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Abstract

Viral hepatitis A, as other endemic diseases, represents a public health priority
worldwide. To study long—time scale human pathogens through individual-based
simulations requires the development of a dynamic network of contacts. In this work,
we introduce an individual-based model accounting for the birth and death of the
individuals, the generation of new households, and the educational career of the
individuals, in order to investigate viral hepatitis A dynamics in the most affected
Italian areas. Intervention options such as targeted vaccination, social distancing
measures (e.g. closure of day care centers and kindergartens) and improvements
in standards of living and hygiene are evaluated. Results show that a very low
vaccination coverage is sufficient to control hepatitis A in Italy, while its elimination
is not possible since new cases are continuously imported from high endemicity
areas outside the country. Finally, the considered social distancing measures can be
counterproductive since the fraction of recovered individuals does not decline while
the age at infection increases, thus augmenting the probability of developing acute

symptoms.
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1 Introduction

Hepatitis A virus (HAV) is the cause of viral hepatitis A infection, which
results in an acute form of hepatitis. Patients recover completely and develop
full immunity against future HAV infections (Stapleton and Lemon, 1994).
Nevertheless, viral hepatitis A represents an important public health issue,
imposing a remarkable economic burden worldwide (Berge et al., 2000; Das,

2003) and in Italy as well (Lucioni et al., 1998).

HAV is transmitted via the fecal-oral route by person—to—person contact (di-
rect transmission) or by ingestion of contaminated food or water (indirect
transmission). Indirect transmission represents the most important source of
infection in countries with high living standards (Fiore, 2004; Lopalco et al.,
1997). Specifically, raw mussels and shellfish consumption represents the main
source of infection in Italy (Mele et al., 2006), especially in the most affected
regions: Puglia and Campania (Chironna et al., 2002, 2003; Salamina and
D’Argenio, 1998). Another significant source of infection is represented by
travels to high endemicity areas (Mele et al., 2006), where both direct and

indirect transmission can occur.
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Nowadays, even in the absence of vaccination, hepatitis A is in a decaying
phase, mainly determined by improved hygienic conditions derived from eco-
nomic development and higher standards of living (Jacobsen and Koopman,
2004, 2005). Although this is true also for Italy as a whole, as documented
by both notification (Mele et al., 2006; ISTAT, 1980-2006) and serological
data (D’Amelio et al., 2005), Southern Italy shows a different pattern. HAV
infections are still common in Puglia and Campania, two regions in Southern
Italy, where a very large outbreak was observed in 1996-1997 (Lucioni et al.,

1998), despite the improvement of socio—economic conditions.

Thanks to a new generation of mathematical modeling tools, the effectiveness
of both pharmaceutical (e.g., treatment or prophylaxis on a contact tracing ba-
sis) and non-pharmaceutical (e.g., social distancing) individually targeted in-
tervention measures can be thoroughly investigated. Recently, highly detailed
individual-based models have been developed for evaluating the effectiveness
of control measures for diseases such as pandemic influenza (Germann et al.,
2006; Ferguson et al., 2005, 2006; Longini et al., 2005, 2004; Ciofi degli Atti
et al., 2008) or fighting back a bioterroristic attack (e.g., by employing small-
pox virus) (Eubank et al., 2004; Longini et al., 2006; Riley and Ferguson, 2006;
Halloran et al., 2002). As highlighted by Riley (Riley, 2007), the need arises
“to develop a simple model of household demographics, so that these large—
scale models can be extended to the investigation of long-time scale human
pathogens”. In fact, endemic diseases such as tuberculosis, measles, malaria,
hepatitis and HIV represent important public health issues worldwide (Murray

and Lopez, 1997).

In this work we introduce an individual-based model for investigating the

dynamics of viral hepatitis A in the most affected Italian areas, and for evalu-



ating the effectiveness of intervention options. The model is based on the real
sociodemographic composition of the population and it takes into account
the vital dynamics of the population and the changes in the network of con-
tacts (e.g., due to the birth and death of individuals, the generation of new

households, the educational career of individuals).

Since hepatitis A is a vaccine-preventable disease, we have evaluated the ef-
fectiveness of different vaccination programmes. Moreover, we have analyzed
the effects of improvements in standards of living and hygiene and of social
distancing measures, such as isolation of symptomatic cases and closure of day

care centers and kindergartens.

Results show that a very low vaccination coverage is sufficient to control hep-
atitis A in Italy. The above described social distancing measures do not have
any positive effect in decreasing the seroprevalence. Moreover, an undesired
effect of the considered social distancing measures is to decrease the fraction
of children and adolescents contracting the infection while increasing that of
adults and elderly people. Improvements in hygienic conditions can remarkably
decrease the seroprevalence. Finally, the elimination of hepatitis A appears un-
feasible since new cases are continuously imported from high endemicity areas

outside the country.

2 Methods

We have developed an individual-based model with dynamic network of con-
tacts, parameterized by employing sociodemographic and epidemiological data

and accounting for millions of individuals. The main ingredients of the model



are: (i) the sociodemographic model, simulating the temporal evolution of the
population; (ii) the transmission model, simulating the temporal evolution of

the epidemic.

