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Epidemiological studies from sub-Saharan Africa show that genital
infection with Schistosoma haematobiummay increase the risk for
HIV infection in young women. Therefore, preventing schistosomi-
asis has the potential to reduce HIV transmission in sub-Saharan
Africa. We developed a transmission model of female genital schis-
tosomiasis and HIV infections that we fit to epidemiological data of
HIV and female genital schistosomiasis prevalence and coinfection
in rural Zimbabwe. We used the model to evaluate the cost-effec-
tiveness of a multifaceted community-based intervention for
preventing schistosomiasis and, consequently, HIV infections in rural
Zimbabwe, from the perspective of a health payer. The community-
based intervention combined provision of clean water, sanitation,
and health education (WSH) with administration of praziquantel to
school-aged children. Considering variation in efficacy between 10%
and 70% of WSH for reducing S. haematobium transmission, our
model predicted that community-based intervention is likely to
be cost-effective in Zimbabwe at an aggregated WSH cost corre-
sponding to US $725–$1,000 per individual over a 20-y intervention
period. These costs compare favorably with empirical measures
of WSH provision in developing countries, indicating that inte-
grated community-based intervention for reducing the transmis-
sion of S. haematobium is an economically attractive strategy for
reducing schistosomiasis and HIV transmission in sub-Saharan
Africa that would have a powerful impact on averting infections
and saving lives.

cost-effectiveness analysis | mathematical modeling | schistosomiasis
control

Schistosomiasis, transmitted by the water-borne parasite
Schistosoma haematobium (1, 2), is highly prevalent in sub-

Saharan Africa, where it is primarily acquired during childhood
(3, 4). S. haematobium migrates largely to the bladder but is also
found in adjacent areas, such the genital tract, causing ulcerative
lesions around the vagina and cervix and resulting in a condition
known clinically as female genital schistosomiasis (FGS) (2). Several
cross-sectional epidemiological studies have reported that in re-
gions most heavily affected by the HIV/AIDS pandemic, women
with FGS have a three- to fourfold increased odds of having HIV
compared with women without FGS (4–6). The FGS-mediated
breach in the epithelial barriers of the cervix, as well as inflam-
mation of the genital mucosal tissues, appears to increase HIV
susceptibility (4, 7). The strong statistical association between
FGS and HIV, the biological plausibility of the association, and
the observation that schistosomal genital lesions are common in
FGS-infected women before puberty (3, 5, 6) together provide
convincing evidence that FGS is a significant risk factor for HIV
infection in sub-Saharan Africa.
The World Health Organization (WHO) recommends preven-

tive chemotherapy as a global strategy for the control of schisto-
somiasis morbidity (8). The emphasis of this strategy is routine

administration of praziquantel to school-aged children, the age class
at greatest risk for highest levels of schistosomiasis infection
because their immune system is not as effective in mounting a
response to the infection (8, 9). Praziquantel is a potent anthel-
minthic chemotherapy that can reduce schistosomal morbidity,
such as FGS and its clinical manifestations associated with exac-
erbated HIV susceptibility (10, 11). However, once schistosomiasis
infection has been established for a long time, its symptoms can
persist even after treatment (11, 12). Additionally, morbidity
arising from posttransmission schistosomiasis often persists as
clinical symptoms even for many years after transmission has
been interrupted (13). Praziquantel must be repeatedly admin-
istered to prevent schistosomiasis reinfection, a common prob-
lem in areas endemic for schistosomiasis (14, 15). Therefore,
complementary community control measures are simultaneously
needed to curtail schistosomiasis sustainably (15, 16). Specifically,
reducing the contact rate of a community with schistosome-
infested water may be achieved through provision of clean water,
sanitation, and health education (WSH) (14, 16–18).
We conducted a cost-effectiveness analysis of a community-based

