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Abstract

Background: Epidemiological data from Zimbabwe suggests that genital infection with Schistosoma haematobium may
increase the risk of HIV infection in young women. Therefore, the treatment of Schistosoma haematobium with praziquantel
could be a potential strategy for reducing HIV infection. Here we assess the potential cost-effectiveness of praziquantel as a
novel intervention strategy against HIV infection.

Methods: We developed a mathematical model of female genital schistosomiasis (FGS) and HIV infections in Zimbabwe that
we fitted to cross-sectional data of FGS and HIV prevalence of 1999. We validated our epidemic projections using antenatal
clinic data on HIV prevalence. We simulated annual praziquantel administration to school-age children. We then used these
model predictions to perform a cost-effectiveness analysis of annual administration of praziquantel as a potential measure
to reduce the burden of HIV in sub-Saharan Africa.

Findings: We showed that for a variation of efficacy between 30–70% of mass praziquantel administration for reducing the
enhanced risk of HIV transmission per sexual act due to FGS, annual administration of praziquantel to school-age children in
Zimbabwe could result in net savings of US$16–101 million compared with no mass treatment of schistosomiasis over a ten-
year period. For a variation in efficacy between 30–70% of mass praziquantel administration for reducing the acquisition of
FGS, annual administration of praziquantel to school-age children could result in net savings of US$36292 million over a
ten-year period.

Conclusions: In addition to reducing schistosomiasis burden, mass praziquantel administration may be a highly cost-
effective way of reducing HIV infections in sub-Saharan Africa. Program costs per case of HIV averted are similar to, and
under some conditions much better than, other interventions that are currently implemented in Africa to reduce HIV
transmission. As a cost-saving strategy, mass praziquantel administration should be prioritized over other less cost-effective
public health interventions.
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Introduction

Sub-Saharan Africa continues to bear a disproportionate share

of the global HIV burden [1]. Parallel to HIV, schistosomiasis is

highly prevalent in sub-Saharan Africa, where approximately two-

thirds of schistosomiasis cases result from urinary and genital tract

infections caused by Schistosoma haematobium [2,3]. Epidemiological

studies have observed that female genital schistosomiasis (FGS) is

associated with increased odds of having HIV [4–7]. Thus, mass

preventive chemotherapy against schistosomiasis may not only

reduce schistosomiasis morbidity and mortality in sub-Saharan

Africa, but could simultaneously offer an innovative approach to

HIV/AIDS prevention [8,9].

There are three lines of evidence that indicate to an association

between FGS and an elevated risk of HIV infection. Firstly, there

is a strong statistical association between FGS and HIV

transmission. Several cross-sectional epidemiological studies have

reported that in sub-Saharan Africa, the region most heavily

affected by the HIV/AIDS pandemic, women with FGS have a

three- to four-fold increased odds of having HIV compared to

women without FGS [5,7]. Secondly, it is physiologically plausible

that FGS elevates susceptibility to HIV infection through its lesions
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and chronic inflammation of genital tract, as well as chronic

immunomodulatory effects [4,10]. Thirdly, the presence of

schistosomal lesions is common in the vulva and the lower vagina

of FGS infected women before puberty [11,12], making it likely

that the schistosomal infection typically precedes HIV infection.

Thus, collectively, the strong statistical association between FGS

and HIV, the biologic plausibility of the association, and the

temporal association suggest that FGS infection exacerbates HIV

transmission.

Praziquantel is a highly effective anti-schistosomal chemother-

apy agent against schistosomal morbidity that may be able to

prevent FGS and the clinical manifestations associated with

enhanced HIV susceptibility [12–14]. We conducted a cost-

effectiveness analysis of mass praziquantel administration for

HIV/AIDS prevention from the perspective of health payers, such

as national government or international donors, which are the

major providers of both mass schistosomiasis treatment and HIV

antiretroviral therapy in sub-Saharan Africa [8,15,16]. For this, we

constructed a model of the joint dynamics of HIV and FGS among

sexually active individuals that we parameterized with epidemio-

logical data from a cross-sectional study of rural Zimbabwean

women [3,7]. We calculated cost-effectiveness ratios of a potential

large-scale intervention based on praziquantel as a preventive

anthelminthic chemotherapy in terms of reducing HIV incidence.

We found that mass preventive chemotherapy of schistosomiasis

might prove not only very cost-effective, but even cost-saving in

preventing HIV infection in S. haematobium-endemic areas.

Methods

Overview
To estimate the potential cost-effectiveness of preventing HIV

infection in sub-Sahara Africa through mass treatment of

schistosomiasis, we constructed a mathematical model for genital

schistosomiasis and HIV infections in the adult population (aged

15–49, corresponding to the standard age-range for WHO

reporting of HIV prevalence [17]). We parameterized the model

by applying a Bayesian inference approach to cross-sectional

epidemiological data on FGS and HIV among rural Zimbabwean

women [3,7]. We calculated the cost-effectiveness from a health

care system perspective, because the Zimbabwean health care

system and international donors are the primary providers of

treatment costs for HIV [15,18–20]. Only direct medical costs to

the health provider were considered, including the costs of mass

administration of praziquantel and lifetime treatment costs of an

HIV infection. We quantified the cost-effectiveness of praziquantel

in terms of HIV cases averted and averted medical care costs over

the duration of the intervention. Costs and benefits were

discounted at an annual rate of 3%, according to WHO

recommendations [21].

