ∈ {l = low, h = high} and i ∈ {0, 1} steady
partners tries to find a casual sex partner with activity degree q ∈ {l = low, h = high} and j ∈ {0, 1} steady
partners. For this attempt to succeed the individual must actually meet an individual with activity degree
q and j steady partners, and therefore, the rate of actual casual sex is αrqij Pjπq. For example, a single who

is low-active has casual sex with another low-active single at rate αll00P0πl, and with a high-active individual
in a steady partnership at rate αlh01P1πh.

S1.2 Model of infection

As explained in the main text, to model an infection on the network we use a so-called SIR compartmental
model (for a survey on stochastic SIR models see [S3]). Individuals can either be susceptible (S), infectious
in the acute stage (A), infectious in the chronic stage (C), or on ART-treatment (T ). The second extension
of the model in [S2] is to allow for these two infectious stages. Once an individual becomes aware of their
infection and starts ART-treatment they are interpreted as immune and can no longer transmit infection.
The average duration of the acute infection stage is 2.9 months (= 0.24 years) [S4]. Hence, an individual
goes from A to C at rate δa = 1/0.24 years−1.

Given an unprotected sexual contact (in our case anal intercourse) between an infectious and susceptible
individual, there is a probability of transmission depending on stage of infection: pA when in the acute stage
and pC when in the chronic stage. Therefore, the transmission rate for an infectious individual in the acute
stage in a steady partnership with a susceptible individual is pAλ, and the transmission rate in a casual
sexual encounter is pAα

rq
ij . Note that the probabilities pA and pC of transmission are for the unprotected

case, in reality some of the intercourses are with condom. Condom use may also differ with steady and
casual sex partners.

The third extension to [S2] is that the time until diagnosis and the beginning of successful ART-treatment
may depend on the degree of sexual activity. A sexually high-active individual is put on ART-treatment at
rate γh and a sexually low-active at rate γl.
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Table S1: Summary of model parameters. The partnership formation model parameters are given in
the first part of the table and the parameters connected to the epidemic in the second part.

Partnership parameters

n average population size

µ rate of leaving the sexually active population

ρ partnership formation rate

σ separation rate

λ rate of sex acts within a steady partnership

πh fraction of high-active individuals

πl fraction of low-active individuals

ξ rate for high-actives to start taking PrEP

αrqij rate for a r-active individual with i steady partners
to try to have casual sex with a q-active with j steady
partners

Epidemic parameters

pA probability of infection in one unprotected anal in-
tercourse during the acute infectious stage

pC probability of infection in one unprotected anal in-
tercourse during the chronic infectious stage

γh ART-treatment rate for high-actives

γl ART-treatment rate for low-actives

γP ART-treatment rate for high-actives on PrEP

δa rate of going from acute infection stage to the chronic
stage

The fourth and main extension is to introduce the possibility for a high-active to take PrEP, which
dramatically decreases the probability of getting infected with HIV. The rate a high-active initiate PrEP is
denoted ξ, and in our model the use of PrEP reduces the per-act probability of infection by 86% [S5]. Note
that the rate ξ does not include imperfect PrEP adherence; ξ is the rate for high-actives to initiate PrEP and
to achieve its protective effect. A high-active on PrEP is tested and, if HIV-positive, put on ART-treatment
at a rate γP = 1/0.24 years−1.

To summarise, the model is captured by 30 parameters (20 free parameters): n, µ, ρ, σ, λ, pA, pC , δa,
ξ; the fraction high-actives πh and the fraction and low-actives πl = 1− πh; the 16 parameters αrqij (8 free),
where r, q ∈ {l, h} and i, j ∈ {0, 1}; and the three γP , γh and γl, where γh = 2.349γl as described later
in Section S3.3. We provide an overview of the notation in Table S1 and an illustration of the model in
Figure S1. Note that, we could instead allow for low-actives, instead of high-actives, to be offered PrEP.
This possibility will be briefly explored to be compared to the effect of targeting HIV high-risk individuals
for a PrEP intervention programme.
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Figure S1: Representation of possible states a low-active (a) and a high-active (b) can be in. Individuals
enter the MSM population as singles into the S compartment. High-actives move to SPrEP at a rate ξ
whereas low-actives can never start to use PrEP. Susceptible individuals who acquire infection move to
the A compartment (acute infection). Individuals in the A compartment can move to the C compartment
(chronic infection) at rate δa or to the T compartment (ART-treatment). The rate an individual moves to
the T compartment is γP for a high-active on PrEP, γh for a high-active not on PrEP, and γl for a low-active.
Individuals in the T compartment stay there until they leave the sexually active population. The rate of
leaving the sexually active population is denoted µ.
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S2 Rate of new casual sex partners

From our egocentric data on the sexual behaviour, we can determine if a participant is low-active or high-
active and if he was single or in a steady partnership while having casual sex. It is therefore possible to obtain
an estimate of the rate that an r−active individual with i steady partners finds new casual sex partners, let
us denote this by αr·i· , where r ∈ {h = high, l = low} and i ∈ {0, 1}. These rates (αr·i· ) can be used to express
the different αqrij for different mixing assumptions.

Before we give the equations of the observable αr·i· in terms of the sought αqrij , we will present some
symmetry arguments which reduces the number of free parameters. To begin with, we have 16 different
parameters αrqij . For symmetry reasons, when disregarding the activity degrees, the total rate in the pop-
ulation at which singles have casual sex with individuals in a partnership needs to equal the rate at which
individuals in partnership have casual sex with singles. Assume that we have a population of size n = n0+n1,
where n0 = nP0 is the number of individuals without a steady partner and n1 = nP1 is the number with a
steady partner. A similar consistency criterion as for the rate of casual contacts disregarding heterogeneity
in activity degree must also hold for the model with two activity degrees: the rate low-active singles (n0πl
in the population) have casual sex with high-active singles must equal the rate high-active singles (n0πh in
the population) have casual sex with low-active singles, i.e.

n0πlα
lh
00P0πh = n0πhα

hl
00P0πl,

which simplifies to

αlh00 = αhl00.

Consistency hence require that

αlh11 = αhl11, αlh10 = αhl01, αlh01 = αhl10,

and

αll10 = αll01, αhh10 = αhh01 ,

or in one equation:

αrqij = αqrji . (S2.1)

This reduces the number of free parameters to 10.
Let us now express the rate that an r−active individual with i steady partners finds new casual sex

partners, αr·i· , in terms of αrqij
αh·0· = (αhl00P0 + αhl01P1)πl + (αhh00 P0 + αhh01 P1)πh

αl·0· = (αll00P0 + αll01P1)πl + (αlh00P0 + αlh01P1)πh

αh·1· = (αhl10P0 + αhl11P1)πl + (αhh10 P0 + αhh11 P1)πh

αl·1· = (αll10P0 + αll11P1)πl + (αlh10P0 + αlh11P1)πh.

(S2.2)

This system of equations can later together with a proportionate mixing or complete assortativity assumption
be solved, the solutions can be found in Section S2.1 and section S2.1, respectively.

For the case of an assortativity between the proportionate mixing and complete assortativity, we need
further information than the αr·i· provides. With the help of a proxy question on participants’ partners sexual
behaviour (explained in Section S3.5), we can additionally estimate more detailed rates than αr·i· : the rate
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that an r−active individual with i steady partners finds new casual sex partners that are q−active, αrqi· . The
following hold for these rates



αhh0· = (αhh00 P0 + αhh01 P1)πh

αhl0· = (αhl00P0 + αhl01P1)πl

αlh0· = (αlh00P0 + αlh01P1)πh

αll0· = (αll00P0 + αll01P1)πl

αhh1· = (αhh10 P0 + αhh11 P1)πh

αhl1· = (αhl10P0 + αhl11P1)πl

αlh1· = (αlh10P0 + αlh11P1)πh

αll1· = (αll10P0 + αll11P1)πl.

(S2.3)

This gives us 8 equations with 10 unknowns. The data does not provide information on whether a casual
sex partner is single or in a steady partnership. Therefore, we need to make further assumptions concerning
the relation (ratio) between the rate of finding a casual sex partner that are single and the rate of finding a
casual sex partner that are in a steady partnership. Let us consider one high-active individual, we assume
that the rate of casual contact with a high-active in a partnership compared to the rate with a high-active
single, is the same regardless if the considered individual is in a partnership or not, i.e.

αhh00
αhh01

=
αhh10
αhh11

, (S2.4)

and similarly, for a low-active individual (finding another low-active)

αll00
αll01

=
αll10
αll11

. (S2.5)

However, it turns out that the two equations are linearly dependent, we therefore need one more equation to
be able to solve the system of equations (S2.3). We make the same kind of assumption but for the case when
a high-active meets a low-active: for a high-active individual, the rate of casual contact with a low-active in
a partnership compared to the rate with a low-active being single is the same regardless if the high-active
individual is in a partnership or not

αhl00
αhl01

=
αhl10
αhl11

, (S2.6)

which further implies that
αlh

00

αlh
01

=
αlh

10

αlh
11

.

