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1. HIV transmission model 

1.1 Overview of the HIV transmission model 

A mathematical model of the HIV transmission dynamics among men who have sex 

with men (MSM) aged 15-64 in the United Kingdom was developed based on a 

system of differential equations. We included in the model a number of behavioural 

and biological heterogeneities to simulate the epidemic over the 20-year time course 

from 2001 to 2020. The simulations were started from the beginning of 2000 to allow 

the model to become more stable before conducting further analyses from 2001 

onwards. Our model was parameterised based on available information from multiple 

sources including behavioural surveys, surveillance systems, and the literature. We 

also fitted the model to the data and external estimates using the Monte-Carlo filtering 

method [1]. The model was used to estimate the current epidemic situation in various 

aspects and predict how it would evolve in the near future. The detailed descriptions 

of the model are shown in this appendix. 

1.2 Key assumptions 

A number of assumptions were made throughout the model. The main assumptions 

that our model was based on are as follows: 

 The model is a deterministic population-based model therefore the members of 

any subgroups all share the same characteristics. 
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 MSM get infected with HIV only through anal or oral intercourse in a sexual 

partnership with a man. 

 The model allows only two types of sexual partnership: one-off and repeat 

sexual partnership (the definitions are provided in Section 1.3.4). 

 Concurrency of the same partnership types (one-off and repeated) is not 

allowed (serial monogamy). 

 Anal-sex partnerships involve only anal sexual intercourse. Similarly, oral-sex 

partnership involves only oral sexual intercourse. 

 All HIV-positive MSM start from the first disease stage (primary HIV 

infection) and progress to the next stages with decreased CD4 cell counts. The 

model does not allow an increase in CD4 cell counts. 

 Once treated, individuals remain in the treatment stage until removed from the 

model. 

 The sensitivity and specificity of the HIV test is 100%. 

 Safe sex refers to sexual intercourse with condom use. Unsafe or unprotected 

sex refers to sexual intercourse without condom use. 

 No HIV infection from outside the UK is included. 

 We modelled the HIV epidemic in the UK as a whole and there was no 

differentiation by geographic area. 

1.3 Model structure 

Structuring the model concerns stratification of the modelled population according to 

various characteristics that have an essential effect on the model outputs [2]. The 
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entire MSM populations in the UK were stratified simultaneously by MSM types, age, 

sexual activity level, partnership status, and HIV-related status. 

1.3.1 Current and past MSM 

Homosexual men in general have been considered at high risk for HIV infection 

specifically because of the frequent anal sexual intercourse they have. However, a 

considerable number of UK homosexual males have never had anal sex with men and 

their last sex (defined as a genital contact) with men was more than 5 years ago [3]. 

These were excluded from the model. Those who have had sex with men in the last 5 

years are included as ‗current‘ MSM. Those who have had sex with men but not in the 

last 5 years and also who last had anal sex more than 5 years ago are defined as ‗past‘ 

MSM. Only current MSM acquire new partners and are at risk of HIV infection. The 

characteristics of past MSM resemble that of current low-activity MSM. All MSM in 

the model are the summation of the current and past MSM. 

1.3.2 Age 

The age range of the modelled population was 15-64 years. We distinguished the 

younger and older MSM by dividing them into two age groups of 15-34 and 35-64 

years. Individuals in the younger group progress to the older group and individuals in 

the older group move out of the system at constant rates over time. 

1.3.3 Sexual activity level 

We defined two levels of sexual activity—low and high—based on the number of 

sexual partners per year. The low-activity MSM have the average new male sexual 
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partner per year of less than or equal to one. The high-activity MSM have more than 

one new male sexual partner per year. We chose this cut-off point to differentiate 

MSM who have a similar rate of partner change to the average of UK heterosexual 

male from those MSM at greater risk, as well as to ensure that low-activity MSM have 

no concurrent sexual partnerships. Together with the two age groups we formed a total 

of four ‗classes‘ of MSM in our model, i.e. age group 1 – low activity, age group 1 – 

high activity, age group 2 – low activity, and age group 2 – high activity. 

1.3.4 Partnership status 

We distinguished between one-off and repeat sexual partners by defining that the one-

off sexual partnership is a relationship that has only a single sexual contact which is 

assumed to start and end instantaneously. The repeat sexual partnership is defined as a 

relationship in which sexual contact occurs more than once, such as a married couple, 

a steady partnership, or a casual partnership that has several sexual encounters. Unlike 

the typical mean-field model, the partnership-based model [4, 5] allows a repeat 

sexual partnership to last for a finite duration of time, and only during that period can 

HIV transmission between partners can occur. Both individuals with and without a 

repeat sexual partner can have one-off sexual encounter and therefore be at risk for 

HIV infection. 

1.3.5 Disease stage and CD4 levels 

Based primarily on the CD4 cell counts, the long and variable natural history of HIV 

infection was divided into five stages: primary HIV infection (PHI), CD4   500, 350-

499, 200-349, and < 200 cells/µL. This allowed us to distinguish among disease stages 
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with respect to the three important factors: HIV transmission probability, HIV 

diagnosis rate, and the rate of initiating antiretroviral treatment (ART), determining 

the outcomes of the model. HIV-positive men progress from the first stage through the 

last without going backward. We assumed no CD4 stratification for MSM on 

treatment. 

1.3.6 HIV diagnosis and treatment status 

The five disease stages were further stratified into undiagnosed and diagnosed MSM. 

The latter was split into those who have never and ever been treated with ART. We 

noted that ART-treated MSM included all men who have ever been treated with ART 

regardless of their current ART status. Furthermore, the model does not allow 

individuals to move back to the previous stages in which no ART is administered. 

Taken together, there are 12 different stages of HIV infection illustrated schematically 

in Figure 1 in the main text. 

1.4 Model equations and calculations 

The model was constructed based on a set of ordinary differential equations. We 

denoted the numbers of single current MSM and single past MSM by Y and Z, 

respectively. The total numbers of single MSM, X Y Z  . Let P be the numbers of 

pairs (not individuals) of current MSM. The total number of MSM in the model, 

2N X P  . The subscripts , ,j k h  of 
, ,j k hX  are denoted as age group (j=1 for age 

group 1, j=2 for age group 2), sexual activity group (k=1 for low-activity group, k=2 

for high-activity group), and HIV infection stages ( 1, ,12h   according to 12 HIV 
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stages presented in Figure 1 in the main text: 1=susceptibles, 2=undiagnosed PHI, 

3=diagnosed PHI, 4=undiagnosed CD4>500, 5=diagnosed CD4>500, 6=undiagnosed 

CD4 350-499, 7=diagnosed CD4 350-499, 8=undiagnosed CD4 200-349, 

9=diagnosed CD4 200-349, 10=undiagnosed CD4<200, 11=diagnosed CD4<200, and 

12=on treatment). The superscripts , ,m n r  of the numbers of pairs 
, ,

, ,

m n r

j k hP  are denoted 

as age group m, sexual activity group n, and HIV stages r of the repeat sexual partner, 

and that 
, , , ,

, , , ,

m n r j k h

j k h m n rP P . Our partnership-based model consists of 1,296 compartments 

which, following Xiridou et al [6] and Powers et al [7], can be described by the 46 

equations listed in the next section. All parameters are summarised in Table S1. The 

time step in the model is a day ( =1/365=0.0027). For any per-year rates, multiplying 

by   will result in the corresponding rates per time-step.  
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1.4.1 Differential equations 

We noted that [ , ] [ , ]j k m n  in all equations below, and the {condition} denotes a specific condition that must be satisfied to enable the corresponding 

term. 

Current single MSM 

2 2 12
, ,1 , ,1 , ,

, , ,1 , , ,1 , ,1 1 1, ,1 ,1 , , , , ,1

1 1 1

{ 1} { 1} ( ) { 2} ( )
j k j k m n r rep one

j k j k j k j k j k j j k j j j k Y j k j k

m n r

dY
j k P P Y j Y

dt
        

  

                  (1) 

2 2 12
, ,2 , ,2 , ,

, , ,2 , ,2 1 1, ,2 , , , ,1 ,2 2 , ,2 , , ,2

1 1 1

( ) { 2} ( )
j k j k m n r one rep

j k j k j k j j k Y j k j k j j j k j k j k

m n r

dY
P P Y j Y Y

dt
        

  

                 (2) 

2 2 12
, ,3 , ,3 , ,

, , ,3 , ,3 1 1, ,3 , ,2 , ,2 , ,2 , ,2 ,3 3 , , ,3

1 1 1

( ) { 2} (1 ) { } ( )
j k j k m n r rep

j k j k j k j j k k j k j k l j l j l j j j k j k

m n r

dY
P P Y j s Y s Y l k Y

dt
        

  

                   (3) 

2 2 12
, , , , , ,

, , , , , , , 1 1, , 2 , , 2

1 1 1

, , , , , ,

{ 1} ( ) { 2}

( { 10} )

j k h j k h m n r

j k h j k j k h j k h j j k h h j k h

m n r

rep

j j h h j k h j k j k h

dY
k P P Y j Y

dt

h Y

   

    

   

  

       

     



      

for h = 4, 6, 8, 10.  (4) 

2 2 12
, , , , , ,

, , , , , , , 1 1, , , , 1 , , 1 , , 1 , , 1

1 1 1

2 , , 2 , , , ,

{ 1} ( ) { 2} (1 ) { }

( { 11} )

j k h j k h m n r

j k h j k j k h j k h j j k h k j k h j k h l j l h j l h

m n r

rep

h j k h j j h h h j k j k h

dY
k P P Y j s Y s Y l k

dt

Y h Y

    

     

     

  

 

          

      


 for h = 5, 7, 9, 11.  (5) 

2 2 12
, ,12 , ,12 , ,

, ,12 , , ,12 , ,12 1 1, ,12 , , ,12 , , ,12

1 1 1

{ 1} ( ) { 2} ( )
j k j k m n r rep

j k j k j k j k j j k g j k g j j j k j k

m n r g s

dY
k P P Y j Y Y

dt
       

   

              where s = 5, 7, 9, 11.  (6) 
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Past MSM 

,1,1

,1 1 1,1,1 ,1 ,1,1{ 2} ( )
j

j j j j j j

dZ
Z j Z

dt
                       (7) 

,1,2

,2 1 1,1,2 ,2 2 ,1,2 ,1,2{ 2} ( )
j

j j j j j j j

dZ
Z j Z

dt
                       (8) 

,1,3

,3 1 1,1,3 ,1,2 ,1,2 ,3 3 ,1,3{ 2} ( )
j

j j j j j j j j

dZ
Z j Z Z

dt
                       (9) 

,1,

, 1 1,1, 2 ,1, 2 , ,1, ,1,{ 2} ( { 10} )
j h

j h j j h h j h j j h h j h j h

dZ
Z j Z h Z

dt
                        for h = 4, 6, 8, 10.  (10) 

,1,

, 1 1,1, ,1, 1 ,1, 1 2 ,1, 2 , ,1,{ 2} ( { 11} )
j h

j h j j h j h j h h j h j j h h h j h

dZ
Z j Z Z h Z

dt
                          for h = 5, 7, 9, 11.  (11) 

,1,12

,12 1 1,1,12 ,1, ,12 ,1,12{ 2} ( )
j

j j j g j g j j j

g s

dZ
Z j Z Z

dt
     



            where s = 5, 7, 9, 11.  (12) 
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Paired MSM 

Susceptible (HIV stage no.1) – Susceptible (HIV stage no.1) 

, ,1

, ,1 , , ,1 , ,1 , ,1

, ,1 , , ,1 1 1, ,1 ,1 , , , , ,12 { 2} (2 2 2 )

j k

j k rep j k rep j k one j k

j k j k j k j j k j j j k P j k j k

dP
Y P j P

dt
                        (13) 

, ,1

, ,1 , ,, , ,1 , ,1 , ,1 , ,1

, ,1 , , ,1 1 1, ,1 1 1, ,1 ,1 ,1 , , , , , ,1{ 2} { 2} ( )
2

m n

j k j k m nrep m n rep m n j k one one m n

j k j k j k j j k m m n j m j m P j k P m n j k

dP
Y P j P m P

dt

 
            


                (14) 

 

Susceptible (HIV stage no.1) – Infected (HIV stage no.2-12) 

, ,2

, ,1 , , ,2 , ,2 , ,1 , , ,2 , ,2

, ,1 , , ,1 1 1, ,1 , , , ,1 ,1 ,2 2 , ,2 , , , , , ,12 { 2} 2 (2 )

j k

j k rep j k rep j k one j k one rep j k j k

j k j k j k j j k P j k j k j j j j k j k P j k j k j k

dP
Y P j P P

dt
                             (15) 

, ,2

, ,1 , , ,2 , ,2 , ,1 , ,1

, ,1 , , ,1 1 1, ,1 1 1, ,2 , , , , , ,1

, , , , ,2 , ,2

,1 ,2 2 , ,2 , , , , ,1

{ 2} { 2} ( )

( )
2

m n

j k rep m n rep m n j k one one m n

j k j k j k j j k m m n P j k P m n j k

j k m n one rep m n m n

j m j m m n P j k j k j k

dP
Y P j P m P

dt

P

     

 
       

         


        

         (16) 

, ,3

, ,1 , , ,3 , ,3 , ,2 , ,2 , , ,3 , ,3

, ,1 , , ,1 1 1, ,1 , ,2 , ,1 , ,2 , ,1 ,1 ,3 3 , , , , , ,12 { 2} (1 ) { } (2 )

j k

j k rep j k rep j k j k j l one rep j k j k

j k j k j k j j k k j k j k l j l j k j j j j k P j k j k j k

dP
Y P j s P s P l k P

dt
                            (17) 

, ,3

, ,1 , , ,3 , ,3 , ,1 , ,2 , ,2

, ,1 , , ,1 1 1, ,1 1 1, ,3 , ,2 , ,1 , ,2 , ,1

, , , , ,3

,1 ,3 3 , , , , ,1

{ 2} { 2} (1 ) { }

( )
2

m n

j k rep m n rep m n j k m n m l

j k j k j k j j k m m n n m n j k l m l j k

j k m n one rep m n

j m j m P j k j k j k

dP
Y P j P m s P s P l n

dt

P

     

 
      

           


        , ,3m n

        (18) 
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, ,

, ,1 , , , , , , , 2

, ,1 , , ,1 1 1, ,1 2 , ,1

, , , , ,

,1 , , , , , , , , ,1

2 { 2}

(2 { 10} )

j k h

j k rep j k h rep j k h j k h

j k j k j k j j k h j k

one rep j k h j k h

j j j h h j k h j k P j k j k j k

dP
Y P j P

dt

h P

   

       



     

        

       for h = 4, 6, 8, 10. (19) 

, ,

, ,1 , , , , , , ,1 , , 2

, ,1 , , ,1 1 1, ,1 1 1, , 2 , ,1

, , , , , , ,

,1 , , , , , , , ,1

{ 2} { 2}

( { 10} )
2

m n r

j k rep m n r rep m n r j k m n r

j k j k j k j j k m m n r r j k

j k m n one rep m n r m n r

j m j m r r m n r P j k j k j k

dP
Y P j P m P

dt

r P

    

 
       



         


         

      for r = 4, 6, 8, 10. (20) 

, ,

, ,1 , , , , , , , 2 , , 1 , , 1

, ,1 , , ,1 1 1, ,1 2 , ,1 , , 1 , ,1 , , 1 , ,1

, , ,

,1 , , , , ,

2 { 2} (1 ) { }

(2 { 11} )

j k h

j k rep j k h rep j k h j k h j k h j l h

j k j k j k j j k h j k k j k h j k l j l h j k

one rep j k h

j j j h h h j k P j k j k

dP
Y P j P s P s P l k

dt

h P

     

       

  

           

         , ,

, ,1

j k h

j k

    for h = 5, 7, 9, 11. (21) 

