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ABSTRACT

Aim: Attainment of sustainable development goal (SDG) targets requires reducing the rate of new hepatitis B virus (HBV)-induced infection and
mortality rate to 90% and 65%, respectively, by 2030. Therefore, it is important to investigate the feasibility of reducing the required rates of
HBV-induced infection and death incidents at the current rate of vaccination coverage in Bangladesh. Moreover, factors influencing vaccination
coverage like negative bias toward girls during immunization can affect the current vaccination program and ultimately hinder the efforts to
reduce HBV-induced infection and death rates. To investigate the possibility of reducing HBV-induced infection and death rates with current
vaccination coverage, we adopted mathematical molding-based approach.

Materials and methods: We developed a mathematical model based on the susceptible-infectious—recovered model to simulate the HBV-induced
infection in children under the age of five at three different vaccination rates: 80, 90, and 95%. Additionally the impact of current vaccination
coverage was assessed on HBV-induced death rates in the future. Moreover, we took advantage of the mathematical model to investigate the
impact of negative bias toward girls in vaccination program on HBV-induced infection and death rates.

Results: The model simulations revealed that 10% increase in the vaccination rate from 80 to 90% can potentially contribute to the significant
lowering (around 40%) of HBV-induced infection rate among children. When increased by 5% of vaccination rate from 90 to 95%, the HBV-infection
rate is likely to be decreased by another 22%. Likewise, 44% reduction in HBV-induced death rate in the future (2050 onward) can potentially
be achieved by 10% increase in the current vaccination rate from 80 to 90%, whereas 5% increase in the current vaccination rate (90-95%) may
lead to 24% further reduction of death rate. These results underscored the significant impact of vaccination in reducing HBV-induced infection
among children and future death rates in adults. Moreover, at 90% vaccination coverage, the negative bias of vaccination toward girls contributes
to an increase of 15 and 12% of HBV-induced infection and death rates, respectively, in female subjects compared to their male counterparts.
Conclusion: The current vaccination coverage (80-90%) is further aggravated by untimely vaccination, dropouts from vaccination program, and
negative bias toward girls in vaccination program. Therefore, if the current situation persists, it will not be possible to accomplish the required
reduction in HBV-induced infection and death rates by 2030, according to the SDG guidelines. Moreover negative bias in the vaccination program
may intensify the HBV-induced infection and death rates in the future.

Clinical significance: In light of the mathematical model, we suggest that the vaccination coverage should be increased to 95% without any negative
bias toward girls. To accomplish this, the concerning authorities must ensure timely and full completion of the HBV vaccine schedules, reducing dropouts
from vaccination program, and lastly preventing negative bias toward girls to uplift vaccination coverage to more than 95% with gender equality.
Without these strategies, the necessary reduction in the HBV-induced infection and death rates in Bangladesh may not be attained per SDG directives.
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INTRODUCTION

Hepatitis B virus infection is the leading cause of a wide-spectrum
of liver disease such as chronic hepatitis, liver cirrhosis, and
hepatocellular carcinoma (HCC).! According to the World Health
Organization (WHO), nearly 257 million people are living with
HBV infection globally and HBV infection was held responsible for
8,87,000 deaths in 2015 (https://www.who.int/news-room/fact-
sheets/detail/hepatitis-b). The prevalence rate of HBV varies with
different geographical location, where the highest prevalence of
HBV infection has been reported in African regions (8.83%) and
Western Pacific region (5.26%).%® In Bangladesh, the large-scale
epidemiological data regarding the population-wide prevalence
of HBV infection and death rates are lacking.* Although few studies
attempted to uncover the HBV infection prevalence in Bangladesh,
the estimated prevalence was variable among these studies. For
instance, a study by Mahtab et al. including 1,018 individuals
reported that the crude prevalence of HBV infection is around 5.5%
in Bangladesh.> Whereas Schweitzer et al. compiled the data from

134Department of Biochemistry and Molecular Biology, Translational
Systems Biology Laboratory, University of Dhaka, Bangladesh

