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Modelling the impact of chlamydia screening on the transmission of HIV among men who have sex with men
M. Xiridou, H.J. Vriend, A.K. Lugnér, J. Wallinga, J.S. Fennema, J.M. Prins, S.E. Geerlings, 
B. Rijnders, M. Prins, H.J. de Vries, M.J. Postma, M.G. van Veen, M.F. Schim van der Loeff, M.A.B. van der Sande.

Additional file
A.1. The course of HIV infection. In the model, men who have sex with men (MSM) are divided into three classes according to the status of HIV infection: not infected with HIV, HIV-infected not in care, and HIV-infected in care. HIV-infected MSM not in care are those who are unaware of their infection or who are aware of their infection but they are not registered at a specialised HIV treatment centre. HIV-infected MSM in care are those who have been tested positive and are registered at HIV treatment centres; they receive counselling and they initiate antiretroviral therapy (ART) according to their CD4 counts and the current guidelines. In the model it is assumed that for those on ART with undetectable viral load, HIV infectivity is reduced by a factor 
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, while for the rest of the HIV-infected men in care infectivity is the same as for HIV-infected not in care. Let 
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 denote the probability of transmission of HIV per act of unprotected anal intercourse (UAI) from HIV-infected men not in care and 
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 the percentage of HIV-infected MSM in care with undetectable viral load. Then the probability of transmission of HIV from HIV-infected MSM with undetectable viral load is 
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and from HIV-infected MSM in care is 
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. The rate θ of "entering" care depends on testing rates and the willingness of those tested to register at specialised HIV treatment centres. For those with HIV, the rate of flowing out of the population is higher than for those without HIV due to HIV-related causes; moreover, this rate is lower for those in care than for those not in care, due to the longer life expectancy for those on ART. 
A.2. The course of chlamydia infection. According to the status of chlamydia infection, individuals are divided into three classes: susceptible to chlamydia, symptomatic chlamydia, and asymptomatic chlamydia. Those with symptoms are treated and recover soon thereafter (at a rate 
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). Those without symptoms remain undetected until natural recovery (at a rate 
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), unless they are found by opportunistic or routine screening (see below). After recovery (whether symptomatic or asymptomatic), immunity wanes and individuals are again susceptible to infection. 