, ,

, ,1 , , , , , , ,1 , , 2 , , 1 , , 1

, ,1 , , ,1 1 1, ,1 1 1, , 2 , ,1 , , 1 , ,1 , , 1 , ,1

,

,1 ,

{ 2} { 2} (1 ) { }

( { 11}

m n r

j k rep m n r rep m n r j k m n r m n r m l r

j k j k j k j j k m m n r r j k n m n r j k l m l r j k

j k

j m j m r r r

dP
Y P j P m P s P s P l n

dt

r

      

 
     

  

               


       

, , , , , ,

, , , , ,1)
2

m n one rep m n r m n r

P j k j k j kP  

 for  r = 5, 7, 9, 11. (22) 

, ,12

, ,1 , , ,12 , ,12 , , , , ,12 , ,12

, ,1 , , ,1 1 1, ,1 , ,1 ,1 ,12 , , , , , ,12 { 2} (2 )

j k

j k rep j k rep j k j k g one rep j k j k

j k j k j k j j k g j k j j j j k P j k j k j k

g s

dP
Y P j P P

dt
          



             where s = 5, 7, 9, 11. (23) 

, ,12

, ,1 , , ,12 , ,12 , ,1 , ,

, ,1 , , ,1 1 1, ,1 1 1, ,10 , ,1

, , , , ,12 , ,12

,1 ,12 , , , , ,1

{ 2} { 2}

( )
2

m n

j k rep m n rep m n j k m n g

j k j k j k j j k m m n g j k

g s

j k m n one rep m n m n

j m j m P j k j k j k

dP
Y P j P m P

dt

P

    

 
     

   



     


      


       where s = 5, 7, 9, 11. (24) 
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Undiagnosed PHI (HIV stage no.2) – Infected (HIV stage no.2-12) 

, ,2

, ,2 , , ,2 , ,2 , , ,2 , ,2 , ,2

, ,2 , , ,2 1 1, ,2 , , , , ,1 ,2 2 , ,2 , , ,22 { 2} ( ) (2 2 2 2 )

j k

j k rep j k rep j k one rep j k j k j k

j k j k j k j j k P j k j k j k j j j k j k j k

dP
Y P j P P

dt
                          (25) 

, ,2

, ,2 , , ,2 , ,2 , ,2 , , ,2 , ,2 , , ,2 , ,1

, ,2 , , ,2 1 1, ,2 1 1, ,2 , , , , ,1 , , , , ,2

,2 ,2 2 , ,2 , ,2

{ 2} { 2} ( ) ( )

( 2

m n

j k rep m n rep m n j k one rep m n m n one rep j k m n

j k j k j k j j k m m n P j k j k j k P m n m n j k

j m j m j k m n

dP
Y P j P m P P

dt
       


      

           

       
, , , ,2

, ,2)
2

j k m n m n

j kP


     (26) 

, ,3

, ,2 , , ,3 , ,3 , ,2 , , ,3 , ,3 , ,3

, ,2 , , ,2 1 1, ,2 , ,2 , ,2 , , , , ,1 ,2 ,3 2 3 , ,2 , , ,22 { 2} 2 ( ) (2 )

j k

j k rep j k rep j k j k one rep j k j k j k

j k j k j k j j k j k j k P j k j k j k j j j j k j k j k

dP
Y P j P P P

dt
                             (27) 

, ,3

, ,2 , , ,3 , ,3 , ,3 , ,2 , , ,3 , ,3

, ,2 , , ,2 1 1, ,2 1 1, ,2 , ,2 , ,2 , , , , ,1

, , , ,3

,2 ,3 2 3 , ,2 , ,2

{ 2} { 2} ( )

( )
2

m n

j k rep m n rep m n j k m n one rep m n m n

j k j k j k j j k m m n m n j k P j k j k j k

j k m n m n

j m j m j k j k

dP
Y P j P m P P

dt

P

      

 
      

          


       

       (28) 

, ,

, ,2 , , , , , , , 2 , , , , ,

, ,2 , , ,2 1 1, ,2 2 , ,2 , , , , ,1

, ,

,2 , 2 , ,2 , , , , ,2

2 { 2} ( )

(2 { 10} )

j k h

j k rep j k h rep j k h j k h one rep j k h j k h

j k j k j k j j k h j k P j k j k j k

j k h

j j j h h j k j k h j k j k

dP
Y P j P P

dt

h P

     

       



       

        

       for h = 4, 6, 8, 10. (29) 

, ,

, ,2 , , , , , , ,2 , , 2 , , , , ,

, ,2 , , ,2 1 1, ,2 1 1, , 2 , ,2 , , , , ,1

, ,

,2 , 2 , ,2 , ,

{ 2} { 2} ( )

( { 10} )
2

m n r

j k rep m n r rep m n r j k m n r one rep m n r m n r

j k j k j k j j k m m n r r j k P j k j k j k

j k m n

j m j m r r j k j k r

dP
Y P j P m P P

dt

r P

      

 
       



           


          , ,

, ,2

m n r

j k

    for r = 4, 6, 8, 10. (30) 
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, ,

, ,2 , , , , , , , 2 , , 1 , , 1

, ,2 , , ,2 1 1, ,2 2 , ,2 , , 1 , ,2 , , 1 , ,2

, , , , ,

, , , , ,1 ,2 , 2

2 { 2} (1 ) { }

( ) (2

j k h

j k rep j k h ste j k h j k h j k h j l h

j k j k j k j j k h j k k j k h j k l j l h j k

one rep j k h j k h

P j k j k j k j j j h h

dP
Y P j P s P s P l k

dt

P

     

      

  

           

       , ,

, ,2 , , , , ,2{ 11} ) j k h

j k j k h h j k j kh P       

    for h = 5, 7, 9, 11. (31) 

, ,

, ,2 , , , , , , ,2 , , 2 , , 1 , , 1

, ,2 , , ,2 1 1, ,2 1 1, , 2 , ,2 , , 1 , ,2 , , 1 , ,2

, , , , ,

, , , , ,1

{ 2} { 2} (1 ) { }

( )

m n r

j k rep m n r rep m n r j k m n r m n r m l r

j k j k j k j j k m m n r r j k n m n r j k l m l r j k

one rep m n r m n

P j k j k j k

dP
Y P j P m P s P s P l n

dt

P

      

 

  

               

 
, , , ,

,2 , 2 , ,2 , ,2( { 11} )
2

j k m nr m n r

j m j m r r j k r j kr P
 

       


         

 for r = 5, 7, 9, 11. (32) 

, ,12

, ,2 , , ,12 , ,12 , , , , ,12 , ,12

, ,2 , , ,2 1 1, ,2 , ,2 , , , , ,1

, ,12

,2 ,12 2 , ,2 , , ,2

2 { 2} ( )

(2 )

j k

j k rep j k rep j k j k g one rep j k j k

j k j k j k j j k g j k P j k j k j k

g s

j k

j j j j k j k j k

dP
Y P j P P

dt

P

     

     

 



     

     


       where s = 5, 7, 9, 11. (33) 

, ,12

, ,2 , , ,12 , ,12 , ,2 , , , , ,12 , ,12

, ,2 , , ,2 1 1, ,2 1 1, ,12 , ,2 , , , , ,1

, , , ,

,2 ,12 2 , ,2 , ,2

{ 2} { 2} ( )

( )
2

m n

j k rep m n rep m n j k m n g one rep m n m n

j k j k j k j j k m m n g j k P j k j k j k

g s

j k m n m n

j m j m j k j k

dP
Y P j P m P P

dt

P

      

 
     

   



       


      



12    

where s = 5, 7, 9, 11. (34) 
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Infected except U2 (HIV stage no.3-12) – Infected except U2 (HIV stage no.3-12) 

 

Undiagnosed – Undiagnosed 

, ,

, , , , , , , , , , , 2

, , , , , 1 1, , 2 , , 2 2 , ,

, ,

, , , , , , , , ,

2 { 2}

(2 { 10} { 10} )

j k r

j k h rep j k r ste j k r j k r j k r

j k h j k j k h j j k h h j k h r j k h

j k r

j j h j r h r j k h j k r j k j k h

dP
Y P j P P

dt

h r P

    

       



        

         

    for h = 4, 6, 8, 10, and r = 4, 6, 8, 10.  (35) 

, ,

, , , , , , , , , , , 2

, , , , , 1 1, , 1 1, , 2 , ,

, , , ,

, , , , , , , ,

{ 2} { 2}

( { 10} { 10} )
2

m n r

j k h rep m n r rep m n r j k h m n r

j k h j k j k h j j k h m m n r r j k h

j k m n m n r

j m j h m r h r j k h j k r j k h

dP
Y P j P m P

dt

h r P

    

 
       



         


          

   for h = 4, 6, 8, 10, and r = 4, 6, 8, 10.  (36) 

 

Undiagnosed – Diagnosed 

, ,

, , , , , , , , , , , 2

, , , , , 1 1, , 2 , , 2 2 , ,

, , 1 , , 1

, , 1 , , , , 1 , ,

, ,

2 { 2} { 3}

(1 ) { }

(2 { 10} { 11}

j k r

j k h rep j k r rep j k r j k r j k r

j k h j k j k h j j k h h j k h r j k h

j k r j l r

k j k r j k h l j l r j k h

j j h j r h r

dP
Y P j P P r

dt

s P s P l k

h r

    

 

     



    

 

 

     

   

        , ,

, , , , ,{ 3} ) j k r

j k h r j k j k hr P   

    for h = 4, 6, 8, 10, and r = 3, 5, 7, 9, 11. (37) 

, ,

, , , , , , , , , , , , , 2

, , , , , 1 1, , 1 1, , 2 , , 2 2 , ,

, , 1 , , 1

, , 1 , , , , 1 , ,

,

{ 2} { 2} { 3}

(1 ) { }

(

m n r

j k h rep m n r rep m n r j k h m n r m n r

j k h j k j k h j j k h m m n r h j k h r j k h

m n r m l r

n m n r j k h l m l r j k h

j m j h

dP
Y P j P m P P r

dt

s P s P l n

     

 

  



      

 

 

       

   

   
, , , ,

, , , , ,{ 10} { 11} { 3} )
2

j k m n m n r

m r h r j k h r j k hh r r P
 

    


       

 for h = 4, 6, 8, 10, and r = 3, 5, 7, 9, 11. (38) 
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Undiagnosed – On treatment 

, ,12

, , , , ,12 , ,12 , ,

, , , , , 1 1, , , ,

, ,12

, ,12 , , , , ,

2 { 2}

(2 { 10} )

j k

j k h rep j k rep j k j k g

j k h j k j k h j j k h g j k h

g s

j k

j j h j h j k h j k j k h

dP
Y P j P

dt

h P

   

     

 



   

      


   

 for h = 4, 6, 8, 10, and s = 5, 7, 9, 11.  (39) 

, ,12

, , , , ,12 , ,12 , , , ,

, , , , , 1 1, , 1 1, ,12 , ,

, , , ,12

, ,12 , , , ,

{ 2} { 2}

( { 10} )
2

m n

j k h rep m n rep m n j k h m n g

j k h j k j k h j j k h m m n g j k h

g s

j k m n m n

j m j h m h j k h j k h

dP
Y P j P m P

dt

h P

    

 
     

   



     


       


    for h = 4, 6, 8, 10, and s = 5, 7, 9, 11.  (40) 

 

Diagnosed – Diagnosed 

, ,

, , , , , , , , , , , 2

, , , , , 1 1, , 2 , , 2 2 , ,

, , , , , , 1

, , 1 , , 1 , , 1 , , 1 , , 1 , ,

2 { 2} { 3} { 3}

(1 ) { } (1 )

j k r

j k h rep j k r rep j k r j k r j k r

j k h j k j k h j j k h h j k h r j k h

j k r j k r j k r

k j k h j k h l j l h j l h k j k r j k h

dP
Y P j P h P r

dt

s P s P l k s P s

    

  



    



    

      

       , , 1

, , 1 , ,

, ,

, , , , ,

{ }

(2 { 11} { 11} { 3} { 3} )

j l r

l j l r j k h

j k r

j j h j r h r h r j k j k h

P l k

h r h r P



       



 

           

  for h = 3, 5, 7, 9, 11, and r = 3, 5, 7, 9, 11. (41) 

, ,

, , , , , , , , , , , , , 2

, , , , , 1 1, , 1 1, , 2 , , 2 2 , ,

, , , ,

, , 1 , , 1 , , 1 , , 1

{ 2} { 2} { 3} { 3}

(1 ) { } (1 )

m n r

j k h rep m n r rep m n r j k h m n r m n r

j k h j k j k h j j k h m m n r h j k h r j k h

m n r m n r

k j k h j k h l j l h j l h n

dP
Y P j P m P h P r

dt

s P s P l k s

     

  



      

   

        

      , , 1 , , 1

, , 1 , , , , 1 , ,

, , , ,

, , , ,

{ }

( { 11} { 11} { 3} { 3} )
2

m n r m u r

m n r j k h u m u r j k h

j k m n m n r

j m j h m r h r h r j k h

P s P u n

h r h r P



 
       

 

  


            

 for h = 3, 5, 7, 9, 11, and r = 3, 5, 7, 9, 11. (42) 
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Diagnosed – On treatment 

, ,12

, , , , ,12 , ,12 , ,12

, , , , , 1 1, , 2 , , 2

, ,12 , ,12 , ,

, , 1 , , 1 , , 1 , , 1 , ,

, ,12

2 { 2} { 3}

(1 ) { }

(2 { 11} {

j k

j k h rep j k rep j k j k

j k h j k j k h j j k h h j k h

j k j k j k g

k j k h j k h l j l h j l h g j k h

g s

j j h j h h

dP
Y P j P h

dt

s P s P l k P

h

   

  

    

   

   



    

    

     



, ,12

, , ,3} ) j k

j k j k hh P 

    for h = 3, 5, 7, 9, 11, and s = 5, 7, 9, 11. (43) 

, ,12

, , , , ,12 , ,12 , , , ,12

, , , , , 1 1, , 1 1, ,12 2 , , 2

, ,12 , ,12 , ,

, , 1 , , 1 , , 1 , , 1 , ,

{ 2} { 2} { 3}

(1 ) { }

(

m n

j k h rep m n rep m n j k h m n

j k h j k j k h j j k h m m n h j k h

m n m n m n g

k j k h j k h l j l h j l h g j k h

g s

j

dP
Y P j P m P h

dt

s P s P l k P

    

  

 

     

   



      

    

 



, , , ,12

, ,12 , ,{ 11} { 3} )
2

j k m n m n

m j h m h h j k hh h P
 

   


      

   for h = 3, 5, 7, 9, 11, and s = 5, 7, 9, 11. (44) 

 

On treatment – On treatment 

, ,12

, ,12 , , ,12 , ,12 , , , ,12

, ,12 , , ,12 1 1, ,12 , ,12 ,12 , , ,122 { 2} 2 (2 2 )

j k

j k rep j k rep j k j k g j k

j k j k j k j j k g j k j j j k j k

g s

dP
Y P j P P

dt
       



          for s = 5, 7, 9, 11.    (45) 

, ,12

, ,12 , , ,12 , ,12 , ,12 , , , ,

, ,12 , , ,12 1 1, ,12 1 1, ,12 , ,12 , ,12

, , , ,12

,12 ,12 , ,12

{ 2} { 2}

( )
2

m n
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 
  for s = 5, 7,9, 11.    (46) 

In the next sections we describe the method and computational formula used for calculating the model parameters. 
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1.4.2 Calculating ageing 

For each time step, individuals progress from the first to the second age group, and are 

removed out of the model from the second age group according to the proportion of 

MSM at the maximum age to all MSM in each age group. The derivation of the 

proportion is described in Section 3.1.2. Note that per-year rates must be converted to 

per-time step before being used as model input. 

1.4.3 Calculating mortality 

The death rate, 
,j h , stratified by age group and HIV stage is applied directly to the 

numbers of MSM in each corresponding group (see Section 3.1.4 for details of 

mortality rate). The number of deaths is subtracted from the model every time step and 

used for calculating the influx of new MSM. 