2Department of Applied and Photonics, University of Sydney, Sydney,
Australia

SForum for the Study of the Liver, Dhaka, Bangladesh

679Department of Hepatology, Bangabandhu Sheikh Mujib Medical
University, Dhaka, Bangladesh

8Department of Medicine, University of Malaya, Kuala Lumpur, Malaysia

%Department of Pathology, Proteo-Science Center, Ehime University
Graduate School of Medicine, Ehime, Japan

Address reprint requests to: Sajib Chakraborty, Department of
Biochemistry and Molecular Biology, Translational Systems Biology
Laboratory, University of Dhaka, Bangladesh, Phone: +880-2-
9661900/7636, e-mail: sajib@du.ac.bd

How to cite this article: Chakraborty S, Chakravorty R, Alam S, et al.
A Dynamic Mathematical Modeling Revelation about the Impact of
Vaccination on Hepatitis B Virus-induced Infection and Death Rate in
Bangladesh. Euroasian J Hepato-Gastroenterol 2019;9(2):84-90.

©TheAuthor(s). 2019 Open Access This article s distributed under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.
org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and non-commercial reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



A Dynamic Mathematical Modeling Revelation about the Impact of Vaccination on HBV

16 studies covering 94,352 participants and estimated the HBV
prevalence as 3.10%.2

Transmission of HBV typically occurs through the exposure
to infected blood and bodily fluids. The major routes of HBV
transmission include sexual intercourse, parenteral contact, or
HBV exposure in the newborn at birth from an HBV-infected
mother.® Growing body of evidence suggests that in the developing
countries the most frequent infection route is mother-to-child
vertical transmission and horizontal transmission between children,
especially among siblings.” Vertical transmission from mother to
child has emerged as a great threat since the risk of developing
chronic HBV (CHB) infection among infants during the first year
after vertical transmission at birth is as high as 90% and the risk
is reduced to 30-50% when the age is below 6 years during the
time of infection.® Epidemiological studies established a direct
link between CHB infection and the development of a variety of
liver diseases including HCC® which ultimately leads to death. The
CHB-infected (CHB) patients were more susceptible to HBV-induced
deaths than their noninfected counterparts.

The CHB patients were subjected to death at an average age of
59.8 years, which is 14 years earlier than the general population.'
Another study showed that death rates due to liver abnormality in
CHB subjects are significantly higher after 40 years of age."

The HBV vaccination program has been introduced since 1980
and has proved to be effective to boost long-lasting immunity
against HBV and thus was considered as highly successful in reducing
HBV-associated disease burden.'? Realizing the importance of HBV
vaccination, WHO recommended the inclusion of HBV vaccination
at birth in the national immunization programs worldwide."
In Bangladesh, the inclusion of HBV vaccine into the expanded
program on immunization (EPI) was materialized in different phases
during 2003 to 2005 following the WHO recommended vaccination
schedules at 6, 10, and 14 weeks of age." In Bangladesh, several
socioeconomic factors have been identified to influence the
childhood vaccination rate. For instance, children born to mothers
with low educational backgrounds and in the lowest wealth quintile
are less likely to be fully vaccinated due to the less frequent visits to
vaccination care units.”” As a consequence, full vaccination coverage
remains elusive in Bangladesh.In 2014, 83% vaccination coverage was
attained in Bangladesh.'® In Bangladesh, another challenge in the EPI
program is negative biases against girls and, consequently, female
children have lowerimmunization coverage compared to their male
counterparts.In Bangladesh, according to Global Alliance for Vaccines
and Immunization (GAVI) alliance report (https://www.odi.org/sites/
odi.org.uk/files/odi-assets/publications-opinion-files/5315.pdf).