intervention for schistosomiasis control, combining provision of
WSH and annual praziquantel administration to school-aged chil-
dren, taking into account the impact on both S. haematobium and
HIV. Focusing on the perspective of health payers, such as national
governments or international donors, which are the major providers
for schistosomiasis control and HIV antiretroviral therapy in sub-
Saharan Africa (19–21), we constructed a transmission model of
the joint dynamics of HIV and FGS, parameterized with epide-
miological data from a cross-sectional study of rural Zimbabwean
women (2, 6). We evaluated the costs and disability-adjusted life
years (DALYs) averted, from which we calculated the WSH cost
thresholds at which the community-based intervention is cost-
effective and very cost-effective, defined as a cost-effectiveness ratio
less than threefold the per capita gross domestic product (GDP)
and less than onefold the per capita GDP, respectively. We show
that this combined community-based intervention for schistoso-
miasis control may be an effective approach to prevent both HIV
and schistosomiasis infections in S. haematobium-endemic areas.
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Results
We fit our transmission model of HIV and FGS dynamics to
epidemiological HIV/FGS data from rural Zimbabwe (2, 6) using
a Bayesian Markov chain Monte Carlo (MCMC) method. The
MCMC method draws values of parameters from prior distri-
butions, based on empirical estimates available in the literature,
to derive posterior distributions for these parameters (Table 1).
Probabilistically capturing prior knowledge provides increased
precision and accuracy not only for values of these previously
described parameters but for determining unknown or un-
certain parameters. Thus, the MCMC method facilitates a
realistic calibration of the transmission model to HIV and FGS
prevalences.
The best estimates and 95% credible interval of the model

predictions were compared with the empirical data from a cross-
sectional epidemiological study among rural Zimbabwean women
(2, 6). The FGS prevalence in this model was estimated to be
46.5% (range: 40.8–51.0%) compared with the empirical preva-
lence of 46.1% (range: 41.8–50.5%) in Zimbabwe. Likewise, the
HIV prevalence was estimated to be 29% (range: 26.1–32.0%)
compared with the empirical prevalence of 28.1% (range: 24.0–
32.5%). Furthermore, the odds ratio of the association between
FGS and HIV was estimated to be 2.0 (range: 1.1–3.4) com-
pared with the empirical odds ratio of 2.1 (range: 1.2–3.5) in
rural Zimbabwe.
We used the mean values of the estimated and empirical epi-

demiological parameters of the transmission model input (Table 1
and Supporting Information) and cost data (Table 2) to conduct
our base case analysis. Using different costs of WSH, and
considering a wide range of potential WSH efficacy for reducing
S. haematobium transmission from contaminated water, we evalu-
ated the cost-effectiveness of the community-based intervention

(Fig. 1). The WSH costs were given as aggregated costs of
preparation, installation, maintenance, and operational costs of
a water supply system and sanitation facilities over the duration of
the intervention period (here, evaluated over 20 y). We showed
that even for a WSH efficacy as low as 30%, the community-
based intervention was cost-effective for reducing S. haematobium
and HIV infections in Zimbabwe at a threshold WSH cost of US
$875 per individual over a 20-y period (Fig. 1). The intervention
was very cost-effective when the WSH cost per individual was
lower than US $300 over the same period (Fig. 1).
Our probabilistic sensitivity analysis showed that the cost-

effectiveness of the community-based intervention was more
sensitive to the cost of providing WSH than to the efficacy of
WSH over the broad range considered (Fig. 2). Specifically, we
found that for WSH efficacy ranging from 10–70%, the cost of
WSH per individual should range from US $725–$1,000 over a
20-y period to achieve a 90% probability of being cost-effective.
To achieve a 90% probability of being very cost-effective, the
cost of WSH per individual should range from US $275–$350
over a 20-y period, again depending on the WSH efficacy (Fig. 2).
Additionally, the cost of WSH per individual should range from
US $1,175–$1,625 to achieve a 90% probability of being cost-
effective for a willingness-to-pay threshold of fivefold the per
capita GDP (Fig. 2). We also found that the cost-effectiveness
of the community-based intervention may vary significantly with
its duration. As the duration of the intervention increases, the
community-based intervention may shift from not being cost-
effective to being very cost-effective (Fig. 3), primarily as a result
of the time required for the full effectiveness of the intervention
to be realized. For example at a WSH cost of US $250 per in-
dividual, the community-based intervention was not cost-effective
for a 5-y intervention period but was cost-effective for a 7- to 12-y

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

Variable Meaning Mean (95% CI)
BGR diagnostic upper

CI limit*

κ Probability of acquiring FGS, given childhood infection 0.457 (0.335–0.708) 1.193
μH Duration of HIV/AIDS infection 8.533 (7.725–9.106) 1.077
β0 Intrinsic HIV transmission rate 0.317 (0.285–0.355) 1.079
θ Relative increase HIV transmission from men 1.112 (1.004–1.388) 1.025
α Reduction rate of HIV transmission 5.096 (3.316–7.093) 1.131
n Scale of influence of deaths on HIV transmission 1.413 (1.172–1.648) 1.105
λg Probability of acquiring FGS as a result of adulthood infection 0.017 (0.006–0.027) 1.183
cG Enhance HIV transmission in FGS-infected women 1.758 (1.142–2.404) 1.130

These parameter estimates produced the best fit of our dynamic model to epidemiological data for HIV and FGS prevalence and coinfection among rural
Zimbabwean women (2, 6). The dynamic model was fit to these data using a Bayesian MCMC method to allow calculation of distributions for possible values
for each of these parameters. The means of these distributions and their associated 95% credible intervals (CIs) are shown.
*Brooks–Gelman–Rubin (BGR) method monitors convergence of iterative simulations. If the upper limit of the credible interval of the BGR diagnostic statistic
for a given parameter is <1.2, that parameter is considered to have converged to a robust solution (35).