Dynamic Model of HIV-FGS Infection
Initially, we modeled a Zimbabwean population with no

praziquantel treatment. We divided the population into males

and females, and high and low sexual activity risk groups defined

according to rate of sexual partner change. The state variable of

the model are given by X S,P
k,l : k is gender (1 = female, 2 = male), l is

the sexual activity group (1 = high risk, 2 = low risk), Sis the HIV

infection status (1 = susceptible, 2 = infected), and P is the FGS

infection status for women (1 = non-infected, 2 = infected). For

men P was always equal to 1. Individuals enter the model at the

onset of sexual activity (assumed to be age 15), with a proportion of

women infected with FGS. From age 15 to 49, women acquire

FGS and/or HIV at rates dependent on their infection status of

each disease. As re-infection rates of schistosomiasis are high in S.

haematobium-endemic areas [12,22], we assumed no natural

recovery from FGS. The acquisition of HIV was modeled as a

function of the rate of partner change, the mixing between

individuals of the different sexual risk groups, the number of sex

acts in partnerships per year, and the rate of HIV transmission per

sex act (b). The rate of forming sexual partnerships is allowed to

decline with HIV mortality to model potential behavior change as

a response to the HIV epidemic [23]. FGS infection is assumed to

elevate the risk of HIV transmission per sex act by a factor CG ,

which was parameterized from epidemiological data on HIV-FGS

co-infection. Therefore, the rate of HIV transmission from men to

FGS-infected women is CGb. We assumed that FGS is primarily

acquired in childhood [13,22]. To determine S. haematobium

prevalence, we developed a model for S. haematobium dynamics

(see Appendix for details) from which we quantify FGS prevalence

in the HIV model. The compartmental diagram in Figure 1

illustrates the flow of individuals as they face the possibility of

acquiring each infection.

We used Bayesian Markov Chain Monte Carlo (MCMC) [24]

to fit the HIV-FGS model to epidemiological data on FGS and

HIV prevalence and co-infection among rural Zimbabwean

women [3,7]. The MCMC approach allowed us to estimate

uncertain epidemiological parameters by combining prior infor-

mation about these parameters from epidemiological studies

(Appendix), empirical HIV-schistosomiasis data, and dynamic

model prevalence predictions. We determined the likelihood

function of our MCMC approach from empirical data [3,7],

assuming normal distributions for HIV and FGS prevalence and

lognormal distribution for the odds ratio. Using this approach, we

derived a posterior distribution for each epidemiological param-

eter (Table 1) for which the model gives the best-estimated

trajectory for HIV and FGS prevalence and odds ratio of the

association between HIV and FGS. Our model predicted the

annual prevalence of HIV/AIDS in a Zimbabwean setting over a

baseline period of 10 years starting in 2000. To validate the model,

we compared these predictions of HIV prevalence to observed

HIV prevalence from Zimbabwean antenatal clinics [17].

Author Summary

Evidence from epidemiological and clinical studies sup-
ports the hypothesis that genital infection with Schistoso-
ma haematobium increases the risk of becoming infected
with HIV among women in sub-Saharan Africa. Praziquan-
tel is an oral, nontoxic, inexpensive medication recom-
mended for treatment of schistosomiasis, which might
be able to prevent the development of genital schistoso-
miasis. We constructed a mathematical model of female
genital schistosomiasis and HIV infections, which we
calibrated using epidemiological data from Zimbabwe.
We used this model to investigate the potential cost-
effectiveness of mass drug administration with prazi-
quantel as an intervention strategy for reducing HIV
transmission in sub-Saharan Africa. We showed that mass
drug administration with praziquantel may be a timely,
innovative, and cost-saving intervention strategy for HIV
prevention in sub-Saharan Africa. As a cost-saving strategy,
mass drug administration with praziquantel should be
prioritized over other less cost-effective public health
interventions. Our findings indicate the possible benefit of
scaling up schistosomiasis control efforts in sub-Saharan
Africa, and especially in areas were Schistosoma haemato-
bium and HIV are highly prevalent.

Schistosomiasis Treatment and HIV Prevention
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Praziquantel Intervention
Praziquantel is a highly effective anti-schistosomal therapy agent

against schistosomal morbidity [8], with no serious or long-lasting

side effects [25,26]. The WHO recommends that mass adminis-

tration of praziquantel be undertaken annually in schistosomiasis-

endemic areas, targeting school-age children [27]. We investigated

a strategy for praziquantel administration, where praziquantel is

annually administered to school-age children (ages 5–14 years)

(school-age strategy). We assumed that all praziquantel-treated

girls reaching age 15 uninfected with FGS were less likely to

develop FGS [14,22] than those who had been infected in

childhood. We considered two scenarios for the potential effect of

mass praziquantel administration for reducing HIV incidence

either in terms of reducing the risk of HIV transmission or

reducing FGS prevalence. In the first scenario, we assumed that

women who have received praziquantel treatment during child-

hood have a reduced risk of HIV transmission (30–70%) relative to

FGS infected women who did not receive treatment during

childhood, thus reducing CG by 30–70%. In the second scenario,

we assumed that women who have received praziquantel

treatment during childhood have a reduced FGS prevalence

relative to those who did not receive treatment (30–70%). We

simulated each mode of action to predict the potential effect of

mass treatment of schistosomiasis on reducing HIV incidence at

the population level. In these analyses we assumed that the

Zimbabwean population aged 15–49 years old was 4 million in

2000 [28,29].