One of the SDGs is to ensure healthy lives and promote well-being
for all age-groups (https://www.un.org/sustainabledevelopment/
health/). Under this goal, a target is set to reduce the new incidence
of CHB infection and HBV-induced mortality rate by 90 and 65%,
respectively, by the 2030 (http://apps.who.int/gb/ebwha/pdf_files/
WHA69/A69_32-en.pdf?ua=1). However, the question remains,
regarding the current rate of vaccination coverage, and the existing
socioeconomic challenge is whether Bangladesh can realistically
achieve the SDG requirements of reducing HBV-induced infection
and death rates. Moreover, how the factors influencing vaccination
coverage such as incomplete vaccination, vaccination-schedule
miss, dropouts from vaccination program, and negative biases
against girls during immunizations will affect the current vaccination
coverage and ultimately hinder our efforts to reduce HBV-induced
infection and death rates are unclear. Mathematical models especially
“susceptible-infectious-recovered” commonly known as SIR model
has been proved to be the most effective in capturing the realistic
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epidemiological pattern of infectious diseases and assessing the
impact of vaccination on the spread of diseases.”” To address the crucial
question, whether Bangladesh can accomplish the required reduction
in HBV-induced infection and death rates per SDG requirements, we
adopted mathematical molding-based approach where we have
modified the SIR model to simulate the HBV-induced infection and
deathrates in children under the age of 5 at different vaccination rates
ranging from 80 to 95%. Moreover, we used the modified SIR model to
investigate the impact of negative biases against girls in vaccination
program on HBV-induced infection and death rates.

MATERIALS AND METHODS

Model Description

Among the mathematical models that are currently available to
study epidemiology, SIR is considered to be the most popular
and paradigmatic model in epidemiology where the transition
of an individual is unidirectional from susceptible to recovered
compartment after subsiding the infection.'”® We modified SIR model
to evaluate theimpact of vaccination on infection and death rate due
toHVBin Bangladeshi children. Typically the SIR model is formulated
based on a set of differential equations that facilitate the modeling
of the infection and death rates over time deterministically. In SIR
model, the population is divided into three compartments, namely,
susceptible (S), infectious (1), and recovery (R), where an individual
can be in any of the three states at a given time point. Transition
can occur between compartments in a unidirectional manner when
the fraction of a population of susceptible compartment becomes
infected or the fraction of a population of infected individual
recovers. The total population size N is the sum of population in
all compartments (S + / + R). Typically the total population size (N)
is fixed, but the population size of S, I, and R compartments are
subjected to change with time, according to the equations. However,
a fixed total population size (N) is unrealistic simply because it does
not account for demographic changes such as live birth and death
rates. Birth and death rate of a population can have significant
impact on the infection and death rates for a particular infectious
disease. Previously a term—"buffering” has been introduced as a
measure of a sensitivity of the dynamics of an infectious disease
with respect to changes in demographic parameters such as
birth and death rates.'” Therefore, to align the model close to
reality, we took into consideration the live birth and death rates
of Bangladesh. Apart from S, /, and R compartments, we have
introduced another compartment that is denoted as healthy (H). We
defined H compartment as the fraction of the total population that
are not susceptible, infected, or recovered at a given point of time.
The population of the H compartment is those healthy individual
that are not susceptible to HBV infection and are not unlikely to be
infected in the future. The reason behind introducing this additional
compartment (H) is to differentiate between nonsusceptible and
susceptible individuals. For example, the children born to HBV-
infected mothers are more susceptible compared to the newborns
of uninfected mothers. The HBV infection may occur during birth,
infancy, and early childhood, mostly through the mother-to-
child vertical transmission in HBV-endemic areas, accounting for
approximately half of the transmission routes of CHB infections.?’
Lastly, we introduced another compartment representing the
vaccinated individuals under the assumption that once vaccinated
the individual will not be susceptible and will not be infected in the
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Flowchart 1: Schematic diagram of model architecture. A schematic
diagram representing the model architecture and compartments is
shown. Transitions between two compartments are shown as lines and
arrows. Immunization is only considered at birth, and adult vaccination
against hepatitis B virus (HBV) has not been included. From live birth
compartment, transition can occur at multiple levels. For instance, at
birth a child can be immunized that thus will not go into the susceptible
compartment. Alternatively, if the child has not been vaccinated at birth,
it can undergo a transition to either susceptible (if born to an HBV-
infected mother) or healthy (if born to a non-HBV-infected mother). All
the compartments can potentially be transitioned to death compartment

