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Abstract

Background

To project the impact of partner reduction on preventing new HIV infections among men

who have sex with men (MSM) under varying conditions of enhanced HIV testing and treat-

ment (T&T) and condom use in Beijing, China.

Methods and findings

A complex network model was fitted to predict the number of new HIV infections averted

from 2014 to 2023 under four scenarios of sexual behavior risk reduction (S)—S1: Male

sexual partners decrease (reduced by a random value m from 1–50) while condom use

increases (risk constant p is a random value between 0.2 and 1]); S2: Both sexual partners

and condom use decrease (m 1, 50; p 1, 1.8); S3: Sexual partners reduce (m 1, 10) while

condom use increases or decreases (p 0.2, 1.8); S4: Only MSM with�100 male sexual part-

ners reduce their partners (m 1, 50) while condom use increases (p 0.2, 1).

HIV prevalence will reach 23.2% by 2023 among Beijing MSM if T&T remains at the 2013

level. The three most influential factors are: T&T coverage; partner reduction (m); and the

background risk (p). Under scenarios 1–4 of sexual behavioral changes with enhanced T&T

interventions, the cumulative HIV new infections prevented over the 10 years will be 46.8%

for S1 (interquartile range [IQR] 32.4%, 60.1%); 29.7% for S2 (IQR 18.0%, 41.4%), 23.2% for

S3 (IQR 12.2%, 37.0%) and 11.6% for S4 (IQR 4.0%, 26.6%), respectively. The reproduction
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number R0 could drop below 1 if there were a substantial reduction of male sexual partners

and/or expanded condom use.

Conclusion

Partner reduction is a vital factor within HIV combination interventions to reduce HIV inci-

dence among Beijing MSM, with substantial additional benefits derived from condom use.

T&T without substantial partner reduction and increased condom use is less promising

unless its implementation were extremely (and improbably) efficient.

Introduction

China has implemented large and reasonably aggressive nationwide public health programs

for HIV prevention and treatment interventions in recent years [1]. These programs have cur-

tailed markedly the spread of HIV through injection drug use (IDU) and contaminated blood/

plasma collection and red blood cell reinfusion [2,3]. Mortality among HIV-infected patients

has been reduced markedly [2,4,5]. However, no programs have been clearly effective in

reversing the rising trend of the HIV epidemic among men who have sex with men (MSM)

[6,7]. Based on incidence growth trajectory, MSM have emerged as the most vulnerable group

for HIV in China. The proportion of nationally reported new cases of HIV/AIDS attributable

to male-to-male sex increased from 0.7% in 2005 [8], to 3.5% in 2007 [9], 10.0% in 2009 [10],

15.0% in 2011 [11], and 21.4% in 2013 [12]. The unrelenting HIV epidemics among MSM in

China and elsewhere in the globe demand programmatic innovation, with practical and effec-

tive HIV interventions that engage MSM in community partnerships for prevention. One very

promising strategy is the Test and Treat (T&T) model [13,14], that combines expanding HIV

testing and timely linkage of newly diagnosed individuals to HIV care including risk reduction

and antiretroviral therapy (ART) [15]. Prior studies have evaluated individual or collective

impacts of T&T intervention components on HIV incidence among MSM [16–22]. We previ-

ously published a mathematical model for projecting HIV incidence and prevalence among

MSM in Beijing under different scenarios of HIV interventions based on “treatment as preven-

tion” and increased condom use to assess the likely factors with the largest impact on future

HIV incidence [23]. However, our model did not have parameter information regarding sex-

ual partner numbers as a parameter. Having unprotected anal intercourse (UAI) with multiple

male sex partners has long been recognized as a key element for HIV spread among MSM

[19,24–26]. To estimate the interactive effects on the HIV epidemic of three factors—antiretro-

viral therapy (ART) use behavior, number of male sexual partners, and condom use—we

developed a new model to estimate to what extent new HIV infections can be averted by

enhanced HIV T&T interventions among MSM in China’s capital city, Beijing, taking partner

numbers and condom use into account. This new model took advantage of parameter estima-

tion made possible by 2014 data from a Beijing clinical trial supported under the U.S. National

Institutes of HealthMethods in Prevention Practices Program (MP-3).

Methods

Background to social and sexual networks

Social networks have been studied for decades and social network analysis offers important

insights into how to conceptualize and model social interactions [27–31]. In physics, networks
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have been characterized as "scale-free" if they follow a power law with an exponent between 2

and 3. The "scale-free network" describes the degree distribution as a power law, i.e., the proba-

bility of having k partners. P(k) is directly proportional to k to the minus γ [27–31]:

PðkÞ / k� γ

Plotted on a log-log scale, γ is the slope of the degree distribution, which is a straight line.

Scale-free networks have small-world properties, and often display a high clustering coeffi-

cient. While scale-free networks are characterized by a power-law decay of the degree distribu-

tion P(k)/ k−γ, its cumulative distribution still follows a power-law decay of P(k)/ k−(γ−1).

Formation of sexual networks is similar to other social networks. While most people may

have 1–4 sexual partners in a lifetime, some have a much larger number of sexual partners

[32,33]. Within an MSM community in a given geographic location, individuals with multiple

sexual partners form sexual networks; relationships typically form among individuals with

similar attributes, such as age, race or ethnicity, educational achievement, and religious back-

ground [33]. A 1996 Swedish sexual behavior survey showed that the cumulative distribution

of the lifetime number of sexual partners decays as a scale-free power law (heavy tail distribu-

tion), which has a similar exponent for males and females [28,32]. Another analysis of four

datasets including two National Surveys of Sexual Attitudes and Lifestyles (NATSAL) in Brit-

ain, one sexual behavior survey in rural Zimbabwe, and one survey among MSM in London,

showed that all four networks of sexual contacts could be described by power laws over a num-

ber of orders of magnitude, and that the derived exponents significantly and meaningfully dif-

fered, with an "accelerating network" formed between MSM, in contrast to the heterosexually

predominant populations [34].

The web of sexual contacts that has a scale-free structure has numerous interesting implica-

tions in terms of disease persistence and intervention policy. Models suggest that: (1) disease

control programs are best targeted toward the most sexually active individuals, in accord with

most current public health strategies [35]; (2) the HIV/AIDS epidemic will continue to expand

and persist even in the case of very small probabilities of transmission per coital episode [34].

Empirical data used for assumptions and parameter estimations

To mathematically characterize the network of sexual partners among Chinese MSM, we ana-

lyzed the sexual behaviors of 3588 participants in a cross-sectional survey in Beijing during

2013 and 2014, which was the basis of a clinical trial to testMulti-component HIV Intervention
Packages for Chinese Men Who Have Sex with Men (the China-MP3 study). To explore whether

the networks are scale-free, we explored the tail of the cumulative distribution. In the survey

data (number of male sexual partners in the past three months and in a lifetime), the linear

regions were both considered to begin at 10 reported partners. We found that the cumulative

distribution of the number of sexual partners in the past three months and in a lifetime both

decayed as scale-free power laws (Fig 1). Fig 1(A) shows the distribution of the number of sex-

ual partners in the past three months (k) with index γ (γ−1 = 1.217, 95% confidence interval

[CI]: 1.174, 1.259) in the range of k� 10. Fig 1(B) shows the distribution of the total number

of partners in lifetime (ktot) with index γtot = 1.828 (γtot − 1 = 0.828, 95% CI: 0.812, 0.843) in

the range of k� 10. In both cases, the power law model provided a good fit to the tail of the

distribution.

