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Model equations and description. Our model consists of a system of eight differential 

equations for each risk group: 
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The index i  stands for an -sexual risk population where i 1,2,3,4i =  represent low, low to 

intermediate, intermediate to high, and high risk groups respectively. The population is stratified 

into two classes based on vaccination status: un-vaccinated ( ), and vaccinated (V ) classes. 

Here  and  are the HSV-2 susceptible populations belonging to the group of 

unvaccinated and vaccinated, respectively. The 

S

( )S i ( )V i

( , )SI iα  and ( , )VI iα  are the HSV-2 infected 

unvaccinated and infected vaccinated populations, respectively. The index α  marks the stage of 

HSV-2 pathogenesis; 1, 2,3α =  stand for primary, latent (no shedding), and reactivated 

(shedding) stages, respectively. The  are the population sizes of each -risk group, and 

 are the corresponding initial population sizes. The 

( )N i i

0 (N )i ω  represents the rate at which the 
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vaccine wanes in vaccinated individuals and its inverse, assuming an exponential waning of 

vaccine immunity, is the duration of protection of the vaccine ( 1
T

ω
=  ). We assume a constant 

birth rate in the model and we do not stratify the population explicitly according to age. Theμ  is 

the rate of entering and leaving the sexual activity group and its inverse is the duration of the 

sexual life span ( 1
L

μ
= ). The sexual life span constitute those individuals in the age range 15-49 

[1, 2]. 

Vaccination is administered in the model in two different ways: adolescence vaccination and 

mass vaccination. Adolescence vaccination is administered for a fraction f of the population 

before entering sexual activity. Meanwhile mass vaccination is administered by vaccinating all 

of the susceptible population at some rate η . Here η  denotes the average rate at which the 

susceptible population is being vaccinated. The reciprocal ( 1η− ) provides the average waiting 

time before vaccination. 

 In addition to the parameters f and η , vaccination is parameterized in the model through the 

vaccine efficacies [3, 4]:  which is the classical vaccine efficacy of reducing susceptibility to 

HSV-2 infection,  which is the vaccine efficacy of reducing HSV-2 infectivity during 

shedding for those who were vaccinated prior to their infection, and 

SVE

IVE

PVE  which is the vaccine 

efficacy of reducing disease reactivation (disease progression efficacy).  

For completeness we include in the model the possibility of behavioral dis-inhibition due to 

changes in the perception of risk among those vaccinated. The parameter  [ )0,r∈ ∞
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parameterizes the relative increase in risk behavior experienced by vaccinated individuals after 

vaccination.   

The progression of HSV-2 in the unvaccinated class of the population is described by 1π , the rate 

of progression from primary to latent stage, 2π , the rate of reactivation (the rate of progression 

from latent to reactivated stage), and 3π , the rate of deactivation (the rate of progression from 

reactivated to latent stage). Durations of each of the three stages are represented (in days) by the 

parameters 1 2,  ,  and 3τ τ τ . A single cycle of HSV-2 infection is defined here as the average 

duration of a single period of reactivation (shedding) plus the consecutive period of latency (no 

shedding) before the next reactivation. The reactivation and latency cycle is assumed to have a 

frequency of χ cycles per year and we assume viral shedding only during primary infection and 

reactivations. The shedding frequency takes the value of ξ . Because the critical parameter here 

is the shedding frequency irrespective to the pattern of shedding [5], without loss of generality 

we assume χ =4  [5]. Because the duration of one cycle (in days) is 365 χ  then the duration of 

latency between reactivations is given by: 

 2
1365 ξτ
χ
−

= , (2) 

whereas the duration of reactivation within the cycle is given by:    

 3 365 ξτ
χ

=  (3) 
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The rates of progression απ (per year) of HSV-2 from one stage to the other are derived from the 

durations of each stage ,  α 1,2,3τ α =  using:      

 365
α

α

π
τ

=  (4) 

The vaccine efficacy of reducing shedding frequency ( PVE ) is assumed to reduceξ  to 

(1 )PVE ξ− . Consequently this reduction causes expansion of latency at the expense of 

reactivations within a cycle. The HSV-2 progression rates in the vaccinated class are 2π ′  and 3π ′ , 

and they are given by: 
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The rates  are the HIV forces of infection (hazard rates of infection) experienced by each 

susceptible population : 
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where  

( ) ( )(1 )V i S irρ ρ= +  
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( , ) ( , )(1 )
V SI j I jrα αρ ρ= +   

In these expressions, the vaccinated class of individuals experiences a fractional increase in 

sexual risk behavior  relative to the unvaccinated class. The r ( )V iρ  and  ( )S iρ describe the 

effective new sexual partner acquisition rate for the vaccinated and unvaccinated susceptible 

populations. The ( ,I α )V jρ  and ( , )SI jαρ  are the effective new sexual partner acquisition rates for the 

vaccinated and unvaccinated infected populations. 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 quantity such as concurrency and topology of sexual 

networks [6-8], as well as variability in risk behavior [9].  