l Live birth
Vaccination
at birth (EPI)
! RN v
Immunized | Susceptible |Infected | Recovered | |Healthy
> Death (¢
S <

future due to long-lasting immunity. A schematic figure describing
the compartmentalization of the model is shown in Flowchart 1.
For vaccination, only vaccination at birth was considered and adult
vaccination was ignored.

Equations

The following equations were developed to describe the dynamics
of the model, where dS/dt, di/dt, and dR/dt represent the dynamics
of susceptible, infected, and recovered population over time.

$=a58+v51 -usS-pBS-vs

%:aiB —-vsl —vrl - uil + S

j—f: arR+vrl+vS - urR
Where

« S, 1, and R correspond to susceptible, infected, and recovered
population

« B corresponds to birth population

« as, ai, and ar correspond to the proportion of population that
are susceptible, infected, and recovered at birth

« vSand vR correspond to the proportion of infected population
that become susceptible and recovered, respectively

« Bandvcorrespond to the proportion of susceptible population
that become infected and recovered, respectively

« us, ui, and ur correspond to the proportion of susceptible,
infected, and recovered state that die

Assumptions

e as+aitar=1

« None can move from susceptible or infected state from
recovered state;

«  Once recovered, they stay recovered

« Infected population cannot become susceptible once again,
therefore, vS should be 0.

+  The effect of vaccination can be modeled by increasing the
values of vR and vS compared to “no vaccination rate.”

Model Parameters

The following parameters were used for model simulation. Some
parameters were retrieved from the existing literature and the
World Health Organization (WHO) statistical fact sheets. Table 1
summarizes the parameter description, values, and references.

Table 1: Summary of model stimulation: parameters, values and references

Parameters Value

Reference

Birth rate 2.14 per woman

Adult mortality rate 5.40 deaths/1,000 population
Maternal mortality rate

Neonatal mortality rate at birth 23.3 deaths/1,000 population

Infant (<1 year) mortality rate 30.7 deaths/1,000 population
Child (<5 years) mortality 37.6 deaths/1,000 population
90%

Vaccination rate (HepB3)

True vaccination rate (HepB3)

176 deaths/100,000 population

80% considering 10% dropout

World bank: https://data.worldbank.org/indicator/SP.DYN.
TFRT.IN?locations=BD

World Health Organization (WHO) fact sheet 2016.
(https://www.who.int/countries/bgd/en/)
World Health Organization (WHO) fact sheet 2016.
(https://www.who.int/countries/bgd/en/)

World Health Organization (WHO) expanded program
on immunization (EPI) fact sheet 2016. http://www.searo.
who.int/immunization/data/bangladesh.pdf

World Health Organization (WHO) expanded program
on immunization (EPI) fact sheet 2016. http://www.searo.
who.int/immunization/data/bangladesh.pdf

World Health Organization (WHO) expanded program
on immunization (EPI) fact sheet 2016. http://www.searo.
who.int/immunization/data/bangladesh.pdf

World Health Organization (WHO) expanded program
on immunization (EPI) fact sheet 2016. http://www.searo.
who.int/immunization/data/bangladesh.pdf

World Health Organization (WHO) expanded program
on immunization (EPI) fact sheet 2016. http://www.searo.
who.int/immunization/data/bangladesh.pdf
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Apart from these demographic parameters, two other
important parameters are infection rate at which a susceptible
person is infected and recovery rate at which an infected person
recovers. These two parameters were estimated based on extensive
literature survey. For instance, Mahtab et al. reported that the
prevalence of HVB in Bangladesh is 5.5% based on the analysis
of the HBsAg status of 1,018 individuals.> However, another study
using the secondary data from 16 different sources concluded
that the prevalence of HVB-infected individual is 3.1%.2 However,
the prevalence data of HBV infection in children under the age of
5 are lacking. In order to employ the current model to investigate
the effect of vaccination among children, we estimated the HBV
infection rate among infants and children as 0.157 and 0.179,
respectively, based on the previous studies.?'