1.4.4 Calculating influx of new MSM 

A set of new MSM enters the model every time step and becomes a part of age group 

1. This influx is calculated from the summation of the number of individuals who age 

from age group 1, those who die while in age group 1, and growth per time step of age 

group 1. The formula used is as follows: 

 
1, 1 1 1 1,( )k kg N      (47) 

where 
1,kN  is the total number of MSM in age group 1 and sexual activity group k and 

1g  is the growth rate of age group 1. See Section 3.1.3 for derivation of the population 

growth rate. 
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1.4.5 Calculating transition from the current to past MSM 

We modelled a transition from the current to past MSM based on the assumption that 

the ratio between past and current MSM remains fixed over time (See Section 3.7 for 

more detail about finding the ratio). Every time step the ratio 
,

,

j h

j h

Z

Y
 is updated. If any 

updated ratios are less than that of the initial time step, a number of current MSM 

from age group j and HIV stage h will be moved to the same group of past MSM to 

preserve the original ratio. According to the definition of the past MSM (Section 

1.3.1), only current MSM of low-activity group (See Section 3.2.1 for the definition) 

are legitimate for such movement. The numbers of past and current MSM of any 

groups remain unchanged if the updated ratio equals or exceeds that of the initial one. 

Our model assumed no transition from past to current MSM. 

1.4.6 Calculating disease progression 

HIV-positive MSM progress from one disease stage to another according to declined 

CD4 cell counts (Figure 1 in the main text). Multiplying the progression rate, h , 

(Section 3.6) by the number of individuals in each disease stage ranging from PHI to 

CD4 200-349 cells/µL yields the number of MSM approaching the more advanced 

stages of HIV. Those with CD4<200 cells/µL remain in the last stage until they were 

either removed from the model by ageing or death, or get HIV diagnosed. 

1.4.7 Calculating new HIV diagnoses 

During the model year 2000–2009, the rates that HIV-positive MSM get diagnosed 

with HIV are updated every time step with an increase in diagnosis rate. We derived 
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changes in HIV diagnosis rate (Section 3.4) and then updated the time-dependent HIV 

diagnosis rates by: 

 
, , , , , ,( ) ( 1) ( )j k h j k h j k ht t t      (48) 

where 
, , ( )j k h t  represents change in diagnosis rate from time step t-1 to t. MSM 

newly diagnosed with HIV each time step move from undiagnosed CD4 stages to the 

corresponding diagnosed stages. We also compared model outputs to the reported 

numbers of new diagnoses by CD4 to validate the model (Section 5). 

The model also allows current MSM to change their sexual activity levels due to HIV 

diagnosis. The constant proportions of individuals who switch from high- to low-

activity group and vice versa, 
,j ks (see Section 3.4 for parameter values), were applied 

directly and instantly to the number of new diagnoses in each time step to obtain the 

number of MSM moving between sexual activity levels. Switching between sexual 

activity levels was permanent and thus individuals were not able to move back to the 

previous sexual activity levels. 

1.4.8 Calculating MSM getting ART- treated 

The diagnosed MSM in any CD4 stages except the PHI are given ART treatment 

every time step at the different rates, h , with men in more advanced stages being 

more likely to be treated with ART. MSM new to treatment moved to a single 

compartment of ‗on treatment‘ stage that no longer stratified by CD4 cell counts. We 

believed that having no CD4 stratification would have only a minor effect on the 

model outcome since the transmission probability of ART-treated MSM is very low, 

particularly in developed countries. This also helped simplify our model that already 
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consists of a considerable number of heterogeneities. We allowed the rates of ART 

initiation to change according to the new guidelines for HIV treatment in the UK in 

2008 [8]. The new rates were used once the model ran into the year 2009 and remain 

unchanged until the end of simulation. Section 3.5 summarises the derivation of ART 

initiating rates. 

1.4.9 Calculating formation and dissolution of repeat sexual partnerships 

The chance of an individual in any of the classes and stages to choose a repeat sexual 

partner from the same or another group is calculated based on two main components: 

the repeat sexual partnership formation rate and the sexual mixing preference. We 

adopted the odds ratio approach suggested by Goodreau and Golden [9] due to its 

flexibility in modelling multidimensional mixing preferences. The method also 

ensures that, at any modelling time steps, the number of new repeat sexual partners 

that MSM of group m acquire from group n is identical to that of MSM of group n 

acquire from group m [10]. 

The mixing preferences by age group, sexual activity level, and the perceived HIV 

serostatus are included in the model. Each type consists of 2 subgroups: age group 

consists of the age group 1 and 2, sexual activity level consists of the low-activity and 

high-activity group, and the perceived HIV serostatus consists of the groups of 

perceived HIV-negative (stage S, and U1 to U5) and diagnosed HIV-positive (stage 

D1 to D5, and T). Consequently, the three odds ratios based on 2x2 mixing matrix for 

each mixing preference are required. The method for deriving the odds ratio can be 

found in Section 3.2.7. For simplicity, each mixing preference was modelled 
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independently so that when all other mixing preferences are discarded, the chance of 

MSM selecting a new repeat sexual partner from the same or different groups matches 

exactly the original odds ratio of the remaining mixing preference. 

At each time step, we began the calculations by finding the number of MSM who are 

looking for a new repeat sexual partner and stratified independently by age group, 

sexual activity level, and the perceived HIV serostatus. These numbers were then 

allocated between groups and created the following mixing matrix for each mixing 

preference: 

 
Group 1 Group 2 

Group 1 a b 

Group 2 c d 

 

The matrix shows the number of MSM in pairs between the two groups. If the odd 

ratios ad/bc is greater than one the mixing is assortative, i.e. an individual is more 

likely to select a partner from their own group rather than from the other groups. Odds 

ratio of less than one represents the disassortative mixing, i.e. an individual is more 

likely to select a partner from the other groups rather than their own group. Odds ratio 

of one represents proportionate mixing, i.e. an individual selects a partner based on the 

proportion of group 1 and 2 to all available men. The elements of the mixing matrix 

are calculated by: 

 1 1

repa Y b   (49) 

 
 

2
1 1 1

1 1 2 2 1 1 2 2 1 1 2 22 2 4
( 1)

,
1

rep rep rep rep rep repY Y Y Y Y Y w
b b c

w

          
 


 (50) 

 2 2

repd Y b   (51) 
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where rep

i  is the average repeat sexual partner formation rate of group i, iY  is the 

number of current MSM in group i, and w is the odds ratio of the mixing preference. 

We then combined any two of the three mixing preferences based on the assumption 

that the odds ratio of any type in any subgroup is identical to the same odds ratio in 

the overall population. In practice, we assigned the one mixing matrix to all elements 

of another mixing matrix and, within each of those elements of the latter matrix, 

calculated the mixing by the former matrix. For example, if mixing matrices by age 

group and sexual activity are: 

Age Group 1 Group 2  Activity Group 1 Group 2 

 Group 1 a = A1 b = A2   Group 1 a = B1 b = B2 

Group 2 c = A3 d = A4  Group 2 c = B3 d = B4 

 

the sexual activity mixing matrix in an element a of age mixing matrix is: 

 
Group 1 Group 2 

Group 1 k×B1 k×B2 

Group 2 k×B3 k×B4 

 

where 
B1 B2 B3 B4

A1
k

  
 . The resulting odds ratio of this sub-matrix equals the 

overall age-mixing odds ratio. The calculations for other elements and for combining 

all three mixing preferences can be achieved using the same logic. Note the order of 

combining the three mixing preferences has no effect on the final mixing matrix. 

The combined 8x8 mixing matrix contains the numbers of MSM in repeat sexual 

partnerships between MSM of 8 subgroups stratified simultaneously by two age 

groups, two sexual activity levels, and two perceived HIV serostatuses. Comparing the 
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partnership formation rates derived from the combined mixing matrix to the original 

parameter values revealed some inconsistencies between the two sources which 

necessitated further adjustments. We therefore adjusted the numbers of men required 

for forming repeat sexual partnerships from the eight subgroups by multiplying the 

mixing elements that contribute the total number of required MSM in each subgroup 

with the ratio between original (data-derived) and actual repeat sexual partnership 

formation rates. The mixing elements are adjusted using the following formula: 

 
,, , , ,

, , , ,

,

rep

j km n q m n q

j k p j k p rep

j k

a a






 (52) 

where , ,

, ,

m n q

j k pa  is a mixing element before adjustment between men of age group j, 

sexual activity group k, and perceived HIV serostatus group p and men of the 

corresponding groups m, n, and q, respectively, ,

rep

j k  is the original (data-derived) 

repeat sexual partnership formation rate for men in age group j and sexual activity 

group k, and ,

rep

j k  is the partnership formation rate that derived from the combined 

mixing matrix. In the above equation we can see that all the non-diagonal elements (

[ , , ] [ , , ]j k p m n q ) contribute concurrently to two mixing subgroups; we decided to 

adjust the subgroup that has a larger deviation of the partnership formation rates, 

,

,

1

rep

j k

rep

j k







, at each time step. After adjustment, the repeat sexual partnership formation 

rates of the subgroup that has the largest deviation would be identical to that of the 

original rate. The deviations in other subgroups may still remain but considerably 

smaller than without the adjustment. In exchange for more precise partnership 

formation rates, all types of odds ratio in the overall populations began to shift from 

the original values. However, the benefit of adjustment is clear since an improvement 
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in accuracy of partnership formation rates after adjustment is substantial while only a 

minor difference in the odds ratio can be found. This is because the adjustment was 

aimed at subgroups with large deviations which usually are of small size and, in turn, 

having less effect on the odds ratio. 

The final mixing matrix can now be used to obtain , , ,

, , , , ,

rep m n r rep

j k h j k j k hY  . Since we 

assumed proportionate mixing by disease stage, the numbers of repeat sexual 

partnerships were allocated proportionally to all pairs within each of the eight 

subgroups. If proportionate mixing was assumed for all mixing preferences, then 

, , ,, , ,

, ,

rep

m n r m nrep m n r

j k h rep

Y

N


   where 

2 2 12

, , ,

1 1 1

rep rep

j k h j k

j k h

N Y 
  

  is the total number of MSM 

acquiring new repeat sexual partners at each time step. In order for  , , , ,

, , , ,

m n r j k h

j k h m n rP P  to 

remain valid at all times, the condition , , , , , ,

, , , , , , , , , ,

rep m n r rep rep j k h rep

j k h j k j k h m n r m n m n rY Y     must 

always be satisfied. This can be achieved by using the adjusted repeat sexual 

partnership formation rates instead of one originally derived from the data in all main 

model equations (1) to (6) and (13) to (46). 

The breakup between repeat sexual partners occurs every time step at the rate 
,j k . 

The two members of a separated pair move to the single state and are ready for a new 

repeat sexual partnership. We included an average gap period to the dissolution rate to 

reflect the fact that, after the end of a long relationship, individual stays single for 

some period of time before acquiring a new partner. 
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1.4.10 Calculating force of infection in repeat sexual partnerships 

In the partnership-based HIV transmission model, the force of infection for a repeat 

sexual partnership consists of two main components: the transmission probability and 

the frequency of sexual acts. The HIV transmission probabilities for each of the 

disease stages were calculated from a function of the average viral load in that stage 

(Section 3.3). Combining with all related factors, the per-act HIV transmission 

probability from an HIV-positive man of age group m (m=1,2), sexual activity n 

(n=1,2) and disease stage r, (r=2,...,12) to a susceptible of age group j (j=1,2), and 

sexual activity k (k=1,2) was calculated by: 

, , ,

, , , , , , , , , , , ,

, , , , , ,

[ ( ) (1 ) (1 )( )

(1 ) )] (1 )[ ]

ste m n r rep rep rep

j k anal j k uai j k r ins uiai r ins urai r cdm uai j k r ins uiai r

rep rep

ins urai r anal j k uroi j k uroi r

p p p p p p

p p p

    

 

    

   
 (53) 

The notations are summarised in Table 1 and 2 in the main text and Table S9. 

The force of infection per time step is the product of the combined HIV per-act 

transmission probability and the average frequency of sexual acts per time step 

between MSM of class j and k, 
,j k : 

 , , , , , ,

, , ,

rep m n r rep m n r

j k j k j k    (54) 

The force of infection was calculated for all pairs between HIV-positive and HIV-

negative MSM. Newly HIV-infected MSM at each time step move from HIV stage S 

to U1 while retain the current repeat sexual partnership. 

1.4.11 Calculating formation and force of infection in one-off sexual partnerships 

We used the same method as we did for the repeat sexual partnership formation to 

calculate the formation of one-off sexual partnership. Both single and paired MSM 
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acquired a new one-off sexual partner at different rates. For paired MSM, only high-

activity group members can form a one-off sexual partnership while having a repeat 

sexual partner. Only mixing by age group and sexual activity were incorporated. The 

perceived HIV serostatus was accounted for differently by subsequently dividing 

MSM into subgroups according to unprotected sexual intercourse (UAI) with one-off 

sexual partners. Within each perceived HIV serostatus, we assumed proportionate 

mixing by HIV stage. 

The mixing matrices and one-off sexual partnership formation rates were adjusted in 

the same manner as for the formation of repeat sexual partnership. From the final 

mixing matrix we derived a chance of selecting a one-off sexual partner from different 

age and sexual activity groups, , , ,

,

one m n r

j k . This was subsequently used to formulate the 

force of infection in one-off sexual partnerships. We assumed that the partnerships are 

formed and separated instantaneously, and hence a dissolution rate is not required. 

To derive the force of infection within one-off sexual partnerships, we divided 

susceptibles into three groups: (A) no UAI at all, (B) only have UAI with perceived 

HIV-negative partners, and (C) can (but not only) have UAI with diagnosed HIV-

positive partners. This allows us to model serosorting in one-off sexual partnership 

more comprehensively. The members of group A perform only safe anal sex 

regardless of the perception they have of their one-off sexual partner‘s serostatus. 

Group B will only have UAI with one-off sexual partners they believe are HIV 

negative (serosorting). However, it is not necessary that men of group B will always 

have UAI with an HIV-negative one-off sexual partner. Group C can have UAI with 
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one-off sexual partners of any HIV serostatuses. The expression for the combined HIV 

transmission probability in one-off sexual partnerships that accounted for all UAI 

groups is given by: 

 ,

, , , , , , , , , , , , , ,

one all one one one one one one

G j k A G G A j k B G G B j k C G G C j kp p p       (55) 

where ,

one

A Gp , ,

one

B Gp , and ,

one

C Gp  is the proportion of men in group A, B and C, 

respectively, and ,G Y P  denotes current single and paired MSM. The HIV 

transmission probabilities for each UAI group are: 

 
2 2 12

, , ,

, , , , , ,

1 1 2

one one m n r one

G A j k cdm j k G j k
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 where 1,2,4,6,8,10d   (57) 
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, , , , , , , , , , , , , ,

1 1 2

( (1 ) )one one one one m n r one

G C j k cdm uai G C j k uai G C j k j k G j k

m n r

p p   
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     (58) 

The common term of transmission probability shared by all three groups is given by 

the expression: 

 
, , , , , , , , ,

, , , , , ,

[ ( (1 )) (1 ) ]

(1 )[ ]

one one

G j k anal G j k ins uiai r cir j cir cir j ins urai r

one one

anal G j k uroi j k uroi r

p p p p p

p p

   



    

 
 (59) 

The force of infection per time step is the product of one-off sexual partnership 

formation rates and the combined HIV transmission probabilities: 

 ,

, , , , , ,

one one one all

G j k G j k G j k    (60) 

The notations used here are summarised in Table 1 in the main text. 
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2. Data 

The data from multiple behavioural surveys and HIV surveillance systems that 

included MSM in the UK were used in conjunction with information obtained from 

the literature to estimate model parameters. We adjusted and categorised data 

according to the MSM subgroups in the model before further analyses. 

2.1 Data sources 

The primary data sources for deriving model parameters are as follows. 

2.1.1 The National Survey of Sexual Attitudes and Lifestyles (NATSAL) 

NATSAL is a major survey of sexual attitudes and lifestyles providing detailed 

information about sexual and related behaviour patterns of the general UK populations 

aged 16-44 including MSM. This survey is conducted at ten-year intervals. The first 

round was initiated in 1990 [11], the second in 2000–2001 [3], and the third round in 

2010–2012, the results of which will be published by 2013 [12]. The data from the 

2000 survey was our primary data. 