While the power law model provided a good fit for the available data, the range of number

of sexual partners for which the model can be compared with data are limited by our study

sample size (N = 3588). The number of orders of magnitude for which data are available

reflects the extent to which the scale-free behavior can be confidently attributed to the system.

Partner number reductions and ART for HIV prevention: A model
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The scale-free region for the lifetime number of sexual partners covers three orders of magnitude.

Even with our sample size, this range confirms that there is a large proportion of MSM with

many sexual partners. The scale-free nature of the web of sexual contacts among Chinese MSM

indicates that intervention programs for reducing sexual partners can prevent HIV spread.

Mathematical model

HIV transmission in sexual contact networks cannot be well captured by standard men-field

models. The complex network model does not have this shortcoming [36–39]. In a network

model, individual members constitute nodes, each node with its own degree, such as the num-

ber of sexual contacts with other members in gay community; an undirected network of size N
with node degree distribution p(k) is thereby obtained. The value < k >¼

X

k
pðkÞ is the

average number of contacts per member. It was assumed that the population was divided into

n distinct groups of sizes Nk (k = 1,2,. . .,n) such that each individual in group k has exactly k
contacts, where n denotes the maximum degree values of all nodes. If the total population size

is NðN ¼
X

NkÞ, then the probability that a uniformly chosen individual has k contacts is p
(k) = Nk / N. The literature has described the transmission of a transmissible disease as a com-

plex network [29–31, 36–39], but the variation of population size over time has been often

ignored. In reality, for an infectious disease with a long epidemic course, demographic factors

like birth, death, and migration can change the degree distribution p(k), and hence the degree

distribution is time dependent. Considering that migration is a significant characteristic in the

Beijing MSM population, we incorporated the demography of the population into the model-

ing of HIV epidemic in a complex sexual network context [40–42].

Fig 1. Scale-free distribution of the number of male sexual partners among MSM in Beijing, China. The linear distributions in both (A) and (B) indicate

scale-free power-law behavior. Fig 1A: Distribution of number of male sexual partners in the past three months (k). The power-law decay index γ−1 = 1.217

(95% CI: 1.174, 1.259), in the range k�10. Fig 1B: Distribution of the total number of male sexual partners in lifetime (ktot). The power-law decay index γtot

− 1 = 0.828 (95% CI: 0.812, 0.843), in the range of ktot�10.

https://doi.org/10.1371/journal.pone.0171295.g001
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We used a compartmental ordinary differential equations model based on a complex sexual

network for simulating and projecting the HIV epidemic with and without enhanced T&T,

partner reduction, and condom use interventions among MSM in Beijing. A complex network

model rather than a standard epidemiological model was chosen, since the latter is overly sim-

plistic, largely disregarding the complex patterns and structures of sexual contacts with multi-

ple partners. We only considered HIV acquisition to be through homosexual contact with

male partners only [43–45]. We think this to be a valid simplification as Chinese MSM are

unlikely to acquire HIV from their low-risk female sexual partners [23,46,47], or from sharing

needles, since in Beijing, MSM very rarely inject drugs [48,49]. We considered births, deaths,

and migration of Beijing MSM in the model, and assumed that their sexually active age was

from 15 to 64 years.

As T&T interventions have correlated with a reduction in risky sexual behaviors [6,50,51],

particularly the number of sexual partners, we divided the target population Beijing MSM into

two main groups who would receive enhanced T&T interventions (T&T) and who would only

receive a current level of standard of care (non-T&T) in the projection time period. Each

group was further divided into subgroups of Susceptible (S), Infected (I), and ART (A) (Fig 2).

Uninfected MSM who have k sexual partners per year enter the model as Susceptible (SkN),

and these men could be local Beijing residents who become 15 years or older, or immigrants

from other areas to Beijing. Upon infection, they move from the Susceptible subgroups (SkN /

SkR) into Infected subgroups (IkN/ IkR), and further to ART subgroups (AkN / AkR) when they

initiate ART. The expressions of these subgroups denote both the status of HIV infection and

care as well as the size of the population in these compartments at the current time. The super-

scripts N and R refer to the two main groups of non-T&T and T&T MSM. For example, IkR

represents MSM subgroups who are infected HIV and receive T&T intervention, and have k
different male sexual partners per year. It was assumed that a man who received T&T interven-

tion would reduce number of sexual partners bym, where m is 0, 1. . . n − 1; and it was also

assumed that, when k�m,k−m = 1, the intervention would help a man reduce his sexual part-

ner to 1 when he has�m sexual partners.

Parameter estimates for the model

There are 13 parameters in the model, including 8 general parameters and 5 enhanced T&T

intervention parameters (definitions and uncertainty value ranges in Table 1). These 13

parameters were treated as random variables with a corresponding probability density func-

tion. In simulations, 1,000 parameter sets of all 13 parameters were randomly sampled from

the corresponding uncertainty value ranges. An asymmetric triangular probability distribution

was selected using the Delphi method for these parameters whose most likely value (peak) and

range (minimum and maximum values) could be estimated [52,53]; a uniform distribution

was selected using the Delphi method (i.e., consensus of informed experts) for other variables

when only their range could be estimated [53]. For each uncertainty analysis we used our

model along with Latin hypercube sampling (LHS), a type of stratified Monte Carlo sampling

[54]. To make predictions, we assigned each parameter a probability density function, which

reflects the uncertainty in the possible values of a parameter.

The model makes projections in 10 years since 2013, when there were an estimated 311,557

sexually active MSM living in Beijing [55]. The baseline HIV prevalence among Beijing MSM

is 12.7%, based on our cross-sectional survey among 3,588 participants during 2013 and 2014

(our unpublished data). The annual recruitment rate into the target population is from 2.0% to

6.4% [56–59] (Table 1). Both the entrance rate b(k) into the sexually active pool of MSM in

Beijing and the initial population size in each subgroup follows the degree distribution p(k) =

Partner number reductions and ART for HIV prevention: A model
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0.15k−2.217 as confirmed among our China-MP3 study participants. The median duration

from infection to progression to AIDS is set at 10 to 12 years for HIV-infected individuals

without treatment [13,60,61], and is estimated to be 24 years for those on ART, applying aver-

age ART adherence rates.

We assumed that the effectiveness of enhanced T&T interventions was denoted by two

indexes: the reduction in the number of male sexual partners (denoted by parameter m) and

the infectivity of each HIV-infected man who receives enhanced T&T intervention (denoted

Fig 2. The schematic diagram of the complex network model. The population of MSM in Beijing was divided into two main groups: non-T&T MSM who

receive standard of care (compartments in the top row) and T&T MSM who receive enhanced T&T interventions (compartments in the bottom row). It was

supposed that the enhanced T&T interventions beyond the standard of care could reduce the number of male sexual partners by (k−m).

https://doi.org/10.1371/journal.pone.0171295.g002
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by parameter βR, with βR = pβN, where βN is HIV infectivity among those who do not receive

enhanced T&T intervention and p is the risk constant). Here we assumed thatm ranges from 1

to 50, and p is a risk constant denoting condom use; p> 1 means reduced condom use and p
< 1 means increased condom use. Therefore, HIV infectivity for enhanced T&T interventions

(βR) could be greater or smaller than that for non-T&T (βN). ART effectiveness is defined as

HIV infectiousness among HIV-infected MSM who receive ART compared with those who do

not receive ART. The estimates for other parameters are showed in Table 1.