2.1 Sociodemographic model

2.1.1 Initialization of the network of contacts

The contact network among individuals is adapted from the one introduced in
(Ajelli and Merler, 2008). Basically, each individual is explicitly represented in
the model and the network of contacts is generated by co—locating individuals

in households, schools and workplaces.

The populations of Campania (5,701,931 inhabitants) and Puglia (4,020,707
inhabitants) are modeled. Individuals are hierarchically grouped within the
region of residence by municipalities and provinces, according to the adminis-
trative borders of the study area and to the number of individuals by munic-

ipality.

Census data on population, household type and size (ISTAT, 2001b) and data
on age structure (ISTAT, 2007) are jointly used with survey data (ISTAT,
2003) to randomly assign age and co—locate individuals in households. Data
on the age structure are specific for the two regions, while survey data refer
to an analysis conducted at national level. Nine different household types are
considered in the model. Comparison between real and simulated age structure
and between real and simulated household size frequencies are reported in

Figure 1.



Demographic, school (MIUR, 2005a,b) and industry census data (ISTAT,
2001a) are used for generating schools and workplaces, and for randomly as-
signing an employment category (student, worker, unemployed) to each indi-
vidual on the basis of age and employment rates by age (which also include
rates of school attendance). Six school types, from day care to university, are
considered in the model. School employees (e.g. teachers) are located in schools

and not in generic workplaces.

Commuting destinations for both workers and students are randomly assigned
by employing a gravity model (Viboud et al., 2006), integrated with specific
data (ISTAT, 2001b).

All the details on the initialization of the sociodemographic model are given

in the Supplementary Materials.

2.1.2  Dynamic network of contacts

The vital dynamics of the population has to be considered for modeling en-
demic diseases. This implies that the network of contacts among individuals
has to be kept updated. In particular, in the proposed model, individuals come
to life, grow, can generate new households, can procreate and die; moreover,
they can attend school (following the educational career), have an employment

and retire.

The population is assumed to be closed, i.e. without immigration and emi-
gration, and with a constant number of individuals, i.e. the number of deaths
corresponds to the number of newborns. Despite Italy has one of the low-

est fertility rates worldwide, it has experienced a large immigration since the



1990s (Tannelli and Manfredi, 2007), which has contributed to slightly increase
the Italian population. Campania and Puglia followed the completely oppo-
site pattern. The demographic balance is positive, with an excess of births
over death, but the two regions have experienced a large emigration. As a
consequence, in the last 5 years Campania and Puglia populations have been
constant in size: the variations (both positive and negative) have been less
than 0.7% per year (data shown in Table 7 of the Supporting Materials).
Therefore, assuming a constant number of individuals can be considered as a

reliable modeling choice.

Births replace dead individuals, which are randomly selected on the basis of
the mortality rates by age, specific for the two considered regions (ISTAT,
1974-2004). Each newborn is located in an existing household, chosen among
those of suitable size and members age. Finally, it is determined whether the

newborn is enrolled in a day care center or not.

Individuals who have not already generated their own family and are at least
18 years old can generate a new household group, possibly a single member
household, on the basis of the probability of getting married by age (ISTAT,

2008).

Every time the population is updated the age of each individuals is increased
and an employment category (possibly, “unemployed”) is associated to each
individual on the basis of the employment rates by age. If this category is the
same that she/he had before the update she/he keeps her/his place, otherwise
a new school/workplace is randomly chosen among the existing ones. In the
latter case, the commuting destination is determined by employing the same

gravity model employed for the initialization of the network of contacts. As



regards the students, the school type (day care center, kindergarten, primary,
middle, high school, university) is deterministically assigned on the basis of
the age of the individual (see Table 6 in the Supplementary Material). Since
the age of the individuals is kept updated, the previously described procedure

allows students to follow the educational career.

Figure 2 shows the sociodemographic projections for the years 2012, 2017 and
2020 in terms of age structure, frequencies of households size and employment
category. These projections show a progressive population aging (Figure 2a
and 2b) and the consequent decrease in the number of students and workers
and the increase in the number of retired individuals (Figure 2e and 2f).
These demographic projections comply with the Italian situation. In fact,
nowadays, Italian population is undergoing a phase of progressive aging. For
validating these demographic projections, we initialized the population of both
Campania and Puglia with their age-structure in the 2002 and compared them
with the age—structure simulated by the model using these data as input.
Then we ran the simulations and compared the age-structure in the 2007 with
the one predicted by the model. As shown in Figure 8 in the Supplementary
Materials, the predicted age—structures for both Puglia and Campania are in

good agreement with the real data.

Further details on the evolution of the network are given in the Supplementary

Materials.



2.2 Epidemic transmission model

The epidemic transmission model is adapted from the one proposed in (Ajelli
et al., 2008), which is specific for describing the hepatitis A transmission in
Italy. The model accounts for the three main sources of HAV infection in the
region: person—to—person transmission, ingestion of infected food and travels

to high endemicity areas.