Table 2. Baseline estimates and distributions of praziquantel costs and efficacies as well as antiretroviral therapy coverage

Variable
Baseline

value, US $ Distribution Ref(s).

Cost per praziquantel tablet (600 mg) 0.08 NA 30
Cost of delivery of praziquantel per individual 0.21 Min = 0.06, Max = 0.81 (uniform) 42
Efficacy of MDA praziquantel (schistosomiasis cure rate) 0.80 Min = 0.57, Max = 0.93 (uniform) 30
Efficacy of MDA praziquantel (reduction of the risk for acquiring FGS) 0.5 Min = 0.4, Max = 0.7 (uniform) 11
ART coverage (proportion HIV patients receiving ART) 0.34 Mean = 0.34, SD = 0.02 (normal) 33
Zimbabwe non-HIV/AIDS health expenditure (cost per person per annum) 26 Mean = 26, SD = 4.8 (gamma) 21, 43
Cost lifetime ART (ARV first line, ARV second line, ARV monitoring) 3,000 NA 55
Other lifetime cost of HIV treatment (prophylaxis and treatment of

opportunistic infections, diagnostic and routine testing, palliative care)
695 NA 55

ART, antiretroviral therapy; ARV, antiretroviral; MDA, mass drug administration; Max, maximum; Min, minimum; NA, not applicable.
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intervention period, and very cost-effective for an intervention
period of more than 14 y (Fig. 3).

Discussion
We evaluated the cost-effectiveness of a community-based inter-
vention for averting infections of both S. haematobium and HIV.
The intervention integrated the provision of WSH for the entire
community with praziquantel treatment of school-aged children.
Our results indicate that this integrated community-based approach
toward schistosomiasis control could effectively reduce the health
and economic burden associated with S. haematobium and HIV
infections in sub-Saharan Africa. The cost-effectiveness of the
community-based intervention was found to vary primarily with
the cost of WSH, and secondarily with the efficacy of WSH for
reducing S. haematobium transmission, as well as with the dura-
tion of the intervention. Our model predicted that for a wide
range of WSH efficacies ranging from 10–70% in terms of
reducing S. haematobium transmission, the community-based in-
tervention is likely to be cost-effective in Zimbabwe at an aggre-
gated WSH cost of US $725–$1,000 per individual over a 20-y
intervention period. These threshold costs compare favorably with
empirical estimates of expenditure of US $200–$1,020 for pro-
viding sustainable basic water and sanitation services in de-
veloping countries (22).
Current control of schistosomiasis focuses on reducing

schistosomiasis-induced morbidity by implementing large-scale
preventive chemotherapy programs through administration of
praziquantel to school-aged children (23). Although praziquantel
has an appreciable immediate reduction on schistosomiasis mor-
bidity (24), the high frequency of posttreatment reinfection, espe-
cially in endemic areas (14, 15), means that praziquantel treatment
alone may have a limited impact on the long-term control of
schistosomiasis (16, 25). To ensure sustainability of schistosomiasis
control, it is essential to integrate praziquantel administration with
provision of WSH, which is necessary for reducing schistosomiasis
transmission (16, 26). Cooperative ventures between pharmaco-
logical interventions and engineering-oriented programs for the
provision of clean water and sanitation would be ideal for pro-
moting sustainable approaches to schistosomiasis control. Health
education is a fundamental component of this integrated approach,
given that there must be a significant societal change in water use
and sanitation to leverage the provision of clean water supply and
sanitation to curtail schistosomiasis transmission (27, 28).

