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ABSTRACT
Background: Many low- to middle-income countries have completed or are in the process of
transitioning from high or intermediate to low endemicity for hepatitis A virus (HAV). Because the risk
of severe hepatitis A disease increases with age at infection, decreased incidence that leaves older
children and adults susceptible to HAV infection may actually increase the population-level burden of
disease from HAV. Mathematical models can be helpful for projecting future epidemiological profiles
for HAV.

Methods: An age-specific deterministic, dynamic compartmental transmission model with stratification
by setting (rural versus urban) was calibrated with country-specific data on demography, urbanization,
and seroprevalence of anti-HAV antibodies. HAV transmission was modeled as a function of setting-
specific access to safe water. The model was then used to project various HAV-related epidemiological
outcomes in Brazil and in Mexico from 1950 to 2050.

Results: The projected epidemiological outcomes were qualitatively similar in the 2 countries. The age at
the midpoint of population immunity (AMPI) increased considerably and the mean age of symptomatic
HAV cases shifted from childhood to early adulthood. The projected overall incidence rate of HAV
infections decreased by about two thirds as safe water access improved. However, the incidence rate of
symptomatic HAV infections remained roughly the same over the projection period. The incidence rates of
HAV infections (all and symptomatic alone) were projected to become similar in rural and urban settings
in the next decades.

Conclusion: This model featuring population age structure, urbanization and access to safe water as key
contributors to the epidemiological transition for HAV was previously validated with data from Thailand
and fits equally well with data from Latin American countries. Assuming no introduction of a vaccination
program over the projection period, both Brazil and Mexico were projected to experience a continued
decrease in HAV incidence rates without any substantial decrease in the incidence rates of symptomatic
HAV infections.
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Introduction

Hepatitis A disease is an acute inflammation of the liver
caused by the hepatitis A virus (HAV). It is transmitted
mainly by the fecal-oral route following person-to-person
contacts but may also be transmitted by contaminated food
or water.1 The incidence of HAV infection is associated
with inadequate sanitation and limited access to safe water
and improvements of sanitation and safe water supply
reduce the risk of infection.1-3

The risk and severity of symptomatic HAV infection is
directly related to age. Young children usually have no or few
symptoms, whereas most older children and 80–90% of adults
develop an icteric infection (jaundice).1,3,4 HAV infection indu-
ces lifelong immunity after recovery.1 In regions with high inci-
dence rates, nearly all children become infected early in life, so
most cases are asymptomatic and overt outbreaks are

infrequent.1,5 In regions experiencing decreasing HAV inci-
dence rates after improvements in sanitation and water access,
the mean age at HAV infection usually increases and outbreaks
become more common.1,6 The higher mean age at HAV infec-
tion may potentially lead to an increased incidence of symp-
tomatic HAV infections, so a shift from intermediate or high
towards low endemicity may actually lead to an increased bur-
den of disease. WHO recommends that vaccination against
HAV should be integrated into the national vaccination sched-
ule for children aged � 1 y if there is a change in the endemicity
of hepatitis A from high to intermediate.7

Incidence data for HAV infections are very incomplete,
because nearly all the cases in regions with high endemicity
occur in young children and even symptomatic cases are
often underreported.8,9 Therefore, the best option is to use
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age-specific seroprevalence data to back-calculate incidence
rates over time. Seroprevalence studies test blood for anti-HAV
IgG or IgG/IgM antibodies, where IgM is a marker of acute or
recent infection and IgG a marker of past infection.10 Plots of

age-stratified seroprevalence curves based on cross-sectional
serosurveys reveal information about HAV endemicity at the
time of data collection and to some extent also suggest how
HAV incidence has developed over time.1

Figure 1. Urbanization, access to safe drinking water and seroprevalence of anti-HAV antibodies. (A) Percentage of the total population in urban areas over time in Brazil;
(B) Percentage with access to safe drinking water over time in Brazil; (C) Percentage of HAV-seropositive by age (synthesized seroprevalence curves by setting) in Brazil.
(D) Percentage of the total population in urban areas over time in Mexico; (E) Percentage with access to safe drinking water over time in Mexico; (F) Percentage of HAV-
seropositive by age (synthesized seroprevalence curves by setting) in Mexico. For A and D black curves: by 5 calendar years. For B-C-E-F, green: rural setting; blue: urban
setting; dashed lines: observed data; continuous lines: adjusted data (taking into account stricter definitions of access to clean drinking water and assuming the actual
access never declines).

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1943



The seroprevalence of HAV varies over geographic and
socioeconomic regions. Many low- and middle-income coun-
tries had high HAV endemicity levels but are in the process of
transitioning to low endemicity.1,6 This shift has been observed
in both Brazil and Mexico11-25 2 countries we selected for this
study because of seroprevalence data availability for both rural
and urban study populations.

