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Abstract: Hepatitis Evirus is an enterically transmitted disease that mainly effects people in developing
countries. It is known to spread through exposure to contaminated water sources (Balayan, 1997) and
is also thought to spread through person-to-person transmission (Teshale et al., 2010). In recent years
there have been outbreaks in internally displaced persons (IDP) camps in Sudan (Boccia et al., 2006;
Guthmann et al., 2006) and Uganda (Siddiqui, 2010). In IDP camps interventions such as installation
of hand washing points, water purification and latrine building are undertaken to control the spread of
the disease. Hand washing points reduce the person-to-person transmission, water purification reduces
exposure to the contaminated water source and latrine building reduces shedding of the virus by infected
individuals to the environmental reservoir. Of interest is how effective these interventions are, which
intervention should take precedence and how rapidly the interventions should be implemented.

A differential equation based compartment model is developed for the transmission of hepatitis E via the
faecal-oral route including both an environmental reservoir and person-to-person spread. Due to the long
incubation and infective periods of hepatitis E, the model includes both exposed and infectious classes
of individuals. Multiple exposed and infective classes are used to give more realistic gamma distributed
infective periods.

Where possible, parameters in the model are determined from knowledge of the aetiology of hepatitis
E. The remaining unknown parameters are estimated by fitting to incidence data from four IDP camps
during the recent Ugandan outbreak. This is performed using a Bayesian Markov chain Monte Carlo
method where prior distributions for the unknown parameters are progressively refined until a posterior
estimate of the parameter distributions is obtained.

Consistent estimates for the parameter governing transmission from the environment to an individual
are found for all four camps. Shedding to the environmental reservoir was more variable across the four
camps. The person-to-person parameter showed the greatest variation across the camps. This is consistent
with conflicting reports in the literature as to the importance of person-to-person transmission of hepatitis
E and is clearly an area requiring further research.

Before the model can be run to determine the effectiveness of interventions the timing of these inter-
ventions must be determined. A threshold number of cases need to be reported before interventions are
considered and then there are various lags before interventions can be fully implemented. These lags in-
clude delays in testing, hardware delivery and installation and manpower and resource limitations. These
delays are specific to each site and need to be determined in consultation with the field epidemiologists.
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1 MODEL DEVELOPMENT

A differential equation based compartment model is developed for the transmission of a disease via both
an environmental reservoir and person-to-person spread. Recently related models have been developed
for a number of diseases spread via the faecal-oral route that include an environmental reservoir in their
transmission pathway. These include for hepatitis A (Ajelli et al., 2008), cholera (Codeço, 2001; Hartley
et al., 2006; King et al., 2008; Andrews and Basu, 2011) and avian influenza amongst water fowl (Rohani
et al., 2009; Breban et al., 2009).

The simplest compartmental disease transmission model that includes an environmental reservoir needs
four compartments. Three of these compartments relate to the disease status in an individual with Sus-
ceptible (S), Infective (I) and Recovered (R) classes. The additional compartment gives the viral load in
the environmental reservoir (V). The differential equations governing transmission in this simple model
are

dS

dt
= −

βSI

N
−

ρSV

V50 + V
(1)

dI

dt
=

βSI

N
+

ρSV

V50 + V
− γI (2)

dR

dt
= γI (3)

dV

dt
= κI − ηV . (4)

HereS, I andR represent the number of individuals in each class respectively andN is the total number
of individuals (N= S + I +R). β is the person-to-person transmission parameter. Individuals can also
contract the disease from the environmental reservoir with a dose related response according to a Holling
type II functional (Holling, 1959) whereV50 is the infectious dose required to produce disease in 50% of
those exposed andρ is the transmission parameter. Individuals recover from the disease and move into
the recovered class at a rateγ and hence1/γ is the average time spent in the infectious state. An infective
individual sheds virus to the environmental reservoir at a rateκ and the virus decays in the environment at
a rateη. Due to the low mortality rate of hepatitis E, the relatively short time scale of interest (of the order
of 6 months) and the closed nature of IDP camps, birth and death terms in the model are not required.
Additionally equation (3) is not required asS + I + R = N is a conserved quantity and soR can be
determined fromS andI.