Costs
To estimate the funding required to implement the alternative

strategies of praziquantel treatment, we used the WHO dose for

praziquantel (2.5 tablets of 600 mg per child per year) [27] which

costs US$0.08 [30], while the total delivery cost per child treated,

including delivery, training, social mobilization, capital equip-

ment, and administrative costs, was US$0.21 (US$0.06–2.23)

[31,32]. We used US$0.29 (0.008+0.21) as a base value for the

total cost of treatment per individual. Medical costs for HIV

treatment and care included provider-initiated testing (diagnostic

and routine offer of testing), treatment and prophylaxis for

opportunistic infections, antiretroviral therapy, laboratory moni-

toring of antiretroviral therapy, and palliative care. The lifetime

treatment costs of an HIV infection were based on recent estimates

of the costs in sub-Saharan Africa of US$3469 in 2004US$ at a 5%

discount rate [33]. For a 3% discount rate, this cost becomes

US$3695. The antiretroviral therapy coverage in Zimbabwe was

assumed to be 34% (28–40%) [34]. The Zimbabwean government

expenditure on health, other than HIV related spending, was

estimated to be US$26 (US$12–US$41) per capita annually

[16,35]. To compute the non-HIV/AIDS health expenditure

per HIV case averted, we assumed that average age of HIV/AIDS

acquisition among Zimbabwean is 25 years old [36], and the life

expectancy at age 25 is 28 years [37]. All costs were discounted at

3% and given in US$2004 [21].

Cost-Effectiveness Framework
We calculated the potential cost-effectiveness of mass prazi-

quantel administration to school-age children for reducing HIV

transmission. The status quo was to be no mass treatment of

schistosomiasis, as is currently the case in Zimbabwe. We

measured the effectiveness of the intervention in terms of the

number of HIV cases averted during a baseline intervention

period of 10 years. We measured cost-effectiveness in terms of

program costs per HIV case averted and averted medical care

costs over the ten-year intervention period as the base line

duration, which was also varied to assess the impact of the

duration of intervention on its cost-effectiveness.

Sensitivity Analysis
To identify the contribution of each model parameter to the

variability of the number of HIV cases averted, we calculated the

Figure 1. Outline of FGS-HIV transmission model. The flow between epidemiological classes for the transmission dynamics of FGS and HIV.
Individuals enter the system at age 15, and exit at age 50. X 1,1

1,l , X 1,2
1,l , X 2,1

1,l , and X 2,2
1,l denote, respectively, the number of women uninfected by HIV

and FGS, infected with FGS, infected with HIV, and infected with both HIV and FGS. X 1,1
2,l and X 2,1

2,l denote, respectively, the number of men uninfected

and infected with HIV.
doi:10.1371/journal.pntd.0002346.g001

Schistosomiasis Treatment and HIV Prevention
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partial rank correlation coefficients (PRCCs) [38]. PRCC quantifies

the degree of monotonicity between a specific input parameter and

an outcome measure. For this purpose, we used a Latin Hypercube

Sampling [38] to sample 10,000 estimates of input parameters from

the posterior distributions of the epidemiological parameters

(Table 1) and distributions of the cost and efficacy of mass

administration of praziquantel as well as antiretroviral therapy

coverage and non-HIV/AIDS health expenditure (Table S1).

Results

Dynamic Model
To fit our dynamic model to the epidemiological HIV/FGS data

from rural Zimbabwe [3,7], we used a Markov Chain Monte Carlo

(MCMC) method to draw values of epidemiological parameters

from prior distributions based on estimates available in the

literature. We derived a posterior distribution for each epidemio-

logical parameter (Table 1) for which the model gives the best-

estimated trajectory for HIV and FGS prevalence (Table 2). We

estimated the value for CG, the coefficient by which FGS increases

the risk of HIV transmission per sexual act, as 5.9 (95% CI: 3.8–9.1)

The lower bound of the 95% credible interval (CI), for the estimate

of CG , lies above one, consistent with the hypothesis that FGS

enhances the risk of HIV transmission. Moreover, these estimates

are in agreement with those of epidemiological and clinical studies

that have observed that the presence or history of genital ulcers is

associated with greater susceptibility to HIV transmission per sex act

of 1.4 to 19.5 relative to the absence of genital ulcerative disease

[39]. We validated the projected HIV prevalence of our model

against the Zimbabwean antenatal clinic data from 1990–2006

(Figure 2), which had not been used to fit the model.