Our evaluations of the cost-effectiveness of the community-based
intervention are conservative, because clean water supply and san-
itation would not only contribute to the reduction in schistosomiasis
transmission but would prevent a conglomerate of diseases, such
as diarrheal diseases, soil-transmitted helminths, and bacterial
infections (29). Thus, consideration of these additional public
health benefits would further enhance the cost-effectiveness of
the community-based intervention.
FGS prevalence among adult women is associated with S. hae-

matobium prevalence rather than with infection intensity (10).
However, it has not been evaluated clinically whether FGS preva-
lence may be associated with infection intensity in children. Epi-
demiological data on the association between infection intensity and
FGS prevalence would be needed to extend our analysis to de-
termine the impact of worm burden heterogeneity on community-
based intervention effectiveness. Given that praziquantel efficacy
may decrease with worm burden (30, 31), mass praziquantel ad-
ministration may be less effective for reducing FGS for individuals
with a high worm burden than for those with a low worm burden,
as well as generating variation in effectiveness among communities
depending on respective distributions of worm burdens.
Genital schistosomiasis may interact with other risk factors, such

as the presence of other genital ulcerative diseases, age at sexual
debut, and number of sexual partners, in increasing the risk for
HIV infection. Nevertheless, the biological plausibility of elevated
susceptibility to HIV infection arising from the FGS-mediated
genital ulcerative lesions and immunomodulatory effects (4) sug-
gests that FGS prevention could significantly reduce HIV trans-
mission in communities endemic for S. haematobium. Conse-
quently, a WHO working group on urogenital schistosomiasis and
HIV transmission has proposed a prospective study to evaluate the
effect of praziquantel treatment on HIV incidence as the next step
toward developing a new protocol to treat schistosomiasis for HIV
prevention (3). Future analysis could be extended by investigating
the effectiveness of schistosomiasis control on HIV transmission
in the context of other HIV transmission cofactors and expansion
of other HIV control strategies, such as antiretroviral therapy, male
circumcision, and HIV counseling and testing (32, 33).
Our study evaluates the cost-effectiveness of community-based

intervention to reduce both schistosomiasis and HIV in sub-
Saharan Africa. We demonstrate that integrating provision of

Fig. 1. Cost-effectiveness of community-based intervention for the base
case analysis. The cost per DALY averted was computed for different values
of the cost of WSH per individual and for different levels of WSH efficacy
in reducing S. haematobium transmission.

Fig. 2. Effect of the cost of WSH per individual and the efficacy of WSH in
reducing S. haematobium transmission on the probability that the community-
based intervention will be cost-effective (dashed lines), will be very cost-
effective (dashed-dotted lines), and will meet fivefold the GDP threshold
criteria (solid lines).
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WSH with praziquantel administration may generate indirect ben-
efits for HIV prevention that extend beyond the benefits of re-
ducing the schistosomiasis burden itself, yielding substantial
economic and public health benefits.

Methods
We developed a compartmental model for the coinfection dynamics of genital
S. haematobium and HIV. We used a Bayesian MCMC (34, 35) approach to fit
the model to epidemiological data on the prevalence of FGS, HIV, and coin-
fection of rural Zimbabwean women (2, 6). The MCMC approach allowed us
to estimate uncertain epidemiological parameters by combining prior in-
formation about these parameters from epidemiological studies, empirical
HIV and FGS data, and dynamic model prevalence predictions (details on
model and parameterization are provided in SI Text, Web Appendix).

Community-Based Intervention.We considered a community-based intervention
for schistosomiasis control, including annual praziquantel administration to
school-aged children, provision of safe water through improved water supply
(e.g., piped supplies), provision of sanitation through the construction of
ventilated improved pit-type latrines, and health education campaigns.
Praziquantel is both a highly effective antischistosomal therapy and a pro-
phylactic agent against schistosomal morbidity (19) with no serious or long-
lasting adverse effects (36, 37).

We modeled annual praziquantel administration targeted at school-aged
children based on the WHO recommendation for schistosomiasis control in en-
demic areas (8). We assumed that girls who have been treated with praziquantel
were less likely to develop FGS than those who had not been treated (38, 39).
We differentiated between the efficacy of the community-based intervention
for reducing S. haematobium morbidity through praziquantel treatment and
its efficacy for reducing S. haematobium transmission through the collective
effects of WSH based on the risk for S. haematobium reinfection (Table 2).

We parameterized our model with data from the Mount Darwin district,
which is a rural district of the Mashonaland Central province of Zimbabwe,
where the Zimbabwean cross-sectional epidemiological study on the asso-
ciation between FGS and HIV was conducted (2, 6). We assumed that the
population of the Mount Darwin district was 150,000 in 2000 (40, 41).

Costs. Because national health care systems and international donors are
the primary providers of treatment costs for HIV and schistosomiasis control
in Africa (19–21), we calculated the cost-effectiveness from a health care
system perspective. Thus, only direct medical costs to the health provider
were considered, including the costs of praziquantel administration, lifetime
treatment costs of an HIV infection, and health provider expenditures un-
related to HIV/AIDS, as well as the costs of providing WSH.