The parameters ( , , ) and ( , , )
S VI S I St i j t i jα α→ →

( ), ( )I j S iα →

 stand for HSV-2 transmission probability per 

partnership in a partnership between a susceptible member and an infected member of the 

unvaccinated and vaccinated populations, respectively. These transmission probabilities are 

expressed in terms of HSV-2 transmission probability per coital act per HSV-2 stage in this 

partnership ( ), the number of coital acts per HSV-2 stage in this partnership ( n
s

p α ), and 

the duration ( ) of this partnership. For example using the binomial model, ( ) ( ),SI j S iα →d

)j( , ,
SI St i α→  is given by the expression: 

 ( ) ( )( ) ( ), ( )

, ( ), , 1 1 I j S is

S s

n d

I S I j S it i j p
α α

αα →

→ →= − −  (7) 
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We define the vaccine efficacy in reducing infectivity during shedding ( ) in terms of the 

fractional reduction in the transmission probability per partnership according to 

IVE

 ( , , ) (1 ) ( , , )
V SI S I I St i j VE t i jα α→ →= −  (8) 

The mixing among the four risk groups is dictated by the sexual-mixing matrix ( , )i j  which 

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

[10], and it has an assortative and proportional components. The mixing matrix is given by the 

expressions 

i
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i j e ei j k
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ρ
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= +
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Here, ,i jδ  is the identity matrix and the parameter [ ]0,1e∈

0

 measures the degree of 

assortativeness in the mixing. At the extreme e = , the mixing is fully proportional while at the 

other extreme , the mixing is fully assortative as individuals choose partners only from 

within their risk group.  The risk groups are defined using the data of the Four City study [2]. 

Female sex workers and their male clients constitute the high risk group. Meanwhile, the 

populations with more than one non-spousal, one non-spousal, and no non-spousal partnerships 

in the previous year characterize the intermediate to high, low to intermediate and low risk 

groups, respectively. The

1e =

( )N jρ  represents the total rate of partnerships acquired by individuals 

of risk group j  and is given by  

 ( ) ( ) ( , ) ( , )
1,2,3 1,2,3

( ) ( ) ( ) ( , ) ( , )
S VN S j V j I j S I j Vj S j V j I j Iα α

α α

ρ ρ ρ ρ α ρ α′
′= =

′= + + + j∑ ∑  (10) 
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For the Kisumu, Kenya simulations we used the general population survey of the Four City study 

[2] to fit HSV-2 prevalence levels in the year 1997-1998 for the sexually active population.  

Measures of HSV-2 vaccination impact at the population level. The basic reproduction 

number for a population with no vaccination ( f =0) is given by  

 ( )( )
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where  are the transmission probabilities per partnership from HSV-2 infected and 

unvaccinated individuals to susceptible and unvaccinated individuals. The parameters 

1 2 3,  ,  and t t t

1,  ,  and ,  ,  Lρ τ ξ χ  are the effective partnership acquisition rate of unvaccinated individual, the 

average sexual life span, the average duration of HSV-2 primary infection, average shedding 

frequency of unvaccinated but infected individuals, and the average frequency of latency and 

reactivation cycles, respectively. On the other hand the basic reproduction number in the 

partially vaccinated population ( 0VR ) is given by 
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where , SVE PVE ,  and  are the vaccine efficacies of reducing: susceptibility, shedding 

frequency, and infectivity during shedding, respectively. The parameters 

IVE

f , , and T  are the 

fraction of the population administered adolescence vaccination, their relative increase in risk 

behavior after vaccination, and the average duration of vaccine protection respectively. 

r

Both expressions for 0R and 0VR  were derived using the dominant eigenvalue of the next-

generation matrix [11, 12].  