A.3. Screening or testing for asymptomatic chlamydia. Currently there is no routine screening for asymptomatic chlamydia in the Netherlands. However, MSM without symptoms related to sexually transmitted infections (STI) are tested for chlamydia and other STIs at their own initiative, at STI clinics or general practitioners [1-3]. This opportunistic screening for chlamydia is included in the model with the rate 
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, that may differ according to HIV status and according to sexual risk behaviour (
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for those not infected with HIV, HIV-infected not in care, HIV-infected in care, respectively; 
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for the four sexual risk groups: low, fairly high, very high, extremely high). Finally, an extra screening rate 
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 is included in the model for HIV-infected MSM in care, to describe a new routine screening program where HIV-infected MSM in care will be tested for chlamydia during their regular visits at HIV treatment centres. After screening, men found positive for asymptomatic chlamydia receive treatment and recover.
A.4. The interaction between HIV and chlamydia. It is assumed that the presence of chlamydia increases the susceptibility to HIV (for those not infected with HIV) by a factor φ1 or φ2, depending on whether they have symptomatic or asymptomatic chlamydia. Also the presence of a chlamydia infection increases the infectiousness of HIV by a factor 
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 for HIV-infected MSM not in care and by a factor 
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 for HIV-infected MSM in care. Both 
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 for those with symptomatic chlamydia and for 
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for those with asymptomatic chlamydia; for the uniformity of notation, we introduced in the equations also the factors 
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 for HIV-infected men without chlamydia. Studies among individuals receiving ART have shown that HIV infectivity is elevated due to chlamydia (compared to those without chlamydia) only for those with detectable viral load; for HIV-infected individuals with undetectable viral load, HIV infectivity is the same for those with and those without chlamydia. Therefore, in the model the factor 
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 for HIV-infected MSM in care is defined as 
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, where 
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 is the fraction of HIV-infected MSM in care with undetectable viral load. The other characteristics of each infection were assumed to be unaffected by the presence of a second infection: the duration of symptomatic or asymptomatic chlamydia and the proportion of symptomatic chlamydia are the same for those with and those without HIV; the extra death rates due to HIV infection are also the same, in the presence or absence of chlamydia. 
A.5. The model for HIV and chlamydia transmission. Figure 1 in the main text shows a flow diagram of the model for the transmission of HIV and chlamydia among MSM. Sexually active MSM are divided into nine classes with respect to HIV and chlamydia infection: those without any infection (X00); those with HIV only (X10, HIV-infected not in care; X20 HIV-infected in care); those with chlamydia only (X01, symptomatic; X02 asymptomatic); and those with both HIV and chlamydia (X11, X12, HIV-infected not in care with symptomatic or asymptomatic chlamydia, respectively; X21, X22, HIV-infected in care with symptomatic or asymptomatic chlamydia, respectively). For the variables Xij , the first subscript denotes status of HIV infection (0 is uninfected, 1 is infected not in care, 2 is infected in care) and the second subscript denotes status of chlamydia infection (0 is susceptible, 1 is symptomatic, 2 is asymptomatic). 
Transmission occurs via UAI between men; other forms of transmission are not accounted for in this model. The population is stratified into four sexual risk groups according to the number of partners men have: groups 1, 2, 3, and 4 denoting the groups with low, fairly high, very high, and extremely high risk behaviour. Therefore, each of the nine categories (according to status of HIV and chlamydia infection) is further subdivided into the four activity groups: Xij1, Xij2, Xij3, and Xij4, are the numbers of men with i HIV status and j chlamydia status in the activity groups 1, 2, 3, and 4, respectively. In the model we distinguish three types of sexual partners: steady partners, single-act casual partners (casual partners with whom MSM have only one sexual contact and that is UAI), and multiple-acts casual partners (casual partners with whom MSM have more than one sexual contact, of which at least one is UAI). 
The model is described by the following differential equations: 
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The rates 
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 of HIV transmission and 
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 of chlamydia transmission are explained below. 
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 is the size of the MSM population and 
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 is the fraction of the MSM population in sexual risk group 
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 = 1, 2, 3, 4, shown in Additional file 1: Table S2. Definitions and values of the other parameters are given in Additional file 1: Tables S1-S3. 
A.6. Rate of HIV transmission. The rate at which MSM in risk group i get infected with HIV is defined separately for infection from steady partners (
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), infection from single-act casual partners (
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), and infection from multiple-acts casual partners (
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), from the following equations: 
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In these equations, βH is the probability of transmission of HIV per act of UAI and 
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 are the factors increasing this probability for those with chlamydia (see section A4). Also, 
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 is the number of steady partners per year, 
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 is the probability that a man of risk group i will choose a man from risk group j as steady partner, 
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is the number of acts of UAI per year per partner for steady partnerships between a man of activity group i and a man of group j. For casual partners the parameters are as follows: 
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 and 
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 are the numbers of single-act and multiple-acts casual partners, 
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 and 
[image: image44.wmf]ij

m

¢

¢

 are the parameters for mixing with single-act and multiple-acts casual partners, and 
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 is the number of acts of UAI per year per partner for multiple-acts casual partnerships between a man of activity group i and a man of group j. Finally, 
[image: image46.wmf]1

h

 is a factor reducing the frequency of UAI due to knowledge of HIV infection for HIV-infected MSM not in care and 
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 is the respective factor for HIV-infected MSM in care. 
A.7. Rate of chlamydia transmission. The rate at which men in activity group i get infected with chlamydia is defined apart for infection from steady partners (
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), infection from single-act casual partners (
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), and infection from multiple-acts casual partners (
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), from the following equations: 
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where βS is the probability of transmission of chlamydia per act of UAI. 