For each susceptible individual 7, the probability of being infected at time 7

is given by

pi(T) -1 — e—)\i(r)At ’

where \;(7) is the force of infection for the susceptible individual i at time
7, and At is the time step of the simulation (1 week). \;(7) is the sum of
the risk factors due to the three considered sources of infection: \;(7) =
MP(7) + X2 (1) + AL (1) , where AP (7) represents the direct transmission com-
ponent, \?(7) represents the indirect transmission component and A\7(7) the

component associated to travels to high endemicity areas.

2.2.1 Direct transmission

Direct transmission accounts for person—to—person contacts. Since individual—
based models allow the explicit representation of the places where transmis-
sion can occur, this transmission component is divided into contacts within

households, schools and workplaces.

In particular, for each susceptible individual ¢ the risk factor AP (7) at time 7

is given by:
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where

e [;(7) is equal to 1 if individual j is infectious at time 7, 0 otherwise.

e H; is the set of the indices of the h; individuals living in the same household
of i (note that if h; = 1 the first term in Equation (1) is 0 by definition).

e (3, is the transmission rate within households.

e P, is the set of the indices of the p; individuals working or studying in the
same place of 7 (if p; = 0 or p; = 1 the second term in Equation (1) is 0 by
definition).

e (i) is the employment category of individual i (i.e., one of the seven types
described in the sociodemographic model).

. ﬁg () is the transmission rate within the place of type (7).

2.2.2 Indirect transmission

Indirect transmission accounts for the infections by ingestion of contaminated

seafood. The risk of infection due to this component at time 7 is given by:

A7) =B(a)U(7) |
where

e ((a;) is the transmission rate associated to the ingestion of infected seafood.
Since consumption of raw mussels and shellfish varies by age, (3, is a function
of the age of the individual 7.

e U(7) is the quantity of HAV in seafood at time 7, as a consequence of the

excretions of infected individuals.
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The variable U(7) depends on the number of individuals that were infective
prior to time 7, basically because they excrete HAV in the environment dur-
ing their entire period of infectivity. For simplicity, we decided to model the

dynamics of U(7) by the following ordinary differential equation:

d

U =0 4 U] ¢l

where 0 is the decay rate of HAV in the environment and Z;V:l I;(7) is the
number of infectious individuals in the population, which comprises N indi-
viduals, at time 7. A discussion on this model of indirect transmission can be

found in (Ajelli et al., 2008).

2.2.8  Travels to high endemicity areas

Travels to high endemicity areas account for all the infections occurring outside

the considered region. This component of the force of infection is modeled as

)‘Z(T) = Bi(ai) ,

which is constant over time and varies by age.

2.8 Intervention measures

Since hepatitis A is a vaccine—preventable disease, we will evaluate the ef-
fectiveness of different vaccination programmes. Moreover, we will evaluate
the effectiveness of social distancing measures. In fact, this is possible mostly
thanks to the explicit representation of the individuals and of the places where
transmission can occur. Finally, since hepatitis A is undergoing a global de-

cline, due to the worldwide improvements in standards of living and hygiene

11



(Jacobsen and Koopman, 2004, 2005), we will draw different scenarios on pos-

sible hygienic improvements.

2.8.1 Vaccination

For hepatitis A, the target population consists of children and adolescents.
We consider newborns and 12 years old adolescents as the target population.
Vaccination is modeled by reducing the proportion of susceptible individuals
in the target population. This proportion depends on vaccination coverage
(i.e., the proportion of target population that is covered in the waccination
campaign) and vaccine effectiveness (i.e., the probability of developing immu-
nity after the administration of a vaccine dose). The latter-is kept fixed at
98% according to (Averhoff et al., 2001). Since vaccination coverage depends
on the vaccination programme implemented by public health agencies and on

the collaboration of the population, many scenarios are evaluated.

2.3.2  Social distancing

The aim of the considered social distancing measures is to interrupt the chains
of cases observed in day care centers and kindergartens, which are typical of
many childhood diseases (Galil et al., 2002), and viral hepatitis A as well
(Chitambar et al., 1996). This is possible thanks to the explicit representation
of the individuals and of the places where person—to—person transmission can

occur. Specifically, we investigate the effectiveness of the following strategies:

d1 symptomatic individuals are assumed to be isolated for two weeks. In this
period they do not transmit the infection neither in their household nor in

their school or workplace, if any;

12



d2 as d1. Moreover, day care centers and kindergartens attended by symp-
tomatic individuals are closed for 2 weeks;
d3 as d2. Moreover, the policy is extended to day care centers and kindergartens

attended by other household members of symptomatic individuals.

The aim of strategy d2 is to limit as much as possible the transmission within
day care centers and kindergartens, which are the most important routes
of person—to—person HAV transmission (Lerman et al., 1999). Isolation of
symptomatic cases is not sufficient to interrupt person—to—person transmis-
sion within day care centers and kindergartens, since the probability of being
symptomatic in individuals aged 0-6 is very low (about 4% (Stapleton and
Lemon, 1994; Fiore, 2004)). In this respect, the closure of day care centers and

kindergartens is required.

The aim of strategy d3 is to limit the transmission within day care centers
and kindergartens by suspected infectious individuals, i.e., individuals living

in the same household of a symptomatic individual.