Cost-Effectiveness
We used the estimated mean values of the epidemiological

parameters of the dynamic model input to calculate the incidence

of HIV and FGS from 2000 to 2009. We considered two scenarios

for the mechanism through which annual praziquantel adminis-

tration for may reduce HIV transmission. In the first scenario, we

assumed that for women who received praziquantel during their

childhood, treatment reduces their enhanced risk of HIV

transmission per sex act. In this scenario, the model predicted

that, for an efficacy of 30%, annual administration of a single dose

of praziquantel to all school-age children could avert 21,120 (95%

CI: 11,000–55,395) cases of HIV at a program cost of US$259.31

per HIV case averted over a ten-year period (Figure 3). When

adjusted for averted medical care costs, the net saving for school-

age strategy compared to the status quo was estimated to be

US$15.8 (95% CI: -US$13.0–50.7) million (Figure 3). For an

efficacy of 70%, annual praziquantel administration to school-age

children could avert 106,200 (95% CI: 74,025–207,230) cases of

HIV at a program cost of US$51.68 per HIV case averted over a

ten-year period (Figure 3). When adjusted for averted medical care

costs, the net saving for school-age strategy compared to the status

quo was estimated to be US$101.4 (95% CI: US$39.0–233.6)

million (Figure 3). In the second scenario, we assumed that women

who received praziquantel during their childhood have a reduced

FGS prevalence. In this scenario, the model predicted that, for an

efficacy of 30%, annual praziquantel administration to school-age

Table 1. Estimates of the parameters used in our dynamic HIV-FGS model (Figure 1).

Variable Meaning (units) Prior distribution [ref]
Posterior distribution:
median (95% CI)

a Annual growth rate rural population 0.034 [29] N/A

m{1 Duration of sexual activity (year-1) 1/35 N/A

cG Enhanced HIV transmission due to FGS Uniform(0,20) 5.9 (3.8–9.1)

kC Probability of FGS given childhood infection Uniform(0.33,0.75) [8] 0.47 (0.38–0.56)

kA Probability of acquiring FGS during adulthood Uniform(0.005,0.05) 0.008 (0.006–0.009)

s{1 Duration of HIV infection (years) Uniform(7.5,12.5) [33, 48] 10.7 (8.1–12.1)

n1 Number of sex acts in partnerships per year for high-risk group Uniform(15,150) [48] 128 (95–148)

n2 Number of sex acts in partnerships per year for low-risk group Uniform(50,248) [48] 69 (28–137)

b HIV transmission rate per sex act Uniform(0.0006,0.004) [23,39] 0.0022 (0.0009–0.003)

e Mixing between sexual risk groups Uniform(0.2,0.9) [49] 0.44 (0.22–0.62)

y Extent to which males determine the pattern of
sexual partnerships formation

Uniform(0.2,0.8) [48] 0.67 (0.50–0.78)

�cc�1 Initial partner change rate: women (year-1) Triangular(0.66,2.4,0.9) [48] 1.27 (0.7–2.2)

�cc�2 Initial partner change rate: men (year-1) Triangular(1.1,3,1.2) [48] 1.9 (1.2–2.8)

w1,1 Fraction of women in high-risk group Uniform(0.05,0.6) [48] 0.20 (0.15–0.24)

w2,1 Fraction of men in high-risk group Uniform(0.10,0.75) [48] 0.34 (0.22–0.49)

$k,1 Relative rate of partner change: high-risk versus low-risk group Uniform(1,100) [48] 10.7 (2.5–21.8)

g Reduction rate of partner change Uniform(1,50) 6.5 (3.5–9.0)

t0 Year HIV epidemic starts Uniform(1978,1985) [48,50] 1981 (1980–1982)

These parameter estimates produced the best fit of our dynamic model to epidemiological data for HIV and FGS prevalence and co-infection among rural Zimbabwean
women [3,7]. The dynamic model was fit to these data using a Markov Chain Monte Carlo method, which allowed us to calculate distributions of possible values for each
of these parameters. We present here the mean of these distributions and their associated 95% credible intervals. The Brooks-Gelman-Rubin (BGR) method was used to
monitor convergence of iterative simulations. Convergence was achieved when the upper limit of the credible interval of the BGR diagnostic statistic for a given
parameter ,1.2 [51].
doi:10.1371/journal.pntd.0002000.t001
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children could avert 41,500 (95% CI: 34,000–79,190) cases of

HIV at a program cost of US$131.94 per HIV case averted over a

ten-year period (Figure 3). When adjusted for averted medical care

costs, the net saving for school-age strategy compared to the status

quo was estimated to be US$36.4 (95% CI: US$3.4–77.5) million

(Figure 3). For an efficacy of 70%, annual praziquantel

administration to school-age children could avert 96,945 (95%

CI: 79,370–185,260) cases of HIV at a program cost of US56.50

per HIV case averted aver a ten-year period (Figure 3). When

adjusted for averted medical care costs, the net saving for the

school-age strategy compared to the status quo was estimated to be

US$92.3 (95% CI: US$38.0–200.0) million (Figure 3).