A.8. Mixing in sexual partnerships. Mixing between the sexual risk groups is defined by the parameters 
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 is the probability that a man of risk group i will choose a man from risk group j as steady partner, while 
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 are the respective probabilities for single-act and multiple-acts casual partners. The 
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 are defined by the following equations: 
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where 
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is the Kronecker delta, being equal to 1, if 
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. The parameter 
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 determines the level of assortativeness in mixing. If 
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, then mixing is purely assortative, which means that men have partnerships only with men from their own activity group. If 
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, then mixing is purely proportionate, which means that men choose their partners according to the ‘availability’ of partners. The term 
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 denotes the fraction of available partners from each risk group: 
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is the number of partners per year for risk group j and 
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 is the size of group j. A value of 
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 greater than zero and less than one, ensures that a fraction 
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 of partnerships is assortative (between men of the same risk group) and the remaining 
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 partnerships are formed according to proportionate mixing. Similarly, the mixing parameters for single-act and multiple-acts casual partners are defined by the equations: 
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where 
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 are the levels of assortativeness in mixing with single-act and multiple-acts casual partners; 
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 are the numbers of single-act and multiple-acts casual partners per year. 
A.9. The four sexual risk groups. Parameters relating to sexual behaviour were mostly obtained from data from the Amsterdam Cohort Study among MSM. This is an open prospective cohort of MSM living in the region of Amsterdam [4]. Participants visit the Public Health Services of Amsterdam every six months to complete a self-reported questionnaire on sexual behaviour and to get tested for HIV. In this study, we used data from 2010 from 422 participants. Men were asked to report the number of steady and casual partners they had and whether they had UAI with these partners. Three types of casual partners were distinguished in the original questionnaire of the Amsterdam Cohort: (1) one-night stand (‘‘someone you have met by chance and had sex with only once’’), (2) multiple-time casual partner (‘‘someone you have met by chance on several occasions and had sex with on these occasions’’) and (3) sex buddy (‘‘someone you intentionally contact on a regular basis to have sex with’’) [5]. From the one-night stand casual partners we selected only those with whom men reported that they had UAI with; these partners are named in our study "single-act casual partners". From the multiple-time casual partners and the sex buddies we selected only those with whom men reported that they had at least once UAI with; these partners are named in our study "multiple-acts casual partners". Casual partners with whom men had no UAI were not included in our estimates of the number of casual partners. From the data, we calculated the number of steady partners, the number of single-act casual partners, and the number of multiple-act casual partners per year. The group of men reporting no UAI with casual partners was defined as risk group 1, the subgroup of the population with the "lowest" sexual risk behaviour. The remaining men were divided into risk groups 2, 3, 4 according to the total number of single-act and multiple-acts casual partners, with group 4 being the group with the "highest" sexual risk behaviour. Since men of risk group 1 have no UAI with casual partners, the parameters for the mixing with single-act casual partners 
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A.10. Parameter estimates. Parameters relating to the biological characteristics of HIV and chlamydia were obtained from the literature and are summarised in Additional file 1: Table S1. In 2011, 8319 (97.6%) of the 8523 MSM registered at HIV treatment centres had started ART; the percentage of patients with virological suppression to below 50 copies/ml at 12 months after start of ART was 80.0% (95% CI, 78.4-81.6%) [6]. Hence, the fraction of HIV-infected MSM in care with undetectable viral load was b = 0.976*0.8 = 0.78. No data were available to estimate the frequency of UAI within steady and casual partnerships. The most relevant data found were the following. In the Netherlands, Rutgers WPF carries out an extensive study on sexual behaviour of the whole population [7]. From the survey carried out in 2011 data from men who identified themselves as MSM were extracted. Individuals were asked to report the frequency of sexual contacts with their sexual partners, from which we calculated an average of 55 sexual acts per man per year (from the answers of 353 MSM). These acts may not all be acts of UAI and they may not reflect the frequency of sex per partner that a man has but rather the frequency of sex with all the partners a man has within a year [8]. A similar estimate of an average of 59 sex acts per year was obtained from the frequency of sex (all types of sex, with all partners) reported by MSM not infected with HIV in 2006-2007 in the Bangkok MSM Cohort Study [9]. Based on these estimates, we assumed that the frequency of UAI between steady partners is 
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 per year per partner, where 
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 is in the range between 15 and 45, while the frequency of UAI between multiple-acts casual partners is 
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 in the range between 1 and 15. Due to the lack of data we made no further assumptions about variations in the frequency of UAI according to sexual risk group of the two partners involved, which means that 
[image: image89.wmf]u

