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Abstract: This study evaluates the propagation impact of three risk categories (hazard and exposure,
socio-economic vulnerability, and lack of coping capacity) and their associated factors on vaccination
uptake policy decisions in Pakistan. This study proposed Bayesian influence diagrams using expert
elicitation and data-driven approaches. The Bayesian network (BN) approach uses the best policy
algorithm to determine the expected utility of decisions. The study found that the government’s firm
vaccine uptake decisions had a positive effect in Pakistan. The findings on hazard and exposure-
related factors show that people living in rural areas were more susceptible to COVID-19 than people
living in urban areas. Among socio-economic vulnerability factors, household characteristics were
affected due to household economic situations, fear of using health facilities due to the spread of
COVID-19, lack of public transportation services, food insecurity, a temporary halt in education, and
weak governance, which affected the vaccination uptake decision. The factors linked with coping
capacity show that the government’s financial assistance and development of digital platforms raised
digital health literacy and increased vaccine uptake decision utility. The proposed methodology
and results of this study can be used to develop contingency planning for any future potential
pandemic situations.

Keywords: COVID-19 risk; vaccination decision; hazard and exposure; socio-economic vulnerability;
lack of coping capacity

1. Introduction

By the end of December 2019, the severe acute respiratory syndrome Coronavirus
2 or COVID-19 had continued to evolve in various waves, posing a long-term threat to
global public health and the economy [1]. Policymakers adopted strict control measures to
contain the deadly COVID-19 pandemic, including the administration of mass vaccines
to achieve herd immunity objectives [2]. It is well known that herd immunity is one
of the main factors limiting the spread of disease from person to person. The experts
suggested that the COVID-19 pandemic could be ended by attaining a threshold of 60–90%
herd immunity [3,4]. However, the success of COVID-19 vaccination programs and herd
immunity will depend on the people getting vaccinated, and, from experience, vaccine
uptake can be a more significant challenge than vaccine development [5,6]. Therefore, the
mandatory uptake of COVID-19 vaccines is considered the most effective and sustainable
strategy for controlling the pandemic in the long term [7,8].

Since December 2020, several COVID-19 vaccines have been available worldwide with
proven efficacy and safety [9,10]. Data from early clinical studies have demonstrated that
vaccines against COVID-19 effectively reduce the spread of this infection and COVID-19
cases, hospitalizations, unfavorable outcomes, and deaths among individuals vaccinated
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against this virus [11–13]. Universal vaccination of the population against COVID-19
disease is essential for the safe achievement of herd immunity and the containment of
the COVID-19 pandemic [14–16]. However, in many countries, the rollout of COVID-19
vaccines has been hampered by many factors, including issues with affordability, supply,
storage, resources, logistics, public confusion, and the promotion of misinformation [17].
A key aspect of COVID-19 vaccine development and successful provision is vaccine hesi-
tancy [18,19]. Before the COVID-19 pandemic, the World Health Organization had named
vaccine hesitancy as one of the top ten threats to global health, and this issue grew even
more acute in light of the COVID-19 outbreak [20].

Vaccine hesitancy is a wicked problem due to its many causes, difficulty of description,
and lack of a clear solution [21,22]. It is imperative to note that vaccine hesitancy has
time- and context-specific characteristics that are influenced by socioeconomic motivations,
environmental circumstances, and reasons that determine individual intentions. According
to the WHO model of vaccine hesitation, three factors contribute to vaccine hesitancy:
(1) confidence (e.g., the degree of trust that one can place in a vaccine or a provider);
(2) complacency (a condition in which an individual does not see the value and need of
vaccines); and (3) convenience (i.e., barriers to accessing vaccination services) [23]. Further,
research has shown that no single set of factors responsible for vaccine hesitancy influences
vaccine uptake [24].

1.1. Global Overview of Vaccine Hesitancy Factors That Influence COVID-19 Vaccine Uptake

Many factors need to be considered in order to understand vaccine hesitancy in detail,
and these vary depending on the context, time, location, and type of vaccine [25]. An earlier
systematic review of COVID-19 vaccination intentions within the first year of the pandemic
comprised 30 articles and was presented in [26]. Based on their study findings, socio-
demographic differences, perceptions of risk and susceptibility to COVID-19, and vaccine
attributes all influence vaccination uptake intention. In addition, a negative relationship
was found between the community’s acceptance of COVID-19 vaccines and vaccine safety,
efficacy, mistrust of health authorities, information in social media about the vaccines, and
low confidence in the health system.

AlShurman and colleagues [27] analyzed 48 peer-reviewed articles published between
November 2019 and December 2020. They presented their study’s findings under seven
themes: demographics, social factors, vaccination beliefs and attitudes, vaccine-related per-
ceptions, perceptions related to health, perceived barriers, and vaccine recommendations.
Additionally, factors such as age, gender, education level, race/ethnicity, vaccine safety and
effectiveness, influenza vaccination history, and self-protection from COVID-19 were most
strongly associated with intent to take the COVID-19 vaccine. During the same year, Al-
Jayyousi, G.F. et al. [28] performed a second review that included 50 studies and collected
global data on attitudes toward COVID-19 vaccination. Their review provides insight into
how public attitudes toward COVID-19 vaccination differ worldwide. Their research also
demonstrated that these attitudes were influenced by various factors at multiple levels
of the socio-ecological model. At the end of June 2021, Lazarus, J.V. et al. [29] examined
vaccine uptake in 23 countries and the reasons for vaccine hesitancy within the context of
uneven access, administration, and acceptance of the COVID-19 vaccine worldwide.

Further, a rapid review of the evidence concerning the determinants and strategies to
increase COVID-19 vaccine acceptance in low- and middle-income countries is presented
in [30]. This study found that vaccine acceptance was significantly higher among males, in-
dividuals with higher education, those with higher socio-economic status, those who were
single, and those who were employed in the healthcare industry. More pieces of evidence
showed that misinformation concerning COVID-19 vaccines, as well as public concerns
about the safety of vaccines, had contributed to lower acceptance rates. Their study found
that direct engagement with communities through influencers, such as community leaders
and health experts, is a crucial approach to increasing vaccine acceptance rates. Trust in
the government was also identified as a significant enabler of improvement in vaccination
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acceptance. Another evidence-based review was also helpful [31], which examined accep-
tance and hesitancy towards the COVID-19 vaccine across 15 survey samples covering
10 LMICs in Asia, Africa, South America, Russia, and the United States. They found that
LMICs in their sample were significantly more likely to wish to receive the COVID-19
vaccine than Americans and Russians. In their study, the personal protective benefit of
vaccination was the most frequently cited reason for vaccine acceptance. However, side
effects were the most commonly cited reason for vaccine hesitancy.

Roy, D.N. et al. [32] presented a global review of COVID-19 vaccine hesitancy in 2022.
Their study examined and described 11 potential common factors. According to studies
conducted in Asian countries, safety, efficacy, side effects, effectiveness, and conspiracy
beliefs were the most frequently encountered concerns. Among Europeans, side effects,
trust, and social influence were the most influential factors influencing the decision to
receive COVID-19 vaccines. In contrast, in the United States, information sufficiency,
political role, and vaccination mandates played the most significant role. By the end of
2022, the study of Fajar, J.K. et al. [33] had provided valuable information about the global
prevalence of COVID-19 vaccination hesitancy and the potential factors that contribute to
it. Their analysis identified that vaccination hesitancy was associated with the following
factors: being a woman, being 50 years or younger, being single, being unemployed, living
with five or more individuals in the household, having an educational attainment lower
than an undergraduate degree, working in a non-healthcare-related field, and believing
COVID-19 vaccines to be unsafe. Living with children, maintaining physical distance
norms, being tested for COVID-19, and receiving an influenza vaccination in the past
few years also reduced COVID-19 vaccination hesitancy. Based on the findings of these
published research articles, vaccine hesitancy factors that can influence the uptake of
vaccine decisions against COVID-19 are emerging issues on a national, continental, and
global scale.

