
Protocol S1 

HIV and HSV-2 interaction model description 

The model consists of thirty-two coupled nonlinear ordinary differential equations that 

stratify the population into compartments according to HIV infection status and stage, HSV-2 

infection status and stage, and the sexual risk activity class. The system of equations is an 

extension of conventional systems in theoretical epidemiology [1,2], and calculates the size of 

the epidemiologic synergy between HIV and HSV-2. The synergy is defined as the net effect of 

the presence of enhanced risk of HIV acquisition in HSV-2 seropositive subjects, enhanced risk 

of HIV transmission in dually infected persons, and enhanced HSV-2 shedding in dually infected 

persons.  

The dynamics is described by the following system of equations:  

Fully susceptible population 

( ) ( )
0 2

( ) ( ) ( ) ( ) ( )S i S i
HIV HSV

dS i N i S i S i S i
dt

μ μ −= − −Λ −Λ      (1) 

HIV infected but HSV-2 susceptible populations ( )Y iα  

1

1 1

2

1 2 2

3

2 3 3

( )( )1
1 1 2 1

( )2
1 2 2 2 2

( )3
2 3 3 2 3

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

Y iS i
HIV Y Y HSV

Y i
Y Y Y HSV

Y i
Y Y Y HSV

dY i S i Y i Y i g Y i
dt

dY i Y i Y i Y i g Y i
dt

dY i Y i Y i Y i g Y i
dt

μ ω

ω μ ω

ω μ ω

−

−

−

= Λ − − − Λ

= − − − Λ

= − − − Λ

      (2) 

HSV-2 seropositive but HIV susceptible populations ( )I iβ   



 2

1

1 1

2

1 2 2 3

3

2 3 3

( )( )1
2 1 1 1

( )2
1 2 2 2 3

( )3
2 3 3 3

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

I iS i
HSV I I HIV

I i
I I I HIV I

I i
I I I HIV

dI i S i I i I i h I i
dt

dI i I i I i I i h I i I i
dt

dI i I i I i I i h I i
dt

μ π

π μ π π

π μ π

−= Λ − − − Λ

= − − − Λ +

= − − − Λ

    (3) 

HIV and HSV-2 dually infected populations , ( )Z iα β  
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We use the notation that population variables are in capitalized Latin letters, dimensionless 

coefficients or factors are in small Latin letters while dimensionful quantities (such as transition 

rates) are in Greek symbols. The index i  stands for an i -sexual risk population where 1 

represents the low-risk population while 2 represents the high risk group. The index α  marks the 

stage of HIV pathogenesis; 1, 2, and 3 which stand for acute, chronic, and advanced HIV stages 

respectively. The index β  marks the stage of HSV-2 infection; 1, 2, and 3 which stand for 
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primary, latent, and activation stages respectively. Here, ( )N i  is the population size and 0 ( )N i  is 

the initial population size of each i -risk group.  

The progression of HIV is described by 
1Xα

ω
=

, the rate of progression from acute to chronic 

stage (where ( )X iα  is any generic HIV infected population), 
2Xα

ω
=

, the rate from chronic to 

advanced stage, and 
3Xα

ω
=

, the rate of HIV disease mortality. The flow through HSV-2 stages is 

described by 
1Xβ

π
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, the rate of removal from primary infection to latent stage (here ( )X iβ  is any 

generic HSV-2 infected population), 
2Xβ

π
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, the rate from latent stage to activation, and 
3Xβ

π
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, the 

rate from activation back to latent stage. The parameters Ih
β

 govern the susceptibility 

enhancement to HIV acquisition per stage of HSV-2 infection while the parameters Yg
α

 govern 

the susceptibility enhancement to HSV-2 acquisition per stage of HIV infection.  
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And that felt by the HIV susceptible, but HSV-2 infected, population ( )I iβ  is given by 
( ) ( ) ( )

, ,
I i I i I i
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β β βΛ = Λ +Λ  where 
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The HSV-2 force of infection is decomposed into an HSV-2 only infectious population and 

HIV-HSV-2 coinfectious population. Accordingly, the force of infection felt by the susceptible 
population ( )S i  is given by ( ) ( ) ( )
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And that felt by the HSV-2 susceptible, but HIV infected, population ( )Y iα  is given by 
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In these expressions, ( )X iρ  describes the effective new sexual partner acquisition rate for 

each generic ( )X i  population variable. Accordingly, sexual activity is stratified by sexual risk 

classes, and HIV and HSV-2 stages. Note that we use the term effective rate of partner change as 

opposed to rate of partner change since this parameter does not merely reflect the actual rate at 

which individuals change their partners, but also represents other behavioral mechanisms that 

effectively enhance this rate. In particular, the theoretical work on concurrency and topology of 

sexual networks [3,4,5,6], as well as behavioral heterogeneity [7], indicate that to a first 

approximation the dynamical effect of these behavioral mechanisms is to augment the rates of 

partner change by additional terms that effectively represent these mechanisms in the dynamics.  

Therefore, the partner change rates in deterministic models should not be interpreted as strictly 

actual partner change rates, but instead as parameters that effectively maps the hazard rate of 

exposure to HIV infection irrespective of the behavioral or other mechanisms that contributed to 

this hazard of exposure. 