Scenarios for prediction. We predicted how many new HIV infections could be avoided

for the next 10 years from 2014 to 2023 under four different scenarios shown in Table 2. Sce-
nario 1 (S1): With enhanced T&T interventions, the number of male sexual partners decreases

(reduced by a random value m from 1–50) while condom use increases (or risk constant p is

randomly selected between 0.2 and 1]); S2: The number of sexual partners decreases (m in [1,

50]) while condom use also decreases (p in [1, 1.8]), e.g., men may be less likely to use con-

doms with their few stable sexual partners; S3: With limited T&T interventions, the number of

sexual partners is reduced (m in [1, 10]) while condom use may increase or decrease (p in [0.2,

1.8]); S4: T&T interventions only has an impact on MSM with�100 male sexual partners,

including reducing sexual partners (m in [1, 50]) and increasing condom use (p in [0.2, 1]).

Table 1. Parameters and value ranges in the model.

Parameters Minimum value Peak value Maximum value References or assumption

General parameters

A: number of new recruits into Beijing MSM each year † 311527*2% 311527*6.4% [39, 48–50]

μ: removal rate of Beijing MSM each year (/year) ‡ 0.029 0.033 0.04 [46]

ρ: disease progression rate without ART, (/year) 1/18 1/12 1/6 [13, 46]

δ: disease progression rate on ART, (/year) 1/36 1/24 1/18 [46]

ε: ART effectiveness ‡ 0.01 0.50 [46]

βN: HIV infectivity without enhanced TNT interventions ‡ 0.05 0.15 [46]

τ: ART coverage rate ‡ 0.475 0.90 Beijing CDC

σ: ART quit rate ‡ 0.01 0.05 0.25 [46]

Enhanced TNT intervention parameters

r1: increased coverage of enhanced TNT interventions ‡ 0 0.25 Assumed

r2: increased coverage of interventions among HIV+ ‡ 0 0.5 Assumed

r3: increased ART coverage rate ‡ 0 0.5 Assumed

m: partner reduction (/year) # 0 50 Assumed

p: risk constant ‡ 0.2 1.0 1.8 Assumed

βR: HIV infectivity with enhanced TNT interventions ‡ = p * ßN

† These is the estimated number of MSM

‡ These are proportions, and do not have units

# This is the number of sexual partners.

https://doi.org/10.1371/journal.pone.0171295.t001

Table 2. Scenarios for prediction.

Scenario 1 Scenario 2 Scenario 3 Scenario 4

(only applicable to participants with sexual partners >100)

m 2 [1, 50] m 2 [1, 50] m 2 [1, 10] m 2 [1, 50]

p 2 [0.2, 1] p 2 [1, 1.8] p 2 [0.2, 1.8] p 2 [0.2, 1]

https://doi.org/10.1371/journal.pone.0171295.t002
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Time-dependent and extensive sensitivity analyses. To identify the key factors that

determine the impact of enhanced T&T interventions, we performed time-dependent sensitiv-

ity analyses [54, 62]. We used the 10 years of predicted data from the uncertainty analyses to

calculate time-dependent sensitivity coefficients; a partial rank correlation coefficient (PRCC)

was calculated annually for each parameter. Table 3 shows the key factors for determining the

impacts of enhanced T&T intervention on preventing HIV new infections in years 1, 5, and

10, under varying scenarios.

To assess how robust our results were, given uncertain parameter estimations, we also ran

extensive sensitivity analyses to assess the influence of each parameter on thresholds of this

model. A total of 1,000 parameter sets of all 13 parameters were randomly sampled from their

corresponding uncertainty ranges (Table 1). We treated the 13 parameters as random variables

with a corresponding probability density function; samples were then taken from these proba-

bility density functions, thus deriving the frequency distributions for the basic reproductive

number (R0). R0 is the number of secondary cases produced by a typical HIV-infected man

during his entire period of infectiousness in a demographically steady susceptible MSM popu-

lation. Calculating R0 is critical to determine whether HIV will increase, stabilize, or decline

among the MSM population in Beijing. For this model, we calculated the basic reproduction

number R0 by the method of van den Driessche and Watmough [63].

Results

Predictions and uncertainty estimations

Assuming that the baseline levels of HIV care prevalent in 2013 are sustained, HIV prevalence

among Beijing MSM will increase rapidly until it reaches a plateau level of 23.2% (median

value) by 2023. Under scenarios 1–4 of enhanced T&T interventions, the cumulative HIV new

infections prevented over the next 10 years will be 46.8%, 29.7%, 23.2% and 11.6%, respectively

(Fig 3).

The 1000 sets of simulations for Scenario 1 showed that the interquartile ranges (IQR: 25%-

75%) of HIV infections prevented by the tenth year are from 32.4%-60.1%, and the finite outli-

ers are 1.3% and 81.2% (Fig 3A). The simulations for other scenarios showed:

• Scenario 2: IQR: 18.0%-41.4%; outliers: 0 to +68.1% (Fig 3B);

• Scenario 3: IQR: 12.2%-37.0%; outliers: -15.1% to +76.7% (Fig 3C);

• Scenario 4: IQR: 4.0%-26.6%; outliers: -0.8% to +70.9% (Fig 3D).

Table 3. Time-dependent sensitivity coefficients (PRCCs) for key parameters: impacts on preventing HIV new infections.

Key parameters Scenario 1 (S1) Scenario 2 (S2)

Year 1 Year 5 Year 10 Year 1 Year 5 Year10

Increased coverage rate (r1),% 0.929 0.954 0.894 0.714 0.847 0.668

Partner reduction (m) 0.674 0.650 0.614 0.798 0.671 0.643

Increased ART coverage rate (r3),% 0.832 0.513 0.443 0.756 0.433 0.454

Risk constant (p) -0.560 -0.571 -0.619 -0.304 -0.355 -0.463

ART quit rate (δ) -0.107 -0.291 -0.493 -0.116 -0.252 -0.527

Transmission rate (βN) -0.023 -0.453 -0.595 -0.134 -0.406 -0.635

Note: MSM: men who have sex with men; ART: antiretroviral therapy.

https://doi.org/10.1371/journal.pone.0171295.t003
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Time-dependent analyses

Table 3 shows the relative importance of six parameters in the model in predicting HIV new

infections averted. The top four factors that determine the impacts of enhanced T&T interven-

tions are the coverage rate of interventions among HIV-uninfected MSM (r1), ART coverage

Fig 3. Projections of cumulative HIV new infections prevented and time-dependent uncertainty analyses of enhanced T&T interventions. Each

box-plot represents the results of 1000 simulations for every 6 months. These plots show median values (horizontal red lines), upper and lower quartiles

(blue boxes), and outlier cutoffs (dashed lines).

https://doi.org/10.1371/journal.pone.0171295.g003
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rate (r3), partner reduction (m), and a risk constant (p), where r1 is the most important factor

during the entire prediction period under Scenario 1, and after year 1 under Scenario 2.