From the consistency criteria given in Equation (S2.1), Equation (S2.4)-(S2.6) the system of Equations
(S2.3) can therefore be solved. Let Dqr = πq(α

qr
0· P0 + αqr1· P1), then we can express the rate for a q−active

to try to find a r-active as:

αqrij =
αqri· α

rq
j·

Dqr
. (S2.7)

Note that, by consistency

Dhl = πh(αhl0·P0 + αhl1·P1) = πl(α
lh
0·P0 + αlh1·P1) = Dlh. (S2.8)

To conclude, the consistency criteria given in Equation (S2.1), that Dhl = Dlh, together with the as-
sumption given in Equation (S2.4)-(S2.6) implies that we can write αqrij as a product:

αqrij = ωqri ω
rq
j , (S2.9)

where

ωqri =
αqri·√
Dqr

.
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S2.1 Proportionate Mixing with respect to activity degree

Proportionate mixing with respect to activity degree means that an individual has no preference regarding
which type, high or low-active, it has casual sex with. An individual chooses at random of the potential casual
sex attempts in the population. The fraction of potential high-active and low-active casual sex partners will
not only depend on the sizes of the two groups, but also the rates at which they try to find new casual sex
partners. If the sizes of the groups would be equal, someone trying to find a new casual sex partner would by
chance meet a high-active more often since the high-active try to find a new casual sex partner more often
than the low-active. Proportionate mixing then implies that the rate a low-active single has casual sex with
a high-active single will be

αlh00P0πh = αl·0· ×
αh·0·P0πh

αl·0·P0πl + αh·0·P0πh + αl·1·P1πl + αh·1·P1πh

i.e. the rate a low-active single has casual sex, times the proportion of all casual sex partners that are from
high-active singles. In terms of αqrij we have that

αqrij = αq·i· ×
αr·j·

αl·0·P0πl + αh·0·P0πh + αl·1·P1πl + αh·1·P1πh

The expression for αqrij can also be found by using that proportionate mixing implies that ωlhi = ωlli and

ωhhi = ωhli . By dropping the second superscript and simply write ωli and ωhi , yields that

αqrij = ωqi ω
r
j .

This together with the system of equations (S2.2) gives the above solution for αrqij .

S2.2 Complete assortativity

Complete assortativity in whom you choose to have casual sex with regarding activity-degree implies that
no casual sex occurs between high and low active: αhlij = 0. With Equation (S2.9) the system of Equations
in (S2.2) can be written as


αh·0· = (αhh00 P0 + αhh01 P1)πh

αl·0· = (αll00P0 + αll01P1)πl

αh·1· = (αhh10 P0 + αhh11 P1)πh

αl·1· = (αll10P0 + αll11P1)πl

S2.9⇐⇒


αh·0· = ωhh0 (ωhh0 P0 + ωhh1 P1)πh

αl·0· = ωll0 (ωll0 P0 + ωll1 P1)πl

αh·1· = ωhh1 (ωhh0 P0 + ωhh1 P1)πh

αl·1· = ωll1 (ωll0 P0 + ωll1 P1)πl

with the solution

ωrri =
αr·i·√

αr·0·P0πr + αr·1·P1πr
.

For example, the rate a high-active single finds new casual sex partners that also are high-active, but in a
partnership, becomes

αhh01 P1πh = ωhh0 ωhh1 P1πh = αh·0· ×
αh·1·P1πh

αh·0·P0πh + αh·1·P1πh
= αh·0· ×

αh·1·P1

αh·0·P0 + αh·1·P1
.
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S2.3 Mixing determined by the proxy question

To obtain the different αqrij for the case of an assortativity between the proportionate mixing case and
complete assortativity, we use the 8 different αqri· estimated from data via the proxy question (see Table S3)
and Equation S2.9 to get the 16 αqrij , i.e.

αqrij = ωqri ω
rq
j =

αqri· α
rq
j·

Dqr
.

S3 Data and parameter estimates

We will here describe the data gathering, calibration of the model and the parameter estimates obtained
from the STI-clinic.

S3.1 Data description

The data used in this study was gathered at a gay-friendly STI-testing clinic in Stockholm, Sweden. Collec-
tion of data took place between February 2 and December 15, 2015. Participants first reported demographic
information and the total number of sex partners during the last 12 months, then the participants were asked
to fill in an app-based timeline follow-back (TLFB) questionnaire.

In the TLFB questionnaire participants were asked to mark up to 10 of their most recent sex partners
on a 12-month timeline. Participants did themselves label their partners into one of four partnership types:
1) casual unknown sex partner, 2) casual known sex partner, 3) regular sex partner (regular sex partner
but not a ’love’ relationship), and 4) main sex partner (a loving relationship, e.g. boyfriend/husband). For
casual sex partners, a partner was represented by a single point on the interactive timeline, and a steady sex
partner was represented by marking the start and end date of the relationship. For each sex partner on the
timeline the participants could report: the partnership type 1) to 4); age of partner; frequency of each sex
type (oral/anal; receptive/insertive); frequency of condom use; if the sex took place in Sweden or abroad;
drug use and transactions in connection to sex with each partner; and if the participant believed the sex
partner had other sex partners concurrently. This last question on concurrency is by us here referred to as
the proxy question (for activity-degree assortativity).

In total 403 participants completed the TLFB questionnaire, giving detailed information on 2112 different
sex partners. However, for a participant to be included in this study the total number of sex partners and
the proxy question need to be answered, as explained in the main manuscript, yielding the data-set of this
study consisting of 368 participants and 1903 partners.

S3.2 Scaling of the rate of finding a new casual sex partner

Participants reported their total number of sex partners during a year. The maximum number of sex partners
of a participant was 250. When dividing the population into a category of high-active (≥ 15 sex partners
a year) and one category low-active (< 15 sex partners a year), 124 (33.7%) participants are defined as
high-active and 244 (66.3%) are defined as low-active. The mean number of sex partners of high-actives is
33.21 (median 25, sd 32), and the mean number of low-actives is 5.96 (median 5, sd 3.2). The assumption
that only the number of casual sex partners is affected by activity-degree is supported by our data: the mean
number of steady partners for high-actives and low-actives is 1.37 and 1.39 respectively.

Additionally, the participants gave detailed information on their (up to) 10 most recent of these sex
partners. Participants reported what type of partner these 10 most recent sex partners were, either casual
or steady, and the timings of these partners on a timeline. As mentioned, a casual sex partner was reported
as a cross on the timeline representing the date of sex and a steady sex partner was given by the start date
and end date of the relationship. This timeline data is used to estimate, for example, the time until a new
casual sex partner. However, the timeline data only considers data on up to 10 casual sex partners, when
we in fact know that many participants have more than this. We therefore need to scale the rates of finding
a new casual sex partner according to the total number of partners reported by the participants.
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Figure S2: Distribution of steady sex partners of high-actives and low-actives, respectively.

The distribution of the number of steady sex partners of high-actives and low-actives are shown in Figure
S2, as seen the distributions are similar. The mean number of steady sex partners per year of a high-active
is 1.37 (sd 1.38), from which we estimate that the mean number of casual sex partners is µh = 31.84 (total
number - number of steady). The mean number of steady sex partners of a low-active is 1.39 (sd 1.15) and
the mean number of casual sex partners is therefore µl = 4.57. We use µh and µl to scale the rates of finding
casual sex partners, since the detailed data from where timings of casual sex partners was given only include
(up to) the 10 most recent sexual partners. In the detailed data, the mean number of casual sex partners is
5.35 for high-active individuals and 3.12 for low-active individuals. Hence the scaling factor will be µh/5.35
for high-active individuals and µl/3.12 for low-active individuals.

Finally, participants reported to have (a mean value of) 1.4 sex acts with each casual sex partner.

S3.3 Time since last HIV-test

In Table S2 the time since the last HIV-test are shown, indicating that sexually high-active participants
test themselves more often than sexually low-active participants. The rate to successful ART-treatment is
denoted γh and γl for high-actives and low-actives, respectively. Calculating ML-estimates of the time since
the last HIV-test, assuming an exponential distribution, we find that the testing rate of a high-active is 2.349
higher than the testing rate of a low-active. We will further assume that the same relationship holds for the
time to successful ART-treatment, i.e. the rate of initiating successful ART-treatment for an infected high-
active is 2.349 times higher than the rate of initiating ART-treatment for an infected low-active. Therefore,
we fix γh = 2.349γl such that we only need to vary one of the parameters.

S3.4 Distribution of parameters

The time durations in the model, such as the time until finding a new steady sex partner, are assumed to be
exponential and are hence specified by their rates. With this assumption we calculate a point estimate and
its standard error. In general, if we are looking at something occurring at an exponential rate, α say, then

9
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Table S2: Time since last HIV-test separated by degree of activity.

High (%) Low (%) Σ

< 6 mths ago 85 (68.5) 121 (49.6) 206

6 to 12 mths ago 20 (16.1) 54 (22.1) 74

1 to 5 yrs ago 9 (7.3) 35 (14.3) 44

> 5 yrs ago 0 (0) 11 (4.5) 11

No answer 10 (8.1) 14 (5.7) 24

Do not remember 0 (0) 2 (0.1) 2

Σ 124 (100) 244 (100) 368

the number of events N occurring during a time interval of length t is Poisson distributed with parameter
αt (N ∼ Poisson(αt)). Observing n events during a time t leads to the ML-estimate α̂ = n/t. The variance
of the estimate equal V ar (α̂) = V ar (N/t) = V ar(N)/t2 = α/t, which leads to a standard error of the
estimate of

√
α̂/t.