Since isolation of symptomatic individuals will hardly occur immediately af-
ter the onset of symptoms, we assume a one—week delay between the onset
of symptoms and the application of such strategies. We investigate the ef-
fectiveness of such strategies when applied to a fraction of the symptomatic

individuals or only to notified cases.

Let us note, however, that symptomatic individuals continue to excrete the

virus in the environment even if social distancing measures are applied.

13



2.3.3 Modeling hygienic improvements

In Italy, the main source of contagion is represented by the consumption of
infected raw mussels and shellfish (Mele et al., 2006). HAV infection of mussels
and shellfish can occur both in the marine environment and in fish market
stands where infected water is often employed to wash the shellfish (Shuval,
2003). Thus, we assume that hygienic improvements would be mainly related
to the indirect contacts component. Such improvements can be reasonably

expected to occur in the considered areas.

We model the improvement of hygienic conditions simply as a reduction of
the quantity of infected seafood. In particular, after solving Equation (2), we
decrease the value of U(7) by a reduction factor accounting for the improved
conditions (e.g., better hygiene in the fish markets or better awareness in the

choice of fishing areas).

2.4  Model parametrization

The basic reproductive number Ry is the average number of secondary cases
generated by an infectious individual in a completely susceptible population
(Anderson and May, 1991). In the absence of any pharmacological interven-
tions, for epidemic outbreaks Ry can be estimated from notification data dur-
ing the initial exponential growth phase of the epidemic (Chowell et al., 2004),
while for endemic diseases it can be defined as the inverse of the fraction of
susceptible individuals at the endemic equilibrium (Anderson and May, 1991).
The latter approach was employed for determining the basic reproductive num-

ber of the simulated epidemics. Note that the method can not be applied when

14



pharmacological interventions (e.g. vaccination) are implemented.

As regards hepatitis A in Italy, Ry was estimated to be 2.9 in Campania and

3.8 in Puglia!.

The free parameters of the model are the transmission rates associated to
the different sources of infection (i.e. B4, 7, Bs(a) and By(a)), while all the
other epidemiological parameters (e.g., the latent period and the infectious
period) are kept fixed according to the literature (see Table 1). We set the
transmission rates in such a way that the fraction of cases generated by each
source of infection complies with the risk factors by age as reported in (Mele
et al., 2006). In particular, as regards the direct contacts, only transmission

within household, day care, kindergarten and primary school is relevant.

Finally, actual hepatitis A notification data (ISTAT, 1980-2006) are used to

estimate the reporting rate.

3 Results

3.1 Baseline scenarios

The risk of infection by age for the three sources of infection estimated by the
model agrees well with national survey data as reported in (Mele et al., 2006).

A comparison is shown in Figure 3a.

At the endemic equilibrium, the fraction of recovered individuals? estimated

1 In light of a recent study on the HAV seroprevalence in Italy (Ansaldi et al.,

2008), the estimation of Ry given by Ajelli et al. (2008) were slightly revised.

2 Individuals who contracted the infection and recovered; vaccinated individuals are

15



Table 1

Epidemiological parameters.

Parameter Unit Value Reference
Reproductive number
for Campania region dimensionless 2.9 (Ajelli et al., 2008)
for Puglia region dimensionless 3.8 (Ajelli et al., 2008)
Latent period weeks 2 (CDC, 2007; Stapleton and Lemon, 1994)
Infectious period weeks 3 (CDC, 2007; Stapleton and Lemon, 1994)
Decay of survival of HAV weeks ™1 0.0833 (Ajelli et al., 2008; Abad et al., 1994; Biziagos et al., 1988; Mbithi et al., 1991)

in the environment

Probability of becoming symptomatic

for individuals aged 0-6 percentage
for individuals aged 7-16 percentage
for individuals older than 16 percentage
Vaccine efficacy percentage

16

80

98

(Fiore, 2004; Stapleton and Lemon, 1994)
(Fiore, 2004; Stapleton and Lemon, 1994)
(Fiore, 2004; Stapleton and Lemon, 1994)

(Averhoff et al., 2001)

by the model is 65.8% in Campania, and 73.8% in Puglia (see Table 2 and

3). These estimates comply with the seroprevalence data reported in (Ansaldi

et al., 2008), where an average value of 67.7% is reported for Southern Italy.

Figure 3b shows the fraction of recovered individuals per age cohort, compared

with national seroprevalence data (Ansaldi et al., 2008). Age at infection of

symptomatic individuals is shown in Figure 3c. Since the age at infection in

Puglia is lower than in Campania and the probability of developing symptoms

increases with age, the fraction of symptomatic cases in the two regions is not

significantly different (38.9% in Campania and 38.3% in Puglia).

Hepatitis A cases are seriously under—reported (Armstrong and Bell, 2002).

The estimated reporting rate is about 2% in Campania and 8% in Puglia.

These estimates are quite consistent with those reported by the Centers for

Disease Control and Prevention for viral hepatitis A, namely less than 10% in

thus excluded. Basically, it corresponds to the age—adjusted percentage of recovered

individuals in the population.
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the US (CDC, 2006). These values are partially justified by the low perceived
risk of hepatitis A among the population, especially in Campania where only
39% of the interviewed people would visit a medical doctor in case of icteric

sclerae (Salamina and D’Argenio, 1998).