u

ij

=

 and 
[image: image90.wmf]u

u

ij

¢

¢

=

¢

¢

, for all 
[image: image91.wmf]i

 and 
[image: image92.wmf]j

. 
A.11. Uncertainty analysis. After calculating the numbers of HIV-infected MSM in care from the model and their Poisson likelihoods, we weighted each outcome with the likelihood and calculated the weighted average. This weighted average corresponds to a Bayesian posterior mean. As a likelihood-based alternative to this Bayesian approach, we selected the parameter sets with likelihood higher than 0.00054 (1/8 of the saturated likelihood 0.0043212). The other sets were excluded from further analyses. The results of our Bayesian and our likelihood-based approach were very similar, with the likelihood-based approach being more robust to Monte Carlo sampling. Therefore, we report only the results of the likelihood-based approach. As an extra control for the influence of the threshold for making the selection of sets with high likelihood, we repeated all analyses with broader selections (selecting the parameter sets with likelihood higher than 10-5 or higher than 10-3); in both cases, the results were robust. Further, to ensure that the results are independent of the initial drawing of parameter values, we repeated the whole analysis: 10,000 new sets of parameter values were drawn from the respective ranges and the sets with likelihood higher than 1/8 of the saturated likelihood were selected; the results were also in agreement with the results of the first group of 10,000 parameter sets. 
A.12. The original 10,000 outcomes and calibration of the model to data. From the original 10,000 parameter sets, the number of HIV-infected MSM in care varied from 232 to 37,657. The maximum of the 10,000 likelihoods of these estimates was 0.0043208 for an estimate of 8,524 HIV-infected MSM in care. Selecting the parameter sets with likelihood higher than 0.00054 resulted in a sample of 149 parameter sets where the number of HIV-infected MSM in care was between 8,336 and 8,710 (compared to 8,523 from data [6]). Furthermore, we also confirmed that the prevalences with the selected parameter values agreed well with those from data. Specifically, the median HIV prevalence from the model was 4.26% (see also Results in main text); from data, the prevalence of HIV in the Netherlands in 2008 was estimated at 5.05% (95% credible interval, 3.19-8.28%) [43]. The median prevalence of chlamydia from the model was calculated at 2.7% among MSM. This agrees with a prevalence of 3% found among young MSM (less than 30 years old) in three large cities in the Netherlands in 2008 [45]. 

A.13. Variation in chlamydia and HIV prevalence and the impact of chlamydia screening. Figures A1 and A2 show results with the selected parameter sets, for the current situation in the Netherlands: the prevalence of HIV and the prevalence of chlamydia in each sexual risk group (Additional file 1: Figure S1); and the prevalence of chlamydia according to HIV-serostatus (Additional file 1: Figure S2). The actual incidence of HIV and chlamydia for the scenario with reduced frequency of opportunistic chlamydia screening is shown in Figures A3 and A4. Results from the uncertainty analysis are shown in Additional file 1: Figure S5 for the percentage change in HIV incidence due to routine chlamydia screening of HIV-infected MSM in care. Routine screening is carried out every twelve months (black points), every six months (red points) or every four months (blue points). An increasing or decreasing pattern in the decline in HIV incidence was observed only with the five parameters shown here.  
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Additional file 1: Table S1. Parameters relating to HIV and chlamydia infection. 

	Symbol
	Definition
	Values
	Source

	Course of HIV infection
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	Probability of transmission of HIV per act of UAI
	0.003-0.009
	[10-13]
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	Duration of HIV infection until AIDS, for HIV-infected MSM not in care, years
	10
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	Duration of HIV infection until AIDS, for HIV-infected MSM in care, years
	40
	[18]

	
[image: image96.wmf]b


	Percentage of MSM in care with undetectable viral load
	80%
	[6]
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	Factor reducing HIV transmissibility for those on ART
	0.05
	[19-24]

	
[image: image98.wmf]A

f


	Factor reducing HIV transmissibility for those in care
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	Average time from HIV infection till registration at HIV treatment centres, years
	4-6
	[25,26]

	Course of chlamydia infection:
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	Probability of chlamydia transmission per act of UAI
	0.10-0.24
	[27-30]
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	Proportion of symptomatic chlamydia
	40%
	[27,31-33]
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	Duration of symptomatic chlamydia, months
	1
	[27,33]
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	Duration of asymptomatic chlamydia, months
	8
	[34,35]

	Factor increasing susceptibility to HIV due to infection with chlamydia:
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	MSM with symptomatic chlamydia
	1-2
	[36-38]
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	MSM with asymptomatic chlamydia
	1-2
	[36-38]

	Factors increasing transmissibility of HIV due to co-infection with chlamydia:
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	HIV-infected not in care, with symptomatic chlamydia
	1-2
	[39-41]

	
[image: image109.wmf]12

v


	HIV-infected not in care, with asymptomatic chlamydia
	1-2
	[39-41]
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	[39,42]


MSM, men who have sex with men; UAI, unprotected anal intercourse; ART, antiretroviral therapy; "in care" refers to HIV-infected MSM who are registered at HIV treatment centres and "not in care" to HIV-infected MSM who are not registered at such centres. 

Additional file 1: Table S2. Parameters relating to the four sexual risk groupsa. 