The costs of praziquantel administration included the cost of the drug
[US $0.08 (30)], delivery, training, social mobilization, capital equipment, and
administrative costs [US $0.21 (42)]. We assumed that treatment was ad-
ministered according to the WHO recommended dose for praziquantel (2.5
tablets of 600 mg per child per year) (8). Medical costs for HIV treatment and
care included provider-initiated testing (both diagnostic and monitoring),
treatment and prophylaxis for opportunistic infections, antiretroviral therapy,
and palliative care. Other than HIV-related spending, the Zimbabwean gov-
ernment expenditure on health was estimated to be US $26 per capita
annually (21, 43). We aggregated the cost of providing WSH over the
length of the intervention period, including preparation, installation, main-
tenance, and operational costs. Costs were discounted at an annual rate of
3%, according to WHO recommendations (44).

Effectiveness. We quantified the effectiveness of the community-based in-
tervention on schistosomiasis and HIV in terms of DALYs, which is a common
measure for health burden resulting from mortality and disability (45). The
average period of HIV infection (μ−1H ) was estimated by fitting the model
to epidemiological data, as indicated above. We assumed that the duration
of HIV infection includes μ−1H − 1 y of limited morbidity with a disability
weighting of 0.135 (range: 0.123–0.136) and 1 y of severe disease with a
disability weighting of 0.505 (46). We also assumed that HIV-infected indi-
viduals who receive antiretroviral therapy have a disability weighting of
0.167 (range: 0.145–0.469) (46, 47). The antiretroviral therapy coverage in
sub-Saharan Africa was assumed to be 37% (range: 34–40%) (33). The av-
erage age at HIV/AIDS acquisition was assumed to be 25 y (48), and the life
expectancy at the age of 25 y was estimated to be 40 y (49). The disability
weight associated with S. haematobium infection was assumed to be 0.05
(range: 0.005–0.15) (30, 46). DALYs were computed with a 3% annual discount
rate and without age weighting (44, 50).

The annual number of DALYs averted was calculated by multiplying the
annual number of infections averted for HIV and S. haematobium by the

Fig. 3. Effectiveness and cost-effectiveness of the community-based intervention as a function of the duration of the intervention. Annual discounted
number of DALYs saved from S. haematobium (A), annual discounted number of DALYs saved from HIV/AIDS (B), and the cost-effectiveness ratio (C) were
computed when costs of providing WSH per individual were US $250 (red lines), US $750 (green lines), and US $1,500 (blue lines), respectively.
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total DALYs averted per case due to averted disability and premature death
(50). These estimates of the disability weights associated with S. haema-
tobium are conservative because they do not include morbidity associated
with FGS specifically (10, 30).

Cost-Effectiveness Framework. We calculated the cost-effectiveness of
community-based intervention for schistosomiasis control, with the status quo
of no mass administration of praziquantel, no health education campaign, and
no sanitation campaign against schistosomiasis, as is currently the case in many
rural Zimbabwean districts. We measured the effectiveness of the intervention
strategy in terms of DALYs for schistosomiasis and HIV averted over a baseline
intervention period of 20 y. The baseline intervention periodwas chosen to be
equal to the average lifespan of latrines and standpipes (51). We estimated
the Zimbabwean per capita GDP at US $600 (52, 53) and the commonly used
willingness-to-pay values of threefold the per capita GDP (US $1,800) for the
cost-effective threshold and of the per capita GDP (US $600) for the very
cost-effective threshold, in accordance with the WHO criteria (54). We also
explored an alternative threshold of fivefold the per capita GDP (US $3,000).

We conducted the cost-effectiveness analysis from the perspective of
health payers, such as the national government or international donors,

which are the major providers for schistosomiasis control and HIV anti-
retroviral therapy in sub-Saharan Africa (19–21).

Probabilistic Sensitivity Analyses. We conducted probabilistic sensitivity analyses
to assess the impact of the efficacy of WSH for reducing schistosomiasis trans-
mission on the cost-effectiveness ratio of the integrated community-based
intervention. For a given level of WSH efficacy, we randomly sampled the
posterior distributions of the epidemiological parameters (Table 1) and
probability distributions of the cost and efficacy of praziquantel adminis-
tration, as well as antiretroviral therapy coverage and non-HIV/AIDS health
expenditure obtained from epidemiological studies (Table 2), to generate
10,000 independent model outcomes. The outcomes were used both to
evaluate the impact of parameter uncertainty on the cost-effectiveness
ratios and to estimate the probability of being cost-effective and very
cost-effective for different efficacies of WSH.
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