The estimated average number of notified cases per year per 100,000 inhab-
itants is 11.7 in Campania and 53.3 in Puglia, which are in good agreement
with the values reported in (ISTAT, 1980-2006), namely 14.3 in Campania

and 52.6 in Puglia.

The model exhibits a “cluster-like pattern” (i.e., a large number of cases in a
“short” period of time) within day care centers and kindergartens (see Figure
3d). As discussed before, this is a typical pattern of most childhood diseases

(Galil et al., 2002), and hepatitis A as well (Chitambar et al., 1996).

3.2 Effectiveness of vaccination programmes

In presence of a vaccination programme of unlimited duration involving both
newborns and 12-years—old adolescents, hepatitis A can be controlled quite
well. By performing a very mild vaccination programme (vaccination coverage
of 50% among 12-years—old adolescents and of 10% among newborns), the
fraction of symptomatic individuals reduces of 26% in Campania and of 23%
in Puglia in 50 years. In both regions, the cost of this vaccination campaign
is about 570 vaccine doses per 100,000 individuals per year. Better results
are obtained for higher vaccination coverage. In particular, for a very effi-
cient vaccination strategy (vaccination coverage of 90% among 12-years—old

adolescents and of 80% among newborns), the fraction of symptomatic indi-

17



Table 2

Effectiveness of vaccination and improvements in hygienic conditions in Campania®.

g 3
e} n = n
" g g * "U? %

5  gi S 3 € & E 53 S
e o0 5 o o _ — = — 29 — — S —
g fF £ g g B ER PN ER s - g 23 g
5 5 30 o o & e 4 °% Z ) 2 83 2
3 35 gf g7 & = g 289 g 2 2 2 ] 83 2
3 3% B L& © o ER ERY- | = E g E

12} - o 0 = = =19 — % — = —_ = = S =
S g ho=d - 9 %) -] 9 =1 ) o2 o) «w © %)
CERRE - R ] 52 S 92 S 83 ] 32 0 S A ©
50 ¥elo] ) ! o] o =1 1939 <1 ES =1 29 =1 . =1
c0 @ o0 O.2 =g 3 53 o 59, o S5 o <3, 5] z & 3}
£ 8% ©s ©E 8 ° 9 - 2T ° g s £8 °
8 By fE 5§ £ i <5 £t - xE T8 X3 ED 8
Q o o = Q
) ) 5 ] =) = x5 o X5 o x5 o Y g = x5
S3 S8 a8 =28 4 =z S-S 8 &2 & X 85 Z & as

- - - 2.9 11.7 11.1/12.3 65.8 62.7/68.9 59.2 58.5/60.3 — - - -
10 50 f - - 8.3 8.0/8.8 47.2 44.9/49.6 61.0 60.2/62.2 23.9 22.4/25.0 573.5 536.2/597.5
20 80 f - - 7.0 6.5/7.3 39.9 37.3/41.8 62.5 61.6/63.5 35.1 33.0/36.7 818.9 768.3/852.4
80 90 f - - 6.0 5.5/6.4 32.7 29.9/34.7 67.6 66.7/68.3 51.0 49.1/53.3 1,121.7 1,076.3/1,162.2
20 80 5 - - 11.1 10.5/11.5 62.3 59.8/64.8 59.8 59.1/60.9 3.5 2.9/4.1 90.5 75.7/106.1
20 80 10 - - 10.3 9.9/10.7 58.6 56.8/60.5 60.3 59.6/61.4 7.1 5.9/8.4 181.8 152.1/212.8
20 80 20 — — 9.0 8.8/9.2 51.4 50.5/52.4 61.3 60.6/62.3 13.9 11.4/16.0 343.7 286.1/395.1

- — — 20 2.1 9.7 8.9/10.4 51.2 48.7/54.7 66.0 65.7/66.8 — - — -

- — — 50 1.9 8.7 8.0/9.3 46.2 43.7/49.2 67.5 66.9/68.3 — — — —

- - - 80 1.8 8.3 7.7/9.0 44.6 42.1/47.4 67.9 67.4/68.8 - - - -
20 80 f 20 - 5.8 5.4/6.1 33.3 30.9/35.0 67.9 67.4/68.8 36.7 34.4/38.3 818.5 767.6/851.8
20 80 U 50 - 5.5 5.1/5.8 31.7 29.3/33.3 69.0 68.6/69.8 37.0 34.7/38.6 818.7 768.3/851.6
20 80 U 80 - 5.4 5.0/5.7 31.1 28.8/32.7 69.3 69.0/70.2 37.1 34.8/38.7 818.7 768.1/852.0

* the duration of the simulation is 50 years.

* it represents the age—adjusted percentage of recovered individuals in the population.

i for the entire duration of the simulation.

viduals declines to 22.1% in Campania and to 22.6% in Puglia, with a cost of
about 1,100 vaccine doses per 100,000 individuals per year. Whatever vacci-
nation programme is applied, hepatitis A can not be eliminated because some

sporadic cases can be caused by travels to high endemicity areas.