	Parameter
	Sexual risk group

	
	1
	2
	3
	4

	Fraction of population in respective risk group
	70%
	20%
	7%
	3%

	Number of steady partners per year
	0.27
	0.26
	0.32
	0.54

	Number of single-act casualb partners per year 
	0
	1.36
	4.52
	20.6

	Number of multiple-acts casualc partners per year 
	0
	1.36
	3.48
	13.0


a Estimated from data from the Amsterdam Cohort Study among men who have sex with men. 

b Casual partners with whom they had only one act of unprotected anal intercourse.

c Casual partners with whom they had more than one act of unprotected anal intercourse.

Additional file 1: Table S3. Parameters relating to sexual risk behaviour and opportunistic chlamydia screening.

	Symbol
	Definition
	Values
	Source
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	Sexual lifespan, years
	55
	a

	N0
	Number of MSM in the Netherlands
	238000
	[43]

	Level of assortativeness in mixing in sexual partnerships
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	with steady partners
	75%
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	with single-act casual partners
	60%
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	with multiple-acts casual partners
	60%
	

	Number of acts of UAI per year per partnerb
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	for steady partners
	15-45
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	for multiple-acts casual partnerships
	1-15
	

	Factor change in number of acts of UAI per year per partner (
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), due to knowledge of HIV infection
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	for HIV-infected MSM not in care
	1
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	for HIV-infected MSM in care
	0.85
	[44]

	Opportunistic screening: average interval (in years) within which  MSM without chlamydia symptoms get tested for chlamydia

	
	HIV-infected in carec:

     Risk group 1

     Risk groups 2, 3, 4

Not infected with HIV & HIV-infected not in care:
     Risk group 1:

     Risk groups 2, 3, 4:
	2.5-3.5
1-1.5
2.5-3.5
1.5-2.5
	[1]

[1]


MSM, men who have sex with men; UAI, unprotected anal intercourse.
a  Model assumption, accounting for 55 years of sexual lifespan (ages 15-69 years). 

b  Estimate based on data from Rutgers WPF Group, resulting in an average frequency of 55 sex acts per year, among MSM in 2009 (see details in section A10). 

c  Estimated from data from a pilot study on routine STI screening among HIV-infected MSM visiting two HIV treatment centres (Academic Medical Centre in Amsterdam and Erasmus Medical Centre in Rotterdam), from October 2007 through June 2008 [2]. 
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Figure S1. HIV prevalence (blue) and chlamydia prevalence (red) within each sexual risk group. The risk groups are ordered with increasing sexual risk behaviour according to the number of steady and casual partners (see details in Additional file 1: Table S2 and section A9). The height of the bars shows the median and the line segments show the interquartile range, calculated from the selected parameter values.
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Figure S2. The prevalence of chlamydia (%) among HIV-infected MSM not in care, among HIV-infected MSM in care, and among MSM not infected with HIV. The height of the bars shows the median and the line segments show the interquartile range, calculated from the selected parameter values. 
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Additional file 1: Figure S3. The incidence of HIV (blue) and chlamydia (red) infection among MSM, after a reduction in the frequency of opportunistic chlamydia screening (the time interval between chlamydia tests as currently reported by MSM is increased in this scenario by 50%). The incidence is shown as number of new infections per year per 100,000 MSM; left vertical axis for HIV incidence, right vertical axis for chlamydia incidence..
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Additional file 1: Figure S4. The incidence of HIV infection among MSM, after a reduction in the frequency of opportunistic chlamydia screening (the time interval between chlamydia tests as currently reported by MSM is increased in this scenario by 50%). The horizontal axes show the number of years after the reduction in opportunistic screening. The incidence is shown as number of new HIV infections per year per 100,000 MSM within each sexual risk group: group 1 is low risk; group 2 is fairly high risk; group 3 is very high risk; and group 4 is extremely high risk. 
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Figure S5. Percentage change in HIV incidence, ten years after the introduction of routine chlamydia screening among HIV-infected MSM in care. The routine screening is carried out every twelve months (black points), every six months (red points), or every four months (blue points). The percentage change is plotted against five of the uncertain parameters: the probability of HIV transmission per act of unprotected anal intercourse (UAI); the probability of chlamydia transmission per UAI act; the factor increase in HIV infectivity due to co-infection with chlamydia; the factor increase in susceptibility to HIV due to chlamydia; the number of UAI acts per year with multiple-acts casual partner. In each plot, one point corresponds to one of the selected parameter sets: the value of the uncertain parameter in this set can be viewed on the horizontal axis, while the percentage of new HIV infections attributed to chlamydia (as calculated from the model with the specific parameter value) is shown on the vertical axis. 
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