REesuLTs

Estimate HBV Infection Rate in Children up to 2030 by
Dynamic Modeling

First, we aim to estimate the HBV-induced infection rate in children
below 5 years of age. The model simulations were performed
up to the year 2030. For the simulation purpose, three different
vaccination rate scenarios were considered, where the different
vaccination coverage (80, 90, and 95%) were included. Simulation
revealed that the number of infected children is likely to increase
up to year 2030 despite vaccination and irrespective of different
vaccination rates compared to the initial number of infected
children. Comparison of different vaccination rates showed
that the number of HBV-infected children will be the lowest for
the highest vaccination rate (95%), followed by 90% and 80%
vaccination rate as expected (Fig. 1). The highest infection rate
was estimated for the year 2023, and this highest infection rate
was set to 100%. Subsequently for all other years the fraction
of the infection rate with respect to the highest infection rate is
shown in Y-axis (Fig. 1). For different vaccination rates, the initial
number of HVB-infected children represents the children who are
already being infected with HBV at the beginning of simulation.
The incidence of HVB-induced infection rate in the year 2030 is
likely to be around 90% for 80% vaccination rate. The percentage
of infected children dramatically decreased (45%) for 90%
vaccination rate. The lowest infection rate (22%) was observed
for 95% vaccination rate. Interestingly, only 10% increase in the
vaccination rate from 80 to 90% is likely to contribute to the
significant lowering (around 40%) of HBV-induced infection rate
among children. When increased by 5% vaccination rate from
90 to 95%, the HBV-infection rate can be further decreased by
22%, underscoring the significant effect of vaccination in reducing
HBV infection among children. However, the according to the
SDG requirements, a 90% reduction in CHB infection (indicated
by green dash line) is desired by the year 2030. Even the highest
(95%) vaccination rate failed to meet the SDG requirement by the
year 2030 (Fig. 1).

Hepatitis B Virus-induced Death Rate Estimation from
2050 Onward

Next we investigated the impact of current vaccination on
future HBV-induced death rate in adults. The year-by-year model
simulation showed that the future HBV-induced death rates depend
on the current vaccination rate. Three different vaccination rates
(80, 90, and 95%) were considered as previously described. The
time frame was set from 2050 to 2100 due to simulation of the

HBV-induced death rates (Fig. 2). Three different vaccination rates
from 2020 onward is likely to generate differential HBV-induced
death rates in the future (from 2050 onward). This time lag from
vaccination to HBV death rate estimation was introduced to simulate
the real-life scenario under the assumption that a chronically
infected child may develop HCC and be subjected to HBV-related
death after the age of 40 as described by Wang et al." Expectedly,
the highest and the lowest death rates are likely to occur for the
lowest (80%) and the highest (95%) vaccination rates among the
tested vaccination scenarios (Fig. 2). Unlike the HBV-infection rate,
the initial HVB-induced death rate was set to zero to monitor the
new HBV-induced death incidents from 2050 to 2100. The fraction
(%) of death rates was calculated with respect to this highest death
rate that was observed in the year 2070. Death rate is likely to be
increased from 2060 compared to earlier time points, meaning that
children, who are not vaccinated at 2020, can potentially develop
chronic infection and are most susceptible to HBV-induced death
by the year 2060 and onward. The average HVB-induced death rate
(indicated as red dash line) from the year 2060 to 2100 is likely to
be around 90% for 80% vaccination rate followed by 47% death
rate for 90% vaccination (blue dash line). The lowest average death
rate (23%) is observed for 95% vaccination rate (green dash line).
Interestingly, 45% reduction in HBV-induced death can potentially
be achieved by only 10% increase in the vaccination rate from 80
to 90%. When increased by 5% vaccination rate from 90 to 95%,
the HBV-infection rate can potentially be decreased by 24%,
underscoring the significant effect of vaccination in reducing the
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Fig. 1: Model simulation of dynamic hepatitis B virus (HBV)-induced
infection rates at three different vaccination rates. Model simulation
of HBV-induced infection rate among children (<5 years) from 2020 to
2030 at three different vaccination rates are shown. Infection rates at
vaccination rate of 80, 90, and 95% are shown as red, blue, and orange
lines, respectively. The Y-axis represents the percentages as the fraction
of the highest infection rate observed. For instance, the highest infection
rate was observed at 80% vaccination rate for the year 2023 and thus
this value was set to 100% in the Y-axis and subsequently all other
infection rates are presented as a fraction of this highest infection rate.
The horizontal dash lines represent the infection rate by the year 2030
for three different vaccination rate—80 (red dash line), 90 (blue dash
line), and 95% (orange dash line). The green dash line represents the
desired infection rate by 2030 per the SDG guidelines. The reduction in
infection rates between the two different vaccination rates are indicated
by vertical solid lines with arrows