A vaccination coverage of 20% among newborns and of 80% among 12-years—
old adolescents mimics the intervention implemented in Puglia which is the
only Italian region that has introduced a vaccination programme started in
1997 (Lopalco et al., 2005), though vaccination is only recommended (and

not mandatory): this is the reason of such a low vaccination coverage. In this
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Table 3

Effectiveness of vaccination and improvements in hygienic conditions in Puglia*.
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- - - 3.8 53.3 50.9/54.0 73.8 71.1/76.1 51.9 50.9/53.9 — - - -
10 50 f - - 37.6 35.8/39.6 54.1 52.3/56.2 54.3 53.3/56.3 22.5 21.4/23.6 573.4 536.0/597.5
20 80 f - - 30.6 29.2/32.5 45.3 43.0/47.2 56.1 55.2/58.0 33.7 32.0/35.2 818.7 768.2/852.1
80 90 f - - 24.5 22.7/26.2 35.9 33.0/37.9 62.9 61.6/64.2 50.2 48.4/52.6 1,122.1 1,076.5/1,162.7
20 80 5 - - 50.6 48.4/52.6 70.6 68.4/72.3 52.6 51.5/54.4 3.2 2.7/3.8 90.5 75.8/105.8
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— - - 50 2.2 44.4 39.5/48.6 53.5 51.0/57.1 64.7 64.1/65.6 - - — —

- - - 80 2.1 42.2 37.7/46.0 51.1 48.5/54.4 65.5 64.7/66.4 - - - -
20 80 f 20 - 26.6 24.8/28.6 37.8 35.1/39.6 64.4 64.0/65.2 35.9 33.8/37.5 818.6 767.8/852.0
20 80 U 50 - 24.7 23.0/26.5 35.7 33.1/37.5 66.1 65.7/67.0 36.4 34.2/37.9 818.7 768.3/851.8
20 80 U 80 - 24.1 22.4/25.8 35.0 32.4/36.7 66.7 66.2/67.5 36.5 34.3/38.1 818.7 767.9/852.0

* the duration of the simulation is 50 years.

* it represents the age—adjusted percentage of recovered individuals in the population.

i for the entire duration of the simulation.

setting, a vaccination campaign of limited duration (e.g., 10 years) does not
have a significant effect in mitigating the epidemic. In fact, the fraction of
recovered individuals decreases of only 5% in Campania and 4% in Puglia in
50 years. Figure 4a, 4d, 4g, 5a, 5d, 5g, Table 2 and 3 show how better results

can be obtained by extending the vaccination campaign over a longer period.

In both the considered regions, when vaccination is performed for at least 20
years, the fraction of recovered individuals drastically decreases in almost all
age classes (but for the class of > 59 years old individuals) as an effect of

the vaccination (see Figure 4b, 4e, 4h, 5b, 5e and 5h). This reduction is not
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Table 4

Effectiveness of social distancing measures in Campania*.
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d1 100 2.8 117 11.1/12.3  64.3  61.0/67.5 60.8  60.0/62.4
d2 100 2.8 11.7 11.1/12.3 64.1 60.9/67.3 61.0 60.2/62.6

ds 100 2.8 11.7 11.1/12.4 64.1 60.9/67.3 61.1 60.3/62.7
d1 50 2.9 11.7 11.2/12.3 64.9 61.7/68.0 60.2 59.4/61.6
d2 50 2.9 11.7 11.2/12.3 64.7 61.6/67.9 60.3 59.6/61.7
a3 50 2.9 11.8 11.2/12.3 64.8 61.6/67.9 60.4 59.7/61.8
d1 10 2.9 11.7 11.0/12.3 65.6 62.4/68.7 59.4 58.6,/60.6
d2 10 2.9 11.7 11.1/12.3 65.6 62.4/68.7 59.4 58.7/60.6

ds 10 2.9 11.7 11.1/12.3 65.6 62.4/68.7 59.5 58.8/60.7

d1 T 209 117 11.1/12.3 65.8 62.7/68.8 = 59.2  58.5/60.3
d2 T 209 117 11.0/12.2 65.8 - 62.7/68.8 59.2  58.5/60.3
ds T 209 117  11.1/12.2  65.7  62.7/68.8 59.2  58.5/60.4

* it represents the age—adjusted percentage of recovered individuals in the population.

* the duration of the simulation is 50 years.

i strategy applied to only to notified cases.

observed in the class of elderly individuals since they lived most of their life
before the start of the vaccination programme. When vaccination is performed
for at least 20 years, age at infection increases with respect to the baseline
simulations as a consequence of the higher protection in the younger (and
vaccinated) individuals and of the overall reduction in the number of cases in
the population (see Figure 4c, 4f, 4i, 5¢, 5f and 5i). However, the increased age
at infection is well compensated by the drastic reduction of the overall impact

of the epidemic.