For example, in calculating the estimate of the rate for a high-active in a steady partnership to find a
high-active casual sex partner, we do as follows: find the total time high-active individuals are in a steady
partnership (Th1 ), then find the number of casual sex partners that occur during that time that is with
someone that also is high-active (Nhh

1 ) and multiply it with the scaling factor from Section S3.2 (Nhh
1 ×

µh

5.35 ).

The point estimate is given by α̂hh1· =
(
Nhh

1 ×
µh

5.35

)
/Th1 and its standard error by s.e.(α̂hh1· ) =

√
α̂hh1· /T

h
1 .

For the number of occurrences of anal intercourses (AIs) in a steady partnership, the participants reported
the number of acts during a 1-month period. Let m be the number of steady partners among all participants
and let ai denote the number of occurrences of AI with partner i = 1, . . . ,m. The estimated rate of AI, in
units of months, is

λ̂ =

∑m
i=1 ai∑m
i=1 1

=

∑m
i=1 ai
m

,

and the standard error is

s.e(λ̂) =

√
λ̂

m
.

In the data for casual sex partners, it is recorded if a condom was used (1) or not used (0) during
receptive anal intercourse (RAI) and during insertive anal intercourse (IAI). To estimate the condom use
in casual contacts we use a Bernoulli assumption and calculate the mean condom use during RAI and IAI,
respectively. With a Bernoulli assumption we mean that, in each new casual sex act a condom is used with
a probability, pc say, independently of previous sex acts. Then the estimate p̂c is given by the mean number
times a condom was used. The standard error is given by

s.e(p̂c) =

√
p̂c(1− p̂c)

n
,

where n here is the number of observations, i.e. the number of casual sex partners where a binary response
on condom use was given.

For condom use with a steady sex partner, participants could choose from a five-degree scale on how often
a condom was used during RAI and during IAI: always (100%), often (75%), half of the times (50%), seldom
(25%), and never (0%). Here, the participants did themselves, in a sense, give the mean number of times
they used condom with a partner. Assume the data consist of m such steady partners with corresponding
responses (y1, . . . , ym). The estimated condom use in steady partnerships, p̂s, is then the mean of the m
reported values on the five-degree scale, and the distribution of p̂s is approximated by the normal distribution

p̂s =
1

m

m∑
i=1

yi ≈ N(ps, τ
2/m).
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Table S3: Estimates of partnership and epidemic parameters.

Partnership parameters from data

Parameter Estimate S.E. Definition

σ + 2µ 1.344/year 0.070 Rate of ending steady partnership

ρP0 2.389/year 0.164 Rate of acquiring new steady partner

λ∗ 29.793/year 0.837 Rate of sex acts (AI) within steady partnership

α̂h
0· 34.169/year 0.722

α̂h
1· 29.227/year 0.707

α̂l
0· 5.490/year 0.221

α̂l
1· 3.729/year 0.168

α̂hh
0· 25.809/year 0.628

α̂hl
0· 8.360/year 0.357

α̂hh
1· 23.728/year 0.637

α̂hl
1· 5.499/year 0.307

α̂lh
0· 3.338/year 0.172

α̂ll
0· 2.152/year 0.138

α̂lh
1· 2.682/year 0.143

α̂ll
1· 1.046/year 0.089

qRAI
s 51.9% 2.4% Condom use steady partner RAI

qIAI
s 56.2% 2.3% Condom use steady partner IAI

%RAIs 49% - Percentage of steady RAI and IAI acts that are RAI

qRAI
c 62.8% 2.5% Condom use casual partner RAI

qIAI
c 63.1% 2.6% Condom use casual partner IAI

%RAIc 52% - Percentage of casual RAI and IAI partners that are RAI

Note AI: anal intercourse; RAI: receptive anal intercourse; IAI: insertive anal intercourse

Where ps is the true expected value of the condom use in steady partnerships and τ is the standard deviation
of the condom use. The estimate of τ2 is 1

m−1
∑m
i=1(yi − p̂s)2. The standard error of the estimated condom

use with steady sex partners is then given by

s.e.(p̂s) = τ̂ /
√
m =

√
1

m−1
∑m
i=1(yi − p̂s)2

m
.

With the estimated condom use during RAI and during IAI, we calculated the overall mean condom
use by taking the weighted average of these two estimates. See Table S3 for condom use estimates and the
proportion (weights) of sex acts that are RAI and IAI, from these values we can calculate the overall condom
use for steady partners

qs = qRAIs ×%RAIs + qIAIs ×%IAIs = 0.519 · 0.49 + 0.562 · 0.51 = 0.541,

and for casual sex partners

qc = qRAIc ×%RAIc + qIAIc ×%IAIc = 0.628 · 0.52 + 0.631 · 0.48 = 0.629.
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S3.5 Proxy of partners’ activity degree

For the 10 most recent sex partners the participants responded to detailed questions. One of the detailed
questions was what we referred to as the proxy question: ’Do you think that your sex partner had other sex
partners than you during the same time frame that he/she met you?’, with the possible answers

1. I know this person had sex with others

2. I think this person had sex with others

3. No, this person only had sex with me

4. I don’t know

The percentages of the answers to the proxy question are given in Table S4.

Table S4: Distribution of proxy variable on partners’ activity degree. One of the questions
participants answered concerning their 10 most recent sex partners was whether they believed their partners
had other concurrent sex partners. We use this as a proxy for partners activity-degree, as shown in the
fourth and last column. With the help of a consistency criterion, Equation (S2.8), we assigned the partners
of answer 4 as low-active.

Answer Of all partners
(n = 1903)

Of all casual part-
ners (n = 1424)

Proxy for part-
ner being

1. Yes 33.58% 32.65% High-active

2. Think so 33.63% 38.76% High-active

3. No 9.98% 3.30% Low-active

4. Don’t know 22.81% 25.28% Low-active

If a participant answered either 1 or 2 for a partner, we will take this as a proxy for that the partner is
high-active. If a participant answered 3, we will use this as a proxy for that the partner is low-active. We
now need to decide what to do with the 25% of the partners that participants labelled as No. 4 on the proxy
question, the partners that participants did not know whether they had other sex partners.

In the total population, consistency requires that the the number of casual sex acts high-actives have with
low-actives needs to equal the number of casual sex acts low-actives have with high-actives. This criterion
can be written, in terms of rates, as (Equation (S2.8))

Dhl = Dlh.

With this consistency we get help in determining how to assign the partners labelled as No. 4 on the proxy
question. If we simply remove these partners entirely, the left-hand side of Equation (S2.8) becomes 0.18 and
the right-hand side 1.93, very far from each other. Hence, to remove the partners of which the participants
do not know (No. 4) yields a too big inconsistency. If we instead assign all these partners as low-active,
we get that the left-hand side of Equation (S2.8) becomes 2.19 the right-hand side 1.93. This suggests that
many of the partners participants labelled as No. 4 should be categorised as low-active.

In Table S5 we show (for the two choices of actions of answer No. 4 ”I don’t know”), the proportion of
high-active individuals’ casual sex partners that will be with low-actives and with high-actives, respectively;
and the proportion of low-active individuals’ casual sex partners that will be with low-actives and with
high-actives, respectively. For example, if we assign all partners that participants labelled as No. 4 on the
proxy question as low-active, we find that 34.3% of low-active individuals’ casual sex partners will be with
low-actives, and 65.7% will be with high-actives.
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Table S5: Consequence of the two assignments of the partners of which participants do not
know if the partner did have other partners. The column named Removed means that the partners
of participants of which we do not know (answer 4 on the proxy question) were removed, and the column
As low-active means we assigned those partners as low-active. First, for the two assignments, we show the
proportion of low-active and high-active partners of participants who are low-active, then the same kind of
proportion but for participants who are high-active. Then we show the values of the right-hand side (Dlh)
and left-hand side Dhl of the consistency criterion Equation (S2.8)

Action on ”Don’t know”

Proportion Removed As low-active

low-low 0.067 0.343

low-high 0.933 0.657

high-low 0.021 0.220

high-high 0.979 0.780

Consistency

Dlh 1.9345 1.9345

Dhl 0.1825 2.19

S3.6 Final estimates of the rates of acquiring new casual sex partners

We will now show the final estimates of the rates of finding new casual sex partners, using the three different
mixing assumptions with respect to activity degree.

We found that the estimates for αqrij that utilises the proxy question could be written as Equation S2.9

αqrij = ωqri ω
rq
j =

αqri· α
rq
j·

Dqr
=

αqri· α
rq
j·

πq(α
qr
0· P0 + αqr1· P1)

,

where consistency requires that Dhl = Dlh (Equation (S2.8)) needs to be fulfilled. Utilising Table S5, we
found that assigning all partners that participants answered ”I don’t know” (answer No. 4) as low-active
on the proxy question yielded a value of 2.19 for the left-hand side and a value of 1.93 of the right-hand
side of Equation (S2.8), i.e. similar but not equal. We choose to work with the left-hand side, setting
Dhl = Dlh = 2.19 when estimating the different αqrij , which can be seen in Table S6. To make the comparison
between the different mixing assumptions, we also use that Dhl = Dlh = 2.19 for all mixing assumptions. In
Table S6 we show the estimates for proportionate and complete mixing under the assumption that Dhl = Dlh,
where the values in parenthesis are the ones not requiring that Dhl = Dlh.

To quantify the degree of assortativity (with respect to activity degree) as a value θ between 0 and 1,
where θ = 0 means proportionate mixing and θ = 1 means complete assortativity, we write

αqrproxy = (1− θ)αqrP + θαqrC .