Sensitivity Analysis
For the first scenario of the mechanistic basis of praziquantel in

which the elevated risk of HIV acquisition is mitigated, variation

in the number of HIV cases averted was primarily driven by kA,

the probability of acquiring FGS from adult infection, and n2, the

annual number of sex acts in low risk partnerships (Figure 4). For

the second scenario, when mass praziquantel reduces FGS

prevalence, variation in the number of HIV cases averted was

primarily driven by CG , the coefficient by which FGS enhances

HIV transmission rate per sex act, and n2, the annual number of

sex acts in low-risk partnerships (Figure 4), highlighting the

importance of this parameter to our analysis.

Discussion

Our analysis demonstrated that mass administration of

praziquantel could possibly be a cost-saving intervention for

preventing HIV infection in Zimbabwe. For a wide range of

Figure 2. Comparison of model predictions to Zimbabwe antenatal clinic data for non-urban areas [17]. The solid line represents the
yearly HIV prevalence as estimated by our model from baseline epidemiological parameters (dotted lines are the 2.5th and 97.5th percentile values).
Empirical HIV prevalence is shown as stars (error bars are the 95% confidence intervals). The model was validated from antenatal clinic data not
originally used for model parameterization.
doi:10.1371/journal.pntd.0002346.g002

Table 2. Model fit to data.

Kjetland et al [3,7] Model

FGS prevalence (95% CI) 46.1% (41.8–50.5) 45.5% (43.6–48.1)

HIV prevalence (95% CI) 28.1% (24.0–32.5) 29.6% (26.0–32.0)

Odds Ratio (95% CI) 2.1 (1.2–3.5) 2.1 (1.5–2.8)

FGS prevalence, HIV prevalence, and odds ratio of the association between FGS
and HIV from the 1999 cross-sectional epidemiological study among rural
Zimbabwean women [3,7] and model predictions.
doi:10.1371/journal.pntd.0002346.t002
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efficacies, annual treatment of school-age children between 5 and

14 years could result in saving between US$15.8 and US$101.4

million medical costs over a ten-year period for a program cost of

US$51.68–259.31 per HIV case averted. We found that even the

indirect benefits of reducing HIV transmission alone may be

sufficient to make mass praziquantel administration a cost-saving

intervention. As a cost-saving intervention, mass praziquantel

administration should be prioritized over other less cost-

effectiveness public health interventions. Given the additional

health benefits of reducing schistosomiasis morbidity that were

not considered, because our model does not explicitly capture the

complex age-structure dynamics of S. haematobium [40,41], our

cost-effectiveness results are conservative. Moreover, our model

does not take into account the WHO recommendation of

reducing the frequency of mass administration of praziquantel

as schistosomiasis prevalence falls below 10% [27]. Accounting

for this potential reduction in the frequency of mass treatment

would reduce costs and might further enhance the cost-

effectiveness of mass praziquantel administration. The results of

our cost-effectiveness model may be applicable to other regions of

sub-Saharan Africa with socio-cultural and epidemiological

settings similar to those of Zimbabwe. The donation of

praziquantel by pharmaceutical companies and international

donors would substantially contribute to reducing the cost of mass

schistosomiasis treatment in sub-Saharan Africa, making it even

more cost-effective for HIV prevention.

Cost-savings arise at the interface of the low cost of praziquan-

tel, its high efficacy, and elevated risk of HIV among FGS-infected

women. Mass treatment of schistosomiasis also compares favorably

to other biomedical interventions against HIV transmission.

Treatment of sexually transmitted diseases is estimated to cost

between $304 and $514 per HIV case averted [42]. Male

circumcision is estimated to cost between $174 and $2808 per

HIV case averted [43]. Antiretroviral therapy, while cost-effective

in preventing HIV-associated morbidity and mortality, is less

efficient in preventing new HIV infections (cost per HIV case

averted.$20,000) [42].

Our analyses indicate the potential for mass treatment of

schistosomiasis as an innovative and cost-saving public health tool

for preventing HIV infections in sub-Saharan Africa. Given that

epidemiological and clinical data on FGS dynamics are scarce,

our model does not account for the potential natural acquisition

of partial immunity to FGS, with age, among adult women [44].

Furthermore, the cost-effectiveness of mass administration of

praziquantel on reducing HIV transmission in sub-Saharan

Africa should also be explored in the context of increasing

Figure 3. Cost-effectiveness of school-age intervention for the base case analysis. The number of HIV cases averted (A,B), the cost per HIV
cases averted (C,D), and the net savings (E,F) were computed for different efficacies of mass praziquantel administration in reducing FGS (B,D,F) and
the mitigated risk of HIV infection per sexual act (A,C,E).
doi:10.1371/journal.pntd.0002346.g003
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antiretroviral therapy coverage and other HIV prevention

measure such as male circumcision. We anticipate that an

increase in antiretroviral therapy coverage would result in

increasing the initial annual national spending on HIV treatment

[23], thus making mass treatment of schistosomiasis more cost-

effective for HIV prevention. In the long term, the national

spending on HIV treatment may decrease with HIV prevalence

[23], thereby reducing the cost-effectiveness of mass treatment of

schistosomiasis. Allying schistosomiasis control with HIV/AIDS

control programs might offer synergetic opportunities for

administration to reduce costs of delivery and increase the

coverage of implementation.

Praziquantel prevents long-term schistosomiasis induced

morbidity by killing egg-laying schistosomes in the host [27].