Increasing the coverage rate of enhanced T&T interventions among susceptible MSM will

prevent a substantial number of HIV new infections under Scenario 1 (Fig 4A) and even

under Scenario 2 (Fig 4B). The number of averted infections will increase over time (Fig 4A).

Only in very few simulations under Scenario 2, the impact may be negative due to risk com-

pensation, i.e., a decrease in condom use (dots under 0; Fig 4B).

The impact of partner reduction (m) under Scenario 2 is influenced by condom use (or risk

constant p). The benefit of reducing sexual partners by< 10 is easily offset by reduced condom

use (Fig 4C). Scatter plots of partial rank correlations, strong or weak, of parameters r1 and m
in Fig 4B and 4C, also reflect the order of importance (Table 3). Under Scenario 3, risk propor-

tion (p) and T&T coverage rate among susceptible MSM (r1) are the top two factors that influ-

ence the impact of the interventions. The partial rank correlation coefficients for parameter p
in 1, 5, and 10 years are −0.853, −0.805 and −0.832, respectively. The benefit of reducing sexual

partners under Scenario 3 is largely offset by either increased risk behavior or decreased con-

dom use (Fig 4D).

Extensive sensitivity analyses

Under the uncertainty ranges of eight universal parameters and no enhanced T&T interven-

tions (five T&T parameters set as zero; Table 1), the distribution of the basic reproduction

number R0 has a mean of 1.67 (standard deviation [SD]: 0.68; 95% confidence interval [CI],
0.35–2.99; interquartile range [IQR]: 1.16–2.09). When five T&T parameters were set as>0,

the distribution of R0 has a mean of 0.96 (SD: 0.53; 95% CI, 0.02, 2.00; IQR: 0.60–1.22; Table 1).

Fig 5A shows R0 distribution under a variety of coverage rates of enhanced T&T interventions,

where the x-axis shows the value of R0 and the y-axis shows the value of R0 probability density.

Fig 5B shows R0 distribution in response to a range of partner reduction (m) and risk constant

(p) while other parameters were set as their peak or mean values. It shows that R0 has a good

chance to fall to< 1, even if MSM increase their other risk behaviors, but only if there were to

be a substantial reduction of male sexual partners.

Discussion

MSM continue to be disproportionately affected by HIV since the first cases emerged in the

1970s [64]. The driving force of transmission is a combination of unprotected anal sex (espe-

cially receptive) and multiple at-risk male sexual partners. Same-sex marriage is not recognized

in China and many MSM have a large number of lifetime sexual partners, either sequentially

or concurrently [65,66]. Our model sends a cautionary note to the global HIV prevention com-

munity since it suggests that universal T&T will not reduce MSM HIV prevalence if MSM do

not also reduce risky behaviors, unless programs and communities can achieve improbably

high T&T penetrance and intervention fidelity. If coverage with T&T rises, it could promote

community attitudes that are positive as to awareness of HIV status, fostering earlier initiation

of ART. Then if MSM are retained in care and adherent to ART, their viral loads are reduced

and their infectivity to others is diminished, the “treatment as prevention” paradigm. Persons

aspiring to World Health Organization “90-90-90” coverage goals of testing, linkage, and viral-

suppressive therapy, respectively, often emphasize the biomedical aspect of T&T, e.g. ART and

reduction of viral load, but do not acknowledge the mathematical ease with which the public

health benefits of therapy can be overcome with high risk behaviors and suboptimal ART

adherence. Our model reinforces the urgency with which HIV-infected MSM must be linked

to programs including both ART and risk reduction behavioral interventions. Our model is

Partner number reductions and ART for HIV prevention: A model

PLOS ONE | https://doi.org/10.1371/journal.pone.0171295 April 13, 2017 10 / 18

https://doi.org/10.1371/journal.pone.0171295


Fig 4. Uncertainty analyses of unadjusted data from Scenarios 1–3: each dot represents one simulation. (A) Scatterplot showing the impacts of

enhanced T&T coverage rate among susceptible MSM (r1) on averted HIV new infections in 1 (blue dots), 5 (red dots), and 10 years (black dots) under

Scenario 1. (B) Scatterplot showing the impacts of T&T coverage rate among susceptible MSM (r1) on averted HIV new infections in 5 years under Scenario

1 (blue dots) and Scenario 2 (red dots). (C) Scatterplot showing the impacts of partner reduction (m) on averted HIV new infection in 1 year under Scenario 2.

(D) Scatterplot showing the impacts of risk constant (p) on averted HIV new infections in 1(blue dots), 5 (red dots), and 10 years (black dots) under Scenario

3.

https://doi.org/10.1371/journal.pone.0171295.g004
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quite convincing that reducing male sexual partner numbers is a crucial element of combina-

tion HIV interventions for preventing new infections among Beijing MSM, and HIV transmis-

sion trends are likely to decline only as long as there is a substantial reduction of male sexual

partners, even when MSM do not increase condom use with their fewer sexual partners. Part-

ner reduction could offset the impact of decreased condom use and prevent a substantial num-

ber of new infections. In turn, increased condom use can contribute substantially towards

reduced HIV incidence, though not to the degree of partner reduction.

Since the literature has suggested that ART may have varying impacts on the HIV epidemic

[13,54,67,68], we assessed its impact under a range of assumptions in detailed sensitivity analy-

ses of T&T and ART parameters (Fig 4C). For other sensitive analyses, we supposed the impact

of ART to be the average of all these possible values.

A few studies have modeled the impact of T&T interventions on the HIV epidemics among

Chinese MSM, and the predicted results have varied [23,69,70]. One model concluded that

early initiation of ART among MSM across the country may or may not reduce the number of

new HIV infections in the settings where the availability of effective drugs is limited [69]. Two

models focusing on MSM in Beijing suggested the benefits of T&T [23,70], but one was condi-

tional on significant increases in condom use [23]. These existing models did not include the

number of sexual partners as a risk parameter. Sexual networks must be considered in models

predicting new HIV infections averted under difference scenarios of sexual behavioral change;

the cumulative distribution of the number of sexual partners complied with the scale-free

power laws that we derived using data from our large community-based survey among Beijing

MSM [71,72]. While mathematical modeling can be used to guide public health decision

Fig 5. Uncertain analysis (A) and sensitive analysis (B) of reproduction number R0. (A) Distribution of R0 values obtained from Latin Hypercube

Sampling for 13 input parameters as shown in Table 1, with 1000 simulations; (B) Distribution of R0 values due to partner reduction (m) and change of risk

constant (p).

https://doi.org/10.1371/journal.pone.0171295.g005
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making [73], it is only a projection under varying assumptions, not a true mirror of reality.

Our model reflects current biomedical understanding and seeks to balance parsimony of the

model parameters and reality. We tried to capture the possible processes of the dynamics of

HIV transmission under enhanced T&T interventions among MSM, using recently refined

parameters that are specific for Beijing. If pre-exposure prophylaxis with antiretroviral drugs

were to become available to Chinese MSM, and if uptake and adherence were substantial, then

our real world model will need expansion with data-derived parameter estimations to assess

this new tool.