Our objective was to project the epidemiology of HAV in
Brazil and Mexico up to 2050, based on demography, urbaniza-
tion, access to safe water and HAV seroprevalence data (Fig. 1,
see additional information in the Materials and Methods sec-
tion). For this purpose we used a mathematical epidemiological
model. We present the results for each country separately, since
the aim of this modeling exercise was to examine the applicabil-
ity of this HAV epidemiological model to 2 Latin American
countries. While it is appropriate to compare the broad trends
of the country projections, the purpose was not to compare the
model outcomes between the 2 countries quantitatively.

Results

Brazil

When access to safe water was 100% vs. 0%, the model pro-
jected an 8.7-fold and 7.8-fold decrease of the transmission

level in rural and urban settings, respectively (Fig. 2A) and a
consistently higher transmission level in urban settings. The
derived transmission level over time was higher in urban set-
tings until the late 1980s and became higher in rural settings
afterwards (Fig. 2B).

The projected age-seroprevalence curves are shown in
Figs. 3A–3C and S3A-B. The projected AMPI was consis-
tently higher in urban than in rural settings from 2000
onwards and increased progressively everywhere between
1975 and 2025 and then plateaued for the subsequent 25 y
(Fig. 4A and Table 1). The projected mean age of symptom-
atic HAV-infection increased progressively over time in
both settings, especially in urban settings where it was lower
than in rural settings for several years after 1950. The pro-
jected mean age of symptomatic HAV-infection in 2050
was 25 and 30 y in rural and urban settings, respectively
(Fig. 4B and Table 1).

The projected incidence rates of all HAV infections
decreased considerably in both settings until about 2000, level-
ing off thereafter to a setting-independent annual incidence
rate of around 1000 cases per 100,000 individuals from about
2010 and onwards (Fig. 4C and Table 1). The transitory re-
increase of the incidence rate in urban settings from around the
late 1980s until 2010 may be explained by replenishment of the
number of susceptible (see Fig. 5A) following the sharp

Figure 2. Transmission level vs access to safe drinking water and transmission level over time. (A) Transmission level vs percentage with access to safe drinking water in
Brazil; (B) Derived transmission level over time in Brazil; (C) Transmission level vs percentage with access to safe drinking water in Mexico; (D) Derived transmission level
over time in Mexico. Green: rural setting; blue: urban setting.
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decrease in the number of infections after urban safe water
access improved from about 80% in 1980 to almost 100% in
2008 (Fig. 1B).

The incidence rate of symptomatic HAV infection projected
for rural settings showed a minor decrease over the entire pro-
jection period, whereas its urban counterpart doubled. By 2050,
the projected incidence rate of symptomatic HAV infections
was around 600 cases per 100,000 individuals in both settings
(Fig. 4D and Table 1).

Constraining 4 rather than 3 parameters of the transmission
model in the sensitivity analysis had little impact on the

projected outcomes for 2025 and 2050. At intermediate time
points, the pattern observed was that constraining 4 parameters
led to a clear decrease of the incidence of symptomatic HAV
infections in rural and a large increase in urban settings in 1975
and 2000 (Table S4A).

Mexico

When access to safe water was 100% vs. 0%, the model pro-
jected a 2.7 and 2.4-fold decrease of the transmission level
in rural and urban settings, respectively (Fig. 2C). The

Figure 3. ModeL-projected anti-HAV IgG seropositive in the different settings. ModeL-projected anti-HAV IgG seropositive in rural setting (A), urban setting (B) and at
country level (C) in Brazil and rural setting (D), urban setting (E) and at country level (F) in Mexico every 25 calendar years between 1950 and 2050. Black: 1950; blue:
1975; green: 2000; magenta: 2025; red: 2050. Blue stars in rural and urban settings: years of the seroprevalence surveys (Table S1); at country level: 2010 as reference
year.
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derived transmission level over time was similar in both set-
tings until around 1975. Then, a sharp decrease in the
transmission level occurred in urban settings followed by a
similar decrease in rural settings 30 y later (Fig. 2D).

The projected age-seroprevalence curves are shown in
Figs. 3D–3F and S3C-D. The projected AMPI was stable and
similar in both settings until 1975, more than doubling in
urban but remaining stable in rural settings from 1975 to 2000,

Figure 4. Projected HAV epidemiological outcomes over time from 1950 to 2050. (A) Projected first age at which at least 50% of the population is anti-HAV seropositive
(AMPI) in Brazil; (B) Projected mean age of symptomatic HAV-infection in Brazil; (C) Projected annual incidence rate of all HAV-infections (per 100,000) in Brazil; (D)
Projected annual incidence rate of symptomatic HAV-infections (per 100,000) in Brazil. (E) Projected first age at which at least 50% of the population is anti-HAV seroposi-
tive (AMPI) in Mexico; (F) Projected mean age of symptomatic HAV-infection in Mexico; (G) Projected annual incidence rate of all HAV-infections (per 100,000) in Mexico;
(H) Projected annual incidence rate of symptomatic HAV-infections (per 100,000) in Mexico. Green: rural setting; blue: urban setting; black: country level.
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followed by an increase everywhere; by 2025 the projected
AMPIs were similar in both settings (Fig. 4E and Table 1). The
mean age of symptomatic HAV cases was constant and similar
in both settings until 1975, when it started to increase, most
pronounced in urban settings until 2000 but after that a faster
increase occurred in rural settings with the result that the pro-
jected mean age of symptomatic HAV infection in 2050 was
around the early 20s in both settings (Fig. 4F and Table 1).