For a disease such as hepatitis E this simple model (1)-(4) is not adequate for two reasons. Firstly, in the
above model individuals are infective the moment they contract the disease. This is not suitable as hep-
atitis E has a substantial latent period where exposed individuals are not yet infective. The addition of an
exposed compartment to the model as demonstrated in Figure 1 corrects for this. The rate of progression
from exposed to infective is given byδ and hence the average time spent in the exposed compartment is
1/δ. Secondly, hepatitis E is known to have a large proportion of people who are asymptomatic and show
little or no symptoms but still shed virus and are infective (Aggarawal and Naik, 1994; Teshale et al.,
2010). Since case data are only available on symptomatic cases this needs to be allowed for in the model
when estimating parameters from reported cases. The infective compartment is split into symptomatic
(Is) and asymptomatic (Ia) individuals, shown in Figure 1. The symptomatic proportion is taken to beα.

For hepatitis E theV50 infectious dose parameter is unknown, as is the shedding rate to the environmentκ.
These can be combined into one unknown parameter by the change of variableU = V/V50 which results
in one scaled parameterω = κ/V50. Under this change of variable the environmental source infection
term in equations (1) and (2) which wasρSV/(V50 + V ) now becomesρSU/(1 + U).

Additionally, it is well known that rate terms such as−γI in equation (2) give rise to negative expo-
nentially distributed infectious periods (Wearing et al., 2005). This is unrealistic for a disease such as
hepatitis E which has latent and infectious periods that have a more central tendency (Takahashi et al.,
2007) and are better approximated by gamma distributions. To overcome this both the exposed and infec-
tious compartments are subdivided into multiple consecutive compartments which is known to produce
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Figure 1. Schematic diagram of the model that includes person-to-person transmission, an environment
reservoir, a latent (exposed) compartment and both symptomatic and asymptomatic infective compart-
ments.

gamma distributed periods (Lloyd, 2001). The exposed compartment is divided intom subgroups (E1,
E2,. . . ,Em) with a rate ofmδ for movement between each subgroup and similarly the infectious com-
partments (Ia andIs) are subdivided inn subgroups (Ia1,. . . ,Ian andIa1,. . . ,Ian) with a ratenγ between
subgroups. This ensures the average time in each group remains1/δ and1/γ respectively and that they
are gamma distributed.

Taking all of the above modifications into account the governing differential equations for the model
become

dS

dt
= −

βS

N

n∑

i=1

(Isi + Iai)−
ρSU

1 + U
(5)

dE1

dt
=

βS

N

n∑

i=1

(Isi + Iai) +
ρSU

1 + U
−mδE1 (6)

dEi

dt
= mδ(Ei−1 − Ei) for i = 2 . . .m (7)

dIa1
dt

= (1− α)mδEm − nγIa1 (8)

dIaj
dt

= nγ(Iaj−1 − Iaj) for j = 2 . . . n (9)

dIs1
dt

= αmδEm − nγIs1 (10)

dIsj
dt

= nγ(Isj−1 − Isj) for j = 2 . . . n (11)

dU

dt
= ω

n∑

i=1

(Isi + Iai)− ηU. (12)
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Figure 2. New clinical hepatitis E cases per week in four Ugandan IDP camps

2 PARAMETER VALUES AND DATA

The aetiology of hepatitis E is currently not well understood. What is known is that the latent period
lasts on average approximately 2 weeks (1/δ= 2), and viral shedding during the infectious stage lasts
on average approximately 5 weeks (1/γ= 5) (World Health Organisation, 2001). Hepatitis E is thought
to be more labile than hepatitis A (Balayan, 1997; Skidmore, 1999) and has a shorter persistence time
in the environmental reservoir so we take the average survival time to be 4 weeks (1/η= 4) in com-
parison to hepatitis A of 12 weeks (Ajelli et al., 2008). Analysis of seroprevalence survey data from the
recent Ugandan outbreak (Teshale et al., 2010) indicates that the symptomatic ratio is quite low with the
symptomatic proportion being approximatelyα = 0.125. The other parameters,β, ρ andω are related
to the transmission dynamics and are unknown and need to be determined by fitting the model output to
outbreak data.

Shown in Figure 2 are new clinical (symptomatic) cases per week in four IDP camps during the Ugandan
outbreak. The three camps Agoro, Paloga and Padibe all show similar trends and timings. The fourth
camp, Madi Opei, had a significantly different transmission pattern possibly due to the different timing
of the outbreak. In Madi Opei the outbreak commenced earlier, during one of the wet seasons which is
thought to affect the spread of hepatitis E (Balayan, 1997).