2.1.2 The Gay Men’s Sexual Health Survey (GMSHS) 

Initiated in 1996, GMSHS is a survey aimed primarily at gathering information on 

demographics, sexual behaviour, and HIV status among gay men aged 16 or above 

who attend community venues in London [13]. Since 2000, survey respondents had 

also been offered an anonymous HIV test using the OraSure device. This allows 

linking respondent‘s serostatus to the data collected from the questionnaire. We used 
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the data for years 2000–2008 except 2007 when the survey was not conducted. 

University College London, the Public Health England (PHE, previously known as the 

Health Protection Agency), and the Medical Research Council are responsible for the 

survey. 

2.1.3 The London Gym Survey (GYM) 

GYM is a survey on demographics, social characteristics, sexual behaviour, HIV 

status, and risk factors among gay men who use gyms in London [14]. With 

collaboration between City University London and PHE, the survey was conducted 

annually between 1998 and 2005 and again in 2008. We used all data that are 

available from 2000 to 2008. 

2.1.4 The HIV/AIDS diagnoses and deaths surveillance 

This is the national HIV/AIDS surveillance reporting systems established in 1982. The 

data have been reported on a regular basis including the number of new HIV 

diagnoses, laboratory tests, probable routes of infection, demographics, and 

epidemiological data [15]. The data are made available by PHE. 

2.1.5 The CD4 surveillance systems 

As a supplementary to the HIV/AIDS surveillance, the CD4 systems monitor trends in 

CD4 cell count at HIV diagnosis among HIV-infected adults. The CD4 cell count at 

HIV diagnosis is defined as the CD4 cell count closest to, and within 30 days of, the 

date of HIV diagnosis. The data are reported as a supplement to HIV diagnoses [16]. 
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2.1.6 The Survey of Prevalent HIV Infections Diagnosed (SOPHID) 

SOPHID is a cross-sectional survey of all individuals with diagnosed HIV infection 

who require HIV-related care within the National Health Service in England, Wales, 

and Northern Ireland within a calendar year run by the PHE. Scottish data are 

collected separately by Health Protection Scotland, and are included in the final UK 

totals. The survey began in 1995 and is conducted twice a year in London and 

annually outside London. The primary aim is to determine the total number of HIV 

prevalent patients seen for treatment and care [16]. 

2.2 Selecting survey respondents 

This process involved selecting and categorising survey respondents to match the 

model structure. We began by selecting NATSAL respondents according to the 

definition of current and past MSM outlined earlier. Weights for the core sample and 

the ethnic minority boost sample were applied for all calculations. For GMSHS and 

GYM, there is no exact same set of questions as in NATSAL that can be used to 

categorise current and past MSM. We therefore assumed that GMSHS and GYM 

respondents were current MSM because the majority reported anal sex with men in the 

last year (GMSHS: 90%, GYM: 89%). 

The survey respondents aged 65 or above or with missing age data were excluded. The 

remaining was divided into two age groups: 16–34 and 35–64. Most of the subsequent 

analyses were based on the two age groups except when the size of any groups was 

too small that we would use the overall MSM. Table S2 shows the numbers of 

sampled MSM from the surveys. 
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For data from HIV/AIDS surveillance systems including CD4 and SOPHID databases, 

we selected only men aged 15-64 who were reported to acquire HIV infection from 

sex between men. The large number of cases allowed us to divide the datasets by age 

groups for all data analyses. 

2.3 Data adjustment 

In our model, the population of interest is the entire MSM population aged 15-64 in 

the UK. However, the data from GMSHS and GYM were based on convenience-

sampling from the MSM community in London. This may introduce bias into the data 

by including MSM with characteristics that are markedly different from the general 

MSM in the UK. Such differences can be observed by comparing the GMSHS and 

GYM data to the national-based NATSAL 2000 survey that used probability-sampling 

on a household basis. Table S3 shows, for example, that the mean number of male 

sexual partners in the last year of GMSHS men aged less than 35 were around 22 

compared to that of 7 from NATSAL. Adjustment was necessary to improve the 

representativeness of survey populations. The adjustment method suggested by Reidy 

and Goodreau [17] was used here. 

To adjust the GMSHS and GYM data, we selected only the surveys that were 

conducted during 1999–2001 which corresponded to the data collection timeframe of 

NATSAL. The data were then adjusted according to four variables: (1) age of 

respondent, (2) the number of male sexual partners in the last year, (3) the number of 

unprotected anal intercourse male partners in the last year, and (4) time of last HIV 
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test. We calculated a probability weight for each GMSHS and GYM respondent 

independently by each of the four variables. The weight was calculated as: 

  
,

,

,

i a

i a

i a

p
w

k
  (61) 

where 
,i aw  is the weight for respondents that fall into group i of the adjusted variable 

a, and 
,i ap  and 

,i ak  are the proportions from the reference dataset (NATSAL) and the 

adjusted dataset (GMSHS or GYM), respectively. 

By applying the weights independently to each variable, the distribution of adjusted 

proportions of GMSHS and GYM respondents for the variable will be identical to that 

of NATSAL. Applying all weights simultaneously somewhat distorted the distribution 

of all variables (Table S3). The problem can be avoided by replacing the marginal 

distribution of each variable in equation (61) with the joint distribution of all four 

variables. However, the small sample size of MSM in NATSAL prevented us from 

properly deriving such joint distributions and thus the marginal distributions were 

used instead. 

The weights were then applied to GMSHS and GYM data of all years that were used 

in this study. Consequently, all model parameter values derived from these datasets 

were affected by the adjustment. The total weights range from 0.014 to 18.558 for 

GMSHS and from 0.187 to 11.984 for GYM data (Table S3). We conducted an 

analysis to see the effects of introducing weight limits on the derived repeat sexual 

partnership formation rates (Figure S1). To maintain the accuracy of the derived 

model parameters, the full weights were used. 
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3. Parameter estimation 

The model parameters can be stratified into five categories: demographics, sexual 

behaviour parameters, biological parameters, HIV diagnosis parameters, and model 

initial conditions. All parameters were initially derived using either the data from 

surveys, surveillance systems, reports, or the literature. In addition, we described the 

derivation of lower and upper bounds for parameters that were also estimated through 

fitting the model to reported data. 

3.1 Demographics 

According to the demographic structure of the modelled population, we required 

estimates of the UK MSM population size, rate of ageing, population growth rate, and 

mortality rate by age groups. Table S6 summarises all derived demographic parameter 

values. 

3.1.1 MSM population size 

The data from the UK Office of National Statistics (ONS) and NATSAL were used to 

obtain estimates of MSM population size in the UK in 2000, the initial time point in 

the model. First, we calculated the proportions of MSM to all male respondents in 

NATSAL by regions and found that London had the highest proportion of MSM 

(6.3%) compared to elsewhere in England (2.5%), and outside England (1.7%). Since 

the age of the modelled populations (15-64) and NATSAL respondents (16-44) did 

not match, we derived the proportion of UK male population aged 45-64 to aged 40-

44 from the 1999–2001 ONS data [18] and assumed the same proportion for UK 
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MSM. For MSM aged 15, we simply assumed that the proportion of MSM in males 

aged 15-34 was the same as that of aged 16-34. The proportions of MSM by age 

groups and regions can now be obtained. The analysis also provided an estimated 5-

year-interval age distribution of MSM aged 15-64 (Table S4) which will be used later 

for calculating the mortality rates (section 3.1.4). 

Combining all these estimated proportions provided the proportion of MSM aged 15-

64 to the male population with the overall mean of 2.9% regardless of age groups and 

regions. However, the PHE estimated that 3.4% of all UK males are MSM [19]. We 

therefore adjusted the age group- and region-specific proportions of MSM derived 

above so that the total number of MSM accounted for 3.4% (not 2.9%) of male 

population in the UK. The adjusted proportions were then multiplied by the ONS mid-

year population estimates and yielded 648,500 MSM (aged 15-34: 259,500, aged 35-

64: 389,000) living in the UK in 2000. Of these and according to the proportions of 

current and past MSM derived from NATSAL, there were 527,800 current MSM 

(aged 15-34: 242,678, aged 35-64: 285,122) and 120,700 past MSM (aged 15-34: 

16,822, aged 35-64: 103,878). The data used for estimating the MSM size are 

summarised in Table S5 and the derived parameter values are shown in Table S6. The 

proportion of past MSM was also used to model the flow from current to past MSM 

(Table S6). 

3.1.2 Rate of ageing 

The annual ageing rate equals the proportion of individuals at the maximum age in 

each age group. Since the age distribution of UK MSM populations was not available, 
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we assumed that of the UK male population instead. The 2000–2020 estimated 

proportions of men aged 34 and 64 to all men aged 15-34 and 35-64, respectively, 

were obtained from the ONS projections [20]. The average proportions over the entire 

simulation period were 5.23% and 2.61% for younger and older groups (Table S6). 

These proportions were held constant at all time throughout model simulations. 

3.1.3 Population growth rate 

We assumed that size of the two age groups changes over time at the same rate as the 

general UK male populations of the same age group. The growth rate was derived by 

averaging the annual growth rates of men over 2000–2020. The average rate was 

estimated at 0.51% per year for all MSM populations (Table S6). The estimated 

growth rate of the younger age group (0.43%) was used for calculating the influx into 

the model of new MSM, while the rate of the older age group (0.56%) was used for 

validating the size of the modelled populations over time (see Section 5 for details). 

3.1.4 Mortality rate 

The mortality rates for HIV-negative MSM were derived based on the mortality rates 

of the overall UK males. Age-specific data were obtained from the historic interim life 

tables for three periods (1999–2001, 2002–2004, and 2005–2007) reported by ONS 

[21]. We averaged the data over the three periods and converted into 5-year age-

specific mortality rates to match the previously defined age distribution of MSM 

(Table S4). By multiplying the age distribution with the mortality rates of the 

corresponding age group, we had the rate by 5-year age band which were then 

collapsed into the two age groups using an arithmetic mean (Table S6). 
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For HIV-positive men, a study by UK Collaborative HIV Cohort [22] estimated that, 

depending on various factors, the mortality rates could increase from less than 1.1 to 

nearly 10 times due to HIV compared to the UK male population. The effect is more 

pronounced for younger age groups (age 20-44) compared to the overall. Based on 

this information, we arbitrarily assumed that the death rates in our first and second age 

group increased by 9 and 2 times, respectively, from the mortality rates of HIV-

negative MSM (Table S6). We applied HIV death rates only to ART-treated MSM in 

the model since the majority of deaths in HIV-positive MSM in the UK occurred after 

they have been diagnosed and treated with ART in late disease stages [19, 23]. 

3.2 Sexual behaviour 

The three main sources of data for deriving sexual behaviour parameters were 

NATASL, GMSHS, and GYM survey. Although the national-based probability-

sampling NATSAL survey was our primary source, we were unable to derive all 

parameters based on this survey alone due to the small sample size of MSM and lack 

of some required information. GMSHS and GYM were used when needed. Most 

sexual behaviour parameters were stratified by age and sexual activity levels 

simultaneously unless stated otherwise. Uncertainty ranges of parameters that later 

fitted to the data were also derived. 

3.2.1 Sexual activity level 

Before deriving sexual behavioural parameters, we stratified survey respondents into 

two risk groups—low and high—according to the reported number of male sexual 

partners in the last year. We defined risk groups based on three conditions. First, the 
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low-activity MSM have a similar rate of partner change to the average of UK 

heterosexual male [3] which helped distinguish MSM with normal risk from the whole 

MSM population. Second, MSM in the low-activity group have no more than one 

sexual partner at a time. This was to ensure that a low-activity individual can never get 

infected from having a concurrent partnership. Third, the proportion of any risk 

groups must be greater than 25% because modelling sexual mixing between two 

groups that differ greatly in size could be problematic. The number of individuals in 

the smaller group may be insufficient to satisfy the demand for sexual partners from 

within and outside the group. Consequently, we chose one male sexual partner in the 

last year as a cut-off point: low-activity MSM reported one or no male partner in the 

last year, high-activity MSM reported two or more male partners in the last year. 

Observations with missing values for the variable were removed from the 

stratification, and hence excluded from any further calculations that must be stratified 

by sexual activity level. Information on the number of male sexual partners in the last 

year was not available from GYM. Instead, we used the reported number of male anal-

sexual partners in the past 12 months and stratified GYM participants using the same 

cut-off point. The numbers of MSM by sexual activity level are shown in Table S7. 

3.2.2 Rate of partnership formation 

The rate of partnership formation was calculated from the reported number of male 

sexual partners in the last year categorising into repeat sexual and one-off sexual 

partners. GMSHS provided information that matched our previously defined 

definitions of partnership type (Section 1.3.4) and was hence used. We estimated that 

mean repeat sexual partnership formation rate of high-activity MSM is approximately 
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seven times higher than that of the low-activity (Table 1 in the main text). For one-off 

sexual partners, respondents were also stratified into those who are currently having a 

repeat sexual partner or not by assuming that individuals having concurrent 

relationships are those who reported both steady and casual partners in the last year. 

According to our definition of risk group, only high-activity MSM can have a one-off 

sexual partner while in a relationship with a repeat sexual partner. Both repeat sexual 

and one-off sexual partnership formation rates were included in the model fitting with 

the ranges derived from the 95% confidence interval of the GMSHS data. All derived 

rates are summarised in Table 1 in the main text. 

3.2.3 Rate of repeat sexual partnership dissolution 

We began by finding the gap duration between two consecutive non-concurrent repeat 

sexual partnerships. NATSAL provided date (in month) of the first and last sex acts 

for the three most recent partners. Gap length was defined as time between the first 

sex act with the most or second most recent partner and the last sex act with the 

second or third most recent partner, respectively. A gap length of 15 days was 

assumed for those who reported the same month for the end of last relationship and 

the start of new relationship. We excluded any concurrent relationships from the 

calculation and derived the median gap duration by sexual activity level only due to 

the small number of cases. The results suggested that, after pair separation, low-

activity MSM tend to stay single for a much longer period than the high-activity MSM 

before acquiring a new repeat sexual partner (Table 1 in the main text). 
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With the above gap lengths, we calculated the mean duration of repeat sexual 

partnership as follows: 

 
1

G


   (62) 

where   is the repeat sexual partnership formation rate and G  is the gap length. The 

rate of repeat sexual partnership dissolution was then derived from the inverse of 

repeat sexual partnership duration. The results are shown in Table 1 in the main text. 

3.2.4 Proportion of anal-sex and oral-sex partnerships 

In order to model HIV infection via oral and anal sex separately, our model required 

the proportions of repeat sexual and one-off sexual partnership that involves anal 

sexual intercourse. This was estimated from GMSHS data by dividing the number of 

male anal-sexual partners by the total number of male sexual partners in the last year 

of the same partnership type. Table 1 in the main text shows the point and 95% CI 

estimates of the mean proportions of anal-sex repeat sexual partnership of around 90% 

for low-activity and 70% for high-activity MSM. This seems plausible since the high-

activity MSM are able to have an anal-sex relationship with a one-off sexual partner 

while in a repeat sexual partnership. 