In both settings, the projected incidence rate of all HAV
infections decreased by more than two thirds over the projec-
tion period. The decrease in incidence occurred earlier in urban
settings, with incidence falling by 50% from 1975 to 2000, but
slowing down thereafter whereas the decrease in rural settings
was more gradual (Fig. 4G and Table 1). In both settings, a
transitory re-increase in the HAV incidence rate was projected,
occurring 30 y earlier in urban than in rural settings and related
to replenishment of susceptible individuals (Fig. 5B).

The projected incidence rates of symptomatic HAV infec-
tions were similar in both settings at the beginning and at the
end of the period with fluctuations in between and a modest
increase overall (Fig. 4H and Table 1).

Constraining 4 rather than 3 parameters of the transmission
model in the sensitivity analysis had relatively little impact on
the projected outcomes for 2025 and 2050. At the earlier time
points, constraining 4 parameters led to a clearly higher inci-
dence rate of symptomatic HAV infections in both settings
(Table S4B).

Discussion

The model worked well for both countries, as it could be cali-
brated with a good fit to the country- and setting-specific syn-
thesized seroprevalence curves estimated based on observed
age- and setting-specific seroprevalence data. The model-pro-
jected epidemiological outcomes are qualitatively broadly simi-
lar for the 2 countries and first of all characterized by a
decrease in endemicity and increased AMPI both in rural and
urban settings as a consequence of improved access to safe
water, partly as a result of growing urbanization.

Secondly, the marked overall decrease in the incidence of
HAV infections was not accompanied by a corresponding fall
in the incidence of symptomatic HAV infections. On the con-
trary, the incidence in absolute terms of symptomatic HAV
infections remained stable or increased somewhat leading,
obviously, to a rise in symptomatic HAV infections as a pro-
portion of all HAV disease.

Thirdly, the sharp decrease in the incidence of all HAV
infections following closely after marked improvements in the
access to safe water reaching more or less all of the population
in both settings was superseded by a transitory re-increase in
the incidence before returning to a continued decrease. Our

Table 1. Epidemiological outcome projections from the model over time.

Year
Outcome Setting 1950 1975 2000 2025 2050

Brazil
First age with at least 50%

HAV-positive (AMPI)
Rural 4 5 7 13 14
Urban 2 3 14 20 21
Country 3 4 13 19 20

Mean age of symptomatic
HAV infection

Rural 10 10 13 20 25
Urban 5 8 14 23 30
Country 9 9 14 23 29

Incidence rate of all HAV
infections (per 100,000/
year)

Rural 3163 2652 1477 1165 983
Urban 3566 2381 968 1072 955
Country 3309 2487 1063 1083 958

Incidence rate of symptomatic
HAV infections (per
100,000/year)

Rural 695 672 535 622 573
Urban 303 388 416 647 620
Country 553 499 439 644 615

Mexico
First age with at least 50%

HAV-positive (AMPI)
Rural 3 3 4 10 11
Urban 3 3 8 10 12
Country 3 3 6 10 12

Mean age of symptomatic
HAV infection

Rural 8 8 9 16 21
Urban 8 8 13 18 22
Country 8 8 13 18 22

Incidence rate of all HAV
infections
(per 100,000/year)

Rural 3348 3292 2143 1332 1027
Urban 3346 3234 1665 1305 1017
Country 3347 3256 1786 1310 1019

Incidence rate of symptomatic
HAV infections (per
100,000/year)

Rural 513 511 474 618 547
Urban 515 518 603 634 561
Country 514 516 571 631 559

AMPI D Age at the midpoint
population immunity

Figure 5. Projected percentage of population susceptible to HAV infection. Projected percentage of population (all age groups) susceptible to HAV infection from 1950 to
2050, in Brazil (A) and in Mexico (B). Green: rural setting; blue: urban setting.
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tentative explanation of this projected phenomenon was that
the sharply falling HAV infection incidence led to replenish-
ment in the number of susceptible individuals.

Among the strengths of the model is that it is dynamic
in terms of both demographics and epidemiology and strati-
fied by age and by setting. Thereby it takes into account
changing demographics (including urbanization) and
changes in the age-specific risk of symptomatic HAV infec-
tion. The subpopulations in the 2 settings are dynamically
coupled over time by migration from rural to urban areas,
which accounts for a substantial portion of the decreased
incidence rates until around 2000. The projections indicate
that the incidence of all HAV infections and of symptom-
atic cases alone will be independent of setting from the
present until 2050.