1.2. Research Gaps

As of yet, most systematic reviews and meta-analyses of COVID-19 vaccination hesi-
tancy and resistance have focused on assessing acceptance and rejection rates of the vaccine
at the global and regional levels. However, few studies have attempted to summarize the
common factors that influence the uptake of the COVID-19 vaccine. The most prevalent
determinants affecting vaccination uptake policy decisions included vaccine efficacy, vac-
cine side effects, distrust in healthcare systems, religious beliefs, and trust in information
sources of vaccines. Furthermore, demographic variables such as age, gender, education,
and geographic location shape vaccination intentions. Factors including health disparities,
socio-economic disadvantages, systemic racism, and exposure to online misinformation
additionally influenced vaccine hesitancy. Studies have also highlighted additional determi-
nants of vaccine hesitancy, such as social influences, political dynamics, vaccine mandates,
and fear and anxiety. In existing research on vaccine hesitancy and uptake, there has been a
predominant focus on individual-level factors, often overlooking broader risk dimensions
that influence the vaccination uptake rate. Previous studies typically examined vaccine
hesitancy through a narrow lens, failing to fully capture the complex interplay between
various risk factors and their influence on vaccination decisions. For instance, while so-
cioeconomic factors have been acknowledged as essential determinants of vaccine uptake,
their interaction with other risk dimensions, such as hazard exposure and coping capacities,
has not been thoroughly explored. Consequently, the holistic understanding of vaccine
hesitancy and uptake has been limited.

This study identifies a significant gap in the literature, specifically the need for com-
prehensive exploration into the three risk dimensions: hazard and exposure, socioeconomic
vulnerability, and lack of coping capacities, along with their associated factors. Specifically,
the study highlighted a need for more publications thoroughly examining the pertinent
factors contributing to these risk dimensions. These factors include population charac-
teristics, sanitation and hygiene conditions, seasonal variations, health and education
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infrastructure, food security, economic conditions, household characteristics, financial
assistance programs, governance structures, institutional capacity, infection diagnostic
capacity, pharmaceutical availability, and non-pharmaceutical interventions. These factors
are referred to as “risk factors” in the context of vaccination uptake due to their potential
to influence individuals’ vulnerability to the pandemic and willingness to accept vacci-
nation. The term “risk” in this study implies the likelihood of adverse outcomes, such as
increased susceptibility to COVID-19 infection or reduced vaccine acceptance rates. This
risk manifests through various pathways, including socio-economic disparities, limited
access to healthcare, misinformation, mistrust in healthcare systems, and structural barriers
to vaccination access.

These factors’ multidimensional and interconnected nature underscores their potential
to significantly influence exposure to pandemic risk and vaccination uptake decisions.
Depending on the specific context, these factors may influence individuals’ vulnerability
to the pandemic and willingness to accept vaccination. For instance, vaccine hesitancy’s
temporal and spatial dynamics remain poorly understood. Factors such as demographic
characteristics of the population interact with seasonal variations in disease prevalence,
localized outbreaks, or changes in public health messaging over time, and these can all
influence vaccination decisions. Still, their effects have yet to be systematically studied.

Additionally, socio-economic factors such as household characteristics, economic
situation, consumption patterns, transportation, and access to healthcare may play a
prominent role in shaping vaccination uptake decisions, while governance structures
and institutional capacity may impact the effectiveness of public health interventions.
These factors can significantly shape vaccine hesitancy and uptake patterns within specific
communities or geographic regions. Yet, their impact on vaccination behavior needs to be
adequately examined.

Addressing the identified research gap is crucial for informing evidence-based vacci-
nation strategies and improving public health outcomes. By taking a holistic approach to
understanding vaccine hesitancy and uptake and considering the broader socio-economic
and environmental factors, policymakers and public health authorities can develop more
effective interventions tailored to the specific needs of diverse populations. Ultimately, this
can lead to higher vaccination coverage rates and better control of the COVID-19 pandemic.

Thus, this study considered the multidimensional risk factors that can influence
COVID-19 vaccination decisions based on the INFORM COVID-19 risk warring tool. The
INFORM COVID-19 risk model was jointly developed by the Joint Research Center (JRC)
and the scientific and technical lead of INFORM. They described three dimensions of risk:
hazards and exposure, vulnerability, and lack of coping capacity [34]. Theoretically, the
hazard and exposure dimensions of the model represent the likelihood of exposure to
infectious agents under different conditions [34]. In the context of COVID-19 risk and its in-
fluence on vaccination uptake policy decisions, the hazard refers to the transmission of the
virus, particularly its variants, which poses a significant threat to the public [35]. Exposure
encompasses population density, social interaction patterns, and healthcare infrastructure,
determining the likelihood of individuals contracting the virus [36]. Understanding the
distribution of COVID-19 cases and identifying high-risk areas is crucial for targeting
vaccination efforts effectively. The main origins of this concept can be traced back to vari-
ous disciplines such as geography, environmental science, health sciences, administrative
science, and disaster studies [37]. It draws heavily from risk assessment, management
theories, and research on natural hazards and their impact on human populations. In
this study, the origin of this concept belongs explicitly to epidemiology and public health
research, emphasizing the importance of assessing both the spread of the virus and the
vulnerability of populations to infection. Thus, it is imperative to understand the inter-
relationship between hazard and exposure, since there can be no risk without exposure,
regardless of the severity of the hazard event.

Understanding the interrelationship between hazard and exposure is crucial, as they
collectively form one of the core dimensions of risk. This understanding is essential for
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assessing vulnerability, identifying at-risk populations or areas, and implementing tar-
geted interventions to mitigate potential harm [38]. By recognizing this risk dimension,
policymakers can develop policies and regulations to reduce risk and enhance resilience,
while emergency responders can plan and allocate resources more effectively during disas-
ters. Moreover, this understanding informs public health strategies, such as vaccination
campaigns or education initiatives, by identifying the populations most susceptible to
infectious diseases or other health risks. Recognizing the interplay between hazard and
exposure is essential for enhancing community safety, minimizing adverse outcomes, and
building resilience to hazards and disasters.

The second theoretical component of risk is socio-economic vulnerability. It encom-
passes the susceptibility of communities or individuals to the adverse effects of hazards
due to their social and economic circumstances [39]. It includes factors such as poverty,
inadequate infrastructure, limited access to resources, and unequal distribution of wealth
and power. The origins of this concept can be found in social science theories related to
inequality, marginalization, and social stratification [40]. Scholars and practitioners have
long recognized that vulnerability to a pandemic is not solely determined by physical
exposure but is also influenced by underlying social and economic conditions [41]. COVID-
19 has highlighted existing socio-economic disparities that influence vulnerability to the
virus. Factors such as income inequality, access to healthcare, and employment conditions
impact individuals’ ability to protect themselves from infection and access vaccination
services. Vulnerable populations, including low-income communities, racial and ethnic
minorities, and marginalized groups, are disproportionately affected by the pandemic due
to underlying social and economic inequalities. Addressing socio-economic vulnerability is
essential for ensuring equitable vaccine distribution and overcoming barriers to vaccina-
tion uptake. This concept draws on theories of social determinants of health and health
equity, highlighting the interconnectedness of social and economic factors with health
outcomes [34].

The third theoretical component of risk is the lack of coping capacity. It extends to
physical infrastructure, health systems, and institutional and management capacity [34].
It is defined as the capacity of a country to conduct activities before, during, and after
infectious disease hazard event(s) [42]. If the pandemic risk is much higher than the coping
capacity, this dimension is transformed into a lack of coping capacity. It encompasses a
lack of material resources (e.g., emergency services, infrastructure) and intangible factors
(e.g., social cohesion, institutional effectiveness). The origins of this concept can be traced
to research on resilience and adaptation, as well as to theories of disaster preparedness
and response [34]. Understanding the factors that enhance or diminish coping capacity
is essential for designing effective risk-reduction strategies and building resilience in
vulnerable communities. Theoretically, coping capacity in the context of COVID-19 refers
to the ability of healthcare systems, public health agencies, and communities to respond
to the challenges posed by the pandemic [43], which includes factors such as healthcare
infrastructure, availability of vaccines and medical supplies, and coordination of response
efforts. Countries with weak healthcare systems and ineffective pandemic preparedness
plans are not equipped to manage the vaccination rollout and mitigate the impact of COVID-
19 on public health [44]. This concept draws from disaster preparedness and resilience
theories, emphasizing the importance of adaptive capacity in responding to complex health
emergencies like COVID-19.

Consequently, the three risks mentioned above and their relevant factors influencing
vaccination uptake decisions are highly interrelated; therefore, it is a challenging task
to consider the propagation impact of pandemic risk factors when assessing vaccination
uptake decisions.