Based on the assumption that all sexual intercourses in non-anal sex partnerships were 

oral sex, subtracting the anal-sex proportion from one resulted in the proportion of 

oral-sex partnerships (Table 1 in the main text). We ignored all oral sexual 

intercourses that might occur in an anal-sex partnership because the risk of HIV 

transmission through oral sex is much less than that of anal sex [24]. 
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3.2.5 Unprotected sexual intercourse 

There are a number of parameters related to UAI including proportion of UAI acts, 

proportion of susceptibles who perform UAI acts, and proportion of sexual roles—

insertive and receptive act. All must be distinguished between repeat sexual and one-

off sexual partnerships. For repeat sexual partnerships, the first two parameters are the 

proportion of susceptibles who have UAI with a perceived HIV negative repeat sexual 

partner to all susceptibles who have a perceived HIV negative repeat sexual partner, 

and the proportion of susceptibles who have UAI with a diagnosed HIV positive 

repeat sexual partner to all susceptibles who have a diagnosed HIV positive repeat 

sexual partner. The perceived HIV negative partner included all those partners that 

have never been diagnosed with HIV. Data were available in the GYM survey. We 

selected only respondents who reported anal sex in the past 12 months and disclosed 

the perceived serostatus of their repeat sexual partner. Since this is the proportion of 

susceptibles only, we excluded those who tested HIV positive. Although some of the 

selected respondents may have been infected with HIV but were unaware of the 

infection, this was unlikely to add bias to the data since their sexual behaviour should 

remain unchanged. The mean estimates of the proportion were derived from dividing 

the number of respondents who reported UAI with perceived HIV negative regular 

partners in the past 3 months by the total number of those who had perceived HIV 

negative regular partners (Table 1 in the main text). The same method was applied to a 

repeat sexual partner of diagnosed HIV positive status. The inconsistency in the 

definitions of sexual partner used in the GYM survey (survey-participant-defined 

regular partner) and our study (repeat sexual partner) may result in an increased 

uncertainty of the derived parameters. Subsequently, we arbitrarily expanded the 

derived lower limit of both parameters by 30% due to the fact that UAI should be less 
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likely in a relationship that is more casual which is a part of the repeat sexual 

partnership. These two parameters were later assigned the uniform distribution and 

included in parameterisation by model fitting. Details are shown in Section 4. 

We further assumed that, in a pair of repeat sexual partners between susceptibles and 

undiagnosed MSM with UAI, all sex acts are UAI of which 50% were insertive acts. 

This was supported by GMSHS and GYM data that suggested that, on average, MSM 

across age group and sexual activity level performed versatile sexual roles with their 

regular partner. For a pair between susceptibles and diagnosed MSM, the proportion 

of UAI acts was reduced by 70% according to the findings from the meta-analysis 

study of high-activity sexual behaviour in HIV-positive individuals in the United 

States [25]. The reduction in UAI acts was then added to safe sex to maintain the 

constant number of acts across all groups and time period. See Table 1 in the main text 

for summary of the parameter values. 

For one-off sexual partnerships, susceptibles were categorised into: A) MSM who had 

no UAI with a one-off sexual partner, B) MSM who had UAI only with a perceived 

HIV negative one-off sexual partner, and C) MSM who had UAI with a diagnosed 

HIV positive one-off sexual partner. The proportions for these three groups were 

estimated using GMSHS data. We started from dividing perceived HIV negative 

respondents into those who had or had no UAI with a one-off sexual partner. The 

number of MSM without UAI was used for calculating the proportion of group A. For 

those who reported UAI with a one-off sexual partner, if the reported number of 

perceived HIV negative UAI one-off sexual partners was equal to the total number of 
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UAI one-off sexual partners, they were included in group B. And group C 

corresponded to those who had at least one HIV-positive one-off sexual partner. We 

divided all groups by their sum to obtain estimates of the proportions of men in each 

group (Table 1 in the main text). Similarly to one-off sexual partnership formation 

rate, the estimates were calculated separately for men who had and had no repeat 

sexual partners in the last year. 

In group B and C, the proportion of UAI was derived from the mean proportion of 

reported number of UAI one-off sexual partners to all one-off sexual partners in the 

last year. For group B, perceived HIV negative partner is from susceptible or 

undiagnosed HIV-infected stages only. For group C, we assumed chance of choosing 

one-off sexual partners of any HIV stages is proportional to the number of individuals 

in each stage. 

Similarly to the repeat sexual partnership, we assumed 50% for insertive and receptive 

act for both safe and unsafe sex with a one-off sexual partner of all classes. Although, 

studies among MSM in Australia [26] and the United States [27] suggested that in an 

unprotected anal intercourse with an HIV positive partner, MSM were more likely to 

perform insertive rather than receptive acts, while receptive acts were performed more 

frequently with a perceived HIV negative partner, this was not evident in the UK [28]. 

Given that the sexual act is one-off, assuming the proportion of sexual roles based 

either on the number of partners or the number of acts makes no differences. 
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Regarding oral sex, UROI with ejaculation was assumed the only type of oral 

intercourse that presents a risk of transmitting HIV. We further assumed UROI occurs 

in all sex acts with an oral-sex repeat sexual partner (Table 1 in the main text). This 

may seem an extreme case, but its effect is considered minor since the HIV 

transmission probability of UROI is substantially lower than that of anal sex (Table 2 

in the main text). For one-off oral sex, we derived the proportion of UROI from the 

number of GYM men who reported UROI with a one-off sexual partner (Table 1 in 

the main text). For simplicity, we modelled HIV spread via one-off oral sex without 

categorising MSM into three groups based on serostatus of partner as previously did 

for the anal sex. 

3.2.6 Frequency of sexual acts 

The mean numbers of sex acts per week with a repeat sexual partner were estimated 

through the model fitting. We started by obtaining the plausible ranges of the 

parameter values from the number of occasions of sex with men in the last 4 weeks 

reported in NATSAL. We selected only the respondents who, in the last 4 weeks, had 

only one male partner of any types. Due to a small number of eligible cases, the 

derived estimates could only be stratified by age groups which led to identical ranges 

for both sexual activity levels in the same age groups. The sampling distribution of the 

parameter in the fitting process was assumed uniform and the sampled values were 

allowed to vary independently by both age groups and sexual activity levels. Table 1 

in the main text summarises the derived estimates. 
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3.2.7 Sexual mixing preference 

In our model, mixing preferences were stratified by age group, sexual activity level, 

and perceived HIV serostatus. All are modelled using the odds ratio in a 2-by-2 

mixing matrix [9, 10]. 

NATSAL included information on mixing by age. However, the age cut-off point 

must be adjusted specifically for this calculation due to the small number of cases. 

We, therefore, used a median age of 28 as a new cut-off point for age stratification. To 

construct a mixing matrix by age, we divided respondents by their age and the age of 

their most recent partner on the first sex. For the younger group (under 28 years of 

age), 72% selected a partner in the same age group, while only 37% of the older group 

(28 years of age or more) did that. The corresponding odds ratio was 4.2 (Table 1 in 

the main text) which indicated that MSM are 4.2 times more likely to choose a partner 

of the same age group than when choosing randomly (a proportionate mixing). 

With insufficient data available to inform the mixing preference by sexual activity 

level of MSM in the UK, we adopted the estimated odds ratio of 3.0 of male 

heterosexuals in London [29] (Table 1 in the main text). 

The perceived HIV serostatus was divided into perceived HIV negative and diagnosed 

HIV positive status. The perceived negative status included non-infected and 

undiagnosed HIV-infected MSM. The diagnosed positive status included all MSM 

with diagnosed HIV. From the reported HIV status of GYM men and their regular 

partner, we estimated the odds ratio of 2.3 (Table 1 in the main text). Mixing by the 



44 
 

perceived HIV serostatus using odds ratio was only applied to a repeat sexual partner 

selection. We used a different method to model the effects of one-off sexual partner‘s 

serostatus and the proportion of UAI (serosorting). See Section 1.4.11 for more details 

of the method. 

3.3 HIV transmission probability 

To estimate the per-sex act probability of HIV transmission among MSM, we 

categorised sex acts according to the sexual types and roles existing in the model—

insertive and receptive anal sex, and receptive oral sex. Each of these was divided into 

protected and unprotected acts according to condom use. We accounted for changes in 

HIV transmission due to disease progression on the basis of CD4 cell counts. The very 

low, but non-zero, HIV transmission probabilities of ART-treated MSM were 

calculated separately and allowed to change over time to reflect an increase in ART 

effectiveness on infectiousness reduction and improved drug adherence among HIV-

infected patients. The main calculation steps were calculating the relative risks of HIV 

infection of the viral load of interest to the baseline viral load. The derived relative 

risks were then applied to the baseline transmission probability obtained from 

literature review to estimate the infectiousness according to viral load. Finally, the 

proportion of men by viral load in each CD4 stage was multiplied to the above 

transmission probability to provide the final per-act HIV transmission probability. 

We started by analysing the viral load data from the survey of diagnosed HIV-infected 

MSM seen for HIV-related care at clinics in the UK [16] from 2005 to 2009. Only 

individuals who have never been treated with ART were selected and their reported 
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viral load at that clinic visit was divided into five ranges: 0-399, 400-999, 1000-9999, 

10000-49999, and 50000+ copies/mL of blood plasma, and the CD4 counts at the 

same visit into four ranges: 0-199, 200-349, 350-499, and ≥500 cells/µL. If there were 

more than one record of viral load in each CD4 stage, only the latest one available was 

used. The proportions of men by viral load ranges in each CD4 stage were then 

calculated (Table S8). It is clearly seen that in the lower CD4 stages, the proportion of 

men with high viral load is markedly higher than in higher CD4 stages. For example, 

55% of MSM with CD4<200 cells/µL had viral load of 50000+ copies/mL while there 

were only 23% among MSM with CD4≥500 cells/µL. We also accounted for 

uncertainty in these proportions by running 10,000 simulations for each CD4 stage 

based on multinomial distribution with the number of cases parameter equals to the 

number of included SOPHID respondents and the event probability parameter equals 

the average proportions. We then derived a median viral load to represent the five 

viral load ranges (Table S8). The CD4 stratification was neglected at this point 

because the minor effects it had on the derived median estimates. 

We obtained the baseline transmission probabilities per an URAI act of 1.4% (0.2-2.5) 

suggested by Baggaley et al based on systematic review and meta-analysis [30]. For 

an UIAI act, the estimates of 0.62% (0.07-1.68) from the cohort study among 

homosexual men in Sydney was adopted [31]. We used per an UROI contact risk of 

0.04% (0.01-0.017) suggested by Vittinghoff et al [24]. The viral load associated with 

the above baseline transmission probabilities was assumed 20,000 copies/mL which 

was derived from the median viral load of the survey participants who have never 

been on ART. 
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We then described the relationship between transmission probability and plasma viral 

load according to the function proposed by Smith & Blower [32], following the 

original notations, as: 

 10log ( / )
( ) 2.45 ( )

v w
v w   (63) 

where w  is the initial viral load which, in this case, is the viral load of the baseline 

transmission probability, v  is the viral load of interest, ( )v
 

and ( )w  are 

transmission probability at the corresponding viral load v  and w . The lower and 

upper bound were derived from the corresponding limits of the baseline per-act 

transmission probability (Table S8). Based on these boundaries, we sampled from the 

beta distribution and produced 10,000 sets of per-act transmission probability by viral 

load for each CD4 stage. Multiplying these 10,000 samples with the previously 

sampled proportion of individuals by viral load in each CD4 stage, we obtained the 

combined sets of simulation results which were then used for deriving the median and 

2.5
th

 and 97.5
th

 percentiles as lower and upper estimates of the final per-act 

transmission probabilities. The infectiousness of PHI stage was estimated by applying 

a relative risk of 9.17, suggested by Boily et al [33], to the baseline transmission 

probabilities. All derived estimates are summarised in Table 2 in the main text. 

 

For HIV transmission probability of ART-treated MSM, only MSM in the UK who 

have ever been treated with ART were included in the calculation. We allowed a 

decrease over time in our derived per-act transmission probabilities. To achieve that, 

we fitted a linear function to the proportions of MSM by viral load, CD4 stages, and 

calendar year simultaneously and estimated an average changes over 2005–2009 in 

these proportions. The proportions before 2005 was assumed equal to that of 2005, 
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and for the period after 2009 we assumed the same probabilities as of 2009. The rest 

of the calculations were carried out in the same manner to that of ART-naïve MSM. 

We derived annual change rate in transmission probabilities by subtracting the linear 

estimates of the any calendar year by estimates of the immediate previous year. In the 

fitting process, a lowest ART transmission probability of 0.001% was set for all types 

of sex acts to prevent the zero or negative values. The derived probabilities of 

transmitting HIV from ART-treated MSM and the changes over time are reported in 

Table 2 in the main text. 

The effects of circumcision were not included according to a recent study that found 

no evidence to support the effects of circumcision in reducing HIV transmission risk 

among MSM in Britain [34]. We also decided not to include the effects of STIs in our 

model due to a lack of evidence to support that sexually transmitted infections (STIs) 

are risk factors for HIV transmission among MSM [35, 36]. 

The average efficacy of condom at reducing transmission of HIV among MSM was 

taken from the meta-analysis estimates of the efficacy in reducing heterosexual HIV 

transmission [37-39]. We assumed the per-act efficacy of 80% and the lower and 

upper limit of 75-95% (Table S9). The estimates were adopted only for anal sexual 

intercourses. We assumed no risk of HIV infection for all types of oral sex with 

condom use. 
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3.4 HIV diagnosis rate 

The rate of HIV diagnosis controls the number of MSM moving from undiagnosed to 

diagnosed stages in each time step. We defined time-dependent HIV diagnosis rates 

by assuming increasing rates over 2000–2004 according to the rise in the reported 

number of new diagnoses during that period [15]. The initial diagnosis rate as of the 

year 2000 increased by a constant rate of changes until the end of 2004 and remained 

unchanged until the end of the simulation. 

The HIV diagnosis rates were estimated through model fitting in Section 4 based on 

uninformative uniform priors. Here in this section, we only derived the lower and 

upper estimates using the reported numbers of new diagnoses by age and CD4 cell 

counts from 2000–2009. The effects of sexual activity level were also taken into 

account in this step. 

The baseline rates of diagnosis with HIV in UK MSM were calculated by dividing the 

reported number of new diagnoses by the estimates of undiagnosed HIV prevalence 

with 95% credible intervals which were available from 2001 to 2007 [40, 41]. Since 

the 2000 estimates of undiagnosed prevalence were not available, we used the 2001 

estimates instead and derived the baseline rates of 0.15 to 0.27 per year. According to 

the reported median CD4 at diagnosis of UK MSM of 366 cells/µL in 2001, we 

assumed the above baseline diagnosis rates for HIV-positive MSM at CD4 350-499 

cells/µL in our model. 
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We then reduced the lower and upper limits of the initial rates by 30% to account for 

three main uncertainties. First, the initial rates are likely to be lower if the 2000 

estimates of undiagnosed prevalence were made available and used. Second, the 

difference in the age ranges which were 15-59 years for the reported undiagnosed 

prevalence and 15-64 years in our model should decrease the rates. Third, it is more 

likely for HIV-positive MSM at CD4 350-499 cells/µL to have lower average 

diagnosis rates than the baseline because the median CD4 at diagnosis of UK MSM is 

almost out of the lower range of the CD4 stage. Based on the fact that the diagnosis 

rates could vary substantially across different disease stages with a very low rate 

during PHI stage to a much higher rate in an advanced HIV stage [42], we allowed 

initial diagnosis rates to increase by 0.05–0.15 per a CD4 stage advanced in disease 

progression. 

Data from all three behavioural surveys (NATSAL, GMSHS, and GYM) surveys 

showed that, regardless of age group, high-activity MSM tested for HIV considerably 

more frequently than low-activity men. Accordingly, we distinguished the diagnosis 

rates between low- and high-activity men by estimating the differences in frequency 

of HIV testing from the survey data. We analysed the reported time of the last HIV 

test from NATSAL and arbitrarily assumed that individual tests every 12 months if he 

reported last test in the last year, 24 months for 1-2 years ago, and 60 months for 2-5 

years ago. The rates of diagnosis were calculated as an inverse of the assumed 

frequencies of testing. Those who have tested more than 5 years ago or never had an 

HIV test were assigned a rate of zero. This resulted in an average testing rate of high-

activity MSM that was 2.5-fold higher than that of low-activity MSM. Conducting the 
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similar analysis on GMSHS and GYM data yielded estimates of 1.70 and 1.78, 

respectively. Furthermore, the analysis also suggested that this ratio tended to remain 

unchanged over time. We therefore assumed a range of 1 (no difference) through 3 for 

this ratio which, in the next step of model fitting, will be applied to the initial 

diagnosis rate to calculate diagnosis rates by sexual activity level. The derived initial 

diagnosis rates are summarised in Table S10. 