Applying this epidemiological HAV model requires access to
observational data on seroprevalence of anti-HAV antibodies strat-
ified not only by age but also by rural vs. urban settings. Such data
are not available for many low- and middle-income countries.
However, many of the other input data required, such as demo-
graphics, urbanization and access to safe water are available.26-28 A
next step for exploring the usefulness of the model might be to see
howwell it projects epidemiological outcomes based solely on those
data. Extrapolation may potentially be considered but only for
broad trends, because more precise extrapolations require that the
relation between HAV transmission and water access be similar.
This, however, does not appear to be the case, since the transmis-
sion factor function, which characterizes the decrease of HAV
transmission as a function of improved access to safe water, differs
between countries and settings (Fig. S5). The proportion of the
population with access to safe water at which the transmission fac-
tor function started to decrease was approximately 40% in Brazil
and 65% in Mexico and with full access the value of the transmis-
sion factor function was approximately 0.15 in Brazil but 0.40 in
Mexico.

The limitations of the model, which require cautious interpreta-
tion of the projections, include the assumptions that the age distri-
bution is identical in rural and urban areas and that rural-to-urban
migration is independent of age. Furthermore, it was assumed that
10% of the FOI in the base year was caused by other than person-
to-person transmission, because the correct value cannot be mea-
sured empirically. Moreover, the observational data on age- and
setting-specific seroprevalence used to estimate the parametric
seroprevalence curves for model calibration are limited and of
uncertain and unequal quality.

Access to clean water was fixed at the level of 2008, the year
of the most recent data available. In both countries, access to
clean water was almost at 100% in urban areas, leaving very lit-
tle room for improvement. In rural areas, clean water access
was already at 80% or higher in both countries. The remaining
rural areas without improved water access are generally in very
remote places, where the improvements will likely be slower
than in more accessible places and we did not want to overesti-
mate the rate of improvement.

Finally, the model does not incorporate any estimate of the
impact of vaccination on HAV trends. Since both countries
recently included hepatitis A vaccination in their pediatric
immunization schedules, their burden from HAV disease will
likely develop differently from the model-projected outcomes.

The introduction of universal mass vaccination for HAV infec-
tion in countries with intermediate endemicity has led to a
marked decrease in the incidence of hepatitis A in both the
vaccinated and non-vaccinated age groups.29 However, the
model projections do demonstrate that reliable access to clean
water in both rural and urban areas is a significant predictor of
the HAV epidemiological transition.

Conclusions

The HAV model worked well for both Latin American countries
with good fits between themodel projections and the observational
data for the time points when seroprevalence surveys were carried
out. These good fits make us confident that the model projections
for the near future are reasonably accurate in the absence of vacci-
nation. Extrapolation of the model-projections of epidemiological
outcomes to other countries undergoing the HAV epidemiological
transition but without recently collected detailed HAV seropreva-
lence datamight be of interest and useful. However, if countries dif-
fer with regard to the relationship between improvements in access
to clean water and HAV transmission, which seems to be the case
for the 3 countries to which themodel has been applied so far (Bra-
zil, Mexico and Thailand), such extrapolations becomemore prob-
lematical and uncertain. Applying the HAV model to other
countries with detailed HAV seroprevalence data available may
provide better insight into the factors underlying the differences in
the relationship between safe water access andHAV transmission.

Materials and methods

The epidemiological HAV model has been described at length
in a previous paper30 with additional details provided in the
supplement to that manuscript. Here, we give a brief summary
of the modeling process and the data inputs.

Modeling key steps and data sources

The sources of the data used as model inputs are listed in
Table S1 in the Supplementary Material (SM). The modeling
included the following key steps.

1) The parameters of the demographic model were esti-
mated by calibrating it to United Nations data and pro-
jections about total population sizes by age and level of
urbanization (Figs. 1A/D and S1,26,27). The demographic
model is dynamic, based on observations and projected
data for births, level of urbanization and age-specific
mortality.

2) For each country and for rural and urban settings sepa-
rately, parametric models were fitted to the observed
age-specific seroprevalence data to obtain cross-sec-
tional, setting-specific parametric seroprevalence curves
(Figs. 1C/F and S2). These parametric seroprevalence
curves were used to estimate the parameters of the trans-
mission model (described in point (3)). The parameters
were estimated by calibrating the modeL-projected sero-
prevalence curves to the parametric seroprevalence
curves. This calibration was done by minimizing the sum
of squares between the setting-specific modeL-projected
and parametric seroprevalence curves allowing the
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modeL-projected seroprevalence curves to be as close as
possible to the respective seroprevalence curves based on
observed data.