Where αqrP is the rate, disregarding partnership status, a q-active tries to find an r-active under proportionate
mixing and αqrC under complete assortativity. These αqrproxy, αqrP , and αqrC can be found by calculating the
following quantity where αqrij , i, j ∈ 0, 1 is taken from the corresponding mixing assumption,

αqrX = αqr11P
2
1 + (αqr01 + αqr10)P0P1 + αqr00P

2
0 .

Where P0 is the proportion of the population without a steady sex partner and P1 the proportion with a
steady sex partner. As examples, using table S6 and the estimated value for P0 = 0.36 and P1 = 0.64, we
get

αhhP = 62.20 · P 2
1 + (72.44 + 72.44)P0P1 + 84.10 · P 2

0 = 69.8,

αhhC = 80.13 · P 2
1 + (93.02 + 93.02)P0P1 + 108.00 · P 2

0 = 89.7,

αhhproxy = 68.26 · P 2
1 + (74.25 + 74.25)P0P1 + 80.76 · P 2

0 = 72.6.
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Table S6: Estimates of rate parameters of finding new casual sex partner (years). For the two
extreme cases, proportionate mixing and complete assortativity, we give in parenthesis the casual sex rate
estimates not requiring that Dhl = Dlh. Note that α̂qr01 = α̂rq10 and is therefore not explicitly presented.

Parameter Proxy Prop Complete

α̂hh11 68.26 62.20 (64.03) 80.13 (81.76)

α̂hl11 6.70 8.15 (8.17) -

α̂lh11 6.70 8.15 (8.17) -

α̂ll11 1.14 1.06 (1.04) 4.81 (4.81)

α̂hh10 74.25 72.44 (74.85) 93.02 (95.58)

α̂hl10 8.34 11.99 (12.03) -

α̂lh10 10.19 9.46 (9.55) -

α̂ll10 2.35 1.57 (1.53) 7.08 (7.08)

α̂hh00 80.76 84.10 (87.52) 108.00 (111.75)

α̂hl00 12.69 13.92 (14.06) -

α̂lh00 12.69 13.92 (14.06) -

α̂ll00 4.83 2.30 (2.26) 10.42 (10.42)

The value of θ that corresponds to these values is 0.141. Doing the same kind of calculations but for αlh

and αll yields the same θ.
Note that, there could exist disassortative with respect to activity-degree, however, we disregard from

this since it seems unlikely in our application.
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S4 Finding the endemic prevalence, a deterministic approxima-
tion

Both the basic reproduction number and the endemic level can be obtained by using a deterministic ap-
proximation of the stochastic model. Assuming that the population is large, it is then enough to consider
expected values of the fraction of individuals that are susceptible, infectious, or recovered to obtain these
quantities. In the following section, we explain how we construct the compartments and give the differential
equations governed by the possible transitions within the network model. To find the endemic (or equilib-
rium) prevalence one needs to find the non-trivial steady state of the system of differential equations. The
trivial solution is that everyone is susceptible.

In Figure S1 we showed the different infectious states an individual can be in; the four different infectious
states are susceptible S, acute infectious A, chronic infectious C, and treated (on ART-treatment) T . We
further divide the population into different types, these types specify: if an individual is single or in a
partnership, if the individual is low-active or high-active in having casual sex partners, the infectious state
of the individual, and the partner’s infectious state. We will study the fraction of the population belonging
to each type, each individual will therefore contribute with 1/n to the type it belongs to.

The fraction of all individuals that are susceptible, single and r-active is denoted by Sr0 ; the fraction of
all individuals that are single, r-active, and infectious in the acute stage is denoted by Ar0; the fraction of
all individuals that are single, r-active, and infectious in the chronic stage is denoted by Cr0 ; and recovered
singles (on ART-treatment) that are r-active is denoted by T r0 .

Let X = {S,A,C, T} be the set of possible states not including PrEP, let XP = {SP,AP,CP} be the
possible states when being on PrEP, and let D = {l, h} be the set of possible activity degrees with regards
to the casual contacts. Furthermore, let Xrq

Y denote the fraction of individuals that are r-active of type
X ∈ X ∪ XP , with a q-active partner of type Y ∈ X ∪ XP . Note that, this counts each individual in the
fraction Xrq

Y , not each pair. E.g. SrqS is the fraction of all individuals that are susceptible r-active and in a
partnership with a q-active susceptible. The reason for taking this individual-based perspective is that the
data is individual based. Moreover, the individual-based perspective makes it simpler to extend the model
by allowing for more than one steady partner at a time in future work.

Disregarding the use of PrEP, there are in total 8 different single types and 64 types of partnerships
(hence 72 equations). Some of these types’ fraction must by consistency be equal, namely

• the 4 equations Xhl
X = X lh

X where X ∈ X

• the 12 equations Xqr
S = SrqX where X ∈ {A,C, T} and q, r ∈ D,

• the 8 equations Xqr
A = ArqX where X ∈ {C, T} and q, r ∈ D,

• the 4 equations T qrC = CrqT where q, r ∈ D,

which reduces the number of equations to 44.
Including the use of PrEP for high-actives creates: 3 more single types (denoted SPh0 , APh0 , and CPh0 );

48 partnership types between one participant on PrEP and one not on PrEP; and 9 partnership types where
both participants in the steady partnership are on PrEP. Hence, introducing PrEP increases the number of
types by 60; however, some of the PrEP types’ fraction must also by consistency be equal

• the 8 equations Xqh
SP = SPhqX where X ∈ X and q ∈ D,

• the 8 equations Xqh
AP = APhqX where X ∈ X and q ∈ D,

• the 8 equations Xqh
CP = CPhqX where X ∈ X and q ∈ D,

• SPhhAP = APhhSP ,

• SPhhCP = CPhhSP ,

• APhhCP = CPhhAP .
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Introducing PrEP increases the number of equations needed to be specified by 33, from 44 to 77.
There are some additional facts that will reduce the number of equations. Recall that the fraction without

a steady partner is denoted P0, the fraction with a steady partner is denoted P1, and the fraction high-active
individuals and low-active individuals in the population are denoted πh and πl, respectively. The following
two constrains concerning singles must hold:

πlP0 = Sl0 +Al0 + Cl0 + T l0,

πhP0 = Sh0 + SPh0 +Ah0 +APh0 + Ch0 + CPh0 + Th0 . (S4.1)

The following three constrains for individuals in steady partnerships must hold. (I) The fraction of the
population that is low-active in a steady partnership with a low-active is

π2
l P1 = SllS + SllA + SllC + SllT

+AllS +AllA +AllC +AllT

+ CllS + CllA + CllC + CllT

+ T llS + T llA + T llC + T llT

=
∑
X∈X

∑
Y ∈X

X ll
Y .

That is, we sum over all possible states X ∈ X , the first low-active individual in the relationship can have,
and over all possible states that Y ∈ X , the second low-active individual in the relationship can have. (II)
The fraction of the population that is low-active in a steady partnership with a high-active is

πlπhP1 = SlhS + SlhA + SlhC + SlhT + SlhSP + SlhAP + SlhCP

+AlhS +AlhA +AlhC +AlhT +AlhSP +AlhAP +AlhCP

+ ClhS + ClhA + ClhC + ClhT + ClhSP + ClhAP + ClhCP

+ T lhS + T lhA + T lhC + T lhT + T lhSP + T lhAP + T lhCP

=
∑
X∈X

( ∑
Y ∈X∪XP

X lh
Y

)
,

here we sum over all possible states X ∈ X , the first low-active individual in the relationship can have, and
over all possible states that Y ∈ X ∪ XP , the second high-active individual in the relationship can have.
The difference from the previous sum is that a high-active individual can be on PrEP. The fraction of the
population that is high-active in a steady partnership with a low-active (which is the same as fraction low
with high above) is

πhπlP1 =
∑

X∈X∪XP

(∑
Y ∈X

Xhl
Y

)
.

(III) The fraction of the population that is high-active in a steady partnership with a high-active is

π2
hP1 =

∑
X∈X∪XP

( ∑
Y ∈X∪XP

Xhh
Y

)
.

This leads to that we can reduce the number of equations further, from 77 to 72.
Before we show the system of differential equations that describe our model, we define some quantities

that will improve readability. Let us write the fraction of the population that is r-active susceptible in a
partnership as Sr1 (where 1 refer to having a steady partner),

Sr1 = SrhSP + SrhAP + SrhCP + SrhS + SrhA + SrhC + SrhT + SrlS + SrlA + SrlC + SrlT

= SrhSP + SrhAP + SrhCP +
∑
q∈D

SrqS + SrqA + SrqC + SrqT

=
∑
X∈XP

SrhX +
∑
X∈X

∑
q∈D

SrqX .
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Similarly, we write the fraction r-active acute infectious individuals in a partnership as Ar1,

Ar1 =
∑
X∈XP

ArhX +
∑
X∈X

∑
q∈D

ArqX ;

the fraction r-active chronic infectious individuals in a partnership as Cr1 ,

Cr1 =
∑
X∈XP

CrhX +
∑
X∈X

∑
q∈D

CrqX ;

and the fraction r-active diagnosed and on ART-treatment in a partnership as T r1 ,

T r1 =
∑
X∈XP

T rhX +
∑
X∈X

∑
q∈D

T rqX .