We derived the change rates per year by conducting 10,000 simulations and uniformly 

drew from the interval estimates of the 2001–2004 baseline diagnosis rates. For each 

simulation, subtracting the rates of all calendar year by the rates of the immediate 

previous year provided the changes of rate over time that were further used for 

calculating the average changes for the period. The 2.5
th

 and 97.5
th

 percentiles of these 

averages were -0.014 to 0.034. According to the reported numbers of new HIV 

diagnoses in MSM in the UK [15], it is unlikely that the diagnosis rates had decreased 

in that period, and hence we replaced the negative value with a very small positive 

value (0.001) for the lower limit of the change rates. No differences by CD4 stages 

and sexual activity levels were included. The derived estimates for changes over time 

in diagnosis rates are shown in Table S10. 

We estimated the effects of HIV diagnosis on sexual activity level from a cohort study 

of 98 UK MSM [43]. The findings suggested that around 66% of MSM reduced the 

number of casual partners in the past 12 weeks after diagnosis of PHI while only 7% 

reported more casual partners. We directly used these percentages as the proportions 

of MSM who change sexual activity level after HIV diagnosis (Table S10). 
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3.5 Rate of initiating HIV treatment 

The rate of diagnosed HIV-positive MSM starting an HIV treatment was taken from 

the UK Collaborative HIV Cohort (CHIC) Study [44] which provided the per 3-month 

period estimates by CD4 counts that ranged from 0.005 for CD4 350-499 cells/µL to 

0.95 for CD4<100 cells/µL. The rates were derived based upon the guidelines 

regarding time to initiate HIV treatment in the UK [8]. Starting ART at CD4 500 

cells/µL is rather unusual; therefore we made an assumption that the treatment 

initiation rate for MSM at CD4 500 cells/µL is as low as 10% of those with CD4 

350-499 cells/µL. For CD4 200-349, we used an average derived from the rates of 

CD4 200-249, 250-299, and 300-349 cells/µL. For those with CD4<200 cells/µL, an 

average rate of CD4 0-99 and 100-199 cells/µL was used (Table S11). Due to a small 

number of cases, we assumed no ART initiation during PHI stage. 

3.6 Disease progression 

The disease progression rate for each CD4 stage is equal to the inverse of the mean 

duration of that stage. We adopted the estimates provided by a study [45] that fitted a 

multistate Markov model to the historical CD4 data from the CASCADE database. 

The study estimated an average time spent in each CD4 stage that is equivalent to a 

total time from seroconversion to AIDS of 8.6 years [45]. For PHI stage, we assumed 

according to Hollingsworth et al [46] a duration of 3 months with a range from 1 to 6 

months and estimated this parameter via model fitting. All derived disease stage 

durations are shown in Table S12. 
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3.7 Initial population size 

The initial MSM population size in the UK of the year 2000 (Section 3.1) was 

stratified according to various modelled subpopulations to form the initial size of each 

subgroup. Range of parameters that later fitted to the data were also derived. We 

began with stratification by HIV serostatus – HIV negative and positive. The 2000 UK 

annual HIV report [47] provided the estimated number of MSM aged 15-59 living 

with HIV in the UK at the end of 1999 of 17,200 which corresponded to the overall 

HIV prevalence of approximately 3.5%. The interval estimates were not provided so 

we selected the lower limit of 2.5% and the upper limit of 4.5% (Table S13). In the 

model fitting, these interval estimates were assigned to the low-activity men, of which 

we sampled the HIV prevalence parameters independently by age groups from the 

uniform distribution. 

We accounted for differences in HIV prevalence by sexual actively level by applying 

the multiplicative factors directly to the sampled prevalence parameters of low-

activity men in the same age group to obtain the estimates of high-activity men. 

Analysing GMSHS data revealed that the prevalence in the high-activity group was 

around 1.4-fold higher than that of the low-activity. We therefore assumed the range 

of 1 to 2 and uniformly sampled the multiplicative factors from this range for both age 

groups. Altogether, we can calculate the initial HIV prevalence for each class and 

estimate its values through model fitting. 

HIV-positive MSM were then stratified by diagnosis status. We adopted the estimates 

derived from the Multi-parameter Evidence Synthesis (MPES) method of the 



53 
 

proportion of undiagnosed MSM aged 15-44 in the UK in 2001, 0.39 (0.32-0.47) [41], 

for low-activity MSM in age group 1, and the MPES estimates of MSM aged 15-59, 

0.36 (0.29-0.44) [41], for age group 2. We expanded the lower and upper limits by 

20% to account for the uncertainty due to inconsistencies of age range and calendar 

year between MPES estimates and the model requirements. For age group 2, both 

upper and lower limits were further reduced by 25% according to the fact that the 

proportion of undiagnosed infections was likely to be lower than the population 

average. 

Similarly to prevalence of HIV, there was a higher undiagnosed proportion in the 

high-activity than in the low-activity group as suggested by GMSHS data. 

Consequently, we accounted for the effects of sexual activity level using 

multiplicative term that were assumed to range between 1 and 2 (Table S13). During 

the fitting process (Section 4), the proportions of undiagnosed HIV in low-activity 

men of both age groups were first sampled based on uniform priors. After that we 

drew the multiplicative term for effects of sexual activity level and calculated the 

undiagnosed proportion for all classes. 

Next, we derived the proportion of ART-treated to all diagnosed MSM by dividing the 

reported number of MSM who have ever been on ART obtained from the SOPHID 

data by the estimated number of MSM living with diagnosed HIV in 2001 [40, 41]. 

We obtained an estimate of 75% of diagnosed MSM who have ever been treated with 

ART. For the remaining 25% who have never been on ART, we split them by the five 

CD4 stages based on the data from the CD4 cell counts database of patients seen for 
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HIV care in the UK. At that time, the number of MSM living with diagnosed HIV 

during PHI stage should be minimal. Hence we allocated only 1% of all diagnosed 

MSM to the stage of PHI. 

The distribution of undiagnosed MSM by CD4 stages was adopted from a recent study 

on HIV incidence in MSM in England and Wales [48]. The lower and upper limits 

were arbitrarily assumed according to the adopted estimates (Table S13). The 

proportion of MSM in the undiagnosed PHI stage was assumed to be very low (2%). 

Due to a considerable uncertainty in this parameter, it was included to the model 

fitting and sampled from the Dirichlet distribution (Section 4). 

Combing all the above parameters (summarised in Table S13) resulted in the initial 

total number of MSM fully stratified by age group, sexual activity, CD4 disease stage, 

HIV diagnosis, and ART status. We further stratified the modelled population into 

current and past MSM. NATSAL estimates of the proportion of past MSM were 

approximately 7% and 28% of all MSM in age group 1 and 2, respectively. Presanis et 

al [40] also provided estimates of the proportion of past MSM among undiagnosed 

and diagnosed HIV prevalence (Table S13). We combined all this information to 

construct the initial numbers of past MSM by age group and disease stage. Sex 

between men in past MSM was assumed absent and therefore stratification by sexual 

activity was no longer applied. We captured the ratio between past and current MSM 

by age group and disease stage from the initial MSM size. This ratio was used for 

balancing the numbers of current and past MSM in the model. 
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Finally, among current MSM, a group of individuals who reported as currently in a 

relationship with a man based on GYM data was assigned to the ‗single‘ group while 

the remaining men belonged to the ‗pair‘ group (Table S13). All calculations for the 

initial numbers of MSM were carried out in the model fitting before simulations.  
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4. Model fitting 

We fitted our model using Monte Carlo filtering method [1] to match the HIV 

epidemic in MSM in the UK during 2001–2009. We began by conducting preliminary 

one-way sensitivity analyses on all model parameters to see the effects on the model 

estimates of HIV prevalence. All parameter values were varied by  50% and the 

corresponding estimates of the overall HIV prevalence at the end of 2009 were 

compared to that of the baseline simulation. Any parameters that caused the 2009 

prevalence to change greater than 10% compared to the baseline parameters were 

included in the fitting. Table S14 summarises results from the preliminary sensitivity 

analysis. We manually added the one-off sexual partnership formation rates, the 

proportion of susceptibles who have UAI with a diagnosed HIV positive repeat sexual 

partner, and three key model initial conditions: the HIV prevalence, the proportion of 

undiagnosed prevalence, and the distribution of undiagnosed prevalence by disease 

stages at the beginning of 2000. The probability distributions of all fitted parameters 

are summarised in Table S14 and the ranges can be found in Section 3. The other 

parameters not involved in the fitting were held constant at their baseline values. 

We then sampled 20,000 different combinations of the fitted parameters using Latin 

Hypercube sampling [49] and ran 20,000 model simulations from 2000 to 2009. Using 

Monte Carlo filtering, model outputs from each parameter set were compared against 

the 2001–2009 estimates of the reported HIV prevalence, both overall and 

undiagnosed [23, 40, 50]. Any parameter sets that were unable to provide estimates 

within ranges of all fitting data simultaneously were filtered out. The interval 

estimates of HIV prevalence were taken directly from the reported ranges of MSM 
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aged 15-59, the upper limits of which were then increased by 15% to account for the 

difference in the age range. 

The filtering process reduced the number of parameter sets from 20,000 to 1,093. The 

model fit to the HIV prevalence estimates are shown in Figure S2. The filtered 

parameter sets also provided an adequate fit to the diagnosed prevalence data judging 

from the resulting median estimates (Figure S2). Our estimated number of MSM aged 

15-64 living with HIV in the UK ranged from around 24,000 in 2001 to 38,000 in 

2009 with a rather constant number of 9,000 men who were unaware of their 

infection. These 1,093 parameter sets were later used for simulating the HIV epidemic 

in MSM in the UK from 2001 to 2020 and evaluating the contributions to HIV 

transmission of various biological and behavioural factors. 
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5. Model validation 

The model and its parameters values were validated collectively by comparing the 

output estimates derived from 1,093 parameter sets to the time-series surveillance data 

and reported estimates that were not used for fitting the model, which were the annual 

number of new HIV infections, the number of new HIV diagnoses, and the number of 

ART-treated MSM. Figure S3 shows a comparison of new HIV infections. Our model 

yields a total of 21,677 (15,505-29,596) new infections during 2001–2009 with the 

annual numbers lie within the reported ranges [48] across the entire time period 

(Figure S3a). The upward trend of new infections during the early periods followed by 

a slight decline and levelling off can be observed from both our and reported 

estimates. There were no reported estimates stratified by age groups. However, the 

smaller number of new infections of the older group (Figure S3c) compared to the 

younger group (Figure S3b) were also consistent with the 2010 data from the national 

monitoring system of recent HIV infections which suggesting much lesser proportions 

of recent infection in newly-diagnosed MSM aged 35 and over (7-23%) in contrast to 

those of aged less than 35 (24-41%) [19, 41]. 

We then compared in Figure S4 our median estimates of individuals in the ART stage 

at the end of the year during 2001–2009 with the observed numbers of MSM on ART 

obtained from the PHE SOPHID database. The upward trend in the numbers of ART-

treated MSM was observed during the last decade (from around 9,200 in 2001 to 

21,300 in 2009) and our estimates follow the trend consistently (from 10,952 in 2001 

to 23,865 in 2009). Note that our estimates were somewhat higher than the observed 

data, particularly in the early phase, probably because we assumed that once an 
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individual is treated with ART he remains in the ART stage until being removed from 

the model, while in the actual situation a proportion of MSM may stop the treatment 

due to a number of reasons, e.g. poor adherence. 

The numbers of new diagnoses stratified by age groups are shown in Figure S5. The 

2001–2009 new diagnoses data in UK MSM aged 15-64 were obtained from PHE 

New diagnoses databases. Since the selected data matched exactly with the 

demographics of our modelled populations, we validated our HIV transmission model 

more quantitatively by calculating a simple goodness-of-fit indicator from percentage 

differences between observed data and model estimates for each available data points, 

1 100%t t

t

O E

O


  , where tO  and tE  are, respectively, the observed data and model 

estimates at time t. The combined value is an average of all individual data points‘ 

average goodness-of-fit. A larger value reflected a better consistency with the data. 

For the younger group, the goodness-of-fit value of the new diagnoses during 2001–

2009 was 93.9% when comparing using the median estimates. For MSM aged 35-64, 

the goodness-of-fit value was 88.6%. Overall, the predicted trends of new HIV 

diagnoses in this research were well consistent with the national surveillance data with 

the goodness-of-fit value of 91.2%. 

The CD4-specifc new diagnoses data and our estimates are shown in Figure S6. Due 

to uncertainty associated with missing values of the reported data, we skipped the 

calculation of goodness-of-fit and visually inspected the consistency. We found that 

our median estimates resembled quite closely both trend and magnitude of the new 

diagnoses data in all CD4 stages and both age groups. At the end of 2009, our 
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estimation of the numbers of newly diagnosed MSM were 757, 571, 400, and 504 for 

CD4≥500, 350-499, 200-349, and <200 cells/µL, respectively, which matched closely 

the 805, 535, 426, and 440 cases of the reported data. 

In addition, our model predicted a total of 39,295 HIV-positive MSM aged 15-64 at 

the end of 2010 which was in line with the 2010 estimates of 40,100 (35,300-46,700) 

MSM aged 15-59 living with HIV in the UK [19]. At the same period of time, we also 

approximated that 21% of HIV-positive MSM were unaware of their infection 

compared to the reported estimate of 26% (16-36%) [19]. 
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6. Supplementary results 

6.1 Epidemic projections 

MSM living with HIV 

The projections for the number of MSM living with HIV in the UK stratified by 

diagnosis status, age group, and sexual activity level are shown in Figure 2 in the main 

article. The model estimated that there would be 43,682 (35,833-56,387) MSM living 

with HIV by the end of 2013 corresponding to a prevalence rate of 6.3% (5.1-8.1%). 

By 2020, the estimated HIV prevalence rose to 52,268 (38,064-81,006) equivalent to 

7.3% (5.3-11.3%). During this period (2013–2020), the overall HIV prevalence 

increased at an average annual rate of 2.6% with the majority of men being diagnosed, 

particularly those aged 35-64. The numbers of undiagnosed individuals stabilised over 

time in all age groups. For both sexual activity groups, the overall HIV prevalence at 

the end of 2013 are similar, but the numbers of undiagnosed men in the high-activity 

group is roughly twice the number in the low-activity group (5,584 vs. 2,311). The 

number of diagnosed HIV infections is similar in both activity groups (low: 17,951, 

high: 17,376). 

New HIV infections 

According to the median estimates of new HIV infections in Figure 2 in the main 

article, our model indicated that there was an increase in the overall HIV incidence 

during 2001–2005 before a slight decline during 2005–2009 and levelling off at 

around 2,400 cases per year (incidence rate of 0.35%) after that, however this is 
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associated with large uncertainty. The 2001–2020 cumulative numbers of new 

infections were estimated to be 48,148 (29,254-83,713). The rates of new infections in 

the younger group were about twice as many as those in the older group (0.49% vs. 

0.25% in 2013), while unsurprisingly, the incidence in the high-activity men was 

substantially higher than in the low-activity men (0.64% vs. 0.14% in 2013). 

6.2 Population attributable fractions 

The population attributable fraction (PAF) stratified by age groups and sexual activity 

levels are shown in Figure S7. The details of analysis and calculation of PAF are 

provided in the main text. 

The PAFs for all MSM are presented in Figure S7a. Figure S7b and Figure S7c show 

that eliminating HIV spread from MSM aged 15-34, while being highly beneficial 

within the age group (average PAF of 75%), would prevent a almost half of new 

infections in MSM aged 35-64 (average PAF of 46%) which is considerably high 

compared to only 61% in the case where there were no transmission from within the 

older group itself. Moreover, the contributions remained stable over the 20-year period 

which, taken together, indicated that interventions targeting young MSM could prove 

effective in tackling HIV infection. Other factors were shown to uniformly affect both 

age groups. 