3) For each setting separately, the HAV transmission was
modeled as a decreasing function of the setting-specific
percentage of the population with access to safe water.
Data about safe water (Fig. 1B/E) were adjusted to ensure
access increased monotonically over time, and a linear
increase in access was assumed for 1950–1970 and esti-
mated by calibration (Table S3). For the future projec-
tions, the percentage of individuals with access to safe
water was fixed at the percentage observed at the latest
time point with data available (2008).28

4) The model was used to project epidemiological outcomes
from 1950 to 2050, including: (i) the age at midpoint of
population immunity (AMPI, the first age at which at
least 50% of the population is HAV seropositive27);
(ii) the mean age of cases of symptomatic HAV infection;
and (iii) the incidence rates of HAV infections, both all
and symptomatic only.
All numerical simulations were performed usingMatlab
R2013a (The MathWorks Inc., Natick, MA, USA).

Dynamic transmission model of HAV natural history

The transmission model is constructed as a deterministic, com-
partmental, age-stratified, dynamic transmission model for the
natural history of HAV with 5 distinct infection states: pro-
tected by maternal antibodies (assumed mean duration
9 months); susceptible to HAV infection; infected by HAV but
not infectious (2 weeks); infectious (3 weeks); recovered and
immune (assumed lifelong immunity following infection).

The model was stratified by age (one-year age groups) and
by setting (rural and urban). The age-specific proportion of
HAV infections assumed symptomatic were based on a disease
model (Fig. S44). Person-contacts were assumed to occur within
each separate setting, so the only interaction between settings is
the rural-to-urban migration.

The models used in the present study differ on certain points
from the model described in detail previously30:

� The demographic data were pre-processed to smooth the
urbanization rate and number of births over time.

� Emigration from the country was included for Mexico,
because of its importance for national demographic changes.

� In the previous version, all newborns were assumed pro-
tected by maternal antibodies. In the adapted models
used here, some newborns were assumed susceptible at
birth, with the fraction of susceptible newborns deter-
mined by the time-specific distribution of the age of
mothers of newborns and the time-, age- and setting-spe-
cific proportion of HAV-seropositive in the population.

Force of infection

The force of infection (FOI), i.e., the rate at which susceptible
individuals become infected, was determined as the sum of the
risk of person-to-person transmission and the risk from other
causes, like food- or water-borne transmissions and importa-
tion of HAV. The risk of person-to-person transmission was

modeled as depending in a multiplicative way on 3 setting-spe-
cific factors: (i) the percentage of infectious individuals; (ii) a
transmission parameter, b, accounting for contacts between
individuals and the risk per contact; and (iii) the decrease in
transmission over time related to the proportion of the popula-
tion with safe water access. The transmission level (with the
dimension 1/time, see Fig. 2) was derived as the product of the
transmission parameter b and a country- and setting-specific
transmission factor defined as a function of the calendar year.

For each setting, a function was defined to characterize the
decrease of HAV transmissions related to improved access to
safe water. This relation was modeled as a sigmoidal function
decreasing monotonically as a function of the setting-specific
percentage of the population with access to clean water. The
risk of a susceptible individual to become infected by other
causes than person-to-person transmission was fixed at 10% of
the FOI prior to 1950 (with demography and HAV epidemiol-
ogy assumed to be in steady-state prior to 1950). The same
decreasing factor as a function of safe water access was applied
to transmission from other causes than person-to-person
transmission.

Base case and sensitivity analyses

For the base case, the relative difference between rural and
urban settings for 3 of the transmission model parameters was
constrained to be at most 10%. These 3 parameters are those
characterizing the sigmoidal function decreasing monotonically
as a function of the access to safe water (a, d and f (Table S3)).
In sensitivity analyses, the model was calibrated and the out-
comes projected when constraining 4 of the transmission
model parameters, i.e., the transmission parameter b in addi-
tion to the 3 mentioned above (Table S3). The projected epide-
miological outcomes for the base case are presented in the
results section and of the sensitivity analyses in the SM.
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AMPI age at the midpoint of population immunity
FOI Force of infection
HAV hepatitis A virus

Disclosure of potential conflicts of interest

AG and CM are employees of the GSK group of companies. TVE was an
employee of the GSK group of companies at the time this study was carried
out and he is currently an employee of Janssen R&D. TVE owns shares of
the GSK group of companies and of Janssen R&D. KHJ received personal
consulting fees from the GSK group of companies during the conduct of
this study. RR declares no conflict of interest.

Acknowledgments

The authors thank Scott Preiss, Rodrigo DeAntonio and Laurence De Moer-
looze (GSK Vaccines) for their support during the study and the input pro-
vided during the review of this manuscript. The authors would like to thank
Niels Neymark (freelance writer on behalf of GSK Vaccines) for medical
writing assistance and Angeles Ceregido (from XPE Pharma & Science on
behalf of GSK Vaccines) for coordinating the publication development.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1949



Funding

This study was sponsored and funded by GlaxoSmithKline Biologicals SA,
Belgium. GlaxoSmithKline Biologicals SA was involved in all stages of the
study conduct and analysis and also took charge of all costs associated
with developing and publishing the manuscript.