For the PrEP states we have

SPh1 =
∑
X∈XP

SPhhX +
∑
X∈X

∑
q∈D

SPhqX ,

APh1 =
∑
X∈XP

APhhX +
∑
X∈X

∑
q∈D

APhqX ,

CPh1 =
∑
X∈XP

CPhhX +
∑
X∈X

∑
q∈D

CPhqX .

Remember that the transmission probability in one sex act in the acute stage is denoted by pA and in the
chronic stage by pC . An r-active individual who is single, susceptible, and not on PrEP acquire infection at
rate

βr0 = αrh00
(
pA(Ah0 +APh0 ) + pC(Ch0 + CPh0 )

)
+αrh01

(
pA(Ah1 +APh1 ) + pC(Ch1 + CPh1 )

)
+αrl00(pAA

l
0 + pCC

l
0)

+αrl01(pAA
l
1 + pCC

l
1).

Similarly, an r-active susceptible not on PrEP with a steady partner acquire infection via casual sex at rate

βr1 = αrh10
(
pA(Ah0 +APh0 ) + pC(Ch0 + CPh0 )

)
+αrh11

(
pA(Ah1 +APh1 ) + pC(Ch1 + CPh1 )

)
+αrl10(pAA

l
0 + pCC

l
0)

+αrl11(pAA
l
1 + pCC

l
1).

Introducing PrEP will make some susceptible less likely to acquire infection, let us denote the reduction by
ζ. Assuming a susceptible is protected by 86% by PrEP yields a value of ζ = 1− 0.86 = 0.14. A high-active
susceptible that is single and on PrEP will acquire infection via casual sex at rate ζβh0 .

The model can now be described by a set of 72 differential equations. We will begin by specifying all
single state equations, followed by the different partnership state equations. We remind the reader of the
parameter definitions that can be found in Table S1.

S4.1 Single states

For high-active susceptible singles not on PrEP we have that

dSh0
dt

=

Birth of
high-active︷︸︸︷
µπh + (σ + µ)Sh1︸ ︷︷ ︸

Separation of high-active
from a partner

−

High-active single starts PrEP,
dies or enter partnership︷ ︸︸ ︷
(ξ + µ+ ρP0)Sh0 − βh0S

h
0︸ ︷︷ ︸

High-active single
acquire infection

.
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For the other single states, we have

dSPh0
dt

= ξSh0 + (σ + µ)SPh1 − (µ+ ρP0)SPh0 − ζβh0SPh0 ,

dAh0
dt

= (σ + µ)Ah1 − (µ+ γh + δa + ρP0)Ah0 + βh0S
h
0 ,

dAPh0
dt

= (σ + µ)APh1 − (µ+ γP + δa + ρP0)APh0 + ζβh0SP
h
0 ,

dCh0
dt

= (σ + µ)Ch1 + δaA
h
0 − (µ+ γh + ρP0)Ch0 ,

dCPh0
dt

= (σ + µ)CPh1 + δaAP
h
0 − (µ+ γP + ρP0)CPh0 .

Due to constrain (S4.1), the fraction of the population that is high-active on ART-treatment is equal to

Th0 = πhP0 −
(
Sh0 + SPh0 +Ah0 +APh0 + Ch0 + CPh0

)
.

In a similar way we get the equations for a low-active single. Note that a low-active never starts to use
PrEP; however, we could switch which activity-group is targeted for the intervention.

dSl0
dt

= µπl + (σ + µ)Sl1 − (µ+ ρP0)Sl0 − βl0Sl0,

dAl0
dt

= (σ + µ)Al1 − (µ+ γh + δa + ρP0)Al0 + βl0S
l
0,

dCl0
dt

= (σ + µ)Cl1 + δaA
l
0 − (µ+ γh + ρP0)Cl0.

And the fraction low-active on ART-treatment is equal to T l0 = πlP0 −
(
Sl0 +Al0 + Cl0

)
.

S4.2 Partnership states

We will specify the partnership state equations in the following order: first all possible combinations of
a susceptible not on PrEP, SS , SA, SC , ST , SSP , SAP , SCP ; then all possible combinations of an acute
infectious individual not on PrEP that has not previously been specified, AA, AC , AT , ASP , AAP , ACP ;
then all possible combinations of a chronic infectious individual not on PrEP that has not previously been
specified, CC , CT , CSP , CAP , CCP ; then the treated individuals not previously specified, TT , TSP , TAP ,
TCP . Then we specify the partnership type equations of individuals on PrEP: for a susceptible on PrEP,
SPSP , SPAP , SPCP ; for an acute infectious on PrEP, APAP , APCP ; and finally for a chronic infectious on
PrEP, CPCP .

S4.2.1 Susceptible not on PrEP

For susceptible individuals not on PrEP in a partnership with another susceptible not on PrEP we have that

dShhS
dt

= ρ
(
Sh0
)2 − (2ξ + σ + 2µ)ShhS − 2βh1S

hh
S ,

dShlS
dt

= ρSh0S
l
0 − (ξ + σ + 2µ)ShlS − (βh1 + βl1)ShlS ,

dSllS
dt

= ρ
(
Sl0
)2 − (σ + 2µ)SllS − 2βl1S

ll
S ,

where SlhS = ShlS .
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For susceptible individuals not on PrEP in a partnership with an acute infectious individual not on PrEP

dShhA
dt

= ρSh0A
h
0 + βh1S

hh
S − (ξ + λpA + δa + γh + σ + 2µ)ShhA − βh1ShhA ,

dShlA
dt

= ρSh0A
l
0 + βl1S

hl
S − (ξ + λpA + δa + γl + σ + 2µ)ShlA − βh1ShlA ,

dSlhA
dt

= ρSl0A
h
0 + βh1S

lh
S − (λpA + δa + γh + σ + 2µ)SlhA − βl1SlhA ,

dSllA
dt

= ρSl0A
l
0 + βl1S

ll
S − (λpA + δa + γl + σ + 2µ)SllA − βl1SllA.

Note that ArqS = SqrA .
For susceptible individuals not on PrEP in a partnership with a chronic infectious individual not on PrEP

dShhC
dt

= ρSh0C
h
0 + δaS

hh
A − (ξ + λpC + γh + σ + 2µ)ShhC − βh1ShhC

dShlC
dt

= ρSh0C
l
0 + δaS

hl
A − (ξ + λpC + γl + σ + 2µ)ShlC − βh1ShlC ,

dSlhC
dt

= ρSl0C
h
0 + δaS

lh
A − (λpC + γh + σ + 2µ)SlhC − βl1SlhC ,

dSllC
dt

= ρSl0C
l
0 + δaS

ll
A − (λpC + γl + σ + 2µ)SllC − βl1SllC .

And additionally, CrqS = SqrC .
For susceptible individuals not on PrEP in a partnership with an individual on ART-treatment

dShhT
dt

= ρSh0 T
h
0 + γh(ShhA + ShhC ) + γP (ShhAP + ShhCP )− (ξ + σ + 2µ)ShhT − βh1ShhT ,

dShlT
dt

= ρSh0 T
l
0 + γl(S

hl
A + ShlC )− (ξ + σ + 2µ)ShlT − βh1ShlT ,

dSlhT
dt

= ρSl0T
h
0 + γh(SlhA + SlhC ) + γP (SlhAP + SlhCP )− (σ + 2µ)SlhT − βl1SlhT ,

dSllT
dt

= ρSl0T
l
0 + γl(S

ll
A + SllC)− (σ + 2µ)SllT − βl1SllT .

We also have that T rqS = SqrT .
For susceptible individuals not on PrEP with a steady susceptible partner on PrEP we have

dShhSP
dt

= ρSPh0 S
h
0 + ξShhS − (ξ + σ + 2µ)ShhSP − (βh1 + ζβh1 )ShhSP ,

dSlhSP
dt

= ρSPh0 S
l
0 + ξSlhS − (σ + 2µ)SlhSP − (βl1 + ζβh1 )SlhSP .

Note that SPhhS = ShhSP and SPhlS = SlhSP .
For susceptible individuals not on PrEP in a partnership with an acute infectious individual on PrEP

dShhAP
dt

= ρSh0AP
h
0 + ζβh1S

hh
SP − (ξ + λpA + δa + γP + σ + 2µ)ShhAP − βh1ShhAP ,

dSlhAP
dt

= ρSl0AP
h
0 + ζβh1S

lh
SP − (λpA + δa + γP + σ + 2µ)SlhAP − βl1SlhAP .

Note that APhhS = ShhAP and APhlS = SlhAP .
For susceptible individuals not on PrEP in a partnership with a chronic infectious individual on PrEP

dShhCP
dt

= ρSh0CP
h
0 + δaS

hh
AP − (ξ + λpC + γP + σ + 2µ)ShhCP − βh1ShhCP

dSlhCP
dt

= ρSl0CP
h
0 + δaS

lh
AP − (λpC + γP + σ + 2µ)SlhCP − βl1SlhCP .
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Note that CPhhS = ShhCP and CPhlS = SlhCP .

