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Abstract: Selecting a vaccine for fighting a pandemic is one of the serious issues in healthcare. Novel
decision models for vaccine selection need to be developed. In this study, a novel vaccine selection
decision-making model (VSDMM) was proposed and developed, based on the analytic hierarchy
process (AHP) technique, which assesses many alternatives (vaccines) using multi-criteria to support
decision making. To feed data to the VSDMM, six coronavirus disease-19 (COVID-19) vaccines
were selected in a case study to highlight the applicability of the proposed model. Each vaccine
was compared to the others with respect to six criteria and all criteria were compared to calculate
the relative weights. The proposed criteria include (1) vaccine availability; (2) vaccine formula;
(3) vaccine efficacy; (4) vaccine-related side effects; (5) cost savings, and (6) host-related factors. Using
the selected criteria, experts responded to questions and currently available COVID-19 vaccines
were ranked according to their weight in the model. A sensitivity analysis was introduced to assess
the model robustness and the impacts of changing criteria weights on the results. The VSDMM is
flexible in terms of its ability to accept more vaccine alternatives and/or more criteria. It could also
be applied to other current or future pandemics/epidemics in the world. In conclusion, this is the
first report to propose a VSDMM for selecting the most suitable vaccines in pandemic/epidemic
situations or any other situations in which vaccine selection and usage may be deemed necessary.

Keywords: analytic hierarchy process; COVID-19; decision-making model; vaccines

1. Introduction

Decision making in healthcare includes a complex set of pragmatic interactions among
many stakeholders [1]. Limited mathematical models or techniques are currently used
to support the selection of a suitable vaccine for fighting pandemics/epidemics. There
is a lack of literature regarding factors that could lead to the acceptance or rejection of a
vaccine among vaccine alternatives. The analytic hierarchy process (AHP) was introduced
in 1980 [2] to help resolve decision-making issues and prioritize decision alternatives. It
has been widely used in decision-making systems in different fields since then to help solve
various problems [3–9]. Recently, researchers used AHP in healthcare and medical sectors
to support decision-making. For example, health intervention options were evaluated and
analyzed for basic scoring using AHP [10]. Another decision problem for the aeroengine
health assessment was supported using a process called fuzzy-AHP, in which a three-
step evaluation model was proposed using eleven criteria for presenting advantages and
disadvantages of the alternatives [11]. In addition, a model that makes use of different
clustering algorithms and applies the AHP method was developed to facilitate analysis
and auditing of suspicious claims data from healthcare providers [12]. The same process,
fuzzy-AHP, was used to examine the factors of service quality in the healthcare sector
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in Turkey [13]. AHP was used in the implementation of an electronic service quality
framework for healthcare services via internet by using combined multiple criteria in
decision making [14]. The AHP technique was also utilized to construct a clinical decision
support system [15]. Moreover, the AHP technique could be applied in risk assessment to
determine the amount of risk associated with outsourcing logistics to cope with various
hazards and uncertainties in the pharmaceutical supply chain [16]. In addition, to examine
the scalability of electronic health records systems, the AHP approach was paired with a
discrete-event simulation tool [17].

A prioritization approach for health technology assessment was developed based on
AHP and results highlighted the importance of treatment effectiveness, patient safety, and
societal aspects in the decision-making process for best treatment alternatives in dialysis [1]
and Korean medicine [18].

AHP uses actual measures, such as price, counts, or subjective opinions, as inputs into
mathematical matrices [19]. The AHP technique can help decision makers reach a logical
ranking order of alternatives in a shorter time and using less information than is typically
needed. The outputs include ratio scales and consistency indices derived by computing
eigen values and eigen vectors. As a decision-making framework for the assessment
of interrelationships amongst multi-criteria, AHP assumes a unidirectional hierarchical
relationship among decision levels [20,21]. The examination of the interaction among
multiple criteria is a more practical approach given that connections between criteria often
exist [22].

Importantly, there is a shortage in the literature in factors and mechanisms for the
selection of a vaccine among vaccine alternatives. Therefore, the development of a discrete
choice model to investigate the different criteria for vaccine selection among available
alternatives is critical. In this study, a vaccine selection decision-making model (VSDMM)
was developed. Six criteria were identified to support vaccine selection: (1) vaccine avail-
ability which depends on the accessibility to the vaccine and its manufacturing location;
(2) vaccine formula, which includes recombinant, subunit, inactivated, viral vector, DNA,
and RNA; (3) vaccine efficacy [23], which can lead to an increase in the value of the vaccine;
(4) vaccine-related side effects, which may be major or minor and their prevalence (In this
regard, mild and infrequent side effects will lead to a higher value for the vaccine); (5) cost
savings, which include vaccine price, transportation costs, and storage costs, and (6) host-
related factors, which include age, immune status, body mass index, and comorbidities,
including heart diseases, diabetes, obesity, hypertension, and immune disorders. In this
regard, a vaccine that is suitable for all ages and for patients with different comorbidities
will have a higher value.