1.3. Decision-Making in the Context of Vaccination Uptake

In decision-making, particularly in public health crises such as viral epidemics, assess-
ing decision-makers' utility is paramount. This process hinges on a meticulous evaluation of
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available evidence spanning various factors. Understanding the intricate interplay between
individual behavior and disease dynamics is essential in shaping effective public health
strategies [45]. For instance, Tomassen F. et al. [46], in response to the foot-and-mouth
disease outbreak, introduced a model aimed at mitigating direct costs and export losses
across diverse scenarios. Similarly, Sok J. et al.’s [47] model of dairy heifer management
delved into the complexities of vaccination decisions, recognizing the disparate estimation
methodologies between animal and human epidemics. Navigating the complexities of
the COVID-19 pandemic further underscores the challenges facing policymakers world-
wide. Karnon, J. et al.’s [48] exploration of lockdown versus gradual response approaches
highlights the multifaceted nature of pandemic decision-making.

Thus, policymakers are confronted with the daunting task of weighing the benefits of
mandating vaccination against the risks of maintaining the status quo, particularly in the
face of low vaccine uptake and the ensuing potential for increased infection rates. What
exacerbates the dilemma is the need for further examination into how policymakers can
effectively evaluate the value of their vaccination decisions and navigate the myriad risks
posed by pandemics. As such, a critical gap exists in understanding how decision utility
can be quantified and how policymakers can assess the propagation impact of epidemic risk
categories. These risk categories—hazard and exposure, socio-economic vulnerability, and
lack of coping capacity—are pivotal in shaping vaccination uptake policies. Our interest
lies in delving into these nuanced aspects, aiming to shed light on how policymakers
can effectively evaluate the value of their vaccination decisions amidst pandemic risks.
By quantifying decision utility and examining the propagation impact of epidemic risk
categories within network settings, we seek to offer insights that can inform evidence-based
policymaking in the face of unprecedented public health challenges.

In this study, we conceptualize COVID-19 epidemic risk and operationalize a data-
driven process combining expert elicitation to assess the relative significance of multidi-
mensional factors influencing vaccination uptake decisions and provide informed decision
support on whether vaccination enforcement will be effective in the four provinces of
Pakistan. Additionally, this study identifies critical factors in a network setting while
considering their propagation impact by proposing a Bayesian influence diagram. Here,
the network setting means a dynamic framework illustrating the interconnectedness of
factors contributing to epidemic risk within a community, including hazard and exposure,
socioeconomic vulnerability, and lack of coping capacity. During the COVID-19 outbreak,
these factors interact and collectively shape vaccine uptake decisions. Hazard and exposure
dynamics, such as close-knit communities or densely populated areas, influence individu-
als’ risk of disease transmission, while socioeconomic vulnerabilities exacerbate disparities
in vaccine access and adherence.

Additionally, communities’ lack of coping capacity impacts individuals’ ability to
respond effectively to health threats, further influencing vaccine uptake decisions. By
recognizing these interconnected factors within the network setting, public health interven-
tions can be tailored to address the multifaceted determinants of vaccine acceptance and
coverage, leveraging social networks to disseminate accurate information, build trust, and
overcome barriers to vaccination access, ultimately enhancing public health outcomes. The
resulting prioritization scheme can assist policymakers in developing appropriate strategies
to view network-wide epidemic risks that influence vaccine uptake decisions. Also, by
understanding the characteristics of different populations and the factors that affect vacci-
nation uptake, evidence-based multilevel interventions can be planned to enhance vaccine
uptake rates in Pakistan and other countries where policymakers face similar issues.

2. Materials and Methods
2.1. Study Area

Like other countries, vaccine hesitancy and low uptake are not new phenomena in
Pakistan [49]. Vaccination campaigns and programs in the past have made slow progress,
which is evidence of this: BCG (Bacillus Calmette Guerin) vaccination coverage was
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reported at 80%, polio vaccination coverage was 60%, and measles vaccination coverage was
67% [50]. Many factors influence vaccination product promotions in Pakistan. These factors
include political, religious, and commercial factors; logistical challenges; insufficiently
trained healthcare professionals; parents who do not know what to do; organizational
factors; socio-economics; and environmental circumstances [51]. To what extent these
factors have contributed to vaccine hesitancy among the Pakistani population is unknown.
A clear understanding of the factors that influence vaccine uptake remains elusive.

Furthermore, anti-vaccination groups, which denied the existence of COVID-19, con-
tributed to slowing vaccine uptake rates in Pakistan [52]. Therefore, the government of
Pakistan made a firm vaccination uptake decision across the country. The firm vaccina-
tion uptake decision across the country refers to a comprehensive and steadfast approach
taken by government authorities or health agencies to ensure widespread acceptance and
administration of COVID-19 vaccines among the population. This decision involves imple-
menting innovative strategies and initiatives to maximize vaccination coverage and achieve
herd immunity against the virus. Thus, the effective vaccination enforcement planning was
tailored to local needs (like other non-pharmacological interventions) and paved the way
for the containment of the disease due to its effectiveness. As a result, Pakistan’s COVID-19
control strategy has been praised internationally, but the utility of the vaccination uptake
policy decisions has not been studied. Therefore, having noticed a gap in the literature
and the need for related research, we aim to determine the propagation impact of three
risk categories (hazard and exposure, socio-economic vulnerability, and lack of coping
capacity) on vaccination uptake policy decisions in four provinces of Pakistan within a
network setting.

2.2. Evaluation Strategy

The proposed approach is theoretically based on Bayesian Influence Diagrams (BIDs),
which can be used to model and assess uncertainties within a networked environment [53,54].
Although BIDs have been utilized across various areas in pandemic risk analysis, their
application has been limited to exploring focused problems such as analyzing vaccine
uptake by enforcing policy decisions. In this regard, leveraging BIDs to explore the com-
plexity associated with the multidimensional nature of the COVID-19 pandemic risk on
vaccination uptake decisions is imperative. The evaluation strategy of this study consists
of four steps, as presented in Figure 1. It was applied to four provinces of Pakistan, namely,
Punjab, Sindh, Baluchistan, and KPK, to assess the effectiveness of COVID-19 vaccination
enforcement policy decisions in each region.

Step 1: Identification of risk dimensions and associated factors
In this step, three COVID-19 risk categories were derived from the INFORM COVID-

19 warring tool [34]: hazard and exposure, socio-economic vulnerability, and lack of coping
capacity. Each risk category was further classified into risk factors. In the INFORM COVID-
19 warring model for this study, several key factors contribute to the hazard and exposure
of COVID-19 risk and subsequently impact the decision-making process regarding vaccine
uptake. These factors, derived from the existing literature, are interconnected through
causal relationships. Firstly, population dynamics play a significant role, where the average
annual growth rate of the population directly influences population density. It, in turn,
affects the population distribution between rural and urban areas, with implications for
average household size.

Furthermore, changes in average household size further influence the distribution of
the population across rural and urban areas. Additionally, environmental factors, including
access to improved sources of drinking water and sanitation facilities, contribute to seasonal
variations, which directly impact both rural and urban populations. These environmental
factors also contribute directly to hazards and exposure to infectious diseases, including
COVID-19. Understanding these interconnected relationships is vital for comprehending
the dynamics of COVID-19 risk and vaccination uptake decisions, facilitating the develop-
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ment of targeted strategies to mitigate risks, and enhancing vaccine uptake across different
population groups.
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In the INFORM COVID-19 warring model for this research, several key factors con-
tribute to socio-economic vulnerability, impacting the decision-making process regarding
vaccine uptake. These factors, informed by existing literature, are interconnected through
causal relationships. The closure of businesses due to COVID-19 lockdowns is a pivotal fac-
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tor directly influencing household economic situations. Consequently, economic conditions
directly affect household consumption, contributing to socio-economic vulnerability. This
vulnerability, in turn, directly influences the decision-making process regarding vaccination
uptake. A lack of use of health facilities due to fear of COVID-19 and the lack of transporta-
tion services directly impact household characteristics. These household characteristics, in
turn, directly influence household consumption expenditures and indirectly contribute to
socio-economic vulnerability, which subsequently affects vaccine uptake decision utility.

Moreover, food insecurity is directly linked to household characteristics and con-
tributes to socio-economic vulnerability, influencing vaccine uptake decisions. Furthermore,
temporary halts in education and weakness in the governance system and institutional
capacity are identified as direct contributors to socio-economic vulnerability and indirectly
influence vaccine uptake decision utility. Understanding these interconnected relationships
is crucial for designing targeted interventions to address socio-economic vulnerabilities
and enhance vaccine uptake in affected populations.