In schistosomiasis-endemic areas, individual treatment is of

minimal benefit to the recipient as the risk of post-treatment

reinfection remains very high [29,45]. To significantly impact

schistosomiasis morbidity in endemic areas, mass praziquantel

administration should be administered periodically to entire

communities or targeted to school-age children, which is the

age-group at highest risk of infection [27]. However, interven-

tion strategies that are based exclusively on mass praziquantel

administration are likely to be unsustainable and to establish

an indefinite chain of dependence on a pharmacological

intervention. To complement the effectiveness of schistosomiasis

control program and ensure sustainability of control efforts, mass

praziquantel administration should be coupled with improve-

ment of sanitation facilities, clean water supply, and health and

hygiene education [27,46].

Epidemiological studies have shown that women infected with

genital schistosomiasis have a three- to four-fold increased odds of

having HIV compared to women without genital schistosomiasis

[5,7]. However, each of these studies is cross-sectional and as

such they can only determine an association, rather than a cause-

effect relationship, between genital schistosomiasis and HIV

infection. Definitive proof of a cause-effect relationship can only

be established through longitudinal studies. A prospective

randomized controlled study to assess the effect of praziquantel

treatment on HIV incidence has been proposed as a necessary

step toward developing a new protocol to treat schistosomiasis for

HIV prevention [47]. There is pressing need for future

epidemiological studies and control trials will fill the gaps in

our knowledge on the association between schistosomiasis and

HIV. Our analyses indicate that future control trials should not

only aim to provide information on the relative risk of HIV

acquisition given schistosomiasis infection and the efficacy of

praziquantel treatment to reduce the increased susceptibility to

HIV infection, but should also document the rates of FGS

Figure 4. Partial rank correlation coefficients (PRCCs). A parameter was considered to be important in affecting the effectiveness of mass drug
administration with praziquantel for impact on HIV transmission if |PRCC|.0.4. Specifically, probability of acquiring FGS from adult infection and the
annual number of sex acts in low risk partnerships were the most important parameters for the first scenario (A), and the coefficient by which FGS
enhances HIV transmission rate per sex act and the annual number of sex acts in low-risk partnerships were the most important parameters for the
second scenario (B).
doi:10.1371/journal.pntd.0002346.g004
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acquisition among children and adults as well as confounding

sexual behavior, which we found to be fundamental in

determining the effectiveness and cost-effectiveness of mass

praziquantel administration. Genital schistosomiasis may interact

with other risk factors, such as other genital ulcerative diseases

and sexual behavior, exacerbating the risk of HIV infection.

Our results suggest that mass treatment of schistosomiasis in

sub-Saharan Africa would not only have direct health benefits of

reducing schistosomiasis infections, it may also avert cases of HIV

and reduce the cost burden on the Zimbabwean medical system.

By considering the impact of this neglected disease on HIV

transmission, public health efforts can be expanded to include a

broader set of cost-effective control strategies.

Supporting Information

Protocol S1 Mathematical details and model parame-
ters.
(DOC)

Acknowledgments

We wish to thank Eyrun F. Kjetland for valuable comments on the

manuscript and the Yale University Biomedical High Performance

Computing Center.

Author Contributions

Conceived and designed the experiments: MLNM EMP APG. Performed

the experiments: MLNM. Analyzed the data: MLNM. Contributed

reagents/materials/analysis tools: MLNM KEA EWO LAM JPT. Wrote

the paper: MLNM EMP KEA EWO LAM JPT APG.

References

1. UNAIDS. (2010) Global report: UNAIDS report on the global AIDS epidemic

2010. Geneva. (Accessed June 3, 2011, at http://www.unaids.org/globalreport/

global_report.htm)

2. Van der Werf MJ, de Vlas SJ, Brooker S, Looman CW, Nagelkerke NJ, et al.

(2003) Quantification of clinical morbidity associated with schistosome infection

in Sub-Saharan Africa. Acta Trop 86(2–3):125–39.

3. Kjetland EF, Ndhlovu PD, Mduluza T, Gomo E, Gwanzura L, et al. (2005)

Simple clinical manifestations of genital Schistosoma haematobium infection in

rural Zimbabwean women. Am J Trop Med Hyg 72(3):311–9.

4. Mbabazi PS, Andan O, Fitzgerald DW, Chitsulo L, Engels D, et al. (2011)

Examining the relationship between urogenital schistomosiasis and HIV

infection. PLoS Negl Trop Dis 5(12): e1396.

5. Downs JA, Mguta C, Kaatano GM, Mitchell KB, Bang H, et al. (2011)

Urogenital schistosomiasis in women of reproductive age in Tanzania’s lake

Victoria region. Am J Trop Med Hyg 84(3): 364–9.

6. Feldmeier H, Krantz I, Poggensee G. (1994) Female genital schistosomiasis as a

risk-factor for the transmission of HIV. Int J STD AIDS 5(5):368–72.

7. Kjetland EF, Ndhlovu PD, Gomo E, Mduluza T, Midzi N, et al. (2006)

Association between genital schistosomiasis and HIV in rural Zimbabwean

women. AIDS 20(4):593–600.