S4.2.2 Acute infectious individuals not on PrEP

For acute infectious individuals not on PrEP in a partnership with another acute infectious not on PrEP we
have

dAhhA
dt

= ρ
(
Ah0
)2 − (σ + 2µ+ 2γh + 2δa)AhhA + 2

(
λpA + βh1

)
ShhA ,

dAhlA
dt

= ρAh0A
l
0 − (σ + 2µ+ γh + γl + 2δa)AhlA + (λpA + βh1 )ShlA + (λpA + βl1)AhlS ,

dAllA
dt

= ρ
(
Al0
)2 − (σ + 2µ+ 2γl + 2δa)AllA + 2

(
λpA + βl1

)
SllA.

where additionally AlhA = AhlA .
For acute infectious individuals in a partnership with a chronic infectious individual

dAhhC
dt

= ρAh0C
h
0 + δaA

hh
A − (σ + 2µ+ 2γh + δa)AhhC +

(
λpC + βh1

)
ShhC ,

dAhlC
dt

= ρAh0C
l
0 + δaA

hl
A − (σ + 2µ+ γh + γl + δa)AhlC +

(
λpC + βh1

)
ShlC ,

dAlhC
dt

= ρAl0C
h
0 + δaA

lh
A − (σ + 2µ+ γh + γl + δa)AlhC +

(
λpC + βl1

)
SlhC ,

dAllC
dt

= ρAl0C
l
0 + δaA

ll
A − (σ + 2µ+ 2γl + δa)AllC +

(
λpC + βl1

)
SllC .

Note that CrqA = AqrC .
For acute infectious individuals in a partnership with an individual on ART-treatment

dAhhT
dt

= ρAh0T
h
0 + γh(AhhC +AhhA ) + γP (AhhCP +AhhAP )− (γh + σ + 2µ+ δa)AhhT + βh1S

hh
T

dAhlT
dt

= ρAh0T
l
0 + γl(A

hl
C +AhlA )− (γh + σ + 2µ+ δa)AhlT + βh1S

hl
T ,

dAlhT
dt

= ρAl0T
h
0 + γh(AlhC +AlhA ) + γP (AlhCP +AlhAP )− (γl + σ + 2µ+ δa)AlhT + βl1S

lh
T ,

dAllT
dt

= ρAl0T
l
0 + γl(A

ll
C +AllA)− (γl + σ + 2µ+ δa)AllT + βl1S

ll
T .

Also, T rqA = AqrT .
For acute infectious individuals not on PrEP in a partnership with a susceptible individual on PrEP

dAhhSP
dt

= ρAh0SP
h
0 + ξAhhS + βh1S

hh
SP − (ζλpA + δa + γh + σ + 2µ)AhhSP − ζβh1AhhSP ,

dAlhSP
dt

= ρAl0SP
h
0 + ξAlhS + βl1S

lh
SP − (ζλpA + δa + γl + σ + 2µ)AlhSP − ζβh1AlhSP .

Note that SPhhA = AhhSP and SPhlA = AlhSP .
For acute infectious individuals not on PrEP in a partnership with an acute infectious individual on PrEP

dAhhAP
dt

= ρAh0AP
h
0 − (σ + 2µ+ γh + γP + 2δa)AhhAP + (λpA + βh1 )ShhAP + (ζλpA + ζβh1 )AhhSP ,

dAlhAP
dt

= ρAl0AP
h
0 − (σ + 2µ+ γl + γP + 2δa)AlhAP + (λpA + βl1)SlhAP + (ζλpA + ζβh1 )AlhSP .
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Note that APhhA = AhhAP and APhlA = AlhAP .
For acute infectious individuals not on PrEP in a partnership with a chronic infectious individual on

PrEP

dAhhCP
dt

= ρAh0CP
h
0 + δaA

hh
AP − (σ + 2µ+ γh + γP + δa)AhhCP + (λpC + βh1 )ShhCP ,

dAlhCP
dt

= ρAl0CP
h
0 + δaA

lh
AP − (σ + 2µ+ γl + γP + δa)AlhCP + (λpC + βl1)SlhCP .

Note that CPhhA = AhhCP and CPhlA = AlhCP .

S4.2.3 Chronic infectious not on PrEP

For an individual with a chronic infection not on PrEP in a steady partnership with another individual with
a chronic infection

dChhC
dt

= ρ
(
Ch0
)2

+ δa(AhhC + ChhA )− (σ + 2µ+ 2γh)ChhC ,

dChlC
dt

= ρCh0C
l
0 + δa(AhlC + ChlA )− (σ + 2µ+ γh + γl)C

hl
C

dCllC
dt

= ρ
(
Cl0
)2

+ δa(AllC + CllA)− (σ + 2µ+ 2γl)C
ll
C .

where ClhC = ChlC .
For an individual with a chronic infection not on PrEP in a steady partnership with an individual under

ART-treatment

dChhT
dt

= ρCh0 T
h
0 + δaA

hh
T + γh(ChhA + ChhC ) + γP (ChhAP + ChhCP )− (σ + 2µ+ γh)ChhT ,

dChlT
dt

= ρCh0 T
l
0 + δaA

hl
T + γl(C

hl
A + ChlC )− (σ + 2µ+ γh)ChlT ,

dClhT
dt

= ρCl0T
h
0 + δaA

lh
T + γh(ClhA + ClhC ) + γP (ClhAP + ClhCP )− (σ + 2µ+ γl)C

lh
T ,

dCllT
dt

= ρCl0T
l
0 + δaA

ll
T + γl(C

ll
A + CllC)− (σ + 2µ+ γl)C

ll
T .

where T rqC = CqrT .
For an individual with a chronic infection not on PrEP in a partnership with a susceptible individual on

PrEP

dChhSP
dt

= ρCh0 SP
h
0 + ξChhS + δaA

hh
SP − (ζλpC + γh + σ + 2µ)ChhSP − ζβh1ChhSP

dClhSP
dt

= ρCl0SP
h
0 + ξClhS + δaA

lh
SP − (ζλpC + γl + σ + 2µ)ClhSP − ζβh1ClhSP .

And additionally SPhhC = ChhSP and SPhlC = ClhSP .
For an individual with a chronic infection not on PrEP in a partnership with an acute infectious individual

on PrEP

dChhAP
dt

= ρCh0AP
h
0 + δaA

hh
AP − (σ + 2µ+ γh + γP + δa)ChhAP + (ζλpC + ζβh1 )ChhSP ,

dClhAP
dt

= ρCl0AP
h
0 + δaA

lh
AP − (σ + 2µ+ γl + γP + δa)ClhAP + (ζλpC + ζβh1 )ClhSP .

Note that APhhC = ChhAP and APhlC = ClhAP .
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For an individual with a chronic infection not on PrEP in a partnership with a chronic infectious individual
on PrEP

dChhCP
dt

= ρCh0CP
h
0 + δa(AhhCP + ChhAP )− (σ + 2µ+ γh + γP )ChhCP ,

dClhCP
dt

= ρCl0CP
h
0 + δa(AlhCP + ClhAP )− (σ + 2µ+ γl + γP )ClhCP .

where CPhhC = ChhCP and CPhlC = ClhCP .

S4.2.4 Treated individual

For an individual under ART-treatment in a steady partnership with another individual under ART-treatment
we have

dThhT
dt

= ρ(Th0 )2 + γh(AhhT + ChhT + ThhA + ThhC ) + γP (APhhT + CPhhT + ThhAP + ThhCP )− (σ + 2µ)ThhT ,

dThlT
dt

= ρTh0 T
l
0 + γh(AhlT + ChlT ) + γl(T

hl
A + ThlC ) + γP (APhlT + CPhlT )− (σ + 2µ)ThlT

dT llT
dt

= ρ(T l0)2 + γl(A
ll
T + CllT ) + γl(T

ll
A + T llC )− (σ + 2µ)T llT .

where T lhT = ThlT .
For treated individuals in a partnership with a susceptible individual on PrEP

dThhSP
dt

= ρTh0 SP
h
0 + ξThhS + γh(AhhSP + ChhSP ) + γP (APhhSP + CPhhSP )− (σ + 2µ)ThhSP − ζβh1ThhSP ,

dT lhSP
dt

= ρT l0SP
h
0 + ξT lhS + γl(A

lh
SP + ClhSP )− (σ + 2µ)T lhSP − ζβh1T lhSP .

We also have that SPhhT = ThhSP and SPhlT = T lhSP .
For treated individuals in a partnership with an acute infectious individual on PrEP

dThhAP
dt

= ρTh0 AP
h
0 + γh(ChhAP +AhhAP ) + γP (APhhAP + CPhhAP )− (γP + σ + 2µ+ δa)ThhAP + ζβh1T

hh
SP

dT lhAP
dt

= ρT l0AP
h
0 + γl(C

lh
AP +AlhAP )− (γP + σ + 2µ+ δa)T lhAP + ζβh1T

lh
SP .

Also, APhhT = ThhAP and APhlT = T lhAP .
For treated individuals in a partnership with a chronic infectious individual on PrEP

dThhCP
dt

= ρTh0 CP
h
0 + δaT

hh
AP + γh(AhhCP + ChhCP ) + γP (APhhCP + CPhhCP )− (σ + 2µ+ γP )ThhCP ,

dT lhCP
dt

= ρT l0CP
h
0 + δaT

lh
AP + γl(A

lh
CP + ClhCP )− (σ + 2µ+ γP )T lhCP .

where CPhhT = ThhCP and CPhlT = T lhCP .