In this study’s INFORM COVID-19 warring model, various key factors contribute
to the lack of coping capacity, subsequently influencing the decision-making process re-
garding vaccine uptake. These factors, drawn from existing literature, are interconnected
through causal relationships. Government assistance emerges as a pivotal factor linked
with seven specific aspects: the development of a COVID-19 app by the government, pub-
lic awareness programs (including handwashing, mask-wearing, and social distancing),
COVID-19 immunization coverage, COVID-19 quarantine facilities (including isolation
beds), public-funded labs for COVID-19 testing, designated tertiary hospitals for COVID-
19 treatment, and financial support for vulnerable populations through programs like
“Ehsaas”. The government’s development of a COVID-19 app directly facilitated access to
computers and mobile phones with internet connectivity for the population. Which, in turn,
enhanced COVID-19 data sharing and collection mechanisms, impacting the availability
of quarantine facilities. In addition to directly affecting medical assistance programs and
public-funded labs for COVID-19 testing, these facilities contributed to the overall lack of
coping capacity, influencing vaccine uptake decision utility. Public awareness programs
and financial support initiatives for vulnerable populations are directly associated with
the lack of coping capacity. Indirectly, they contributed to the decision-making process
regarding vaccine uptake.

Furthermore, COVID-19 data sharing and collection mechanisms, COVID-19 immu-
nization coverage, and designated tertiary hospitals directly impacted the availability of
quarantine facilities. These factors, in turn, indirectly contributed to the lack of coping
capacity, which subsequently influenced the decision-making process regarding vaccine
uptake. Understanding the intricate interplay between these factors is essential for devising
effective strategies to bolster coping capacities and enhance vaccine uptake in communities
affected by COVID-19.

Further, secondary data on each risk factor were identified from national household
surveys and the National Command and Control Center of COVID-19 Pakistan [55–62].
Detailed information regarding the risk categories and each risk factor definition are
presented in Table S1.

Step 2: Development of causal relationships
This step uses expert elicitation to build causal relationships among risk factors.

This approach has been extensively used in the literature [63,64]. Expert elicitation is a
systematic process to gather and integrate expert opinions, knowledge, and judgments on
a particular topic, mainly when empirical data are limited or unavailable. In this study
focused on COVID-19 vaccination uptake decisions in Pakistan, expert elicitation played a
crucial role in assessing the relative significance of multidimensional factors influencing
vaccination decisions. Initially, a diverse panel of experts with expertise spanning public
health, epidemiology, healthcare policy, and socio-economic factors relevant to COVID-19
vaccination was carefully selected. These experts were then engaged through structured
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interviews or surveys designed to elicit their insights and opinions on various dimensions,
including hazard and exposure, socio-economic vulnerability, and coping capacity.

During these interactions, experts were asked to provide their judgments or assess-
ments on the relative importance or impact of different factors identified in the theoretical
framework. Their responses were systematically aggregated and synthesized to identify
patterns, trends, and areas of consensus or disagreement. Statistical methods or qualitative
analysis techniques were employed to analyze the data and derive meaningful insights
from the expert opinions. The synthesized expert opinions were then integrated into the
decision-making process related to vaccination uptake policies, providing valuable input
for policymakers to prioritize interventions, allocate resources, and develop strategies
to enhance vaccine uptake in Pakistan. Overall, expert elicitation was useful for synthe-
sizing expert knowledge and informing evidence-based policy-making efforts related to
COVID-19 vaccination in Pakistan. Experts developed the interdependencies and causal
relationships among risk factors based on their expertise in COVID-19 research. After
identifying interdependency relationships among risk factors and categories, arcs (the
directional links) between nodes were defined to show causality. This step developed the
three BID models for each risk category.

Step 3: Construction of Bayesian influence diagram
This step conducted a cause-effect analysis of risk factors using prior probability values,

and posterior probabilities were obtained using Bayes’ theorem. A BID has n decision
nodes of D1, D2, D3, ..., Dn; x chance nodes of C1, C2, C3, ..., Cn; and utility function nodes
U1, U2, U3, ..., Ua. Each utility function value, given by any combination of specified and
random nodes, was calculated using Equation (1). In Equation (1), Ui is the ith utility
function node and π(Ui) is the parent node group of Ui, while D is the decision node group
(D1, D2, D3, ..., Dn). Further, Ap indicates the group of chance nodes and Ui[π(Ui)] shows
the utility function of Ui.

Ui | D, Ap = Ui[π(Ui)]P
[
π(Ui)/D, Ap

]
(1)

In Equation (2), Aq represents the group of chance nodes without evidence, and
P
[
π(Ui), D, Ap, Aq

]
shows the joint probability of all parameters (nodes) in an ID.

P
[
π(Ui)/D, Ap

]
=

P
[
π(Ui), D, Ap, Aq

]
P
(
D, Ap

) =
P
[
π(Ui), D, Ap, Aq

]
∑π(Ui),Aq P

[
π(Ui), D, Ap, Aq

] (2)

If all types of nodes are denoted as a group Y (Y1, Y2, Y3, ..., Yn) in which N = n + x + a,
then the joint probability P (Y1, Y2, Y3, ..., Yn) can be expressed as the products of the
conditional probability of each node given its parents, as shown in Equation (5) [65], where
π(Yi) is the group of all parents of Yi.

P(Y1, Y2, Y3, . . . , Yn) = ∏n
i=1 P(Yi /π(Yi)) (3)

The basic parameters of a discrete BN are stated in Equation (4) [66]. In Equation (4),
(l) and (m) are the state numbers of the node Yi and its parents, respectively.

θilm= P (Yi = l | π(Yi) = m) (4)

According to Bayes’ theorem, the vector’s posterior probability is explained by
Equation (5) [66].

P(θ|D) ∝ P(θ)∏n
i=1 ∏n

l=1 ∏n
m=1 θ

xilm
ilm (5)

where θ indicates the vector of θilm and P(θ) shows the prior probability of θ, while xilm is
illustrated by the number of samples with Yi = i and π(Yi) m.

Step 4: Apply the best policy algorithm
We used the best policy algorithm to calculate a strategy that yielded the highest

expected utility of all possible combinations of decision nodes and observations. This



Systems 2024, 12, 167 11 of 30

policy assessment algorithm solved the BID, first by converting it into a BN and then by
finding the expected utility of each option by performing the repeated process of inferring
in a network setting. The algorithm resulted in a complete set of expected utilities for all
possible decisions in the network. The application and reliability of such an approach
have been well-studied in the literature [67,68]. GeNie software (Version-9.4.7) was used to
analyze this study.

3. Results

Table S1 lists twenty-nine risk factors identified for three risk categories, and the results
for each risk category in four provinces (Punjab, Sindh, KPK, Balochistan) of Pakistan are
discussed in this section.

3.1. Hazard and Exposure Results

The BID model’s results regarding hazard and exposure in four provinces (Punjab,
Sindh, KPK, Balochistan) of Pakistan are presented in Figure 2A–D, illustrating the contex-
tual relationships among nine risk factors. The results reveal the interconnections among
these factors. Specifically, the analysis demonstrates that the average annual growth rate of
the population directly impacts the population density. Furthermore, population density
directly influences the average household size and the population distribution between
rural and urban areas. These demographic factors, in turn, exhibit a direct relationship
with hazard and exposure, exerting an indirect influence on the decision utility related to
vaccination uptake. Additional findings highlight the significance of households’ access
to an improved source of drinking water and the effective management of sanitation and
hygiene by the populace. These two factors contribute to environmental considerations.
The environmental factor emerges as critical due to its impact on the population residing in
rural and urban areas and its influence on hazard and exposure. The intricate web of these
nine factors collectively affects the decision utility associated with vaccination uptake.
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Figure 2. (A) Hazard and exposure BID for Punjab province, (B) hazard and exposure BID for Sindh
province, (C) hazard and exposure BID for KPK province, and (D) hazard and exposure BID for
Balochistan province. Input nodes are colored blue, output nodes are highlighted in yellow, and
intermediate nodes are highlighted in white. Light green represents the utility node, and light yellow
indicates the decision node. This color scheme is followed in all simulated figures of this work.
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3.2. Socio-Economic Vulnerability