The unknown parameters are estimated using an approximate Bayesian Markov chain Monte Carlo
method that has previously been applied to population models (Haario et al., 2006). In short the pro-
cess to estimate a parameterθ is as follows. First a prior distribution,π(θ), for θ is assumed. Here we
take the prior distributions to be uniform distributions over a range much larger than the expected value
of the parameter. This type of uninformative prior ensures we do not bias the final posterior distribution.
Next a valueθ∗ is sampled fromπ(θ), the model run withθ∗ and the output compared to the data. The
sampledθ∗ value is then either accepted or rejected depending on how close to the data the result was,
π(θ) is updated and the process repeated. This is undertaken using the Metropolis-Hastings algorithm
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Table 1. Average parameter values (and 95% credible interval) from 10,000 instances of the model from
the MCMC method

Camp ρ× 102 ω × 104 β/N
Agoro 9.11 (9.05,9.18) 7.14 (5.53,9.12) 0.521 (0.424,0.664)
Paloga 9.02 (8.96,9.07 8.29 (7.78,8.77) 0.488 (0.462,0.514)
Padibe 9.01 (8.95,9.10) 13.1 (11.7,14.3) 0.184 (0.124,0.234)
Madi Opei 8.73 (8.70,8.79) 15.2 (13.8,16.5) 0.011 (0.004,0.035)

and full details of the method applied to systems of ordinary differentialequations can be found in Haario
et al. (2006). A burn-in time of 10,000 runs of the model was used to allow the parameter distributions
to reach a quasi-equilibrium and the results for the parameter distributions were calculated on the next
10,000 samples of the parameters.

Mean estimates (and 95% credible intervals) ofρ, ω andβ/N values are shown in Table 1 for the four
camps and an example of the posterior distributions for the Paloga camp is shown in Figure 3. En-
couragingly, consistent estimates (with narrow credible intervals) are obtained forρ, the environment to
individual transmission parameter, for all of the camps. The scaled shedding to the environment parame-
ter,ω, was less consistent across the camps and had a wider credible interval but were all still comparable.
This variation is possibly explained by varying levels of pre-existing latrines in the camps that impacted
on the shedding rate to the environment. The person-to-person parameter,β, showed the greatest varia-
tion with the Madi Opei camp being particularly different to the other camps. This is consistent with the
outbreak data in Figure 2 with the Madi Opei camp having a very different distribution of cases compared
to the other camps. There is some disagreement in the literature about the importance of person-to-
person transmission of hepatitis E with Somani et al. (2003) (and others) stating that it is minimal whilst
Teshale et al. (2010) claim it to be significant during the 2008 Ugandan outbreak although this finding
has been questioned by Aggarwal (2010) and Nishiura (2010). Our results confirm this uncertainty about
person-to-person transmission and this is clearly an area that needs further research to fully understand
the transmission of hepatitis E in an IDP camp setting.

3 DISCUSSION

In internally displaced persons camps interventions are undertaken by groups such as Médecins Sans
Frontìeres to reduce transmission of hepatitis E. These include the installation of hand washing points
to reduce person-to-person transmission, water purification to reduce contraction of the disease from
the environmental source and latrine building to reduce shedding of the virus by infected individuals to
the environment. In terms of the parameters in the model the interventions all reduce the appropriate
transmission parameter. Installation of hand washing points reducesβ, water purification reducesρ and
latrine construction reducesω.

Of interest is how effective these interventions are and which intervention should take precedence. In
addition, interventions do not commence instantly as there are delays in their implementation. The timing
of these delays are specific to each camp and depend on numerous factors including the availability of
testing, thresholds for interventions to commence, hardware, manpower and other resources limitations.
Once appropriate timings are decided upon, in consultation with the field epidemiologists, then the model
can be run with different combinations and degrees of interventions to investigate the optimal use of
resources that reduces the burden of disease in the camps.

There are two objectives when deciding on the optimal intervention strategy given the constraints around
timing and resources. Firstly, the peak incidence is an important consideration as this impacts on the
ability of the medical staff to cope with the peak workload. Secondly, it is important to reduce as much
as possible the cumulative incidence of the disease in the camps. Investigating these aspects is the topic
of current research.
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Figure 3. Posterior distributions ofρ, ω andβ/N respectively for Paloga camp data from 10,000 in-
stances of the model
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