Euroasian Journal of Hepato-Gastroenterology, Volume 9 Issue 2 (July-December 2019) 87



A Dynamic Mathematical Modeling Revelation about the Impact of Vaccination on HBV
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Fig. 2: Model simulation of dynamic hepatitis B virus (HBV)-induced
death rates at three different vaccination rates. Model simulation of HBV-
induced mortality (death) rate among children (<5 years) from 2050 to
2100 at three different vaccination rates are shown. The HBV-induced
death rates at vaccination rate of 80,90, and 95% are shown as red, blue,
and green lines, respectively. The Y-axis represents the percentages as
the fraction of the highest death rate that were observed for the year
2070. This value was set to 100% in the Y-axis and subsequently all
other death rates are presented as a fraction of this highest death rate.
The horizontal dash lines represent the average infection rate for three
different vaccination rates—80 (red dash line), 90 (blue dash line), and
95% (green dash line). The reduction in infection rates between two
different vaccination rates are indicated by vertical solid lines with arrows

future mortality rate. In case of HB-induced death rate, to attain
SDG, the WHO recommended to reduce the mortality by 65%
which may not be achieved by 80 and 90% vaccination rates, rather
vaccination rate of 95% has the potential to meet this challenge
of reducing the required fraction of child mortality due to HBV
infection.

Gender-specific HBV Infection Rate in Children

Having established the HBV-induced infection rate in children
(<5 years) of both sexes under the assumption thatimmunization
is gender neutral, it implies that male and female children are
equally vaccinated. Although the vaccination is largely supposed
as gender neutral, it has been reported that negative biasness
exists in vaccination coverage.?? According to GAVI “Gender
and immunization abridged report” by Overseas Development
Institute (www.odi.org.uk), there is a larger gender inequality
which is exacerbated in the lower wealth quintiles of a population
and in the majority of cases is directed against girls in Bangladesh.
For instance, in Bangladesh, the ratio of girls to boys not
immunized can be as low as 0.5 (bias against girls) in the poorest
quintile. For the current study, the female to male vaccination
coverage ratio of 0.8 was set on an average throughout all
socioeconomic quintiles. We wanted to investigate the impact of
this negative bias contributing to a differential infection rate in
male and female children. When the female to male vaccination
ratio of 0.8 was included into the model, the result showed a
surprising difference in HBV infection in male and female children
(Fig. 3). With 90% vaccination rate, the negative bias contributes
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Gender-bias in HBV infection rate modeling for children (<5)
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Fig. 3: Model simulation to determine the impact of negative bias
on hepatitis B virus (HBV)-induced infection rates. A gender bias in
immunization toward girls was implemented in the model by including
the vaccination ratio of 0.8 (female to male children). Model simulation
of HBV-induced infection rates among male and female children
(<5 years) is shown from 2020 to 2030 at 90% vaccination rate. The
Y-axis represents the percentages as the fraction of the highest infection
rate that were observed for the year 2023. This value was set to 100% in
the Y-axis and subsequently all other infection rates are presented as
a fraction of this highest infection rate. The black curve represents the
dynamic year-to-year infection rate of all children including males and
females. Area under the curves represents the total male (orange area)
and female (blue area) children that are likely to be infected during the
simulation period (from 2019 to 2030). The vertical lines indicate the
percentage of male (orange) and female (blue) children that are likely
to be infected by the year 2030