The BID model’s outcomes regarding socio-economic vulnerability in four provinces
of Pakistan (Punjab, Sindh, KPK, Balochistan) are depicted in Figure 3A–D, encompassing
ten contextual risk factors. Among the identified factors, three stand out as particularly
crucial: “Businesses closure due to COVID-19 lockdown”, “No use of health facilities due to
fear of COVID-19”, and “Lack of transportation services”. Moreover, the results underscore
the significance of household economic situations and characteristics. Both of these factors
directly influence household consumption expenditure, serving as direct contributors
to socio-economic vulnerability. Consequently, they also indirectly affect the decision
utility associated with vaccination uptake. Further insights from the results highlight that
factors such as “Food insecurity”, “Temporary halt in education”, and “Governance and
institutional capacity” indirectly impact vaccination uptake decision utility through their
contributions to socio-economic vulnerability.
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3.3. Lack of Coping Capacity

The BID model’s insights into the lack of coping capacity in four provinces of Pakistan
(Punjab, Sindh, KPK, and Balochistan) are visually represented in Figure 4A–D. The results
illuminate the intricate causal relationships among 12 risk factors, emphasizing the pivotal
role of governmental coping capacity in shaping decisions related to COVID-19 vaccination
uptake. The analysis reveals that government assistance, highlighted as a parent node,
indirectly affects vaccination uptake decision utility through the lens of coping capacity.
The government’s development of a COVID-19 app is crucial, influencing the population’s
access to computers, the internet, and mobile phones. These, in turn, directly affect the
COVID-19 data sharing and collection mechanism, indirectly impacting vaccination uptake
utility through coping capacity constraints.
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Furthermore, the presence of COVID-19-designated tertiary hospitals is a critical node
influencing medical assistance programs and the availability of COVID-19 quarantine facil-
ities (beds for isolation). Simultaneously, these factors indirectly affect vaccination uptake
utility through coping capacity constraints. Additional findings highlight the importance
of COVID-19 immunization coverage, directly influencing the availability of quarantine fa-
cilities. Moreover, public awareness programs (emphasizing handwashing, mask-wearing,
and social distancing), public-funded labs for COVID-19 testing, and financial support
for the economically disadvantaged through the “Ehsaas” program all exert an indirect
influence on vaccination uptake utility through the lens of coping capacity.

3.4. Total COVID-19 Risk

The BID model’s insights into the total COVID-19 risk in four provinces of Pakistan
(Punjab, Sindh, KPK, and Balochistan) are visually represented in Figure 5A–D. The total
COVID-19 risk is the risk posed due to hazards and exposure, socio-economic vulnerability,
and the lack of coping capacity. The concept of total COVID-19 risk encompasses the
combined impact of hazards and exposure, socio-economic vulnerability, and the lack of
coping capacity within a given region. The results illustrate the interconnectedness of
these three components, providing a comprehensive view of the overall COVID-19 risk in
each province.
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4. Discussion

The amalgamation of hazards and exposure, socio-economic vulnerability, and the lack
of coping capacity form the foundation of our examination of the multifaceted challenges
posed by the pandemic. This discussion will delve into each risk component individually,
exploring the nuanced dynamics, critical insights, and implications uncovered by the
model. By dissecting these aspects, we aim to understand better the complex web of
factors influencing the total COVID-19 risk in the specified provinces. The subsequent
sections will explore hazard and exposure, socio-economic vulnerability, and lack of coping
capacity, unraveling the layers of each component and deciphering their collective impact
on the pandemic.
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4.1. Hazard and Exposure

The BID model’s intricate examination of hazard and exposure is presented in
Figure 2A–D, related to four provinces of Pakistan (Punjab, Sindh, KPK, and Balochis-
tan). It unravels a nuanced web of contextual relationships among nine risk factors. The
analysis provides valuable insights into the relationship between the population’s aver-
age annual growth rate, population density, and the associated hazards and exposures
that individuals encounter. This understanding is particularly pertinent in the context of
COVID-19 vaccine uptake in Pakistan, where densely populated areas may face heightened
transmission risks. For instance, in urban centers like Karachi, Lahore, and Islamabad, high
population density contributes to increased transmission rates, emphasizing the urgency of
implementing proactive measures such as social distancing and mask-wearing to mitigate
the risk of contracting the coronavirus. It is especially critical in regions with varying
average household sizes between urban and rural areas; for example, densely populated
urban areas may require stricter enforcement of vaccination uptake measures compared
to sparsely populated rural regions. Moreover, the analysis elucidates the impact of sea-
sonal dynamics on COVID-19 risks, which is crucial for informing vaccination strategies
in Pakistan. The findings reveal a direct association between seasonal factors and various
risk components. For instance, access to safe drinking water and adequate sanitation and
hygiene practices are essential year-round but take on added significance during the four
seasons, especially concerning COVID-19 hazards and exposure. Further, extreme weather
conditions such as cold winters and hot summers can pose challenges to maintaining
social distancing, thereby influencing exposure to COVID-19. In Pakistan, where seasonal
variations are pronounced, adapting vaccination campaigns and public health messaging
to account for these dynamics is essential. For example, outdoor vaccination centers and
mobile vaccination units have become more effective in reaching communities during the
scorching summer months. Consequently, these findings underscore the importance of
developing tailored strategies to address seasonal variations in COVID-19 risk, especially
concerning vaccination efforts in Pakistan.

Figure 2’s results shed light on the significant influence of population size, particularly
in urban and rural areas experiencing seasonal fluctuations, on decisions regarding the
uptake of COVID-19 vaccination policies. This revelation highlights the intricate interplay
between demographic factors, environmental conditions, and vaccination policy deci-
sions, indicating that larger populations and extreme weather conditions may introduce
additional complexities to the vaccination process. These insights showed flexible and
adaptive vaccination strategies that accounted for Pakistan’s diverse challenges of varying
population sizes and seasonal dynamics.

The provincial-level comparison provided in Figure S1 offers valuable insights into
the varying levels of COVID-19 hazard and exposure across different regions of Pakistan.
Among the provinces, Khyber Pakhtunkhwa (KPK) has the lowest hazard and exposure
rate at 17%. This relatively low risk could be attributed to effective early containment mea-
sures, including stringent lockdowns and robust testing and tracing efforts. Additionally,
KPK’s lower population density than other provinces might have contributed to reduced
transmission rates. Following KPK, Baluchistan records a hazard and exposure rate of 22%,
possibly due to its sparse population density and geographical isolation, which could have
slowed the virus’s spread. Punjab falls in the middle range, with a hazard and exposure
rate of 26%, reflecting its large population size, dense urban areas, and significant economic
activities. Finally, Sindh exhibits the highest hazard and exposure rate at 67%, likely due
to its densely populated urban centers like Karachi and potential challenges in enforcing
strict preventive measures. These provincial differences underscore the importance of
tailored interventions to address each region’s specific risk factors and vulnerabilities,
guiding policymakers in implementing targeted measures such as vaccination campaigns
and public health initiatives to combat COVID-19 effectively.

The results depicted in Figure 2A–D shed light on the utility of vaccination enforce-
ment decisions across different provinces of Pakistan, providing valuable insights into
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the effectiveness of such measures in mitigating COVID-19 risks. Notably, the highest
utility of vaccination enforcement decisions was observed in KPK, with a utility value of
17.79. This finding correlates with KPK’s relatively lower exposure risk of 17%, which
can be attributed, at least in part, to its dispersed population and less urbanized land-
scape. Similarly, Balochistan demonstrated the second-highest utility value for vaccination
enforcement decisions, standing at 17.20. Balochistan also exhibited a relatively lower
exposure risk of 22%, reflecting similar characteristics of a dispersed population and less
urbanized environment contributing to reduced COVID-19 transmission rates.

In contrast, Punjab recorded a utility value of 16.57, indicating slightly lower effec-
tiveness of vaccination enforcement decisions than KPK and Balochistan. Punjab’s higher
hazard and exposure rate of 26% can be attributed to its denser population and more
urbanized landscape, which may have presented more significant challenges in containing
the spread of COVID-19. Lastly, Sindh registered the lowest utility value for vaccination
enforcement decisions at 11.34, reflecting its higher hazard and exposure rate of 67%. Like
Punjab, Sindh’s dense population and urbanized environment contributed to increased
COVID-19 risk, underscoring the importance of targeted interventions to address these
challenges effectively. These findings highlight the nuanced relationship between vacci-
nation enforcement decisions, COVID-19 exposure risks, and provincial demographics,
guiding policymakers in implementing tailored strategies to combat the pandemic.