Using this model, decision makers can select the most relevant vaccine for each situa-
tion. It is important to note that this is a proof-of-principal study that aims to highlight the
applicability of this model to the decision-making process for COVID-19 vaccine selection.

2. Methods

The proposed methodology included the following five phases: (1) identify criteria
that control vaccine selection for a certain pandemic/epidemic; (2) propose and develop a
VSDMM that can support vaccine selection from the available alternatives; (3) select the
case study and alternative vaccines (six vaccines in the current case study); (4) collect data
to feed and test the model, and (5) apply the VSDMM model on the case study and analyze
the results. The proposed criteria included vaccine availability, vaccine formula, vaccine
efficacy, vaccine-related side effects, cost savings, and host-related factors.

2.1. Vaccine Selection Decision-Making Model (VSDMM)

We developed an AHP-based decision model that can provide support for the selection
of the most suitable vaccine from many available vaccine alternatives for the COVID-19
pandemic. The problem was organized in hierarchical terms then the relative importance
of each criterion was determined by pairwise comparison to other criteria. The first level
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of questions to decision makers included questions about the importance of a criterion as
compared to another criterion regardless of the nature of the vaccine. The second level
of questions to decision makers included questions about the importance of a particular
criterion for one vaccine as compared to the other vaccine. The model comprised one
matrix in its first level (6 × 6) and six matrices in the second level (6 × 6). Comparisons
were performed by utilizing the preference scale [19]. According to the protocol, the
decision maker has to choose a defined number from 1 to 9 through pairwise comparisons
of the elements. We employed a nine-point scale in which a value of 1 denoted “equally
important”, 3 denoted “somewhat more important”, 5 denoted “much more important”,
7 denoted “very much more important”, and 9 denoted “absolutely important”. The
consistency ratio (CR) was a measure for the cognitive effort in the decision. CR has been
calculated as the consistency index (CI) divided by the relative importance (RI), also known
as the eigen vector [2].

2.2. Case Study Selection for COVID-19 Vaccine Alternatives

In this study, we proposed a hesitant fuzzy AHP method to help health policymak-
ers evaluate the importance of intervention strategy alternatives for the COVID-19 pan-
demic [24]. Developers of leading COVID-19 candidate vaccines continue to apply for
authorizations for their vaccines [25]. Four vaccines, two mRNA-based vaccines (Pfizer-
BioNTech and NIH-Moderna) and two non-replicating viral vector-based vaccines (Oxford-
AstraZeneca and Janssen) have been made available through national health services
(NHS) [26]. We included six vaccines in this study. The selected vaccines were the vaccines
of Pfizer BioNTech [27], NIH-Moderna [28], AstraZeneca [29,30], Sinopharm [31], Sputnik
V [32], and Janssen Research & Development [33]. The model can accommodate any other
future vaccines. Further information about these vaccines can be found in the respective
references [27–33].

2.3. Model Application

Selecting a vaccine is a multiple criteria decision-making (MCDM) problem with
potentially competing criteria. The data for feeding and testing the model were collected
through brainstorming sessions which is a typical documentation technique for collecting
data. Two brainstorming sessions were conducted with two expert scientists in virology
and vaccines. Respondent 1 (first session) was a professor of vaccine immunology and
clinical microbiology, whereas respondent 2 (second session) was a professor of virology.
The first step was to determine the importance and weight of each criterion. In the first level,
the model was fed with values of the pairwise comparison matrices for the six identified
criteria. Using the decision model, the relative weights of the criteria were calculated for
the first and second sessions, as shown in Table 1. The consistency ratios (CRs) were 9.5%
and 7.9%, indicating that the matrix was consistent (CR < 10%) in accordance to what was
previously reported [2]. For the second level, six matrices were completed for session 1
(Table 2) and six were also completed for session 2 (Table 3). The respondents were asked
various questions including questions about the importance of selecting vaccine 01 versus
vaccine 02 with respect to all criteria, such as the availability criterion and formula criterion.
As indicated previously, six criteria that can affect the decision-making process for vaccine
selection were used when comparing the vaccines.
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Table 1. Comparison matrix of model input for the six comparison criteria (Respondents 1 and 2).

Criterion
Availability Formula Efficacy Side Effects Cost Host Factors

Resp.1 Resp.2 Resp.1 Resp.2 Resp.1 Resp.2 Resp.1 Resp.2 Resp.1 Resp.2 Resp.1 Resp.2
Availability 1 1 0.25 0.2 0.142 0.142 2 1 7 7 4 1

Formula 4 5 1 1 0.167 0.5 5 3 6 8 4 2
Efficacy 7 7 6 2 1 1 8 2 9 8 8 3

Side Effects 0.5 1 0.2 0.333 0.125 0.5 1 1 3 4 1 0.333
Cost 0.142 0.142 0.167 0.125 0.111 0.125 0.333 0.25 1 1 0.333 0.25

Host Factors 0.25 1 0.25 0.5 0.125 0.333 1 3 3 4 1 1

CR (Respondent 1) = 9.5%, CR (Respondent 2) = 7.9%, 1 = Equally important, 3 = Somewhat more important, 5 = Much more important, 7 =
Very much more important, 9 = Absolutely important. The grey color indicates the selection of the respondents (Resp.1 and Resp.2). The
white color indicates the inverse value of the selection of the respondent. The pale blue color indicates a value of 1 (equally important)
when comparing an alternative to itself.