The PAF calculated from the incidence rates stratified by sexual activity levels are 

shown in Figure S7d and Figure S7e. For both groups, the largest PAF is still 

associated with transmission from men at non-PHI stages while the contributions of 
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men at PHI are among the lowest. The smallest PAF for the low-activity group is 5% 

on average for one-off sexual partnership due to low rates of acquiring new partners 

(≤1 per year) of men in this group (Figure S7d). The treated men seem to contribute 

considerably low (average PAF of 14%) to HIV infections in high-activity group as a 

result of small proportions of men who still performed high activity after HIV 

diagnosis (Figure S7e). This also explains why the low-activity PAF of HIV diagnosis 

and treatment changed more rapidly over time than that of high-activity men. The 

analyses also indicate that HIV-positive men in high-activity group accounted for 

more infections in low-activity populations than do the low-activity men (Figure S7d 

and Figure S7e), which is similar to how young MSM contributed to new infections in 

both age groups (Figure S7b and Figure S7c). 

Moreover, the repeat sexual partnerships of high-activity MSM make a small 

contribution to new infections in low-activity men (Figure S7d), whereas the repeat 

sexual partnerships of low-activity MSM make almost no contribution to HIV 

infection in high-activity men (Figure S7e), demonstrating the minor impact of HIV 

transmission between the two sexual activity groups. 

6.3 Sensitivity analysis 

The sensitivity of model predictions was assessed using the regression trees technique 

[51]. We selected total new HIV infections during 2001–2020 as the response variable 

and all filtered parameters except the model initial conditions as the predictor 

variables (Table S14). We grew the tree and pruned it by selecting the tree size that 

minimised the sum of squared errors [51]. 
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The sensitivity analysis regression tree a total of 7 splits, 8 terminal nodes, and 4 

model parameters (Figure S8). The most influential model parameter for the new 

infections during 2001–2020 based on the number of appearances and its level in the 

tree was the per-URAI act transmission probability in non-PHI stages. The incidence 

estimates were also highly sensitive to the per-UIAI act non-PHI transmission 

probability, condom efficacy, and the frequency of sex acts with a repeat sexual 

partner. 

The uncertainty of the estimated infections (43,560-64,980) indicated the importance 

of these factors in the epidemic of HIV in UK MSM. The number of new infection 

over 2001–2020 could be as high as 64,980 if the mean infectivity of an URAI and 

UIAI act at non-PHI stages was greater than 2.0% and 1.0%, respectively. Conversely, 

if several conditions represented by the route on the far left of the tree (Figure S8) 

were met simultaneously, the incidence of HIV could have been as low as 43,560, 

corresponding to 13% reduction from the mean estimates of 50,110 cases in the 

baseline scenario (root node). 
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Supplementary tables 

Table S1: Model parameters 

Parameter Definition 

, ,j k hN
 

Total number of MSM in age group j, sexual activity group k, and HIV stage h 

, ,j k hX
 

Total number of single MSM in age group j, sexual activity group k, and HIV stage h 

, ,j k hY
 

Number of current single MSM in age group j, sexual activity group k, and HIV stage h 

, ,j k hZ
 

Number of past single MSM in age group j, sexual activity group k, and HIV stage h 

, ,

, ,

m n r

j k hP
 

Number of pairs between an individual of age group j, sexual activity group k, and HIV stage h and an individual of age group m, sexual 

activity group m, and HIV stage r 

,j kv  Influx of new susceptibles in age group j (j=1), and sexual activity group k 

,j k  Number of current MSM in age group j, and sexual activity group k (k=1) moving to past MSM 

j  Ageing rate from an individual in age group j to next age group or out of the model 

,j h  Mortality rate of an individual in age group j and HIV stage h 

h  Disease progression rate of an individual in disease stage h (h=2,...,11) to the next stage 

, ,j k h  HIV diagnosis rate of an individual in age group j, sexual activity group k, and undiagnosed stage h (h=2,4,6,8,10)  

ks  The proportion of MSM in sexual activity group k who switch to another sexual activity group after being diagnosed with HIV 

h  ART initiating rate of an individual in diagnosed stage h (h=5,7,9,11)  

,

rep

j k  Repeat sexual partnership formation rate of an individual in age group j, and sexual activity group k 

,j k  Repeat sexual partnership dissolution rate of an individual in age group j, and sexual activity group k 

, , ,

, ,

rep m n r

j k h  
Chance of an individual in age group j, sexual activity group k, and HIV stage h to acquire a repeat sexual partner of age group m, sexual 

activity group n, and HIV stage r 

, , ,

,

one m n r

j k  
Chance of a susceptible in age group j, and sexual activity group k to acquire a one-off sexual partner of age group m, sexual activity group 

n, and HIV stage r 
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Parameter Definition 

, ,

one

Y j k  
Force of infection in a relationship between a one-off sexual partner and a single susceptible individual of  age group j, and sexual activity 

group k 

, ,

one

P j k  
Force of infection in a relationship between a one-off sexual partner and a paired susceptible individual of  age group j, and sexual activity 

group k 

, , ,

,

rep m n r

j k  
Force of infection in a relationship between a repeat sexual partner of age group m, sexual activity group n , and disease stage h (h=2,...,1) 

and a susceptible individual of  age group j, and sexual activity group k 

 

 

 

 

  



67 
 

Table S2: Number of survey respondents included for data analysis 

MSM 
NATSAL 

a
   GMSHS   GYM 

n % 
 

n % 
 

n % 

  Current MSM                 

  
Aged 16-34 101.5 65.4 

 
9,936 57.5 

 
1,894 44.2 

  
Aged 35-64 53.7 34.6 

 
7,347 42.5 

 
2,393 55.8 

  
Total 155.2 100.0 

 
17,283 100.0 

 
4,287 100.0 

 
Past MSM 

        

  
Aged 16-34 7.1 25.7 

 
- - 

 
- - 

  
Aged 35-64 20.5 74.3 

 
- - 

 
- - 

  
Total 27.6 100.0 

 
- - 

 
- - 

  All MSM   
  

          

  
Aged 16-34 108.6 59.4 

 
9,936 57.5 

 
1,894 44.2 

  
Aged 35-64 74.2 40.6 

 
7,347 42.5 

 
2,393 55.8 

  
Total 182.8 100.0 

 
17,283 100.0 

 
4,287 100.0 

 
a
 With weights for core sample and the ethnic minority boost sample 
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Table S3: Weight adjustment for GMSHS and GYM data according to four variables: age of survey respondents, number of male 

sexual partners in the last year, number of UAI male sexual partners in the last year, and time of last HIV test 

 
Reported   Adjusted (all weights simultaneously) 

a
 

Variable NATSAL 
 

GMSHS 
 

GYM 
 

GMSHS 
 

GYM 

 
n 

b
 % 

 
n % Weight 

 
n % Weight 

 
n % 

 
n % 

  Age of respondents 
c
                                 

  
16-24 29.4 18.9 

 
892 16.6 1.138 

 
68 5.2 3.645 

 
1,322.9 23.4 

 
318.7 23.8 

  
25-34 72.1 46.5 

 
2,763 51.5 0.902 

 
652 49.8 0.933 

 
2,626.8 46.5 

 
596.1 44.5 

  
35-44 53.7 34.6 

 
1,711 31.9 1.086 

 
590 45.0 0.769 

 
1,702.4 30.1 

 
425.3 31.7 

  
median 32 

 
32 

  
35 

  
32 

 
32 

  Number of male sexual partners in the last year 
d
                               

 
Aged 16-34 

e
 

                

  
0 17.9 17.9 

 
63 1.8 9.857 

 
- - - 

 
693.8 18.4 

 
- - 

  
1 32.4 32.4 

 
494 14.3 2.271 

 
- - - 

 
1,354.3 36.0 

 
- - 

  
2 7.4 7.4 

 
249 7.2 1.024 

 
- - - 

 
267.0 7.1 

 
- - 

  
3 12.4 12.4 

 
237 6.8 1.813 

 
- - - 

 
489.2 13.0 

 
- - 

  
4 11.0 11.0 

 
207 6.0 1.841 

 
- - - 

 
366.0 9.7 

 
- - 

  
5-9 4.3 4.3 

 
542 15.7 0.273 

 
- - - 

 
144.8 3.8 

 
- - 

  
10-14 6.2 6.2 

 
451 13.0 0.474 

 
- - - 

 
195.9 5.2 

 
- - 

  
15-19 1.2 1.2 

 
190 5.5 0.215 

 
- - - 

 
39.6 1.1 

 
- - 

  
20-29 2.1 2.1 

 
350 10.1 0.212 

 
- - - 

 
63.8 1.7 

 
- - 

  
30-49 0.5 0.5 

 
271 7.8 0.065 

 
- - - 

 
16.1 0.4 

 
- - 

  
50+ 4.6 4.6 

 
408 11.8 0.389 

 
- - - 

 
134.6 3.6 

 
- - 

  
mean 7.30 

 
21.61 

  
 - 6.38 

 
                         - 

 
Aged 35-64 

                

  
0 9.7 18.1 

 
84 3.8 4.714 

 
- - - 

 
353.3 15.7 

 
- - 

  
1 19.8 37.0 

 
320 14.6 2.532 

 
- - - 

 
921.0 41.0 

 
- - 

  
2 5.8 10.8 

 
161 7.4 1.468 

 
- - - 

 
241.4 10.7 

 
- - 

  
3 2.3 4.3 

 
139 6.3 0.678 

 
- - - 

 
89.6 4.0 

 
- - 

  
4 2.6 4.9 

 
106 4.8 1.008 

 
- - - 

 
113.4 5.0 

 
- - 

  
5-9 3.8 7.1 

 
282 12.9 0.552 

 
- - - 

 
158.4 7.0 

 
- - 

  
10-14 5.6 10.4 

 
284 13.0 0.802 

 
- - - 

 
221.1 9.8 

 
- - 

  
15-19 1.1 2.0 

 
92 4.2 0.475 

 
- - - 

 
38.6 1.7 

 
- - 
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Reported   Adjusted (all weights simultaneously) 

a
 

Variable NATSAL 
 

GMSHS 
 

GYM 
 

GMSHS 
 

GYM 

 
n 

b
 % 

 
n % Weight 

 
n % Weight 

 
n % 

 
n % 

  
20-29 1.8 3.4 

 
254 11.6 0.289 

 
- - - 

 
69.9 3.1 

 
- - 

  
30-49 0.3 0.6 

 
164 7.5 0.086 

 
- - - 

 
13.6 0.6 

 
- - 

  
50+ 0.8 1.5 

 
304 13.9 0.105 

 
- - - 

 
28.5 1.3 

 
- - 

  
mean 4.48 

 
23.14 

  
  - 

 
4.87 

 
                         - 

  Number of UAI male sexual partners in the last year 
f
                             

  
0 30.6 34.8 

 
2,914 53.3 0.653 

 
514 45.9 0.758 

 
2,112.5 41.1 

 
449.9 40.0 

  
1 35.9 40.9 

 
1,506 27.5 1.485 

 
335 29.9 1.366 

 
2,463.8 48.0 

 
421.4 37.5 

  
2 10.2 11.6 

 
464 8.5 1.365 

 
105 9.4 1.234 

 
305.8 6.0 

 
137.6 12.2 

  
3 6.8 7.7 

 
167 3.1 2.524 

 
54 4.8 1.597 

 
177.3 3.5 

 
77.9 6.9 

  
4+ 4.4 5.0 

 
418 7.6 0.653 

 
111 9.9 0.503 

 
78.4 1.5 

 
37.2 3.3 

  
mean 1.52 

 
1.90 

  
2.13 

  
1.18 

 
1.34 

 
Time of last HIV test 

                

 
Aged 16-34 

                

  
In the last year 12.5 12.7 

 
1,184 34.7 0.365 

 
217 31.9 0.397 

 
352.5 9.4 

 
108.5 12.6 

  
More than a year ago 34.5 34.9 

 
1,147 33.6 1.039 

 
290 42.6 0.819 

 
1116.6 29.7 

 
269.8 31.3 

  
Never had an HIV test 51.8 52.4 

 
1,080 31.7 1.654 

 
173 25.4 2.059 

 
2290.7 60.9 

 
482.7 56.1 

 
Aged 35-64 

                

  
In the last year 8.5 18.9 

 
529 25.0 0.755 

 
172 24.9 0.758 

 
339.4 15.7 

 
107.1 19.7 

  
More than a year ago 11.1 24.8 

 
948 44.8 0.554 

 
355 51.4 0.483 

 
518.2 23.9 

 
136.6 25.1 

  
Never had an HIV test 25.2 56.3 

 
640 30.2 1.863 

 
164 23.7 2.373 

 
1308.5 60.4 

 
300.8 55.2 

 
Total weights 

g
 

                

 
Aged 16-34 

                

  
Minimum - - 

 
- - 0.014 

 
- - 0.187 

 
- - 

 
- - 

  
Maximum - - 

 
- - 18.558 

 
- - 11.984 

 
- - 

 
- - 

 
Aged 35-64 

                

  
Minimum - - 

 
- - 0.031 

 
- - 0.187 

 
- - 

 
- - 

  
Maximum - - 

 
- - 9.537 

 
- - 3.243 

 
- - 

 
- - 

Abbreviation: 

UAI: Unprotected anal intercourse  

Proportions of some variables shown here may not sum to one due to rounding off decimals.  

NATSAL data of the year 2000 

GMSHS data of the year 1999, 2000, and 2001  
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GYM data of the year 2000 and 2001  

 
a
 Adjustment with all weights simultaneously results in similar but non-identical proportions to NATSAL. 

b
 The reported numbers may not be an integer due to the original NATSAL weighting. 

c
 Age range in NATSAL is 16-44. Therefore, we can adjust the age of GMSHS and GYM respondents only of the same range. The 

remaining ages were left as reported. 
d
 The number of male sexual partners in the last year is not available in GYM. 

e
 The reported numbers and proportions of NATSAL for this variable are shown identical due to rounding off decimals. 

f
 The variable was not categorised by age group due to the small number of NATSAL cases. 

g
 Total weights are the product of all independent weights of the above four variables. The minimum and maximum rows represent the 

minimum and maximum total weight for the corresponding age groups, respectively. The total weights were then used for adjusting the 

original GMSHS and GYM data. 
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Table S4: Estimated 5-year age distribution of MSM aged 15-64 of year 2000 

Age group Proportion (%) 
a
 

15-19 3.13 

20-24 7.57 

25-29 10.45 

30-34 17.08 

35-39 15.63 

40-44 10.48 

45-49 9.64 

50-54 10.31 

55-59 8.38 

60-64 7.33 

Total 100.00 
a
 Estimated from NATSAL and ONS data 
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Table S5: Data used for deriving MSM population size in the UK of year 2000 

 
Description London Elsewhere in England Outside England Entire UK 

  Adjusted proportion of MSM to male population (%) 
a,b

         

  
Aged 15-34 6.60 2.67 2.78 - 

  
Aged 35-64 8.55 3.26 0.94 - 

 
Mid-year estimates size of male population size 

b,c
 

    

  
Aged 15-34 1,196,000 5,436,300 1,266,400 - 

  
Aged 35-64 1,263,000 8,087,000 1,824,800 - 

 
Proportion of current MSM (%) 

d,e
 

    

  
Aged 15-34 - - - 93.38 

  
Aged 35-64 - - - 72.42 

 
Proportion of past MSM (%) 

d,e
 

    

  
Aged 15-34 - - - 6.62 

  
Aged 35-64 - - - 27.58 

a
 Data from NATSAL and PHE 

b
 Data for the entire UK are not shown because they would result in total number of MSM population that are different from the current 

calculation which based on the three regions. 
c
 Data from ONS

 

d
 Data from NATSAL 

e
 We were unable to stratify the proportions by regions because of the small number of cases. 
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Table S6: Demographic parameters 

  
Parameter Symbol 

Value 
Source 

  Aged 15-34 Aged 35-64 

 
MSM size of year 2000 

    