Our model may also be helpful for forecasting and evaluating HIV intervention programs

in other MSM communities; it is likely that other venues, too, will note HIV incidence to be

highly sensitive to partner reduction as the principal determinant. While varying penetration

of ART and condom use influenced the models, the dominant variable was the number of sex-

ual partners. These findings have implications for a variety of HIV prevention activities target-

ing MSM population, including community engagement, health education, peer counseling,

behavioral interventions, and, sometimes, engagement of women [74]. Internet use is increas-

ingly common and smart phones are universally available among urban Chinese MSM. Inter-

net hook-up sites facilitate finding new male sexual partners, as with men’s use of Chinese

social media (e.g., QQ, WeChat, and Grinder) [75]. At the same time, social media can be used

to deliver HIV prevention interventions [76–79] anchored on promoting safer sex through sta-

ble sexual partnerships and condom use. This combination prevention research agenda

towards social marketing, incentive-based behavior change, and community engagement to

both reduce high risk behavior and to engage antiretroviral therapy or prophylaxis is every bit

as urgent as the more unitary biomedical/pharmacological approaches [15,23,57,80–84].

Acknowledgments

This study was sponsored by grants from the Natural Science Foundation of China (Grant

#11271246, PI: Jie Lou; #11331009; PI: Zhen Jin), U. S. National Institute Of Allergy and

Infectious Diseases of the National Institutes of Health (R01AI094562, PIs: Sten H. Ver-

mund & Han-Zhu Qian), the International Development Research Center of Canada

(#104519–010, PI: Yiming Shao), Chinese State Key Laboratory for Infectious Disease

Develop Grant (#2012SKLID103, PI: Yiming Shao), and the Ministry of Science and Tech-

nology of China (#2012ZX10001-002, PI: Hui Xing). We thank Dr. Edward C. Mignot at

Shandong University for his editorial assistance.

Author Contributions

Conceptualization: JL PH HZQ YR ZJ HX YS SHV.

Data curation: JL PH HZQ YR ZJ HX.

Formal analysis: JL PH HZQ YR ZJ HX.

Funding acquisition: YS SHV.

Investigation: JL PH HZQ YR ZJ HX YS SHV.

Methodology: JL PH HZQ.

Project administration: HZQ YR YS SHV.

Resources: JL YS SHV.

Software: JL PH ZJ HX.

Partner number reductions and ART for HIV prevention: A model

PLOS ONE | https://doi.org/10.1371/journal.pone.0171295 April 13, 2017 13 / 18

https://doi.org/10.1371/journal.pone.0171295


Supervision: JL HZQ YR SHV.

Validation: JL PH HZQ.

Visualization: JL PH HZQ SHV.

Writing – original draft: JL PH HZQ SHV.

Writing – review & editing: JL PH HZQ YR ZJ HX YS SHV.

References

1. Wu Z, Sullivan SG, Wang Y, Rotheram-Borus MJ, Detels R (2007) Evolution of China’s response to

HIV/AIDS. Lancet 369:679–90. https://doi.org/10.1016/S0140-6736(07)60315-8 PMID: 17321313

2. Qian HZ, Vermund SH, Kaslow RA, Coffey CS, Chamot E, Yang Z, et al. (2006) Co-infection with HIV

and hepatitis C virus in former plasma/blood donors: challenge for patient care in rural China. AIDS

20:1429–35. https://doi.org/10.1097/01.aids.0000233577.33973.fa PMID: 16791018

3. Yin W, Hao Y, Sun X, Gong X, Li F, Li J, et al. (2010) Scaling up the national methadone maintenance

treatment program in China, achievements and challenges. Int J Epidemiol 39 Suppl 2:ii29–37.

4. Lu L, Jia M, Ma Y, Yang L, Chen Z, Ho DD, et al. (2008) The changing face of HIV in China. Nature

455:609–11. https://doi.org/10.1038/455609a PMID: 18833270

5. Zhang F, Dou Z, Ma Y, Zhang Y, Zhao Y, Zhao D, et al. (2011) Effect of earlier initiation of antiretroviral

treatment and increased treatment coverage on HIV-related mortality in China: a national observational

cohort study. Lancet Infect Dis 11:516–24. https://doi.org/10.1016/S1473-3099(11)70097-4 PMID:

21600849

6. Ye S, Xiao Y, Jin C, Cassell H, Blevins M, Sun J, et al. (2012) Effectiveness of integrated HIV prevention

interventions among Chinese men who have sex with men: evaluation of a 16-city public health pro-

gram. PLOS ONE 7:e50873. https://doi.org/10.1371/journal.pone.0050873 PMID: 23300528

7. Li HM, Peng RR, Li J, Yin YP, Wang B, Cohen MS, et al. (2011) HIV incidence among men who have

sex with men in China: a meta-analysis of published studies. PLOS ONE 6:e23431. https://doi.org/10.

1371/journal.pone.0023431 PMID: 21887251

8. Chinese Center for Disease Control and Prevention: Analysis of HIV/STD epidemic in 2005. Beijing,

China.

9. Chinese Center for Disease Control and Prevention: Analysis of HIV/STD epidemic in 2007. Beijing,

China.

10. Chinese Center for Disease Control and Prevention: Analysis of HIV/STD epidemic in 2009. Beijing,

China.

11. Chinese Center for Disease Control and Prevention: Analysis of HIV/STD epidemic in 2011. Beijing,

China.

12. Chinese Center for Disease Control and Prevention: Analysis of HIV/STD epidemic in 2013. Beijing,

China.

13. Granich RM, Gilks CF, Dye C, De Cock KM, Williams BG (2009) Universal voluntary HIV testing with

immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a mathematical

model. Lancet 373:48–57. https://doi.org/10.1016/S0140-6736(08)61697-9 PMID: 19038438

14. Cohen MS, Chen YQ, McCauley M, Gamble T, Hosseinipour MC, Kumarasamy N, et al. (2011) Preven-

tion of HIV-1 infection with early antiretroviral therapy. N Engl J Med 365:493–505. https://doi.org/10.

1056/NEJMoa1105243 PMID: 21767103

15. Velasco-Hernandez JX, Gershengorn HB, Blower SM (2002) Could widespread use of combination

antiretroviral therapy eradicate HIV epidemics? Lancet Infect Dis 2:487–93. PMID: 12150848

16. Ahlgren DJ, Gorny MK, Stein AC (1990) Model-based optimization of infectivity parameters: a study of

the early epidemic in San Francisco. J Acquir Immune Defic Syndr 3:631–43. PMID: 2338619

17. Jacquez JA, Koopman JS, Simon CP, Longini IM (1994) Role of the primary infection in epidemics of

HIV infection in gay cohorts. J Acquir Immune Defic Syndr 7:1169–84. PMID: 7932084

18. Tan WY, Xiang Z (1999) The state-space model of the HIV epidemic with variable infection in the homo-

sexual populations. J Stat Plan Inference 78:71–87.

19. Phillips AN, Cambiano V, Nakagawa F, Brown AE, Lampe F, Rodger A, et al. (2013) Increased HIV inci-

dence in men who have sex with men despite high levels of ART-induced viral suppression: analysis of

an extensively documented epidemic. PLOS ONE 8:e55312. https://doi.org/10.1371/journal.pone.