8. Hotez PJ, Fenwick A, Kjetland EF. (2009) Africa’s 32 cents solution for HIV/

AIDS. PLoS Negl Trop Dis 3(5):e430.

9. Hotez PJ, Mistry N, Rubinstein J, Sachs JD. (2011) Integrating neglected

tropical diseases into AIDS, tuberculosis, and malaria control. N Engl J Med

364:2086–9

10. Poggensee G, Feldmeier H (2001) Female genital schistosomiasis: facts and

hypotheses. Acta Tropica 79: 193–210.

11. Subramanian AK, Mungai P, Ouma JH, Magak P, King CH, et al. (1999) Long

term suppression of adult bladder morbidity and severe hydronephrosis

following selective population chemotherapy for Schistosoma haematobium.

Am J Trop Med Hyg 61: 476–81.

12. Kjetland EF, Leutscher PDC, Ndhlovu PD. (2012) A review of female genital

schistosomiasis. Trends Parasit 28(2): 58–65

13. Poggensee G, Kiwelu I, Weger V, Goppner D, Diedrich T, et al. (2000) Female

genital schistosomiasis of the lower genital tract: prevalence and disease-

associated morbidity in northern Tanzania. J Infect Dis 181(3): p. 1210–3.

14. Richter J, Poggensee G, Kjetland EF, Helling-Giese G, Chitsulo L, et al. (1996)

Reversibility of lower reproductive tract abnormalities in women with

Schistosoma haematobium infection after treatment with praziquantel–an

interim report. Acta Trop 62(4):289–301.

15. Abt Associates Inc. (2005) Zimbabwe HIV& AIDS subaccounts 2005. Geneva,

UNIADS. (Accessed June 3, 2011, at http://www.equinetafrica.org/bibl/docs/

ABTaids020309.pdf).

16. Amico P, Aran C, Avila C. (2010) HIV spending as a share of the total health

expenditure: An analysis of regional variation in a multi-country study. PLoS

One 5(9):e12997.

17. UNAIDS. (2009) Epidemiological Fact Sheets on HIV and AIDS, 2008 Update.

Geneva: World Health Organization. (Accessed June 3, 2011, at http://www.

who.int/hiv/pub/epidemiology/pubfacts/en/)

18. The Global Fund. (2008) Global Fund Supported Programs Strengthen Health

Systems.

19. Kahn JG, Marseille E, Auvert B. (2006) Cost-effectiveness of male circumcision

for HIV prevention in a South African setting. PLoS Med 3(12):e517.

20. UNAIDS. (2000) Costing guidelines for HIV prevention strategies. Geneva:

World Health Organization. (Accessed June 3, 2011, at http://data.unaids.org/

Publications/IRC-pub05/jc412-costguidel_en.pdf).

21. Gold M. (1996) Cost-effectiveness in health and medicine. New York: Oxford

University Press. p 425.

22. Kjetland EF, Ndhlovu PD, Kurewa EN, Midzi N, Gomo E, et al. (2008)

Prevention of gynecologic contact bleeding and genital sandy patches by

childhood anti-schistosomal treatment. Am J Trop Med Hyg 79(1):79–83.

23. Hughes JP, Baeten JM, Lingappa JR, Amalia SM, Wald A, et al. (2012)

Determinants of per-coital-act HIV-1 infectivity among African HIV-1-

serodiscordant couples. J Infect Dis 205(3):358–365.

24. Kloek T, van Dijk HK. (1978) Bayesian estimates of equation system

parameters: an application of integration by Monte Carlo. Econometrica

46:1–19.

25. Kabatereine NB, Kimijumbi J, Ouma JH, Sturock RF, Butterworth, et al. (2003)

Efficacy and side effects of praziquantel treatment in a highly endemic Schistosoma

mansoni focus at Lake Albert, Uganda. Trans R Soc Trop Med Hyg. 97: 599–603

26. Midzi N, Sangweme D, Zinyowera S, Mapingure MP, Brouwer KC, et al.

(2008) Efficacy and side effects of praziquantel treatment against Schistosoma

haematobium infection among primary school children in Zimbabwe. Trans R Soc

Trop Med Hyg 102: 759–766.

27. World Health Organization. (2011) Helminth control in school-age children. A

guide for managers of control programmes. Preventive Chemotherapy and

Transmission Control (PCT), Department of Control of Neglected Tropical

Diseases (NTD). Geneva: Switzerland. (Accessed August 13, 2012, at http://

whqlibdoc.who.int/publications/2011/9789241548267_eng.pdf)

28. Central Statistical Office and Macro International Inc. (2000) Zimbabwe

Demographic and Health Survey 1999. Calverton, Maryland. (Accessed June 3,

2011, at http://www.measuredhs.com/pubs/pdf/FR116/FR116.pdf)

29. United Nations. (2008) World urbanization prospects: the 2007 revision. New

York: United Nations. (Accessed June 3, 2011, at http://www.un.org/esa/

population/publications/wup2007/2007WUP_ExecSum_web.pdf)

30. King CH, Olbrych SK, Soon M, Singer ME, Carter J, et al. (2011) Utility of

repeated praziquantel dosing in the treatment of schistosomiasis in high-risk

communities in Africa: a systematic review. PLoS Negl Trop Dis 5(9):e1321

31. Guyatt H. (2003) The cost of delivering and sustaining a control programme for

schistosomiasis and soil-transmitted helminthiasis. Acta Trop 86: 267–74.