S4.2.5 Individuals on PrEP

For susceptible individuals on PrEP with a steady partner on PrEP we have

dSPhhSP
dt

= ρ(SPh0 )2 + 2ξSPhhS − (σ + 2µ)SPhhSP − 2ζβh1SP
hh
SP ,

dSPhhAP
dt

= ρSPh0 AP
h
0 + ξShhAP + ζβh1SP

hh
SP − (ζλpA + δa + γP + σ + 2µ)SPhhAP − ζβh1SPhhAP ,

dSPhhCP
dt

= ρSPh0 CP
h
0 + ξShhCP + δaSP

hh
AP − (ζλpC + γP + σ + 2µ)SPhhCP − ζβh1SPhhCP .
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Note that APhhSP = SPhhAP and that CPhhSP = SPhhCP .
For acute infectious individuals on PrEP in a steady partnership with an individual on PrEP

dAPhhAP
dt

= ρ(APh0 )2 − (σ + 2µ+ 2γP + 2δa)APhhAP + 2(ζλpA + ζβh1 )APhhSP ,

dAPhhCP
dt

= ρAPh0 CP
h
0 + δaAP

hh
AP − (σ + 2µ+ 2γP + δa)APhhCP + (ζλpC + ζβh1 )SPhhCP .

Note that CPhhAP = APhhCP .
And very much finally, for an individual with a chronic infection on PrEP in a partnership with a chronic

infectious individual on PrEP we have

dCPhhCP
dt

= ρ(CPh0 )2 + δa(APhhCP + CPhhAP )− (σ + 2µ+ 2γP )CPhhCP .
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S5 Additional results

We will in this Section go through some additional results mentioned in the main manuscript.

S5.1 Not distinguishing individuals according to activity degree

Here we examine what happens if we do not divide the population according to active-degree but assume
that everyone behaves in the same way regarding the number of casual sex partners and regarding the rate
to ART-treatment. For the case when no one yet is on PrEP, we find that R0 = 1 when the mean time to
successful ART-treatment is 3.28 years. A prevalence of 5% is obtained for a mean time to ART-treatment
of 3.57 years. In Figure S3 we show the effect of introducing PrEP in this model without high-actives and
low-actives. We see that the PrEP coverage in such a population would need to exceed 5% to reach a
prevalence close to 0 (in contrast to 3.5% as in the model where we have two activity degrees).
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e
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Figure S3: Effect of introducing PrEP in a population that is not separated according to activity degree,
but where everyone is assumed to behave the same with regards of finding new casual sex partners.

S5.2 Not including the different infectious stages acute and chronic

In Figure 2b) in the main text, we saw that the reduction in susceptibility due to PrEP had a larger effect
in reducing the prevalence than the increased testing rate of those on PrEP. The transmission probability of
HIV is much higher in the acute infectious phase, the first 3 months following infection, than in the chronic
phase. The reason for the lesser effect of an increased testing rate could be that it misses a large proportion
of the acute stage.

To help verify that this is the case, we modified the model to not make a distinction between the acute
and chronic stage; to only include one transmission probability during the whole infectious lifetime of an
infected individual. We calibrate this transmission probability so that when no one is on PrEP, and the
mean time to successful ART-treatment is 1.77 years for high-actives, the prevalence is equal to 5%. This is
done to match the set-up of the analysis in Figure 2b). The transmission probability is then 0.0208 for the
whole infectious time, instead of 0.1301 for the acute stage and 0.0098 for the chronic stage.

In Figure S4 it is seen that when only one infectious stage is included, the increased testing and diagnosis
rate has as equally big impact on the reduction of the prevalence as the reduced susceptibility of PrEP.
This implies that the lesser effect of the increased testing rate, that we found in Figure 2b) in the main
manuscript, can be assigned to it missing the 3 month long acute stage. Because, when we in this analysis
distributed the increased transmission probability of the acute stage over an infected individual’s lifetime,
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an increased testing rate got a bigger effect in reducing the prevalence than when we separated the infectious
stages.
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Figure S4: Same set up as corresponding figure in main text, Figure 2b), but with no distinction between
the acute and chronic stage but only one infectious stage with one transmission probability.

S5.3 Range of 95% CRI

In Figure 1b) in the main manuscript we show the 95% credibility intervals of the estimated prevalence for all
three mixing assumptions. This was done for different mean times to ART-treatment to obtain the credibility
bands as in Figure S5a. Since it can be somewhat hard to compare the widths of said intervals in Figure
1b) and Figure S5a, we additionally calculated the range of each credibility intervals and show the boxplot
of these values in Figure S5b. From Figure S5b it is seen that using the complete assortativity assumption
regarding activity-degree has most narrow 95% credibility intervals. Moreover, the fitted assortativity has
more narrow credibility intervals than the proportionate mixing assumption.

S5.4 Effect of different PrEP effectiveness in reducing susceptibility

In the introduction of the main manuscript we gave the estimated reduction of susceptibility of PrEP: 86%
with a 95% confidence interval of 40 - 98% [S5]. To investigate the effect of this variability, we analysed the
effect of introducing PrEP among high-active individuals with a 40% PrEP effectiveness, and then with a
98% PrEP effectiveness. The results can be seen in Figure S6. We see that, using the much less effective
value of 40% instead of 86%, to reach an endemic prevalence close to 0 increases the needed PrEP coverage
from 3.5% of the population (10.4% of all high-actives) to 4.4% of the population (13.1% of all high-actives).

S5.5 Effect of giving PrEP to low-actives instead of high-actives

In our analysis we mainly focus on the effect of high-active individuals accepting PrEP. If we instead want to
determine the effect of targeting low-actives for PrEP, we could just reverse which activity-group is allowed
to start taking PrEP. Here, we also show the results for when only low-actives are offered PrEP. As we
can see from Figure S7, a much higher coverage (35%) is needed to reach the same long-term prevalence
reduction compared to if high-actives were offered PrEP (3.5%) (Figure 2a in the main manuscript).
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Figure S5: The width of the estimated 95% credibility intervals. (a) depicts the credibility bands from which
we calculated the range of the credibility intervals, summarised as boxplots in (b).
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Figure S6: Endemic prevalence for different PrEP coverages and effectiveness.
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Figure S7: Effect of giving PrEP to low-actives instead of high-actives.
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S5.6 PrEP coverage for alternative transmission probabilities

The transmission probabilities for unprotected receptive anal intercourse (URAI) during the acute and
chronic stage are taken from the literature [S6] (0.1835 and 0.0138, respectively). To get the transmission
probabilities during unprotected insertive anal intercourse (UIAI), we use an estimate of the relationship
between the transmission probability between URAI and UIAI. The transmission probability for URAI is 2.39
times larger than the transmission probability for UIAI [S7]. Assuming equally many insertive as receptive
acts, the transmission probability during the acute stage was set to

pA = 0.1835× 0.5 + 0.1835× 0.5/2.39 = 0.1301,

and during the chronic stage

pC = 0.0138× 0.5 + 0.0138× 0.5/2.39 = 0.0098.

We now want to study how robust our conclusion concerning PrEP coverage, to achieve an endemic
prevalence close to 0%, is. We do this by altering the two transmission probabilities by setting them to
50% − 150% of their estimated values. For example: with 50% of the transmission probabilities, we have
that pA = 0.0651 and pC = 0.0049; with 150% of the transmission probabilities, we have that pA = 0.1952
and pC = 0.0147. With given transmission probabilities pA and pC , we find the mean time to ART-treatment
corresponding to a prevalence of 5%. The given mean time to ART-treatment are for high-actives, for low-
actives it is 2.35 times larger. With the different set-ups generating a prevalence of 5%, PrEP is introduced
to high-active individuals. In Table S7 we show the different set-ups and the PrEP coverage needed to get
an endemic prevalence close to 0. Additionally, we alter the two transmission probabilities one at a time in
Table S8 and Table S9. In Table S8 we vary pA but let pC stay fixed at 0.0098. In Table S9 we vary pC but
let pA stay fixed at 0.1301. We conclude by noting that the results are almost invariant to which set-up is
used.

Table S7: Robustness of the PrEP coverage to obtain a long-term prevalence close to 0: al-
teration of pA and pC . Assuming no one is on PrEP, we first find other combinations than the one used
in the main manuscript of the transmission probabilities and mean time to ART-treatment for high-actives
that generates a prevalence of 5%. With these different scenarios that generates a prevalence of 5%, we then
study the needed PrEP coverage to obtain a long-term prevalence close to 0.

% of transmission probabilities pA = 0.1301 and pC = 0.0098

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

Time to ART-
treatment

5.38 4.10 3.23 2.60 2.13 1.77 1.48 1.25 1.07 0.92 0.80

PrEP coverage for
0 prevalence

3.42% 3.43% 3.44% 3.47% 3.49% 3.52% 3.55% 3.58% 3.61% 3.65% 3.68%

Table S8: Robustness of the PrEP coverage to obtain a long-term prevalence close to 0: alter-
ation of pA. Same procedure as in Table S7, but only the transmission probability in the acute stage is
altered. The transmission probability in the chronic stage is remained fixed at pC = 0.0098.

% of transmission probabilities pA = 0.1301.

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

Time to ART-
treatment

2.76 2.55 2.35 2.15 1.96 1.77 1.59 1.42 1.26 1.12 0.98

PrEP coverage for
0 prevalence

3.44% 3.45% 3.46% 3.48% 3.50% 3.52% 3.55% 3.58% 3.61% 3.64% 3.67%
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Table S9: Robustness of the PrEP coverage to obtain a long-term prevalence close to 0: alter-
ation of pC . Same procedure as in Table S7, but only the transmission probability in the chronic stage is
altered. The transmission probability in the acute stage is remained fixed at pA = 0.1301.