0055312 PMID: 23457467

Partner number reductions and ART for HIV prevention: A model

PLOS ONE | https://doi.org/10.1371/journal.pone.0171295 April 13, 2017 14 / 18

https://doi.org/10.1016/S0140-6736(07)60315-8
http://www.ncbi.nlm.nih.gov/pubmed/17321313
https://doi.org/10.1097/01.aids.0000233577.33973.fa
http://www.ncbi.nlm.nih.gov/pubmed/16791018
https://doi.org/10.1038/455609a
http://www.ncbi.nlm.nih.gov/pubmed/18833270
https://doi.org/10.1016/S1473-3099(11)70097-4
http://www.ncbi.nlm.nih.gov/pubmed/21600849
https://doi.org/10.1371/journal.pone.0050873
http://www.ncbi.nlm.nih.gov/pubmed/23300528
https://doi.org/10.1371/journal.pone.0023431
https://doi.org/10.1371/journal.pone.0023431
http://www.ncbi.nlm.nih.gov/pubmed/21887251
https://doi.org/10.1016/S0140-6736(08)61697-9
http://www.ncbi.nlm.nih.gov/pubmed/19038438
https://doi.org/10.1056/NEJMoa1105243
https://doi.org/10.1056/NEJMoa1105243
http://www.ncbi.nlm.nih.gov/pubmed/21767103
http://www.ncbi.nlm.nih.gov/pubmed/12150848
http://www.ncbi.nlm.nih.gov/pubmed/2338619
http://www.ncbi.nlm.nih.gov/pubmed/7932084
https://doi.org/10.1371/journal.pone.0055312
https://doi.org/10.1371/journal.pone.0055312
http://www.ncbi.nlm.nih.gov/pubmed/23457467
https://doi.org/10.1371/journal.pone.0171295


20. Wirtz AL, Walker DG, Bollinger L, Sifakis F, Baral S, Johns B, et al. (2013) Modelling the impact of HIV

prevention and treatment for men who have sex with men on HIV epidemic trajectories in low- and mid-

dle-income countries. Int J STD AIDS 24:18–30. https://doi.org/10.1177/0956462412472291 PMID:

23512511

21. Van Sighem A, Vidondo B, Glass TR, Bucher HC, Vernazza P, Gebhardt M, et al. (2012) Resurgence

of HIV infection among men who have sex with men in Switzerland: mathematical modelling study.

PLOS ONE 7:e44819. https://doi.org/10.1371/journal.pone.0044819 PMID: 23024766

22. Wilson DP, Hoare A, Regan DG, Law MG (2009) Importance of promoting HIV testing for preventing

secondary transmissions: modelling the Australian HIV epidemic among men who have sex with men.

Sex Health 6:19–33. PMID: 19254488

23. Lou J, Blevins M, Ruan Y, Vermund SH, Tang S, Webb GF, et al. (2014) Modeling the impact on HIV

incidence of combination prevention strategies among men who have sex with men in Beijing, China.

PLOS.E 9:e90985.

24. Rosenberg ES, Sullivan PS, Dinenno EA, Salazar LF, Sanchez TH. (2011) Number of casual male sex-

ual partners and associated factors among men who have sex with men:results,; from the National HIV

Behavioral Surveillance system. BMC Public Health 11:189. https://doi.org/10.1186/1471-2458-11-189

PMID: 21439069

25. Finlayson TJ, Le B, Smith A, Bowles K, Cribbin M, Miles I, et al. (2011) HIV risk, prevention, and testing

behaviors among men who have sex with men—National HIV Behavioral Surveillance System, 21 U.S.

cities, United States, 2008. MMWR Surveill Summ 60(14):1–34. PMID: 22031280

26. DiClemente RJ, Funkhouser E, Wingood G, Fawal H, Holmberg DS, Vermund SH (2002) Protease

inhibitor combination therapy and decreased condom use among gay men. South Med J 95:421–5.

PMID: 11958240

27. Wasserman S, Faust K (1994) Social Network Analysis: Methods and Applications. Cambridge Univer-

sity Press, Cambridge.

28. Liljeros F, Edling C, Amaral L (2003) Sexual networks: implications for the transmission of sexually

transmitted infections. Microbes Infect 5:189–96. PMID: 12650777

29. Pastor-Satorras R, Vespignani A (2001) Epidemic dynamics and endemic states in complex networks.

Phys Rev E Stat Nonlin Soft Matter Phys 63(6 Pt 2):066117. https://doi.org/10.1103/PhysRevE.63.

066117 PMID: 11415183

30. May RM, Lloyd AL (2001) Infection dynamics on scale-free networks. Phys Rev E Stat Nonlin Soft Mat-

ter Phys 64(6 Pt 2):066112. https://doi.org/10.1103/PhysRevE.64.066112 PMID: 11736241

31. Hufnagel L, Brockmann D, Geisel T (2004) Forecast and control of epidemics in a globalized world.

Proc Natl Acad Sci USA 101:15124. https://doi.org/10.1073/pnas.0308344101 PMID: 15477600

32. Liljeros F, Edling C, Amaral L, Stanley H, Aberg Y (2001) The web of human sexual contacts. Nature

411:907–8. https://doi.org/10.1038/35082140 PMID: 11418846

33. Laumann EO, Gagnon JH, Michael RT, Michaels S (1994) The Social Organization of Sexuality. Uni-

versity of Chicago Press, Chicago.

34. Schneeberger A, Mercer CH, Gregson SA, Ferguson NM, Nyamukapa CA, Anderson RM, et al. (2004)

Scale-free networks and sexually transmitted diseases. Sex Transm Dis 31: 380–7. PMID: 15167650

35. Garnett GP, Anderson RM (1996) Sexually transmitted diseases and sexual behaviour: Insights from

mathematical models. J Infect Dis 174(suppl):S150–61.

36. Stattner E, Collard M, Vidot N (2014) Network-Based Modeling in Epidemiology. Int J Information Sys-

tem Modeling Design 3:46–65.

37. Ghani AC, Swinton J, Garnett GP (1997) The role of sexual partnership networks in the epidemiology of

gonorrhea. Sex Transm Dis 24:45–56. PMID: 9018783

38. Newman M (2003) The Structure and Function of Complex Networks. SIAM Rev 45:167–256.

39. Morris M, Kretzschmar M (1997) Concurrent partnerships and the spread of HIV. AIDS 11:641–8.

PMID: 9108946

40. Mendelsohn JB, Calzavara L, Light L, Burchell AN, Ren J, Kang L (2015) Design and implementation of

a sexual health intervention for migrant construction workers situated in Shanghai, China. Emerg

Themes Epidemiol 12:16. https://doi.org/10.1186/s12982-015-0033-8 PMID: 26566391

41. Wang KW, Wu JQ, Zhao HX, Li YY, Zhao R, Zhou Y, et al. (2013) Unmarried male migrants and sexual

risk behavior: a cross-sectional study in Shanghai, China. BMC Public Health 13:1152. https://doi.org/

10.1186/1471-2458-13-1152 PMID: 24321180

42. Li L, Morrow M, Kermode M (2007) Vulnerable but feeling safe: HIV risk among male rural-to-urban

migrant workers in Chengdu, China. AIDS Care 19:1288–95. https://doi.org/10.1080/