20



Table 5

Effectiveness of social distancing measures in Puglia*.
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di 100 3.7 54.0 51.5/56.4 72.8  69.9/75.2 53.5  52.4/55.9
d2 100 3.7 542 51.6/56.8 72.6 69.9/75.0 53.7  52.6/56.1

ds 100 3.7 54.1 51.7/56.7 72.6 69.8/75.0 53.8 52.6/56.2
d1 50 3.8 53.7 51.1/56.0 73.2 70.4/75.6 52.9 51.8/55.1
d2 50 3.7 53.8 51.2/56.2 73.1 70.3/75.5 53.0 51.9/55.3
a3 50 3.7 53.8 51.3/56.1 73.1 70.3/75.4 53.1 52.0/55.3
d1 10 3.8 53.4 50.8/55.7 73.6 70.9/76.0 52.1 51.0/54.2
d2 10 3.8 53.3 50.9/55.4 73.6 70.9/75.9 52.1 51.1/54.2

ds 10 3.8 53.4 50.9/55.7 73.6 70.8/75.9 52.2 51.1/54.3

d1 t 3.8 53.3 50.8/55.5 73.7 71.0/76.1 52.0 50.9/54.1
d2 t 3.8 53.3 50.7/55.5 73.7 71.0/76.0 52.0 51.0/54.1
ds f 3.8 53.3 50.8/55.5 73.7 71.0/75.9 52.0 50.9/54.1

* it represents the age—adjusted percentage of recovered individuals in the population.

* the duration of the simulation is 50 years.

t strategy applied only to notified cases.

3.3 Effectiveness of social distancing measures

Social distancing measures di, d2 and d3 do not have any positive effect:
neither the fraction of recovered individuals nor the number of notified cases,
nor the Ry decline (see Table 4 and 5). Specifically, only a slight decrease in
the fraction of recovered individuals (of the order of 1-2%, not statistically
significant) can be observed when considering the more restrictive measures
d2 and d3 applied to the 100% of symptomatic individuals, which is fairly

unrealistic. In the more realistic case of strategies applied only to notified
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cases, no significant differences are observable with respect to the baseline

scenarios.

Moreover, an undesired observed effect is to decrease the fraction of children
and adolescents who contract the infection while increasing that of adults
and elderly people (see Figure 6). Since the probability of developing acute
symptoms increases with age, these interventions can be considered counter-
productive. This effect is more relevant in Puglia and it is due to the higher

value of Ry which results in a lower age at infection.

3.4 Effects of improvements in hygienic conditions

Improvements in hygienic conditions have a wide effect on the hepatitis A
dynamics. Although the decrease in the number of notified cases is not so
relevant (see Table 2 and 3), the fraction of recovered and symptomatic indi-
viduals noticeably declines in 50 years, leading to estimated values of Ry of
1.8-2.1 in Campania and 2.1-2.5 in Puglia: this values are typical of medium—

low endemicity areas.

Finally, combining a wvaccination programme with natural hygienic improve-
ment leads, not surprisingly, to a very low fraction of recovered individuals

values (see Table 2 and 3).

4 Discussion

The development of an algorithm for simulating the temporal evolution of

the sociodemographic structure of the population, where individuals come
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to life, grow, attend school, go to work, can generate new households, can
procreate and die, allowed us to develop the first large scale, spatially—explicit
individual-based model, applied to the analysis of hepatitis A in Italy. The
dynamic sociodemographic model proposed in this work can be easily adapted
to the study of other endemic diseases in which person—to—person transmission

can play a relevant role.

The model complies with the available epidemiological data (e.g., the sero-
prevalence or the fraction of cases generated in the different sources of infec-
tion) and it allows analyzing the effectiveness of different intervention mea-
sures. A low vaccination coverage of unlimited duration is able to reduce hep-
atitis A, at a limited cost in terms of vaccine stockpile. However, a vaccination
programme of limited duration does not result in a substantial decrease of the
proportion of susceptible individuals in the population. Consequently, HAV
can spread in the population and new outbreaks will arise as soon as the
vaccination campaign is interrupted. Therefore, in the light of the results pre-
sented in this paper, the mass vaccination adopted in the region of Puglia in
1996-1997 can be effective only if the vaccination programme is protracted.
Unfortunately, serological data for the pre—vaccination period and for the vac-
cination period in Puglia are not available to us. Therefore, it is hard to

validate this result empirically.

Expected and desirable improvements in hygienic conditions are sufficient to
lead to a decline of the epidemic, even in the absence of vaccination (as ob-
served in (Jacobsen and Koopman, 2004, 2005)). The obtained estimates of Ry
suggest that the two high endemicity Italian regions could naturally evolve to-
wards a medium-low endemicity level. The considered social distancing mea-

sures (isolation of symptomatic cases and closure of day care centers and
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kindergartens) do not have any positive effect on the containment of hepatitis
A. On the contrary, the effect of these interventions is to decrease the fraction
of children and adolescents who contract the infection while increasing that of
adults and elderly people. Consequently, a side effect is to increase the risk of
developing acute symptoms. In fact, blocking transmission in day care centers
and kindergartens may not be an effective measure for decreasing the overall
prevalence of infection in the population if more than 50% of cases are due
to ingestion of infected seafood, as in the two considered regions (Mele et al.,
2006). This kind of measures could be effective only when coupled to drastic
improvements in hygienic conditions. Elimination of the disease is not possible
since new cases are continuously imported from high endemicity areas outside

the country.