Author contributions

TVE, CM, RR and KHJ participated in the conception and design of the
study. CM and RR participated in the collection of the data. TVE devel-
oped the model and performed the analyses. All the authors were involved
in the analysis or interpretation of the results. All authors had full access to
the data, were involved in developing this manuscript, reviewed and gave
final approval before submission and are accountable for all aspects of the
work.

References

[1] Jacobsen KH, Koopman JS. Declining hepatitis A seroprevalence: A
global review and analysis. Epidemiol Infect 2004; 132:1005-22;
PMID:15635957; https://doi.org/10.1017/S095026880400285710.1017/
S0950268804002857

[2] Jacobsen KH. The global prevalence of hepatitis A virus infection
and susceptibility: A systematic review. Geneva: World Health Orga-
nization; 2009 June, 428 p. Report No.: WHO/IVB/10.01.

[3] Franco E, Meleleo C, Serino L, Sorbara D, Zaratti L. Hepatitis A: Epi-
demiology and prevention in developing countries. World J Hepatol
2012; 4:68-73; PMID:22489258; https://doi.org/10.4254/wjh.v4.i3.68
10.4254/wjh.v4.i3.68

[4] Armstrong GL, Bell BP. Hepatitis A virus infection in the United
States: Model-based estimates and implications for childhood immu-
nization. Pediatrics 2002; 109:839-45; PMID:11986444; https://doi.
org/10.1542/peds.109.5.83910.1542/peds.109.5.839

[5] Ciocca M. Clinical course and consequences of hepatitis A infection.
Vaccine 2000; 18:71-74; https://doi.org/10.1016/S0264-410X(99)
00470-310.1016/S0264-410X(99)00470-3

[6] Jacobsen KH, Wiersma ST. Hepatitis A seroprevalence by age and
world region. 1990 and 2005. Vaccine 2010; 28:6653-7;
PMID:20723630; https://doi.org/10.1016/j.vaccine.2010.08.03710.1016/j.
vaccine.2010.08.037

[7] World Health Organization. WHO position paper on hepatitis vac-
cines. Wkly Epidemiol Rec 2012; 87:261-76; PMID:22905367

[8] Panduro A, Escobedo-Mel�endez G, Fierro NA, Ruiz-Madrigal B,
Zepeda-Carrillo EA, Rom�an S. Epidemiology of viral hepatitis in
Mexico. Salud Publica Mex 2011; 53(supl 1):S37-S45; PMID:2187
7071

[9] Stanaway JD, Flaxman AD, Naghavi M, Fitzmaurice C, Vos T,
Abubakar I, Abu-Raddad LJ, Assadi R, Bhala N, Cowie B, et al. The
global burden of viral hepatitis from 1990 to 2013: Findings from the
Global Burden of Disease Study 2013. Lancet 2016; 388:1081-8;
PMID:27394647; https://doi.org/10.1016/S0140-6736(16)30579-710.
1016/S0140-6736(16)30579-7

[10] Stapleton JP. Host immune response to hepatitis A virus. J Infect
Dis 1995; 179(Suppl 1):S9-14; https://doi.org/10.1093/infdis/171.
Supplement_1.S910.1093/infdis/171.Supplement_1.S9

[11] Ximenes RA, Martelli CM, Amaku M, Sartori AM, de So�arez PC,
Novaes HM, Pereira LM, Moreira RC, Figueiredo GM, de Azevedo
RS, et al. Modelling the force of infection for hepatitis A in an urban
population-based survey: A comparison of transmission patterns in
Brazilian macro-regions. PLoS One 2014; 9:e94622; PMID:24845598;
https://doi.org/10.1371/journal.pone.009462210.1371/journal.
pone.0094622

[12] Tapia-Conyer R, Santos JL, Cavalcanti AM, Urdaneta E, Rivera L,
Manterola A, Potin M, Ruttiman R, Tanaka Kido J. Hepatitis A in
Latin America: A changing epidemiological pattern. Am J Trop Med
Hyg 1999; 61:825-9; PMID:10586919

[13] Luiz RR, Almeida RM, Almeida RT, de Almeida LM. The relation
between anti-hepatitis A virus antibodies and residence water access

in Rio de Janeiro, Brazil. Int J Hyg Environ Health 2003; 206:575-82;
PMID:14626904; https://doi.org/10.1078/1438-4639-0025510.1078/
1438-4639-00255

[14] de Alencar Ximenes RA, Martelli CM, Merch�an-Hamann E,
Montarroyos UR, Braga MC, de Lima ML, Cardoso MR, Turchi
MD, Costa MA, de Alencar LC, et al. Multilevel analysis of hepa-
titis A infection in children and adolescents: A household survey
in the Northeast and Central-west regions of Brazil. Int J Epide-
miol 2008; 37:852-61; PMID:18653514; https://doi.org/10.1093/
ije/dyn11410.1093/ije/dyn114