09540120701402855 PMID: 18071973

Partner number reductions and ART for HIV prevention: A model

PLOS ONE | https://doi.org/10.1371/journal.pone.0171295 April 13, 2017 15 / 18

https://doi.org/10.1177/0956462412472291
http://www.ncbi.nlm.nih.gov/pubmed/23512511
https://doi.org/10.1371/journal.pone.0044819
http://www.ncbi.nlm.nih.gov/pubmed/23024766
http://www.ncbi.nlm.nih.gov/pubmed/19254488
https://doi.org/10.1186/1471-2458-11-189
http://www.ncbi.nlm.nih.gov/pubmed/21439069
http://www.ncbi.nlm.nih.gov/pubmed/22031280
http://www.ncbi.nlm.nih.gov/pubmed/11958240
http://www.ncbi.nlm.nih.gov/pubmed/12650777
https://doi.org/10.1103/PhysRevE.63.066117
https://doi.org/10.1103/PhysRevE.63.066117
http://www.ncbi.nlm.nih.gov/pubmed/11415183
https://doi.org/10.1103/PhysRevE.64.066112
http://www.ncbi.nlm.nih.gov/pubmed/11736241
https://doi.org/10.1073/pnas.0308344101
http://www.ncbi.nlm.nih.gov/pubmed/15477600
https://doi.org/10.1038/35082140
http://www.ncbi.nlm.nih.gov/pubmed/11418846
http://www.ncbi.nlm.nih.gov/pubmed/15167650
http://www.ncbi.nlm.nih.gov/pubmed/9018783
http://www.ncbi.nlm.nih.gov/pubmed/9108946
https://doi.org/10.1186/s12982-015-0033-8
http://www.ncbi.nlm.nih.gov/pubmed/26566391
https://doi.org/10.1186/1471-2458-13-1152
https://doi.org/10.1186/1471-2458-13-1152
http://www.ncbi.nlm.nih.gov/pubmed/24321180
https://doi.org/10.1080/09540120701402855
https://doi.org/10.1080/09540120701402855
http://www.ncbi.nlm.nih.gov/pubmed/18071973
https://doi.org/10.1371/journal.pone.0171295


43. Ruan Y, Luo F, Jia Y, Li X, Li Q, Liang H, et al. (2009) Risk factors for syphilis and prevalence of HIV,

hepatitis B and C among men who have sex with men in. Beijing, China: implications for HIV prevention.

AIDS Behav 13:663–70. https://doi.org/10.1007/s10461-008-9503-0 PMID: 19082879

44. Xu J, Han DL, Liu Z, Ma XY, Wang LL, Xu J, et al. (2010) The prevalence of HIV infection and the risk

factors among MSM in 4 cities, China [in Chinese]. Zhonghua Yu Fang Yi Xue Za Zhi 44:975–80.

PMID: 21215122

45. Fan S, Lu H, Ma X, Sun Y, He X, Li C, et al. (2012) Behavioral and serologic survey of men who have

sex with men in Beijing, China: implication for HIV intervention. AIDS Patient Care STDS 26:148–55.

https://doi.org/10.1089/apc.2011.0277 PMID: 22248333

46. Chow EP, Wilson DP, Zhang L (2012) Patterns of condom use among men who have sex with men in

China: a systematic review and meta-analysis. AIDS Behav 16:653–63. https://doi.org/10.1007/

s10461-011-9935-9 PMID: 21461948

47. Cai R, Zhao J, Cai W, Chen L, Richardus JH, de Vlas SJ (2014) HIV risk and prevention behaviors in

men who have sex with men and women: a respondent-driven sampling study in Shenzhen, China.

AIDS Behav 18:1560–8. https://doi.org/10.1007/s10461-014-0735-x PMID: 24578012

48. Shao B, Li WJ, Liu T, Li QH, Li H, Chang ML, et al. (2013) Subtype B was the dominant strain among

HIV type 1 infections except for the population of men who have sex with men in Harbin City, China.

AIDS Res Hum Retroviruses 29:1260–4. https://doi.org/10.1089/AID.2013.0135 PMID: 23734595

49. Xu JJ, Zhang C, Hu QH, Chu ZX, Zhang J, Li YZ, et al. (2014) Recreational drug use and risks of HIV

and sexually transmitted infections among Chinese men who have sex with men: Mediation through

multiple sexual partnerships. BMC Infect Dis 14:642. https://doi.org/10.1186/s12879-014-0642-9

PMID: 25443542

50. Yin L, Wang N, Vermund SH, Shepherd BE, Ruan Y, Shao Y, et al. (2014) Sexual risk reduction for

HIV-infected persons: A meta-analytic review of "Positive Prevention" randomized clinical trials. PLOS

ONE 9:e107652. https://doi.org/10.1371/journal.pone.0107652 PMID: 25243404

51. Ye S, Yin L, Amico R, Simoni J, Vermund S, Ruan Y, et al. (2014) Efficacy of peer-led interventions to

reduce unprotected anal intercourse among men who have sex with men: A meta-analysis. PLOS ONE

9:e90788. https://doi.org/10.1371/journal.pone.0090788 PMID: 24614809

52. Johnson NL, Kotz S (1970) Distributions in Statistics: Continuous Univariate Distributions, Vol 2. New

York, NY: John Wiley and Sons, Inc.

53. Swartzman GL, Kaluzny SP (1987) Ecological simulation primer. New York, NY: Macmillan Publishing

Company.

54. Blower SM, Gershengorn HB, Grant RM (2000) A tale of two futures: HIV and antiretroviral therapy in

San Francisco. Science 287: 650–4. PMID: 10649998

55. 2013年北京市常住人口统计情况 [2013 Beijing resident population statistics], http://www.askci.com/

news/201402/17/171624523817.shtml (accessed March 6, 2016).

56. Lima VD, Johnston K, Hogg RS, Levy AR, Harrigan PR, Anema A, et al. (2008) Expanded access to

highly active antiretroviral therapy: a potentially powerful strategy to curb the growth of the HIV epi-

demic. J Infect Dis 198:59–67. https://doi.org/10.1086/588673 PMID: 18498241

57. Law MG, Prestage G, Grulich A, Van de Ven P, Kippax S (2001) Modelling the effect of combination

antiretroviral treatments on HIV incidence. AIDS 15:1287–94. PMID: 11426074

58. Boily MC, Bastos FI, Desai K, Masse B (2004) Changes in the transmission dynamics of the HIV epi-

demic after the wide-scale use of antiretroviral therapy could explain increases in sexually transmitted

infections: results from mathematical models. Sex Transm Dis 31:100–13. https://doi.org/10.1097/01.

OLQ.0000112721.21285.A2 PMID: 14743073

59. Raboud JM, Boily MC, Rajeswaran J, O’Shaughnessy MV, Schechter MT (2003) The impact of needle-

exchange programs on the spread of HIV among injection drug users: a simulation study. J Urban

Health 80:302–20. https://doi.org/10.1093/jurban/jtg033 PMID: 12791806

60. Vardavas R, Blower S (2007) The emergence of HIV transmitted resistance in Botswana: When will the

WHO detection threshold be exceeded? PLOS ONE 2:e152. https://doi.org/10.1371/journal.pone.