32. Goldman AS, Guisinger VH, Aikins M, Amarillo ML, Belizario VY, et al.

National mass drug administration costs for lymphatic filariasis elimination.

PLoS Negl Trop Dis 2007 1: e67.

33. Stover J, Bertozzi S, Gutierrez JP, Walker N, Stanecki KA, et al. (2006) The

global impact of scaling up HIV/AIDS prevention programs in low- and

middle-income countries. Science 311:1474–6.

34. World Health Organization. (2010) Towards universal access: scaling up priority

HIV/AIDS interventions in the health sector: progress report 2010. Geneva:

World Health Organization. (Accessed June 3, 2011, at http://www.who.int/

hiv/pub/2010progressreport/en/)

35. World Health Organization. Global health expenditure database (accessed

November 8, 2011 at www.who.int/nha/database/).

36. Munjoma MW, Mhlanga FG, Mapingure MP, Kurewa EN, Mashavave GV, et

al. (2010) The incidence of HIV among women recruited during late pregnancy

and followed up for six years after childbirth in Zimbabwe. BMC Public Health

10: 668.

37. World Health Organization, Life-Tables: Zimbabwe, in Global Health Observatory

Database. 2010. (Accessed June 3, 2011, at http://apps.who.int/ghodata/)

38. Blower SM, Dowlatabadi H. (1994) Sensitivity and uncertainty analysis of

complex-models of disease transmission - an HIV model, as an example. Int Stat

Rev 6(2):229–43.

39. Boily M-C, Baggaley RF, Wang L, Masse B, White RG, et al. (2009)

Heterosexual risk of HIV-1 infection per sexual act: systematic review and meta-

analysis of observational studies. Lancet Infect Dis 9: 118–129

40. Spear RC, Hubbard A, Liang S, Seto E (2002) Disease transmission models for

public health decision making: toward an approach for designing intervention

Schistosomiasis Treatment and HIV Prevention

PLOS Neglected Tropical Diseases | www.plosntds.org 8 August 2013 | Volume 7 | Issue 8 | e2346



strategies for Schistosomiasis japonica. Environmental health perspectives

110:907–15.

41. Gurarie D, King CH. (2008) Age- and risk targeted control of schistosomiasis-

associated morbidity among children and adult age groups. The Open Tropical

Medicine Journal 1: 21–30

42. Hogan DR, Baltussen R, Hayashi C, Lauer JA, Salomon JA. (2005) Cost

effectiveness analysis of strategies to combat HIV/AIDS in developing countries.

BMJ 331(7530):1431–7.

43. Uthman OA, Popoola TA, Uthman MM, Aremu O. (2010) Economic

evaluations of adult male circumcision for prevention of heterosexual acquisition

of HIV in men in sub-Saharan Africa: a systematic review. PLoS One

5(3):e9628.

44. Woolhouse MEJ, Taylor P, Matanhire D, Chandiwana SK. (1991) Acquired

immunity and epidemiology of Schistosoma haematobium. Nature 351:757–759

45. Satayathum SA, Muchiri EM, Ouma JH, Whalen CC, King CH. (2006) Factors

affecting infection or reinfection with Schistosoma haematobium in coastal

Kenya: survival analysis during a nine-year, school-based treatment program.

Am J Trop Med Hyg 75(1):83–92.

46. Ndeffo Mbah ML, Kjetland EF, Atkins KE, Poolman EM, Orenstein EW, et al.

(2013) Cost-effectiveness of a community-based intervention for reducing the
transmission of Schistosoma haematobium and HIV in Africa. PNAS 110: 7952–

7957. doi: 10.1073.

47. World Health Organization. Report of an informal working group meeting on
urogenital schistosomiasis and HIV transmission. WHO press; 2010. (Accessed

October 2, 2012, at http://whqlibdoc.who.int/hq/2010/WHO_HTM_NTD_
PCT_2010.5_eng.pdf)

48. Brooks S, Gelman A. (1988) General methods for monitoring convergence of

iterative simulations. J Comput Graph Stat 7:434–55.
49. Hallett TB, Gregson S, Mugurungi O, Gonese E, Garnett GP. (2009) Assessing

evidence for behaviour change affecting the course of HIV epidemics: A new
mathematical modelling approach and application to data from Zimbabwe.

Epidemics 1: 108–117.
50. Garnett GP, Hughes JP, Anderson RM, Stoner BP, Aral SO, et al. (1996) Sexual

mixing patterns of patients attending sexually transmitted diseases clinics. Sex

Transm Dis 23 (3): 248–257.
51. Lopman B, Gregson S. (2008) When did HIV incidence peak in Harare,

Zimbabwe? Back-calculation from mortality statistics. PLoS One 3 (3): e1711.

Schistosomiasis Treatment and HIV Prevention

PLOS Neglected Tropical Diseases | www.plosntds.org 9 August 2013 | Volume 7 | Issue 8 | e2346