[15] Ximenes RA, Pereira LM, Martelli CM, Merch�an-Hamann E,
Stein AT, Figueiredo GM, Braga MC, Montarroyos UR, Brasil
LM, Turchi MD, et al. Methodology of a nationwide cross-sec-
tional survey of prevalence and epidemiological patterns of
hepatitis A, B and C infection in Brazil. Cad Saude Publica 2010;
26:1693-704; PMID:20877930; https://doi.org/10.1590/S0102-311
X201000090000310.1590/S0102-311X2010000900003

[16] Vitral CL, da Silva-Nunes M, Pinto MA, de Oliveira JM, Gaspar
AM, Pereira RC, Ferreira MU. Hepatitia A and E seroprevalence
and associated risk factors: A community-based cross-sectional sur-
vey in rural Amazonia. BMC Infect Dis 2014; 14:458;
PMID:25149658; https://doi.org/10.1186/1471-2334-14-45810.1186/
1471-2334-14-458

[17] Vitral CL, Gaspar AM, Souto FJ. Epidemiological pattern and mortality
rates for hepatitis A in Brazil, 1980 - 2002 - a review. Mem Inst Oswaldo
Cruz 2006; 101:119-27; PMID:16830702; https://doi.org/10.1590/S0074-
0276200600020000110.1590/S0074-02762006000200001

[18] Vitral CL, Ospina FL, Artimos S, Melgaço JG, Cruz OG, de
Paula VG, Luz SB, Freire M, Gaspar LP, Amado LA, et al.
Declining prevalence of hepatitis A virus antibodies among chil-
dren from low socioeconomic groups reinforces the need for the
implementation of hepatitis A vaccination in Brazil. Mem Inst
Oswaldo Cruz 2012; 107:652-8; PMID:22850956; https://doi.org/
10.1590/S0074-0276201200050001210.1590/S0074-0276201200
0500012

[19] Pinheiro RS, Ara�ujo LA, Caetano KA, Matos MA, Carneiro MA,
Teles SA. Intermediate endemicity of hepatitis A virus infection
in rural settlement projects of southwest Goias, Brazil. Arq Gas-
troenterol 2015; 52:200-3; PMID:26486287; https://doi.org/
10.1590/S0004-2803201500030000910.1590/S0004-2803201500030
0009

[20] Kumate J, Alvizouri AM, Isibasi A. Serological survey of hepatitis A
antibodies in Mexican children. Bull Pan Am Health Organ 1982;
16:155-60.

[21] Souto-Meiri~no CA, Sim�on-Dom�ınguez J, Pulido-Priego Mde L,
Hern�andez-P�erez A, Garc�ıa-Hern�andez IC, del R�ıo-Chiriboga CA.
The prevalence of markers for hepatitis A, B and C in a hospital in
Mexico. [in Spanish] Salud Publica Med 1994; 36:257-62.

[22] Ramirez Mayans JA, Cervantes Bustamante R, Jiron Castro R,
Overvides Garcia CI, Mata Rivera N, Navarrete Delgadillo Nati-
vidad MA, Sosa Martinez MC. Prevalence of antibodies against
hepatitis A virus (HAV) in a population of Mexican children.
[in Spanish] Acta Gastroenterol Latinoam 1997; 27:99-102;
PMID:9412137

[23] Garcia-Juarez I, Solorzano Santos F, Alvarez-y-Munoz MT,
Vazquez-Rosales JG. Is there a shift in the epidemiology of hepatitis
A in Mexican children? [in Spanish] Rev Invest Clin 2008; 60:292-6;
PMID:18956550

[24] Escobedo-Mel�endez G, Fierro NA, Roman S, Maldonado-Gonz�alez
M, Zepeda-Carrillo E, Panduro A. Prevalence of hepatitis A, B and C
serological markers in children from western Mexico. Ann Hepatol
2012; 11:194-201; PMID:22345336

[25] Laczano-Ponce E, Conde-Gonzalez C, Rojas R, DeAntonio R, Romano-
Marzotti L, Cervantes Y, Ortega-Barria E. Seroprevalence of hepatitis A
virus in a cross-sectional study in Mexico: Implications for hepatitis A
vaccination. Hum Vaccin Immunother 2013; 9:375-81; PMID:23291940;
https://doi.org/10.4161/hv.2277410.4161/hv.22774

[26] United Nations Department of Economic and Social Affairs. World
urbanization prospects, the 2014 revision. The most recent revision
(2015) is available from http://esa.un.org/unpd/wup/index.htm