The mixing between the two risk groups is dictated by ( , )i j  which is the sexual-mixing 

matrix that provides the probability that an individual in risk group i  would choose a partner in 

risk group j  [2]. It is given by the expression 
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Here, ,i jδ  is the identity matrix and the parameter [ ]0,1e∈  measures the degree of 

assortativeness in the mixing between the risk groups. At the extreme 0e = , the mixing is fully 

proportionate (no preferential bias) while at the other extreme 1e = , the mixing is fully 

assortative as individuals choose partners only from within their risk group. 
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The parameters ( ) ( )R i Q jt
α →  stand for HIV transmission probability per partnership in a 

partnership between any generic susceptible population ( )Q j  and any generic HIV infected 

population ( )R iα , and are expressed in terms of the HIV transmission probability per coital act 

in this partnership ( ( ) ( )
HIV
R i Q jp
α → ), the frequency of coital acts per HIV stage in this partnership 

( ( ) ( )R i Q jn
α ↔ ), and the duration ( ( ) ( )R i Q jα

τ ↔ ) of this partnership, using the binomial (Bernoulli) 

model [8] 

 ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )1 1 R i Q j R i Q jnHIV
R i Q j R i Q jt p α α

α α

τ↔ ↔

→ →= − −       (10) 

The parameters ( ) ( )R i Q ju
β →  stand for HSV-2 transmission probability per partnership in a 

partnership between any generic susceptible population ( )Q j  and any generic HSV-2 infected 

population ( )R iβ , and are expressed in terms of the HSV-2 transmission probability per coital 

act in this partnership ( 2
( ) ( )

HSV
R i Q jp
β

−
→ ), the frequency of coital acts per HSV-2 stage in this 

partnership ( ( ) ( )R i Q jn
β ↔ ), and the duration ( ( ) ( )R i Q jβ

τ ↔ ) of this partnership, using also the binomial 

model 

 ( ) ( ) ( ) ( ) ( )2
( ) ( ) ( ) ( )1 1

R i Q j R i Q jn
HSV

R i Q j R i Q ju p β β

β β

τ↔ ↔−
→ →= − −       (11) 

Our model formulation allows two different parameterizations of the role of enhanced HIV 

acquisition in HSV-2 seropositive persons. The first is by directly using the relative risk ratio 
( RR ) of HIV acquisition in HSV-2 seropositive subjects to dictate the values of the Ih

β
 

parameters. Alternatively, we can derive the per-exposure cofactor ( AcqPEC ) arising from the 

enhanced susceptibility of HSV-2 seropositive persons (Protocol S2), and use it in the expression 
for ( ) ( )R i Q jt

α →  to multiply ( ) ( )
HIV
R i Q jp
α → . The availability of data determines which approach to be 

used. Since we were able to derive the AcqPEC  using more than one source of data (Protocol S2), 

and since we cannot exclude the possibility of enhanced exposure to dually infected subjects and 

residual sexual-risk-behavior confounding in the available estimates for the RR , we have elected 
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here to use the per-exposure cofactor parameterization. The outcome data of the HPTN039 and 

Partners-in-Prevention trials [9] may allow in the future a precise estimate of the biological 

component in the RR  which would render the parameterization in terms of the RR  more fitting. 

Therefore, we have incorporated the two parameterizations in our model to allow for the 

potential use of each as data becomes available. 

As for the demographics, we assume for simplicity stationary population size in absence of 

disease mortality [1]. The assumption facilitates the disentanglement of epidemiologic effects 

from demographic ones. Susceptibles enter the sexually active population through the rate 

0 ( )N iμ  where the natural rate of removal from the sexually active class is 1 35μ =  

corresponding to a sexually active lifespan of 35 years (the 15-49 years age group [10]). The 

value of the initial host population size depends on the community of interest. For example, in 

Kisumu district we have assumed a population size of 200,000 as the representative average 

adult population from 1980 to present in absence of HIV mortality [11,12,13].  

The synergy is dictated by biological mechanisms that drives the interaction between these 

two pathogens (Protocol S2), and the empirical evidence suggests that these mechanisms are 

largely independent from sex or age (for example HSV-2 shedding frequency [14,15,16], 

enhanced HIV acquisition with HSV-2 seropositivity [17], and relationship between HIV viral 

load and HIV transmission probability [18]). Therefore, inclusion sex and age structure is 

unlikely to affect our estimates and conclusions for the measures of the epidemiologic synergy 

despite the importance of these factors in driving baseline prevalence levels (i.e. no interaction 

prevalences). Moreover, the best data on HIV transmission probability per coital act (the Rakai 

study) indicates that there are no differences between HIV transmission probability per coital 

from male to female and from female to male [19,20]. The sources of the disparity in HIV spread 

among men and women appear to be due primarily to behavioral patterns such as age cohort 

mixing (young women with older men) [21]. Hence to simplify the mathematical formalism we 
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did not include these two sources of heterogeneity and our calculations can be seen as 

approximate assessment of the average impact across the whole population. 

It bears notice that our formalism is based on a deterministic differential equation model 

rather than an individual-based stochastic simulator such as in the STDSIM model [22]. Though 

it does not appear there are differences in the predictions due to differences in the technical 

methodology, our approach is amenable to an analytical examination of the dynamics that is not 

possible in individual-based simulation models. For example, using our approach we were able 

to calculate exactly and directly the PAF s due to each of the mechanisms by which HSV-2 fuels 

HIV. Moreover, we were able to find that the major component of the dynamical role of HSV-2 

in the HIV epidemic is in increasing the HIV basic reproductive number ( 0R ) to be greater than 

1 in part of the low-risk population thereby allowing sustainable HIV transmission in a much 

larger fraction of the population.  
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