The vaccine utility [13] (Φ ) is obtained from 0R and 0VR  using McLean and Blower [14] 

definition of vaccine impact ( 0
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 Finally the vaccine infection fitness [13] (Ψ ) is defined by the ratio  

 V

S

I

I

R
R

Ψ = , (14) 
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where 
VI

R is the number of secondary infections that an infected vaccinee would cause in a 

partially vaccinated but infection-free population and 
SIR  is the number of secondary infections 

that an infected unvaccinated individual would cause in the same population. Both of these 

numbers are obtained from the elements of the next-generation matrix [11]. The  is given by: Ψ
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Vaccine utility states and desirable values of summary measures. Following our earlier work 

on HIV vaccination [13], we classified the vaccine utility at the population-level into three 

categories. The vaccine is definitely beneficial (deduced by Φ > 0 [13]) if it reduces endemic 

equilibrium values for disease prevalence, incidence (absolute number of incident infection per 

year), and incidence rate (number of incident infections per susceptible individual per year) 

compared to their values without vaccination. (We did not include disease mortality in the 

criteria due to the chronic nature of the HSV-2 infection.) The vaccine would be partially 

beneficial (Φ =0) if at least one but not all of these values were reduced upon achieving 

equilibrium after vaccination and perverse (Φ <0) if none of these equilibrium values were 

reduced, or increased, after vaccination. Therefore, it is desirable for vaccines to be beneficial 

(Φ > 0 ). Also it is desirable for vaccines to have the basic reproduction number with vaccination 
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below sustainability threshold (i.e. 0 1VR < ). The vaccine, by satisfying this criterion, would 

impact HSV-2 chains of transmission in the general population. Moreover, a vaccinee infection 

fitness that is considerably below one (i.e. Ψ  < 1) is an indicator of a substantial reduction in the 

secondary infections caused by the infected and vaccinated individuals compared to the infected 

and unvaccinated individuals. 

Synergy between vaccine efficacies. We investigated the synergy between different schemes of 

vaccine efficacies using the formula: 

 1 2

1,2 0

I I
synergy

I I

0

=  (16) 

   

where  1 2 1,2,  ,  ,  and I I I I  are the values of incidence rate (number of incident infections per 

susceptible individual per year) for intervention scheme 1 alone, intervention scheme 2 alone, a 

combination of intervention schemes 1 and 2, and no intervention scheme, respectively. If the 

result in expression (16) is less than one then the two intervention schemes are redundant 

otherwise they are synergetic. 

Sensitivity and uncertainty analyses. We performed sensitivity and uncertainty analyses to 

assess the robustness and sensitivity of our predictions to the uncertainty in the vaccine 

efficacies, behavioral parameters, and HSV-2 progression parameters used to parameterize the 

model. We examined the sensitivity of our vaccine mass intervention predictions both at the 

endemic equilibrium (long-term) and in 2020 (short-term) to variations of 1) 0 to 20% in the 

vaccine efficacy of reducing infectivity ; 2) 21 to 39% in the vaccine efficacy of reducing IVE
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susceptibility , 3) 52.5 to 97.5% in the vaccine efficacy of reducing HSV-2 shedding 

frequency 

SVE

PVE , 4) 6 to 36% in HSV-2 shedding frequency; 5) ± 15% in the fraction of the 

population in the highest risk group with a corresponding variation in the rest of the risk groups; 

6) ± 15% in all values of the new sexual partner acquisition rates; 7) ± 15% in the degree of 

assortativeness in the mixing between the risk groups.   

Figures S1-2 and S3-4 show the results of the sensitivity and uncertainty analyses with respect to 

our predictions at 2020 and at the endemic equilibrium, respectively. The analyses of the 

variability of excess prevalence, relative reduction in incidence, and excess incidence rate 

(incidence per 100 persons-years),were done by Monte Carlo sampling from the specified ranges 

of uncertainty in the tested parameters using the uniform distribution for 1000 runs of the model. 

The long-term and short-term predictions are largely invariable to the specified variations in the 

fraction of the population in the highest risk group, the rates of partner change, the level of 

assortativeness in the mixing between the risk groups, and the vaccine efficacy of reducing 

infectivity. Short-term predictions of excess prevalence, relative reduction in incidence, and 

excess incidence rate show large sensitivity to vaccine efficacy of reducing susceptibility and no 

sensitivity to shedding frequency. Long-term predictions are largely insensitive to the vaccine 

efficacy of reducing susceptibility. However, long-term predictions of excess prevalence, the 

relative reduction in incidence, and excess incidence rate are largely sensitive to the respective 

variation in vaccine efficacy of reducing shedding frequency, while only the last two quantities 

are largely sensitive to the respective variations in the HSV-2 shedding frequency. 

These patterns of sensitivity show that the impact of the vaccine is not sensitive to the sexual 

behavior structure in the model and that if one of the efficacies dominates the effects on 
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infectious spread, its impact overshadows the effects of the rest of the efficacies. For example, 

the limited sensitivity to   is a consequence of the fact that the impact of IVE PVE  and  is 

large enough that there is little room for the  to yield an impact at the population level.  

SVE

IVE

 

References 

1 Abu-Raddad, LJ, Patnaik, P and Kublin, JG (2006) Dual infection with HIV and 

malaria fuels the spread of both diseases in sub-Saharan Africa. Science 314: 1603-

1606. 