By recognizing factors and their relationships with hazard and exposure and vaccina-
tion uptake decisions, policymakers and healthcare authorities can better target resources
and interventions to maximize vaccine uptake and protect vulnerable populations effec-
tively. Tailored vaccination campaigns considering seasonal variations in transmission
dynamics and demographic differences between urban and rural areas can help to ensure
equitable access to vaccines and enhance overall vaccine acceptance and uptake rates
in Pakistan.

4.2. Socio-Economic Vulnerability

The results stemming from the assessment of socio-economic vulnerability across four
provinces of Pakistan (Punjab, Sindh, KPK, Balochistan), as presented in Figure 3A–D,
offer a profound understanding of the intricacies surrounding ten contextual risk factors.
These findings illuminate how various elements intersect to shape the socio-economic
landscape amidst the challenges posed by the COVID-19 pandemic. The impact of business
closures due to lockdown measures directly reverberates through households in Pakistan,
significantly affecting income levels and forcing people to rely on their savings to meet
daily expenditures. This economic strain profoundly impacts household characteristics,
particularly family size, which becomes vulnerable to four critical risk factors: household
economic situation, fear of using health facilities due to COVID-19, lack of public trans-
portation services, and food insecurity. For example, in urban areas such as Karachi and
Lahore, where many businesses were forced to close during lockdowns, families reliant
on daily wage labor faced immediate financial hardships, leading to increased reliance on
savings and limited access to essential resources. This economic instability disproportion-
ately affected larger families, who may have struggled to afford necessities such as food
and healthcare, further exacerbating their vulnerability to COVID-19.

In Figure 3, it is shown that the household economic situation influences household
consumption expenditure via two routes (direct link and indirect link). These two routes
differ in terms of the directness of the relationship between household economic situation
and consumption expenditure. In the direct route, the influence of economic status on
consumption expenditure is immediate and observable, with changes in income or financial
resources directly impacting household spending decisions. In contrast, the indirect route
involves a more complex interplay of household characteristics that mediate the relationship
between economic status and consumption behavior. While economic status remains a
central determinant of consumption expenditure, its effects are moderated or mediated by
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household characteristics based on family sizes, resulting in more nuanced and context-
specific consumption patterns.

Additionally, the fear of contracting COVID-19 in crowded health facilities has deterred
many individuals from seeking medical care, particularly in densely populated urban
centers where healthcare facilities may be overwhelmed. The fear of contracting COVID-19
when seeking medical care may disproportionately affect socio-economically vulnerable
populations who already face barriers to healthcare access. For example, individuals with
lower incomes or limited access to transportation may be more reluctant to seek medical
attention due to concerns about potential exposure to the virus. This fear can exacerbate
existing health disparities and contribute to delayed diagnosis and treatment of medical
conditions among socio-economically vulnerable groups. Therefore, the reluctance to use
health facilities due to COVID-19 fear reflects a socioeconomic vulnerability that impacts
individuals’ access to essential healthcare services. This fear, coupled with limited access to
public transportation services, presents significant barriers to accessing vaccination sites,
particularly for marginalized communities living in remote or underserved areas.

Furthermore, food insecurity poses a substantial challenge to vaccine uptake, espe-
cially among families with limited financial resources. In rural areas of Pakistan, where
agriculture is a primary source of livelihood, disruptions to supply chains and market
closures have resulted in food shortages and increased prices, making it difficult for families
to afford nutritious meals. As a result, prioritizing vaccine uptake may become secondary
to meeting immediate food needs for many households.

The revelation that families with more than two members face the highest risk, while
those with only one member bear the least risk, underscores the differential vulnerabilities
within the population. Such disparities necessitate targeted interventions to address the
distinct needs of various household types. For instance, in densely populated urban areas
like Faisalabad, Karachi, and Lahore, where households often consist of multiple family
members living in close quarters, the risk of COVID-19 transmission is heightened due to
the challenges of maintaining social distancing. Conversely, in rural areas where households
are typically more prominent, with extended family members residing together, the risk
of transmission may be further compounded by limited access to healthcare facilities
and resources. The observed reduction in food and non-food expenditures due to food
insecurity further underscores the potential deterioration in living standards, urging the
government to strategize vaccination efforts for extended families. For example, in rural
villages where agricultural labor is the primary source of income, disruptions to supply
chains and market closures have led to decreased income and increased food insecurity
among families with larger household sizes. Implementing targeted vaccination drives
in these communities and initiatives to address food insecurity cannot help to alleviate
socio-economic vulnerability on a broader scale.

Considering the diverse household structures in Pakistan, where urban households
typically consist of fewer than six members and rural families often surpass six members,
the impact of socio-economic factors is nuanced [69]. For instance, in urban slums where
overcrowding is prevalent, the risk of COVID-19 transmission is higher due to limited
access to healthcare facilities and sanitation services. In contrast, in rural areas where
access to healthcare is limited and transportation infrastructure needs to be improved,
reaching remote communities with vaccination campaigns poses logistical challenges. The
results in Figure 3A–D illuminate that the reluctance to use health facilities and the lack of
transportation infrastructure contribute to socio-economic risks and influence decisions
related to COVID-19 vaccination uptake. For example, in remote villages where healthcare
facilities are scarce and public transportation is unreliable, individuals may hesitate to seek
vaccination due to concerns about accessing medical care in case of adverse reactions. In
such scenarios, implementing a targeted door-to-door vaccination drive emerges as a viable
strategy to navigate the challenges posed by a high degree of coronavirus risk and limited
public transportation facilities.
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Furthermore, the analysis exposes the ripple effects of a temporary halt in educa-
tion, governance, and institutional capacity on socio-economic vulnerability, subsequently
influencing decisions related to vaccination uptake. For instance, school closures and
disruptions to government services may exacerbate existing socio-economic disparities,
making it difficult for marginalized communities to access essential resources and informa-
tion about vaccination programs. The multifaceted nature of these challenges highlights
the need for comprehensive and adaptive policy measures to address the evolving socio-
economic landscape and ensure equitable access to COVID-19 vaccines across diverse
communities in Pakistan.

In a provincial comparison (as detailed in Figure S1), the socio-economic vulnera-
bility was lowest in KPK (22%), followed by Sindh (23%) and Baluchistan (25%), while
Punjab bore the highest socio-economic vulnerability (27%). Our analysis indicates minor
differences in socio-economic vulnerabilities. By tailoring interventions to each province’s
specific socioeconomic contexts and needs, decision-makers can effectively maximize the
impact of their efforts on health outcomes.

The findings presented in Figure 3A–D provide valuable insights into the effectiveness
of vaccination enforcement decisions across different provinces of Pakistan in increasing
COVID-19 vaccination uptake. Notably, KPK stands out with the highest utility value for
vaccination enforcement decisions, recorded at 17.08. This indicates a positive impact on
vaccination rates in the province, suggesting that targeted enforcement measures have been
particularly effective in promoting vaccine uptake in KPK. Conversely, in Punjab, where
socio-economic vulnerability is relatively high compared to other provinces, the utility of
vaccination enforcement measures is lowest at 16.53. Which suggests that Punjab faces
challenges in boosting vaccination rates despite efforts to enforce vaccination, possibly
due to socio-economic factors influencing vaccine acceptance. However, both Sindh and
Baluchistan closely follow, with utility values of 16.96 and 16.75, respectively, indicating
similarly positive impacts of vaccination enforcement decisions on vaccination uptake in
these provinces. The findings proved that positive utility values across all provinces signify
the potential efficacy of vaccination enforcement decision-making in increasing vaccination
rates and ultimately reducing COVID-19 transmission.

These insights underscore the critical role of tailored strategies in addressing socio-
economic vulnerabilities and optimizing vaccination efforts across diverse regions of Pak-
istan. For instance, KPK and Baluchistan are more remote than the rest of the provinces;
one potential way to improve health services is through mobile vaccination facilities. Such
movable units can remove transportation barriers to accessing medical care and ensure the
availability of better and quicker healthcare services. In Sindh, rural areas, where access
to healthcare is limited, and literacy rates are lower than in urban centers like Karachi,
community-based vaccination drives and outreach programs may be essential to reach
marginalized populations and improve vaccine uptake. Similarly, in Punjab, where socio-
economic vulnerability is highest, targeted interventions such as mobile vaccination clinics
and door-to-door outreach campaigns may be necessary to overcome barriers to vaccination
access and ensure equitable distribution of vaccines. By understanding the socio-economic
dynamics of each province and implementing context-specific interventions, policymakers
can enhance vaccination coverage and mitigate the impact of COVID-19 across Pakistan.