The assumption of a constant population (neither immigration nor emigra-
tion are considered in the model and the number of newborns is assumed to
be equal to the number of deaths) represents a critical issue, though this is a
reasonable modeling choice. Since the demographic projections are not com-
pletely reliable, the longer the temporal interval of the simulations, the less
accurate the predictions are expected to be. Individual-based models allow
considering highly heterogeneous populations, improving the characterization
of contacts and representing the age-structure in a natural way. They offer
the advantage of avoiding (arbitrary) assumptions on the transmission rates
among age classes. However, in order to estimate the transmission rates, they
require specific data on (i) the type of contact and (i) the frequency of contact

in the different places where transmission can occur.

We focused the study on the two most affected Italian regions. Since the

risk factors greatly vary from region to region (e.g., the consumption of raw
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seafood is not common in Northern Italy), it would be interesting to develop a
nationwide model, to analyze, for instance, the mechanisms behind the spatio—
temporal spread of the epidemic. In some more detail, it would be interesting
to analyze the effects of a vaccination campaign conducted only in the most
affected regions on the temporal evolution of viral hepatitis A in the rest of

the country.

We conclude by remarking the main findings of this work, potentially related
to the implementation of control measures by public health authorities. A low
vaccination coverage is sufficient to reduce the impact of hepatitis A, at a lim-
ited cost in terms of vaccine stockpile. However, if the vaccination programme
is not protracted in time new outbreaks can arise as soon as the vaccination
campaign is interrupted. Since vaccine is offered on a voluntary basis, it is
thus crucial to carry out sensibilization measures. Improvements in hygienic
conditions are sufficient to lead to a decline of the epidemic. Though they are
difficult to achieve in a short period of time, monitoring of fish market stands
and mass sensibilization campaigns could be implemented to raise consumer
and industry awareness. Social distancing measures are discouraged from both
clinical and social points of view. They could be reassessed in the light of high

vaccination coverage and drastic improvements in hygienic conditions.
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Fig. 1. a Age structure (year 2007) of Campania region (black line) and age struc-
ture simulated by the sociodemographic model (gray line). ¢ Italian household size
(black bars) and household size simulated by the model in Campania (gray bars).
Note that data on household size are not directly employed in the algorithm (see

Supplementary Materials). b and d as a and ¢, but for Puglia.

Fig. 2. a Age structure of Campania (black line) and age structures simulated by
the sociodemographic model: projections to the years 2012, 2017 and 2022 (from
dark gray to light gray). ¢ As a but for frequencies of household size. e As a but

for frequencies of employment categories. b, d, f as a, ¢, e but for Puglia region.

Fig. 3. a Risk factors by age group. Comparison between the National data reported
in (Mele et al., 2006) (black bars) and the baseline simulations in Campania (dark
gray bars) and Puglia (light gray bars). Children account for individuals aged 0-14,
Young for individuals aged 15-24 and Adults for individuals older than 24 years
old. b HAV seroprevalence by age cohort. Comparison between National data as
reported in (Ansaldi et al., 2008) (black bars) and baseline simulations in Campania
(dark gray bars) and Puglia (light gray bars). ¢ Age at infection of symptomatic
individuals in Campania (black bars) and Puglia (gray bars). d Number of cases over
time in three randomly chosen day care centers in Puglia (Ry = 3.8), highlighting
the classical “clusters—like pattern”. The numbers refer to the fraction of cases over

the number of children enrolled.
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Fig. 4. Effects of a vaccination programme in Campania. Vaccination coverage is
assumed to be 20% among newborns and 80% among 12 years old adolescents. a
percentage of susceptible individuals over time (light gray area), recovered individ-
uals (dark gray area), vaccinated individuals (black area) and infected individuals
(“small” white area between susceptible and recovered individuals) for a vaccination
programme lasting 5 years. b HAV seroprevalence by age cohort for a vaccination
programme lasting 5 years. ¢ Age at infection of symptomatic individuals (black
bars) and asymptomatic individuals (gray bars) for a vaccination programme last-
ing 5 years. d, e, f as a, b, ¢, but for a vaccination programme lasting 20 years. g,

h, i as a, b, ¢, but for a vaccination programme lasting 50 years.

Fig. 5. Effects of a vaccination programme in Puglia.. Vaccination coverage is as-
sumed to be 20% among newborns and 80% among 12 years old adolescents. a
percentage of susceptible individuals over time (light gray area), recovered individ-
uals (dark gray area), vaccinated individuals (black area) and infected individuals
(“small” white area between susceptible and recovered individuals) for a vaccination
programme lasting 5 years. b HAV seroprevalence by age cohort for a vaccination
programme lasting 5 years. ¢ Age at infection of symptomatic individuals (black
bars) and asymptomatic individuals (gray bars) for a vaccination programme last-
ing b years. d, e, f as a, b, ¢, but for a vaccination programme lasting 20 years. g,

h, i as a, b, c, but for a vaccination programme lasting 50 years.

Fig. 6. a Social distancing measure d& applied to all symptomatic individuals: vari-
ation of the number of cases (gray bars) and number of symptomatic cases (black

bars) in Campania by age cohorts. b As a but for Puglia region.
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