2 Buve, A, Carael, M, Hayes, RJ, et al. (2001) Multicentre study on factors determining 

differences in rate of spread of HIV in sub-Saharan Africa: methods and prevalence 

of HIV infection. Aids 15 Suppl 4: S5-14. 

3 Halloran, ME, Struchiner, CJ and Longini, IM, Jr. (1997) Study designs for evaluating 

different efficacy and effectiveness aspects of vaccines. Am J Epidemiol 146: 789-803. 

4 Gilbert, PB, DeGruttola, VG, Hudgens, MG, et al. (2003) What constitutes efficacy for 

a human immunodeficiency virus vaccine that ameliorates viremia: issues involving 

surrogate end points in phase 3 trials. J Infect Dis 188: 179-193. 

5 Brunham, RC and Plummer, FA (1990) A general model of sexually transmitted 

disease epidemiology and its implications for control. Med Clin North Am 74: 1339-

1352. 

6 Kretzschmar, M and Morris, M (1996) Measures of concurrency in networks and the 

spread of infectious disease. Mathematical Biosciences 133: 165-195. 

7 Morris, M (1997) Sexual networks and HIV. Aids 11: S209-S216. 

13



8 Watts, CH and May, RM (1992) The influence of concurrent partnerships on the 

dynamics of HIV/AIDS. Math Biosci 108: 89-104. 

9 May, RM and Anderson, RM (1988) The Transmission Dynamics of Human 

Immunodeficiency Virus (Hiv). Philosophical Transactions of the Royal Society of 

London Series B-Biological Sciences 321: 565-607. 

10 Garnett, GP and Anderson, RM (1993) Factors controlling the spread of HIV in 

heterosexual communities in developing countries: patterns of mixing between 

different age and sexual activity classes. Philos Trans R Soc Lond B Biol Sci 342: 137-

159. 

11 Diekmann, O and Heesterbeek, J, A. (2000) Mathematical Epidemiology of Infectious 

Diseases. West Sussex, England: John Wiley &Sons Ltd. 73-98 p. 

12 Heffernan, JM, Smith, RJ and Wahl, LM (2005) Perspectives on the basic reproductive 

ratio. J R Soc Interface 2: 281-293. 

13 Abu-Raddad, LJ, Boily, MC, Self, S, et al. (2007) Analytic insights into the population 

level impact of imperfect prophylactic HIV vaccines. J Acquir Immune Defic Syndr 

45: 454-467. 

14 McLean, AR and Blower, SM (1993) Imperfect vaccines and herd immunity to HIV. 

Proc Biol Sci 253: 9-13. 

 

 

 

 
 
 
 
 
 
 
 
 

14



Supplementary figures captions 
 
Figure S1 Sensitivity and uncertainty analyses with respect to HSV-2 vaccine efficacies in the 

model for the calculation of Kisumu, Kenya. The values of excess prevalence, relative reduction 

in incidence, excess incidence rate at 2020 with respect to variations in (A) vaccine efficacy of 

reducing infectivity during shedding , (B) vaccine efficacy of reducing susceptibility , 

(C) vaccine efficacy of reducing shedding frequency 

IVE SVE

PVE . 

Figure S2 Sensitivity and uncertainty analyses with respect to the behavioral and HSV-2 

progression parameters in the model for the calculation of Kisumu, Kenya. The values of excess 

prevalence, relative reduction in incidence, excess incidence rate at 2020 with respect to 

variations in (A) new sexual partner acquisition rates, (B) fraction of the population in the 

highest risk group, (C) assortativeness in the mixing between the risk groups, and (D) HSV-2 

shedding frequency. 

Figure S3 Sensitivity and uncertainty analyses with respect to HSV-2 vaccine efficacies in the 

model for the calculation of Kisumu, Kenya. The values of excess prevalence, relative reduction 

in incidence, excess incidence rate at endemic equilibrium with respect to variations in (A) 

vaccine efficacy of reducing infectivity during shedding , (B) vaccine efficacy of reducing 

susceptibility , (C) vaccine efficacy of reducing shedding frequency 

IVE

SVE PVE . 

Figure S4 Sensitivity and uncertainty analyses with respect to the behavioral and HSV-2 

progression parameters in the model for the calculation of Kisumu, Kenya. The values of excess 

prevalence, relative reduction in incidence, excess incidence rate at endemic equilibrium with 

respect to variations in (A) new sexual partner acquisition rates, (B) fraction of the population in 
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the highest risk group, (C) assortativeness in the mixing between the risk groups, and (D) HSV-2 

shedding frequency. 
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