0000152 PMID: 17225857

61. Johnson LF, Dorrington RE (2006) Modelling the demographic impact of HIV/AIDS in South Africa and

the likely impact of interventions. Demogr Res 14:541–74.

62. Iman RL, Helton JC, Campbell JE (1981) An approach to sensitivity analysis of computer models, Part

1. Introduction, input variable selection and preliminary variable assessment. J Qual Technol 13:174–

83.

63. van den Driessche P, Watmough J (2002) Reproduction numbers and subthreshold endemic equilib-

rium for compartmental models of disease transmission. Math Biosci 180:29–48. PMID: 12387915

Partner number reductions and ART for HIV prevention: A model

PLOS ONE | https://doi.org/10.1371/journal.pone.0171295 April 13, 2017 16 / 18

https://doi.org/10.1007/s10461-008-9503-0
http://www.ncbi.nlm.nih.gov/pubmed/19082879
http://www.ncbi.nlm.nih.gov/pubmed/21215122
https://doi.org/10.1089/apc.2011.0277
http://www.ncbi.nlm.nih.gov/pubmed/22248333
https://doi.org/10.1007/s10461-011-9935-9
https://doi.org/10.1007/s10461-011-9935-9
http://www.ncbi.nlm.nih.gov/pubmed/21461948
https://doi.org/10.1007/s10461-014-0735-x
http://www.ncbi.nlm.nih.gov/pubmed/24578012
https://doi.org/10.1089/AID.2013.0135
http://www.ncbi.nlm.nih.gov/pubmed/23734595
https://doi.org/10.1186/s12879-014-0642-9
http://www.ncbi.nlm.nih.gov/pubmed/25443542
https://doi.org/10.1371/journal.pone.0107652
http://www.ncbi.nlm.nih.gov/pubmed/25243404
https://doi.org/10.1371/journal.pone.0090788
http://www.ncbi.nlm.nih.gov/pubmed/24614809
http://www.ncbi.nlm.nih.gov/pubmed/10649998
http://www.askci.com/news/201402/17/171624523817.shtml
http://www.askci.com/news/201402/17/171624523817.shtml
https://doi.org/10.1086/588673
http://www.ncbi.nlm.nih.gov/pubmed/18498241
http://www.ncbi.nlm.nih.gov/pubmed/11426074
https://doi.org/10.1097/01.OLQ.0000112721.21285.A2
https://doi.org/10.1097/01.OLQ.0000112721.21285.A2
http://www.ncbi.nlm.nih.gov/pubmed/14743073
https://doi.org/10.1093/jurban/jtg033
http://www.ncbi.nlm.nih.gov/pubmed/12791806
https://doi.org/10.1371/journal.pone.0000152
https://doi.org/10.1371/journal.pone.0000152
http://www.ncbi.nlm.nih.gov/pubmed/17225857
http://www.ncbi.nlm.nih.gov/pubmed/12387915
https://doi.org/10.1371/journal.pone.0171295


64. Beyrer C, Baral SD, van Griensven F, Goodreau SM, Chariyalertsak S, Wirtz AL, et al.(2012) Global

epidemiology of HIV infection in men who have sex with men. Lancet 380:367–77. https://doi.org/10.

1016/S0140-6736(12)60821-6 PMID: 22819660

65. Koblin BA, Husnik MJ, Colfax G, Huang Y, Madison M, Mayer K, et al. (2006) Risk factors for HIV infec-

tion, among men who have sex with men. AIDS 20:731–9. https://doi.org/10.1097/01.aids.

0000216374.61442.55 PMID: 16514304

66. Chow EP, Gao L, Koo FK, Chen L, Fu X, Jing J, et al. (2013) Qualitative exploration of HIV-related sex-

ual behaviours and multiple partnerships among Chinese men who have sex with men living in a rural

area of Yunnan Province, China. Sex Health 10:533–40. https://doi.org/10.1071/SH13097 PMID:

24119339

67. Porco TC, Martin JN, Page-Shafer KA, Cheng A, Charlebois E, Grant RM, et al. (2004) Decline in HIV

infectivity following the introduction of highly active antiretroviral therapy. AIDS 18:81–8. https://doi.org/

10.1097/01.aids.0000096872.36052.24 PMID: 15090833

68. Jia Z, Mao Y, Zhang F, Ruan Y, Ma Y, Li J, et al. (2013) Antiretroviral therapy to prevent HIV transmis-

sion in serodiscordant couples in China (2003–11): a national observational cohort study. Lancet

382:1195–203. https://doi.org/10.1016/S0140-6736(12)61898-4 PMID: 23206835

69. Sun X, Xiao Y, Tang S, Peng Z, Wu J, Wang (2016). Early HAART initiation may not reduce actual

reproduction number and prevalence of MSM infection: Perspectives from coupled within- and

between-host modelling studies of Chinese MSM populations. PLOS ONE 11:e0150513. https://doi.

org/10.1371/journal.pone.0150513 PMID: 26930406

70. Luo S, Han L, Lu H, Dou Z, Tao Q, Khoshnood K, et al. (2015) Evaluating the impact of Test-and-Treat

on the HIV epidemic among MSM in China using a mathematical model. PLOS ONE 10(6):e0126893

https://doi.org/10.1371/journal.pone.0126893 PMID: 26039075

71. Wang S, Song D, Huang W, He H, Wang M, Manning D, et al. (2015) Heterosexual partnerships and

the need for HIV prevention and testing for men who have sex with men and women in China: A qualita-

tive study. AIDS Educ Prev 27:126–38. https://doi.org/10.1521/aeap.2015.27.2.126 PMID: 25915698

72. Fan W, Yin L, Qian HZ, Li D, Shao Y, Vermund SH, et al. (2014) HIV risk perception among HIV nega-

tive or status-unknown men who have sex with men in China. Biomed Res Int 2014:232451. https://doi.

org/10.1155/2014/232451 PMID: 24795880

73. Blower SM, Small PM, Hopewell P (1996) Control strategies for tuberculosis epdemics: new models for

old problems. Science 273:497. PMID: 8662538

74. Liu Y, Sun X, Qian HZ, Yin L, Yan Z, Wang L, et al.(2015) Qualitative assessment of barriers and facili-

tators of access to HIV testing among men who have sex with men in China. AIDS Patient Care STDS

29:481–9. https://doi.org/10.1089/apc.2015.0083 PMID: 26186029

75. Zhang H, Teng T, Lu H, Zhao Y, Liu H, Yin L, et al. (2016) Poppers use and risky sexual behaviors

among men who have sex with men in Beijing, China. Drug Alcohol Depend 160:42–8. https://doi.org/

10.1016/j.drugalcdep.2015.11.037 PMID: 26796594

76. Allison S, Bauermeister JA, Bull S, Lightfoot M, Mustanski B, Shegog R, et al. (2012) The intersection of

youth, technology, and new media with sexual health: moving the research agenda forward. J Adolesc

Health 51:207–12. https://doi.org/10.1016/j.jadohealth.2012.06.012 PMID: 22921129

77. Nelson KM, Leickly E, Yang JP, Pereira A, Simoni JM (2014) The influence of sexually explicit online

media on sex: do men who have sex with men believe they "do what they see"? AIDS Care 26:931–4.

https://doi.org/10.1080/09540121.2013.871219 PMID: 24382316
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