4.3. Lack of Coping Capacity

The intricacies of coping capacity in the face of the COVID-19 pandemic are unveiled
through the lens of 12 risk factors in Figure 4A–D. This model intricately captures the
causality relationships that underscore the pivotal role of the government’s coping ability
in navigating decisions related to COVID-19 vaccination uptake. The results underscore
critical facets of effective coping strategies, shedding light on various dimensions that can
significantly impact the success of vaccination enforcement decisions.

One noteworthy revelation is the instrumental role of financial assistance provided
by the government, mainly through programs like “Ehsaas” designed to support the
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economically disadvantaged. For example, families in rural areas of Punjab, where poverty
rates are higher compared to urban centers, have relied on financial aid from the “Ehsaas”
program to meet their daily expenses during the pandemic. This financial support has
enabled individuals to prioritize healthcare expenses, including vaccination costs, thereby
increasing vaccine uptake among low-income communities.

Public awareness programs also emerge as powerful tools in alleviating the burden
on medical facilities, emphasizing the importance of preventive measures such as hand-
washing, mask-wearing, and social distancing. For instance, in urban centers like Karachi
and Islamabad, where population density is high and healthcare infrastructure is strained,
public awareness campaigns have played a crucial role in promoting adherence to COVID-
19 guidelines and reducing transmission rates. The success of these campaigns is evident
in the increased willingness of individuals to get vaccinated, as they recognize the impor-
tance of vaccination in controlling the spread of the virus and protecting themselves and
their communities.

However, the study showcases the positive impact of the development of the COVID-
19 app by the government of Pakistan in disseminating crucial information and fostering
public awareness. In the case of the COVID-19 pandemic, the development of a COVID-19
app led to increased demand for internet access among the population in Pakistan. Individ-
uals who previously had not prioritized internet connectivity saw the value in accessing
the app for information, updates, and health-related services. This increased demand
incentivized households to invest in internet-enabled devices such as computers or mobile
phones. Moreover, government policies and regulations were implemented to support
the widespread adoption of the COVID-19 app and increased access to internet-enabled
devices. However, it is vital to recognize the digital divide, with a significant portion of the
population needing access to computers and the internet posing challenges to accurate data
collection through these digital channels. In rural Sindh and Baluchistan regions, where
internet penetration is low, alternative strategies such as community health workers and
mobile vaccination clinics may be more effective in reaching underserved populations and
improving vaccine uptake rates. Given these disparities, the government must adopt a
multi-pronged approach to vaccine registration and dissemination, including traditional
communication channels like radio broadcasts and community outreach programs. By
leveraging existing infrastructure and engaging with local communities, policymakers can
address barriers to vaccine access and promote equitable distribution across diverse regions
of Pakistan.

The results show that the government’s efforts to immunize the masses help minimize
the burden on quarantine facilities. For example, in Sindh, where quarantine facilities were
stretched to their limits due to rising COVID-19 cases, successful vaccination campaigns
led to a decline in hospital admissions and reduced strain on medical resources. This
result is vital information since vaccination is the only permanent solution to defeating
the coronavirus and minimizing the burden on quarantine facilities. Additionally, better-
managed quarantine facilities can help ensure robustness in medical assistance programs
and COVID-19 testing facilities, ultimately contributing to more effective pandemic control
measures across Pakistan.

Further analysis reveals that inadequate governance of coronavirus quarantine facili-
ties can significantly undermine the government’s coping capacity to enforce COVID-19
vaccination measures. For instance, in regions where quarantine facilities are poorly man-
aged, individuals may be reluctant to seek medical assistance, fearing exposure to the virus.
This reluctance can exacerbate the spread of COVID-19 and hinder vaccination efforts.
The study highlights the pivotal role of the medical assistance program in bolstering the
government’s coping ability, as it serves as a crucial link in the chain of COVID-19 response
measures. However, Pakistan’s healthcare infrastructure, including designated tertiary
hospitals, testing labs, and quarantine facilities, needs to be improved to meet the demands
of the population. With only a limited number of testing labs and hospitals available for
a population of 220 million, the government’s capacity to enforce vaccination decisions
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is significantly constrained [70]. This limitation hampers the diagnosis and treatment of
COVID-19 cases and undermines public confidence in the effectiveness of vaccination
efforts. As a result, addressing shortcomings in medical assistance programs is impera-
tive to enhancing the government’s coping capacity and facilitating successful COVID-19
vaccination uptake across Pakistan.

The study emphasizes the pivotal role of mass vaccination campaigns in relieving
pressure on quarantine facilities, positioning vaccination as a critical strategy to mitigate
the impact of the coronavirus pandemic. However, it also sheds light on the complex
factors influencing the government’s coping capacity, with governance deficiencies in
quarantine facilities emerging as a potential obstacle. A central finding underscores the
critical importance of the medical assistance program in bolstering the government’s ability
to respond effectively to the pandemic. This program is intricately linked to various risk
factors, including the availability of coronavirus-designated tertiary hospitals, COVID-19
testing capabilities, and the management of quarantine facilities. Despite the considerable
healthcare infrastructure in Pakistan, this study reveals a need for more of a focus on medi-
cal assistance programs, which limits the government’s capacity to implement vaccination
policies efficiently.

Thus, Figure S1 presents a comprehensive provincial comparison of coping capacity
across Sindh, KPK, Baluchistan, and Punjab, revealing intriguing insights into Pakistan’s
regional landscape of vaccination uptake. Surprisingly, Punjab emerges with the highest
degree of lack of coping capacity, standing at 51%, followed by Sindh (47%), KPK (48%), and
Baluchistan (48%). Decision-makers can optimize vaccination efforts and foster equitable
access to vaccines nationwide by customizing interventions to tackle the lack of coping
capacity and harnessing local resources and partnerships to build resilience.

The findings presented in Figure 4A–D offer significant insights into the impact of
vaccination enforcement decisions across various provinces in Pakistan, highlighting their
effectiveness in mitigating COVID-19 risks. Notably, Punjab stands out with the highest
utility value of 17.55 for vaccination enforcement decisions, indicating strong effectiveness
in boosting vaccination rates and reducing transmission. Following closely, KPK demon-
strates the second-highest utility value at 17.40, suggesting effective enforcement measures
in promoting vaccine uptake. However, Sindh and Balochistan show lower utility values
of 14.35 and 14.39, respectively, indicating a somewhat lesser effectiveness of vaccination
enforcement decisions in these provinces. These disparities underscore the need for tailored
strategies and targeted interventions to address specific challenges and enhance vaccine
uptake across different regions of Pakistan. These nuanced provincial differences empha-
size the necessity of customized strategies to address each region’s particular challenges
and strengths. By adopting a targeted approach, policymakers can further optimize vacci-
nation efforts, ensuring a more equitable and impactful response to the ongoing COVID-19
pandemic in Pakistan.

4.4. Total COVID-19 Risk

In an extensive analysis spanning four provinces of Pakistan (Punjab, Sindh, KPK,
Balochistan), the comprehensive findings presented in Figure 5A–D unveil the outcomes of
total COVID-19 risk, providing a holistic measure that encompasses the collective impact of
hazards and exposure, socio-economic vulnerability, and the lack of coping capacity. These
interconnected risk categories, as depicted in the Bayesian Influence Diagram (BID) model
illustrated in Figure 5, collectively shape the landscape of COVID-19 vaccination uptake
decision utility in Pakistan.

As shown in Figure 5, the values for risk dimensions and total risk were derived
from conditional probability tables by assessing the impact of associated factors on the
likelihood and severity of risks. Through propagating these probabilities, risk values
ranging from 0 to 100 were calculated, with each percentage reflecting the degree of risk
associated with specific dimensions or the overall risk. These values serve as baselines,
representing the initial assessment of risk based on factors such as hazard exposure, socio-
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economic vulnerability, and lack of coping capacity. The results of total COVID-19 risk
underscore the prominence of two major risk components: hazards and exposure and
lack of coping capacity, which substantially influence decision-making regarding COVID-
19 vaccination uptake. While socio-economic vulnerability also contributes to shaping
vaccination decisions, its impact is comparatively lower than that of the other two risk
dimensions. This nuanced understanding of the various risk components is pivotal for
policymakers aiming to devise targeted strategies to address the multifaceted challenges
posed by the pandemic effectively.