to 35 and 50% infection rate (as a fraction of highest infection
rate) for male and female children, respectively. The 15% increase
in HBV infection in female children is attributed by the one
variable factor in the form of negative bias toward girls in the
immunization program.

Gender-specific HBV-induced Death in Children

After observing the surprising increase in the HBV-infection rate in
the female children due to negative bias in vaccination, we asked
whether this biasness also influences the HBV-induced death rates
in female population in the future. The simulation of HBV-induced
death rates from 2050 to 2100 with 90% vaccination rate revealed
that female subjects are more vulnerable to HBV-induced death
compared to their male counterparts. The model simulation showed
that at a vaccination rate of 90%, negative bias toward girls may
lead to an average HBV-induced death rate of 44% and 56% for
male and female, respectively, thereby increasing the female death
rate by 12% (Fig. 4).

Discussion

The current study revealed an alarming scenario about the HBV-
induced infection and death rates in Bangladesh despite the
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Impact of negative-bias of immunization against girls on
HBV-induced death rate in adult
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Fig. 4: Model simulation to determine the impact of negative bias
on hepatitis B virus (HBV)-induced death rates. A gender bias in
immunization toward girls was implemented as described in Figure 3.
Model simulation of HBV-induced death rates among male and female
children (<5 years) is shown from 2019 to 2030 at 90% vaccination rate.
The Y-axis represents the percentages as the fraction of the highest
infection rate that were observed at 2024. This value was set to 100%
in the Y-axis and subsequently all other death rates are presented as
a fraction of this highest death rate. The black curve represents the
dynamic year-to-year death rate of all subjects including males and
females. Area under the curves represents the total male (orange
area) and female (blue area) population that are likely to die due
to HVB infection during the simulation period (from 2050 to 2100).
The horizontal dash lines represent average death rates for male
(orange) and female (blue) populations. The vertical lines indicates the
percentage of male (orange) and female (blue) children that are likely
to be subjected to HBV-induced mortality from 2050 to 2100

current ongoing vaccination efforts under the EPI. Generally,
EPI in Bangladesh represents a success story where the EPI was
able to achieve high vaccination coverage against vaccine-
preventable diseases.'” However, the caveats in estimation of EPI
coverage cannot be ignored in order to attain SDG by the year
2030. For example, earlier study showed that the estimation of
vaccination coverage is incomplete and often includes a number
of vaccinated children of specified age range (12-23 months)
only, and the authors argued that it lacks the information of
how many children attended the scheduled vaccination.?® In a
recent study, Sheikh et al. identified that the fraction of children
receiving scheduled vaccination is much lower than anticipated.’
For instance, only 24, 46, and 53% of children were able to receive
timely vaccination for BCG, pentavalent-3, including HBV-vaccine
and measles, respectively.' On the contrary, a relatively high
percentage of children—76, 51, and 36% were unable to receive
the BCG, pentavalent 3, and measles vaccines, respectively, in
the recommend scheduled dates.'® Several factors that may
influence the failure to vaccinate children in the recommended
schedules were identified. Among these factors the most significant
ones include maternal education coupled with their working
status, effectiveness of the community awareness program,
socioeconomic status, and the cultural practice depending on
geographic locations.'® Apart from the failure to vaccinate children
in a timely manner, another impeding challenge is dropouts from
vaccination program that may render incomplete immunity against