  
Current MSM - 242,678 285,122 NATSAL, ONS 

  
Past MSM - 16,822 103,878 NATSAL, ONS 

  
All MSM - 259,500 389,000 NATSAL, ONS 

 
Proportion of past MSM - 0.0662 0.2758 NATSAL 

 
Ageing rate per year a  0.0523 0.0261 NATSAL, ONS 

 
Growth rate per year g  0.0043 0.0056 NATSAL, ONS 

 
Mortality rate per year 

    

  
HIV-negative MSM   0.00094 0.00449 NATSAL, ONS 

    HIV-positive MSM 
a
   0.00843 0.00899 Assumed 

b
 

a
 Applied only to HIV-positive MSM on antiretroviral treatment 

b
 Assumed based on findings from ref [22] 
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Table S7: Number of MSM stratified by sexual activity level 

 
MSM Aged 16-34 % Aged 35-64 % Total % 

  NATSAL             

  
Low 50.3 50.3 29.4 55.1 79.7 52.0 

  
High 49.7 49.7 24.0 44.9 73.7 48.0 

    Total 100.0 100.0 53.4 100.0 153.4 100.0 

  GMSHS 
      

  
Low 4943.9 54.1 3692.1 56.8 8636 55.2 

  
High 4195.4 45.9 2809.4 43.2 7004.8 44.8 

    Total 9139.3 100.0 6501.5 100.0 15640.8 100.0 

  GYM 
      

  
Low 608.7 29.9 607.0 35.9 1215.7 32.6 

  
High 1425.7 70.1 1084.6 64.1 2510.3 67.4 

    Total 2034.4 100.0 1691.6 100.0 3726.0 100.0 
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Table S8: Data used for calculating HIV transmission probability of MSM who have never been treated with antiretroviral 

treatment 

  
Description 

Viral load (copies/mL) 

  0- 399 400-999 1,000-9,999 10,000-49,999 50,000+  

 
Median viral load (copies/mL) 

a
 49 1,690 6,234 22,948 102,077 

                

 
Proportion of men by viral load in each CD4 stage 

a
 

     

  
CD4 ≥ 500 0.1051 0.1700 0.1763 0.3219 0.2267 

  
CD4 350-499 0.0700 0.1133 0.1487 0.3552 0.3129 

  
CD4 200-349 0.0830 0.0840 0.1168 0.3341 0.3821 

  
CD4 < 200 0.1085 0.0814 0.0492 0.2136 0.5475 

                

 
HIV transmission probability (%) 

b
 

     

  
URAI 

0.135 
(0.019-0.241) 

0.535 
(0.076-0.956) 

0.889 
(0.127-1.588) 

1.477 
(0.211-2.637) 

2.640 
(0.377-4.714) 

  
UIAI 

0.060 
(0.007-0.162) 

0.237 
(0.027-0.642) 

0.394 
(0.044-1.067) 

0.654 
(0.074-1.772) 

1.169 
(0.132-3.168) 

  
UROI 

0.004 
(0.001-0.016) 

0.015 
(0.004-0.065) 

0.025 
(0.006-0.108) 

0.042 
(0.011-0.179) 

0.075 
(0.019-0.321) 

The values in parentheses represent the lower and upper limits of the corresponding parameters that were included in the model fitting. 

 

Abbreviations: 

URAI: Unprotected receptive anal intercourse 

UIAI: Unprotected insertive anal intercourse 

UROI: Unprotected receptive oral intercourse 

 
a
 Estimated from SOPHID 2005–2009 data 

b
 Not the final transmission probability 
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Table S9: Condom efficacy in preventing HIV transmission 

 
Parameter Symbol Value 

 
Source 

 
Condom efficacy per sexual act 

cdm
  

0.80 
(0.75-0.95)  

Assumed 
a
 

The values in parentheses represent the lower and upper limits of the corresponding parameters that were included in the model fitting. 

 
a
 Assumed based on findings from ref [37-39] 
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Table S10: HIV diagnosis parameters 

 
Parameter Symbol Value 

 
Initial HIV diagnosis rates per year 

a
   0.102-0.191 

 
Ratio of diagnosis rate of high-activity to low-activity MSM 

b
 - 1-3 

 
Increase in initial diagnosis rates per a CD4 stage 

c
 - 

 
0.05-0.15 

 
Changes per year in HIV diagnosis rate during 2000–2004 

d
   0.001-0.0339 

 
Proportion of MSM who change sexual activity group after HIV diagnosis  

 

 
    From low-activity to high-activity group 1s  

0.07 

 
    From high-activity to low-activity group 2s

 
0.66 

We assumed identical interval estimates of HIV diagnosis rate for MSM of different sexual activity level, age group, and disease stage. The 

interval estimates in this table will be used for constructing uniform priors used for estimating the diagnosis rates via model fitting. 

 
a
 At the beginning of year 2000; for MSM at CD4 350-499 cells/µL 

b
 Derived from NATSAL, GMSHS, and GYM data 

c
 An absolute increase of the corresponding rates 

d
 The lower bound was assumed 0.001 and the upper bound was derived from simulations based on uniform distribution. 
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Table S11: Rate of initiating HIV treatment 

 
Parameter Symbol Value 

 
Rate before 1

st
 January 2009 (per year)  

 

  
CD4 ≥ 500 

5
  0.002 

  
CD4 350-499 

7
  0.02 

  
CD4 200-349 

9
  1.80 

  
CD4 < 200 

11
  3.80 

 
Rate from 1

st
 January 2009 onwards (per year) 

a
  

 

  
CD4 ≥ 500 

5
  0.02 

  
CD4 350-499 

7
  1.80 

  
CD4 200-349 

9
  3.80 

  
CD4 < 200 

11
  3.80 

HIV treatment during PHI stage was omitted from the model. 

 
a
 Revised due to an increased ART initiation threshold [8] 
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Table S12: Duration of HIV stages 

 
Parameter Symbol Value (months) 

 
PHI to CD4 ≥ 500 

 2 3
1/ ,1 /   

2.90 
(1.24-6.00) 

 
CD4 ≥ 500 to 350-499 

 4 5
1/ ,1 /   67.27 

 
CD4 350-499 to 200-349 

 6 7
1/ ,1 /   23.92 

 
CD4 200-349 to < 200 

a
 

 8 9
1/ ,1 /   20.12 

The values in parentheses represent the lower and upper limits of the corresponding parameters that were included in the model fitting. An 

inverse of the above stage durations is the disease progression rates used in the model. 

 

Abbreviation: 

PHI: Primary HIV infection 

 
a
 In our model, individuals remained in the stage of CD4<200 cells/µL until they are either diagnosed, treated with ART, or removed from 

the model. 
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Table S13: Data used for constructing initial numbers of MSM by subgroups 

  Description Value 

 
HIV prevalence 

a
 

 

  
Baseline estimates 

b
 0.025-0.045 

  
Multiplicative factor for high-activity group 1-2 

 
Proportion of undiagnosed HIV to all HIV-positive MSM 

 

  
Undiagnosed proportion for age group 1 0.26-0.57 

  
Undiagnosed proportion for age group 2 0.18-0.40 

  
Multiplicative factor for high-activity group 1-2 

 
Proportion distribution of diagnosed MSM by disease stage 

c
 

 

  
PHI 

 
0.01 

  
CD4 ≥ 500 0.42 

  
CD4 350-499 0.27 

  
CD4 200-349 0.21 

  
CD4 < 200 0.09 

 
Proportion distribution of undiagnosed MSM by disease stage 

c
 

 

  
PHI 

 
0.02 

(0.01-0.04) 

  
CD4 ≥ 500 

0.50 
(0.40-0.60) 

  
CD4 350-499 

0.28 
(0.18-0.38) 

  
CD4 200-349 

0.15 
(0.05-0.25) 

  
CD4 < 200 

0.05 
(0.02-0.08) 

 
Proportion of ART-treated MSM to all diagnosed MSM 0.75 

 
Proportion of past MSM to all MSM by HIV status 

 

  
Susceptibles 

 

   
Aged 15-34 0.066 

   
Aged 35-64 0.276 

  
Undiagnosed HIV 0.028 

  
Diagnosed HIV 0.025 

 
Proportion of single MSM to all current MSM by class 

e
 

 

  
Aged 15-34 

 

   
Low-activity 0.463 

   
High-activity 0.530 
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  Description Value 

  
Aged 35-64 

 

   
Low-activity 0.334 

   
High-activity 0.493 

The values in parentheses represent the lower and upper limits of the corresponding parameters that were included in the model fitting. 

 

Abbreviations: 

ART: Antiretroviral treatment 

PHI: Primary HIV infection 

 
a
 At the beginning of year 2000; assumed for MSM at CD4 350-499 cells/µL 

b
 Assumed for low-activity MSM in model fitting. 

c
 The sum of proportions equals one. 

d
 Single MSM are men who are currently not in a repeat sexual partnership with a man. 
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Table S14: Model parameters included in the model fitting 

  Parameter 
Effects on 

prevalence (%) 
a
 

Distribution 

 
UIAI transmission probability 18.31 Beta 

 
URAI transmission probability 47.40 Beta 

 
Condom efficacy 35.63 Uniform 

 
Rate of repeat sexual partnership formation 19.21 Beta (low-activity) and gamma (high-activity) 

 
Rate of one-off sexual partnership formation - Beta (low-activity) and gamma (high-activity) 

 
Proportion of repeat sexual partnerships that involve anal sex to all repeat sexual partnerships 50.53 Beta 

 
Proportion of susceptibles who have UAI with a perceived HIV negative repeat sexual partner 25.10 Uniform 

 
Proportion of susceptibles who have UAI with a diagnosed HIV positive repeat sexual partner - Uniform 

 
Frequency of sexual acts with a repeat sexual partner 59.71 Uniform 

 
HIV diagnosis rate 17.06 Uniform 

 
Duration of PHI stage 31.37 Gamma 

 
Initial HIV prevalence at the beginning of 2000 - Uniform 

 
Initial proportion of undiagnosed HIV to all HIV-positive MSM at the beginning of 2000 - Uniform 

 
Initial proportion distribution of undiagnosed MSM by disease stage  - Dirichlet 

  

Abbreviations: 

URAI: Unprotected receptive anal intercourse 

UIAI: Unprotected insertive anal intercourse 

UAI: Unprotected anal intercourse 

PHI: Primary HIV infection 

 
a
 The results from preliminary one-way sensitivity analysis prior to the model fitting that shows the maximum percentage changes in the 

model estimates of HIV prevalence at the end of 2009 due to ± 50% changes of the fitted parameters. 
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Supplementary figures  

 
Figure S1: Comparison of repeat sexual partnership formation rates using different adjustment weights 
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 (a)      (b)      (c) 

 
Figure S2: The model fitting of the number of MSM aged 15-64 living with HIV in the UK 
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 (a)      (b)      (c) 

 
Figure S3: Comparison of annual numbers of new HIV infections between model and reported estimates for model validation 
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Figure S4: Comparison of the number of MSM on ART between model estimates and reported data for model validation 
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 (a)      (b)      (c) 

 

Figure S5: Comparison of the number of new diagnoses between model estimates and reported data for model validation 
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             (1)            (2)       (3)             (4) 

 
 

Figure S6: Comparison of the number of new diagnoses stratified by CD4 stages between model estimates and reported data for 

model validation 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

(c) 
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(a) All MSM 

 
 

(b) MSM aged 15-34 
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(c) MSM aged 35-64 

 
 

(d) Low-activity MSM 
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(e) High-activity MSM 

 
 

Figure S7: Population attributable fractions (PAFs) of various factors for HIV incidence among MSM in the UK stratified by age 

groups and sexual activity levels 
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Figure S8: Model regression tree for sensitivity analysis 

  

Per-act non-PHI URAI transmission probability < 2.0%

No

N = 354

I = 55920

Yes

N = 305

I = 54470

Root

Per-act non-PHI UIAI transmission probability < 0.8%

Yes

N = 739

I = 47320

Yes

N = 374

I = 43560

No

N = 365

I = 51180

Condom efficacy < 88%

Yes

N = 280

I = 52910

No

N = 85

I = 45490

N = 1093

I = 50110

Condom efficacy < 84%

Yes

N = 176

I = 57470

No

N = 129

I = 50370

Per-act non-PHI URAI transmission probability < 1.3%

Yes

N = 138

I = 49060

No

N = 142

I = 56660

Frequency of sex acts per week < 2.0

Yes

N = 87

I = 52680

No

N = 89

I = 62140

Per-act non-PHI UIAI transmission probability < 1.0%

Yes

N = 49

I = 64980
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Supplementary figure legends 

Figure S1 

Each line illustrates changes in repeat sexual partnership formation rates per year of 

the corresponding classes for different adjustment weights ranging from no weight at 

all to full weight. The differences become hardly noticeable for the weights of five or 

above. The full weights were used in this study. 

Figure S2 

(a) Overall HIV prevalence, (b) Diagnosed HIV prevalence (not used for model 

fitting), (c) Undiagnosed HIV prevalence. The dashed lines showed ranges of the 

fitting data. Note that the upper limits of reported estimates were increased by 15% to 

compensate for difference of age range between the reported estimates and this study 

(15-59 vs. 15-64, respectively). The grey lines represent model estimates from all 

20,000 sampled parameter sets. The green lines represent model estimates from 1,093 

parameter sets that yielded both the overall and undiagnosed HIV prevalence within 

the range of the 2001–2009 fitting data, simultaneously. The yellow lines indicated 

median of the green-line estimates. 

Figure S3 

(a) Overall new HIV infections, (b) new HIV infections in MSM aged 15-34, (c) new 

HIV infections in MSM aged 35-64. The dots and dashed lines indicated the reported 

estimates and 95% credible intervals of annual numbers of new HIV infections in 
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MSM in England and Wales. The explanations of all other items in this figure are 

provided in the legends of Figure S2. 

Figure S4 

ART: antiretroviral treatment. The dots indicated the reported numbers of UK MSM 

on ART from 2001–2009. The explanations of all other items in this figure are 

provided in the legends of Figure S2. 

Figure S5 

(a) Overall new HIV diagnoses, (b) new HIV diagnoses in MSM aged 15-34, (c) new 

HIV diagnoses in MSM aged 35-64. The dots indicated the reported new HIV 

diagnoses in UK MSM from 2001–2009. The explanations of all other items in this 

figure are provided in the legends of Figure S2. 

Figure S6 

Rows (a), (b), and (c): Overall new HIV diagnoses, new HIV diagnoses in MSM aged 

15-34, and new HIV diagnoses in MSM aged 35-64, respectively. Columns (1), (2), 

(3), and (4): New HIV diagnoses at CD4  500, 350-499, 200-349, and <200 cells/µL, 

respectively. The dots indicated the reported new HIV diagnoses in UK MSM from 

2001–2009. The explanations of all other items in this figure are provided in the 

legends of Figure S2. 
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Figure S7 

PAF: Population attributable fractions; PHI: Primary HIV infection. The figure shows 

the impacts of removing the corresponding factors from all MSM on the incidence of 

HIV in (a) all MSM, (b) MSM aged 15-34, (c) MSM aged 35-64, (d) low-activity 

MSM, and (e) high-activity MSM. The green, blue, and purple bars represent 2001–

2002, 2014–2015, and 2019–2020 PAF respectively. The error bars show the ranges 

between 2.5
th

 and 97.5
th

 percentiles of the estimated PAF. 

Figure S8 

The response variable was the total new HIV infections during 2001–2020. The 

predictor variables were all filtered parameters. The per-act non-PHI URAI and UIAI 

HIV transmission probability, condom efficacy, and the frequency of sex acts with a 

repeat sexual partner were included in the optimal tree. The number of simulations 

denoted by ―N‖ and the total number of new infections denoted by ―I‖ are shown 

inside each node. The root node contains 1,093 parameter sets and yields a total of 

50,110 new infections. The splitting conditions are located on the routes between 

nodes. The nodes on the left of routes represent a case when the splitting condition is 

met, and vice versa for the right nodes. The tree expands until the terminal nodes of 

each branch are reached where the new infections varied from 43,560 to 64,980. 
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