In the provincial context, Figure S1 delves into the specific risk exposures across Sindh,
Punjab, Baluchistan, and KPK. Sindh emerges as the province facing the highest risk at
41%, followed by Punjab (26%), Baluchistan (25%), and KPK (22%). For instance, in Sindh,
where densely populated urban areas like Karachi are prevalent, the risk of COVID-19
transmission may be higher due to population density and mobility. In contrast, KPK, with
its more rural landscape, may have lower transmission rates due to less dense populations
and lower mobility. Notably, the expected utility of vaccination uptake decisions varies
across provinces, with Sindh exhibiting a higher utility value than KPK. This nuanced
provincial disparity emphasizes the need for tailored interventions, suggesting that policy-
makers should prioritize controlling the spread of COVID-19 more intensively in Sindh
compared to other provinces.

Figure 5A–D reveals positive vaccination uptake across all provinces. This positive
interpretation signifies that implementing vaccination enforcement policies can effectively
empower provincial governments to combat the challenges posed by the coronavirus
pandemic. For example, in Punjab, where there are significant urban centers like Lahore
and Faisalabad, strict enforcement of vaccination policies can help curb transmission rates
and protect vulnerable populations. The findings endorse the utility of vaccination as a
strategic tool in the arsenal against COVID-19, emphasizing its potential effectiveness in
curbing the spread of the virus and mitigating its impact on diverse regional landscapes.
These findings underscore the dynamic interplay of risk components in the context of
COVID-19 across provinces in Pakistan. Policymakers are encouraged to adopt a nuanced
approach, recognizing the varying degrees of risk exposure and tailoring interventions to
address the unique challenges faced by each province. The positive utility values affirm
the potential efficacy of vaccination enforcement policies, providing a beacon of hope in
the collective effort to navigate and overcome the complexities of the ongoing pandemic.

5. Conclusions

This paper presents Bayesian Influence Diagrams (BIDs) to solve the complex problem
of COVID-19 vaccination policy decision-making. Two routes of risk assessment decision-
making are studied: enforcing vaccination or not. The study identified 29 risk factors for
hazard and exposure, socio-economic vulnerability, and lack of coping capacity. Coro-
navirus vaccination decision utility was studied for all four provinces of Pakistan. The
interdependencies of causal relationships in COVID-19 vaccination uptake decisions have
never been studied. This challenge was overcome by expert elicitation, and the risk data in
this research were adopted from the literature. Then, this study conceptualized and opera-
tionalized a data-driven process combining expert elicitation techniques for capturing and
assessing the network-wide importance of multidimensional factors influencing COVID-19
vaccination uptake decision utility.

The real contribution of this piece lies in its innovative approach to addressing vaccine
hesitancy by utilizing the INFORM COVID-19 risk warning model. Unlike previous studies
that have primarily focused on general factors (demographic factors, accessibility, and
cost, personal responsibility and risk perceptions, preventive measures, safety and efficacy
of a new vaccine, vaccine misinformation, etc.) for the assessment of vaccine hesitancy,
this study pioneers the use of a theoretical model to quantify the propagation impact of
three key risk categories: hazard and exposure, socio-economic vulnerability, and lack
of coping capacity. This research provides valuable insights into the complex dynamics
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underlying vaccine hesitancy by quantifying the influence of these risk categories and their
associated factors on vaccination uptake policy decisions. By incorporating a rigorous
analytical framework, this study advances our understanding of the factors contributing
to vaccine hesitancy. It offers practical implications for policymakers and public health
authorities seeking to develop effective vaccination strategies. Overall, integrating the
INFORM COVID-19 risk warning model with quantitative analysis represents a significant
contribution to the public health field, with the potential to inform evidence-based policy
decision-making and improve vaccine uptake rates in the country.

The results show that the health system of Sindh province in Pakistan has the highest
exposure to COVID-19 hazards, and Punjab has the weakest health system for coping
with the coronavirus situation. The health system of Punjab province also faces the most
socio-economic vulnerability due to COVID-19. Due to a slightly better health system,
the study finds that the KPK province has the least COVID-19 risk. The hazard and
exposure findings show that the population size in urban and rural areas with seasonal
variations (cold winter and hot summer) influences the utility of COVID-19 vaccination.
The socioeconomic vulnerability findings highlight that household characteristics are
affected by several primary factors: Household economic situation, fear of using health
facilities due to the spread of COVID-19, lack of public transportation services, food
insecurity, a temporary halt in education, and weak governance affect the vaccination utility.
The lack of coping capacity results show that the government’s financial assistance and
development of digital platforms raised digital health literacy and increased vaccination
utility. The results of total COVID-19 risk ascertain that hazard and exposure and lack
of coping capacity significantly impact vaccination uptake decision utility compared to
socio-economic vulnerability. However, this study concluded that the government’s firm
vaccine uptake decisions positively affect four provinces of Pakistan.

The proposed approach can assist policymakers in developing appropriate strategies
to view network-wide epidemic risks that influence vaccine uptake decisions. Also, by
understanding the characteristics of different populations and the factors that affect vacci-
nation uptake, evidence-based multilevel interventions can be planned to enhance vaccine
uptake rates in Pakistan and other countries where policymakers face similar issues.

The implications of this research’s contributions for other countries are substantial, as
it offers valuable insights and strategies to address vaccine hesitancy and improve vaccina-
tion uptake rates globally. Other countries can adopt and adapt the INFORM COVID-19
risk warning model for specific contexts. By leveraging such models, policymakers can
better understand the multifaceted nature of vaccine hesitancy and tailor intervention
strategies accordingly. Countries can conduct quantitative analyses similar to the one
described in the research to assess the propagation impact of different risk categories on
vaccination uptake. This approach allows for a systematic evaluation of the factors influ-
encing vaccine hesitancy and can inform targeted interventions. Insights from the research
can guide policymakers in formulating evidence-based vaccination policies and strategies.
By understanding the relative importance of hazard and exposure, socio-economic vul-
nerability, and lack of coping capacity, countries can prioritize interventions that address
the most significant barriers to vaccine uptake within their populations. Countries can
develop strategies to mitigate socio-economic vulnerabilities that contribute to vaccine
hesitancy. It may involve implementing targeted outreach programs, addressing health-
care access disparities, and supporting marginalized communities. Strengthening coping
capacity can include investments in healthcare infrastructure, enhancing public health
communication and education, and fostering community resilience. By building robust
systems for pandemic preparedness and response, countries can better manage future
health crises and mitigate the impact of vaccine hesitancy. These research implications
extend beyond the specific context described in the study and offer valuable guidance for
countries worldwide seeking to overcome vaccine hesitancy and achieve higher vaccination
uptake rates. By implementing evidence-based strategies informed by quantitative analysis
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and risk assessment models, countries can enhance their public health response to the
COVID-19 pandemic and future health challenges.

The proposed approach is flexible and repeatable and can be used to evaluate the
effectiveness of policy instruments, e.g., vaccination enforcement programs, to improve
prevention, preparedness, and mitigation against pandemics. However, this study has
some limitations. The comparison of this study’s outcome with those of similar studies
was difficult because literature was not available to make quantitative risk assessments on
COVID-19 vaccination enforcement policy decisions.

This study’s scope is limited concerning comparing state interventions across different
vaccines. Specifically, the study concentrates on COVID-19 vaccine situations, driven by
their immediate relevance and urgency. This focus makes it difficult to thoroughly examine
state interventions across various vaccines, such as flu and polio. Nonetheless, the study
suggests that future research endeavors could delve into this area by conducting compara-
tive analyses of state intervention and vaccination outcomes across diverse vaccine contexts,
encompassing flu and other vaccines with varying government involvement. Acknowledg-
ing this limitation opens up an important avenue for future investigation, providing an
opportunity to deepen our understanding of the factors influencing vaccination decisions
and outcomes in various settings.

Furthermore, some areas of the INFORM COVID-19 risk were not fully or partially
covered. This study used only INFORM risk dimensions (hazards and exposure, socio-
economic vulnerability, and lack of coping capacity) for risk assessment while using limited
open-source data to assess their impact on vaccine uptake policy decisions. This study was
constrained by the need for more local (provincial) data; therefore, not all factors could be
evaluated. We recommend adding multidimensional factors to future works to develop an
effective decision support system.

Supplementary Materials: The following supporting information can be downloaded at: https:
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context-specific risk factors.
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