1950 T. VAN EFFELTERRE ET AL.

https://doi.org/10.1017/S095026880400285710.1017/S0950268804002857
https://doi.org/10.1017/S095026880400285710.1017/S0950268804002857
https://doi.org/10.4254/wjh.v4.i3.6810.4254/wjh.v4.i3.68
https://doi.org/10.4254/wjh.v4.i3.6810.4254/wjh.v4.i3.68
https://doi.org/11986444
https://doi.org/10.1542/peds.109.5.83910.1542/peds.109.5.839
https://doi.org/10.1016/S0264-410X(99)00470-310.1016/S0264-410X(99)00470-3
https://doi.org/10.1016/S0264-410X(99)00470-310.1016/S0264-410X(99)00470-3
https://doi.org/10.1016/j.vaccine.2010.08.03710.1016/j.vaccine.2010.08.037
https://doi.org/10.1016/j.vaccine.2010.08.03710.1016/j.vaccine.2010.08.037
https://doi.org/22905367
https://doi.org/21877071
https://doi.org/21877071
https://doi.org/10.1016/S0140-6736(16)30579-710.1016/S0140-6736(16)30579-7
https://doi.org/10.1016/S0140-6736(16)30579-710.1016/S0140-6736(16)30579-7
https://doi.org/10.1093/infdis/171.Supplement_1.S910.1093/infdis/171.Supplement_1.S9
https://doi.org/10.1093/infdis/171.Supplement_1.S910.1093/infdis/171.Supplement_1.S9
https://doi.org/24845598
https://doi.org/10.1371/journal.pone.009462210.1371/journal.pone.0094622
https://doi.org/10.1371/journal.pone.009462210.1371/journal.pone.0094622
https://doi.org/10586919
https://doi.org/10.1078/1438-4639-0025510.1078/1438-4639-00255
https://doi.org/10.1078/1438-4639-0025510.1078/1438-4639-00255
https://doi.org/10.1093/ije/dyn11410.1093/ije/dyn114
https://doi.org/10.1093/ije/dyn11410.1093/ije/dyn114
https://doi.org/10.1590/S0102-311X201000090000310.1590/S0102-311X2010000900003
https://doi.org/10.1590/S0102-311X201000090000310.1590/S0102-311X2010000900003
https://doi.org/10.1186/1471-2334-14-45810.1186/1471-2334-14-458
https://doi.org/10.1186/1471-2334-14-45810.1186/1471-2334-14-458
https://doi.org/10.1590/S0074-0276200600020000110.1590/S0074-02762006000200001
https://doi.org/10.1590/S0074-0276200600020000110.1590/S0074-02762006000200001
https://doi.org/22850956
https://doi.org/10.1590/S0074-0276201200050001210.1590/S0074-02762012000500012
https://doi.org/10.1590/S0074-0276201200050001210.1590/S0074-02762012000500012
https://doi.org/26486287
https://doi.org/10.1590/S0004-2803201500030000910.1590/S0004-28032015000300009
https://doi.org/10.1590/S0004-2803201500030000910.1590/S0004-28032015000300009
https://doi.org/9412137
https://doi.org/18956550
https://doi.org/22345336
https://doi.org/23291940
https://doi.org/10.4161/hv.2277410.4161/hv.22774
http://esa.un.org/unpd/wup/index.htm


[27] United Nations Department of Economic and Social Affairs. World
population prospects: The 2012 and 2014 revision. The most recent
revision (2015) is available from: http://esa.un.org/unpd/wpp/index.
htm

[28] Gleick PH, Allen L, Christian-Smith J, Cohen MJ, Cooley H,
Heberger M, Morrison J, Palaniappan M, Schulte P. Access to
safe drinking water by country, 1970-2008. The World’s
Water Volume 7: The Biennial Report on Freshwater Resour-
ces. Washington, DC: Island Press; 2011.

[29] Stuurman AL, Marano C, Bunge EM, De Moerlooze L, Shouval D.
Impact of universal mass vaccination with monovalent inactivated
hepatitis A vaccines - A systematic review. Human Vaccin Immun-
other 2017; 13:724-36; PMID:27786671; https://doi.org/10.1080/
21645515.2016.124253910.1080/21645515.2016.1242539

[30] Van Effelterre T, Marano C, Jacobsen KH. Modeling the hepatitis A
epidemiological transition in Thailand. Vaccine 2016; 34:555-62;
PMID:26657185; https://doi.org/10.1016/j.vaccine.2015.11.05210.1016/j.
vaccine.2015.11.052

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1951

http://esa.un.org/unpd/wpp/index.htm
http://esa.un.org/unpd/wpp/index.htm
https://doi.org/10.1080/21645515.2016.124253910.1080/21645515.2016.1242539
https://doi.org/10.1080/21645515.2016.124253910.1080/21645515.2016.1242539
https://doi.org/10.1016/j.vaccine.2015.11.05210.1016/j.vaccine.2015.11.052
https://doi.org/10.1016/j.vaccine.2015.11.05210.1016/j.vaccine.2015.11.052

	Abstract
	Introduction
	Results
	Brazil
	Mexico

	Discussion
	Conclusions
	Materials and methods
	Modeling key steps and data sources
	Dynamic transmission model of HAV natural history
	Force of infection
	Base case and sensitivity analyses

	Abbreviations
	Disclosure of potential conflicts of interest
	Acknowledgments
	Funding
	Author contributions
	References