HBV infection and may pose a challenge to obtain the desired
reduction in HBV-induced infection and death rates in Bangladesh.
A study conducted by Khan et al. reported that the dropout rate
can be as high as 13% for EPlin the urban area of Dhaka city among
the lower income population.?* In conclusion, the authors argued
that the current EPI, although has high coverage in many areas,
increased the rates of dropouts and invalid doses threatens to
reduce these numbers of fully immunized child to 66%.2% In 2018,
WHO published the EPI fact sheet where over 80% coverage for DTP-
Hib-HepB3 vaccine with greater than 10% dropout (http://www.
searo.who.int/immunization/data/fact_sheets/en/) was reported.
Quaiyum et al. systematically identified the multiple factors that
alone orin combination may lead to the higher dropout rates.?> The
most important among these factors were irregular EPI sessions,
followed by no notification system regarding the subsequent
session/doses, uncooperative behavior of vaccine-care providers,
nonappearance of vaccine provider, poor documentation and
consequently refusing to vaccinate due to the loss of record.?* The
combination of untimely vaccination coupled with vaccination
dropouts reduces the total vaccination coverage. We performed
simulations with three different vaccination rates: 80, 90, and 95%.
According to the WHO guidelines, HBV-induced infection and
death rates should be reduced by 90% and 65%, respectively, by
the year 2030 (https://www.who.int/hepatitis/publications/hep-
elimination-by-2030-brief/en/). In these circumstances, our model
simulation revealed a distressing scenario as far as the reduction
in the HBV-induced infection and death rates are concerned. The
model analysis showed that even if we take adequate measures
to ensure timely vaccination and prevent dropouts and increase
the vaccination rate up to 95%, still will be unable to reduce HBV-
infection rate by 90% by the year 2030. On the contrary, reduction in
HB-induced death rate by 65% in the future may not be achievable
by 80% and 90% vaccination rate. Hence, we must take adequate
steps to increase vaccination rates to 95% to reduce the HBV-
induced child mortality to attain SDG.

The next challenge in the vaccination is the negative bias toward
girls. According to GAVI Alliance report (https://www.odi.org/
publications/4421-gender-and-immunisation-abridged-report),
thereis atendency that female children often have limited access to
follow-up vaccination services compared to their male counterparts,
implying that a preferential allocation of vaccine-related resources
to male children is happening in Bangladesh. In Bangladesh, female
children are often deprived of vaccination follow-up services
especially in lower socioeconomic quintiles. We aimed to investigate
the impact of negative bias in vaccination toward newborn girls by
aiming female to male vaccination coverage ratio at 0.8 as reported
by GAVI Alliance. This difference may seem to be insignificant;
however, the simulation of HBV-induced infection and death rates
surprisingly uncovered how this apparently small negative bias
in vaccination may result in a large difference between girls and
boys by the year 2030. Results revealed that at 90% vaccination
rate, the negative bias can potentially contribute a 15% increase in
HBV-induced infection that subsequently may lead to 12% increase
in HBV-induced mortality rate in adult females in the future. This
increase in HBV infection and HBV-induced death rates in female
population is likely to have a far reaching effect on the population
level. The increased number of girls infected with HBV either through
mother-to-child vertical transfer or through other blood-borne
route may develop chronic infection and when these infected girls
reach child-bearing age, they may transfer the HBV to newborn
children during birth. Therefore, to reduce HBV-induced infection
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and death rates, it is of utmost importance to prevent the negative
bias of immunization toward girls.

CONCLUSION

In conclusion, the current study aided by mathematical modeling
unearths the alarming possibility of increased HBV-induced
infection especially in girls by the year 2030. These increased rates
of infection will eventually intensify the HBV-induced death ratesin
the future time in Bangladesh, posing a grand challenge to attain
SDG. Therefore, in light of the mathematical model, we propose
several proposals including ensuring timely and full completion
of the pentavalent vaccination program, reducing dropouts from
vaccination program, and lastly preventing negative bias toward
girls during the immunization program.
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