% of transmission probabilities pC = 0.0098.

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

Time to ART-
treatment

3.14 2.68 2.36 2.11 1.92 1.77 1.64 1.54 1.45 1.37 1.30

PrEP coverage for
0 prevalence

3.5% 3.5% 3.51% 3.51% 3.52% 3.52% 3.53% 3.53% 3.53% 3.54% 3.54%

S5.7 Short-term effect of different PrEP strategies

In our model, we assume that a sexually high-active start using PrEP at rate ξ. We then determine the
lowest possible rate ξ that yields an equilibrium prevalence of 0% and calculate which PrEP coverage this
corresponds to. The lowest PrEP coverage that eventually results in a 0% HIV prevalence is 3.5% of the
population. This ’eventually’ is a very long time in the future—it would take centuries. If no new HIV cases
would occur, it would still take many years before the prevalence reaches 0%; the HIV prevalence would not
reach 0% until the last person with HIV dies. However, HIV will effectively disappear when no new infections
occur. Remember that, in our model we assume that diagnosis and the beginning of ART-treatment is the
same as being uninfectious, and consequently, only individuals with undiagnosed HIV can transmit the
infection. Hence, we will here study not only the prevalence but also the percentage undiagnosed HIV cases
for different PrEP initiation rates, ξ.

In what follows, we will look at different rates ξ, where all rates result in an HIV prevalence of 0% in
the equilibrium steady state. The lowest ξ we look at will therefore corresponds to an equilibrium PrEP
coverage of 3.5% of the population (≈ 10% of high-actives). As a starting point, before any high-active
accepts PrEP, the prevalence is set to 5% and the percentage undiagnosed HIV cases to 0.21% (the model
with ξ = 0 calibrated to data). In the left panel of Figure S8, we show the HIV prevalence (%) at different
PrEP initiation rates, ξ, for 50 years after the beginning of a PrEP implementation programme. In the
middle panel of Figure S8, we show the percentage of individuals that are infectious and undiagnosed. In
the right panel of S8, we show the corresponding percentages of the population that are on PrEP for 50
years after the beginning of the PrEP programme. For the lowest rate ξ that results in an equilibrium HIV
prevalence of 0%, we see that after 50 years the PrEP coverage has only had time to reach 2%, but the
percentage undiagnosed has more than halved, and the prevalence has dropped from 5% to almost 4%. This
can be compared to the scenario with a ξ that results in an equilibrium PrEP coverage of 11%. Then the
PrEP coverage has reached a bit over 7% after 50 years, and the percentage undiagnosed HIV cases is only
1/20 of its value before the initiation of a PrEP programme (from 0.21% to 0.01%).

In Figure S9 we study, in more detail, the effects of different PrEP scenarios 10 and 20 years after their
initiation. We look at both the prevalence and the percentage undiagnosed HIV cases. After 10 years, if the
PrEP coverage has reached 5% (15% of all high-actives), the percentage undiagnosed HIV cases is reduced
from 0.21% to 0.14%. Looking at 20 years after a PrEP programmes initiation and where the PrEP coverage
has reached 5%, the percentage undiagnosed HIV cases is reduced to the low level of 0.04%. If the PrEP
coverage on the other hand has reached almost all high-actives after 10 years, that is 30% of the population,
then the percentage undiagnosed HIV cases is reduced to 0.03%. The same percentage of coverage after
20 years yields a percentage of 0.004% infectious and undiagnosed HIV cases; that is, almost no new HIV
infections occur.
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Figure S8: Effect of different PrEP scenarios on the HIV prevalence and new HIV cases (infectious and
undiagnosed).
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Figure S9: Effect of different PrEP scenarios 10 and 20 years after their initiation.
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S5.8 Allowing individuals to change activity-group

The conclusions of the PrEP coverage needed to eventually eliminate HIV from the community (an equilib-
rium HIV prevalence of 0%) does not vary much if participants are allowed to switch activity-group.

We further extended our main model to ascertain the effect of allowing high-active individuals to become
low-active and allowing low-active individuals to become high-active. The fraction high-active and the frac-
tion low-active in the population were held constant during this analysis. This was achieved by introducing
a parameter ν governing the switching, then letting πhν be the rate for one low-active to change to being
high-active and letting πlν be the rate for one high-active to change to being low-active. The number of low-
active MSM in the population is nπl and the number of high-active MSM is nπh. Therefore, the total rate
for low-actives to switch will be nπlπhν and the total rate for high-actives to switch will be nπhπlν. Hence,
the fractions being high-active and low-active will fluctuate around the values πh and πl. If a high-active on
PrEP switch to low-active we additionally assume that this individual stops taking PrEP.

We tested different switching rates ν = 0, 0.01, 0.1, 0.2, 0.5, 0.75, 1. If, for example, ν = 0.1 then one
randomly chosen individual will switch on average every tenth year and if ν = 0.5 then one randomly chosen
individual will switch on average every second year. The case when ν = 0 corresponds to no switching.
For each scenario we calibrate the mean time until ART-treatment so that without anyone on PrEP the
prevalence is 5%. As before, the given mean time to ART-treatment is for high-actives, for low-actives it is
2.35 times larger. The results can be seen in Table S10, from there we see that the PrEP coverage needed to
eventually eliminate HIV from the community is not that different between the scenarios, it varies between
≈ 2.5% to ≈ 3.5% of the total population. However, when people on PrEP are allowed to become low-active
and thereby stop taking PrEP a higher PrEP-initiation rate is needed to obtain a certain PrEP coverage.

In Table S11 we instead show the PrEP coverage needed when low-actives are targeted. We see the
same tendency in which scenarios that easiest eliminate HIV as in Table S10. We also find the same kind
of conclusion as in the main text—targeting high-actives for PrEP is much more effective than targeting
low-actives.

Table S10: HIV prevalence (%) for different switching scenarios and PrEP coverages.

ν = 0 ν = 0.01 ν = 0.1 ν = 0.2 ν = 0.5 ν = 0.75 ν = 1

Time to ART 1.770 1.731 1.697 1.707 1.744 1.770 1.793

PrEP coverage

1% 3.589 3.364 2.917 2.859 2.856 2.880 2.904

2% 2.172 1.718 0.836 0.716 0.715 0.761 0.806

2.5% 1.459 0.891 0.0002 0.0007 0.0007 0 0.0002

3% 0.745 0.067 0 0 0 0 0

3.5% 0 0 0 0 0 0 0

Table S11: HIV prevalence (%) for different switching scenarios and PrEP coverages when
low-actives are being targeted.

ν = 0 ν = 0.01 ν = 0.1 ν = 0.2 ν = 0.5 ν = 0.75 ν = 1

Time to ART 1.770 1.731 1.697 1.707 1.744 1.770 1.793

PrEP coverage

10% 3.249 3.076 2.562 2.351 2.020 1.852 1.726

20% 1.761 1.387 0.274 0.0002 0.0003 0 0

30% 0.503 0.0007 0 0 0 0 0

35% 0 0 0 0 0 0 0
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Item 
No Recommendation

Reported on page #

(a) Indicate the study’s design with a commonly used term in the title 
or the abstract

1Title and abstract 1

(b) Provide in the abstract an informative and balanced summary of 
what was done and what was found

2-3

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation 

being reported
4-5

Objectives 3 State specific objectives, including any prespecified hypotheses 5
Methods
Study design 4 Present key elements of study design early in the paper 5-6
Setting 5 Describe the setting, locations, and relevant dates, including periods 

of recruitment, exposure, follow-up, and data collection
9

Participants 6 (a) Give the eligibility criteria, and the sources and methods of 
selection of participants

9

Variables 7 Clearly define all outcomes, exposures, predictors, potential 
confounders, and effect modifiers. Give diagnostic criteria, if 
applicable

Supplementary 
material S3

Data sources/ 
measurement

8*  For each variable of interest, give sources of data and details of 
methods of assessment (measurement). Describe comparability of 
assessment methods if there is more than one group

Bias 9 Describe any efforts to address potential sources of bias
Study size 10 Explain how the study size was arrived at
Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why

Supplementary 
material S3

(a) Describe all statistical methods, including those used to control for 
confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed
(d) If applicable, describe analytical methods taking account of 
sampling strategy

Statistical methods 12

(e) Describe any sensitivity analyses
Results

(a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, 
included in the study, completing follow-up, and analysed

9

(b) Give reasons for non-participation at each stage

Participants 13*

(c) Consider use of a flow diagram
(a) Give characteristics of study participants (eg demographic, 
clinical, social) and information on exposures and potential 
confounders

Separate paperDescriptive data 14*

(b) Indicate number of participants with missing data for each variable 
of interest

9

Outcome data 15* Report numbers of outcome events or summary measures 11
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 12-14
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estimates and their precision (eg, 95% confidence interval). Make 
clear which confounders were adjusted for and why they were 
included
(b) Report category boundaries when continuous variables were 
categorized
(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses

Supplemental 
material S4

Discussion
Key results 18 Summarise key results with reference to study objectives 15-16
Limitations 19 Discuss limitations of the study, taking into account sources of 

potential bias or imprecision. Discuss both direction and magnitude of 
any potential bias

17

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence

16

Generalisability 21 Discuss the generalisability (external validity) of the study results 17
Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present 
article is based

18

*Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 
available at www.strobe-statement.org.
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