Table 2. Comparison matrices of model inputs for vaccines (Respondent 1).

Comparison Matrix for Vaccines with Respect to: Availability (CR = 4.1%)
Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 1 1 3 1
Moderna 1 1 1 1 3 1

AstraZeneca 1 1 1 3 3 1
Sinopharm 1 1 0.333 1 3 0.333
Sputnik V 0.333 0.333 0.333 0.333 1 0.5

Janssen 1 1 1 3 2 1
Comparison Matrix for Vaccines with Respect to: Formula (CR = 4.9%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 0.333 0.333 3 0.333
Moderna 1 1 0.333 0.333 3 0.333

AstraZeneca 3 3 1 0.5 3 1
Sinopharm 3 3 2 1 4 2
Sputnik V 0.333 0.333 0.333 0.25 1 0.5

Janssen 3 3 1 0.5 2 1
Comparison Matrix for Vaccines with Respect to: Efficacy (CR = 7.9%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 0.5 4 5 0.5
Moderna 1 1 0.5 4 5 0.5

AstraZeneca 2 2 1 4 3 1
Sinopharm 0.25 0.25 0.25 1 4 0.333
Sputnik V 0.2 0.2 0.333 0.25 1 0.333

Janssen 2 2 1 3 3 1
Comparison Matrix for Vaccines with Respect to: Side Effects (CR = 4.7%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 2 0.25 3 3
Moderna 1 1 3 0.25 3 2

AstraZeneca 0.5 0.333 1 0.333 1 1
Sinopharm 4 4 3 1 4 3
Sputnik V 0.333 0.333 1 0.25 1 0.5

Janssen 0.333 0.5 1 0.333 2 1
Comparison Matrix for Vaccines with Respect to: Cost (CR = 4.3%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 0.333 0.333 0.2 0.333 0.333
Moderna 3 1 0.333 0.2 0.333 0.333

AstraZeneca 3 3 1 0.333 0.5 1
Sinopharm 5 5 3 1 1 3
Sputnik V 3 3 2 1 1 2

Janssen 3 3 1 0.333 0.5 1
Comparison Matrix for Vaccines with Respect to: Host Factors (CR = 4.7%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 1 0.5 0.333 1
Moderna 1 1 1 0.5 0.333 1

AstraZeneca 1 1 1 0.333 1 1
Sinopharm 2 2 3 1 3 3
Sputnik V 3 3 1 0.333 1 1

Janssen 1 1 1 0.333 1 1

1 = Equally important, 3 = Somewhat more important, 5 = Much more important, 7 = Very much more important, 9 = Absolutely important.
The grey color indicates the selection of the respondent. The white color indicates the inverse value of the selection of the respondent. The
pale blue color indicates a value of 1 (equally important) when comparing an alternative to itself.
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Table 3. Comparison matrices of model inputs for vaccines (Respondent 2).

Comparison Matrix for Vaccines with Respect to: Availability (CR = 7%)
Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 7 3 7 7
Moderna 1 1 7 3 7 7

AstraZeneca 0.142 0.142 1 2 2 2
Sinopharm 0.333 0.333 0.5 1 2 0.5
Sputnik V 0.142 0.142 0.5 0.5 1 1

Janssen 0.142 0.142 0.5 2 1 1
Comparison Matrix for Vaccines with Respect to: Formula (CR = 2.60%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 5 3 5 5
Moderna 1 1 5 3 5 5

AstraZeneca 0.2 0.2 1 0.333 1 1
Sinopharm 0.333 0.333 3 1 2 3
Sputnik V 0.2 0.2 1 0.5 1 3

Janssen 0.2 0.2 1 0.333 0.333 1
Comparison Matrix for Vaccines with Respect to: Efficacy (CR = 5.70%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 3 7 3 3
Moderna 1 1 3 7 3 3

AstraZeneca 0.333 0.333 1 5 3 2
Sinopharm 0.142 0.142 0.2 1 0.333 0.2
Sputnik V 0.333 0.333 0.333 3 1 0.25

Janssen 0.333 0.333 0.5 5 4 1
Comparison Matrix for Vaccines with Respect to: Side Effects (CR = 3.33%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 3 1 3 3
Moderna 1 1 3 1 3 3

AstraZeneca 0.333 0.333 1 1 1 1
Sinopharm 1 1 1 1 1 1
Sputnik V 0.333 0.333 1 1 1 1

Janssen 0.333 0.333 1 1 1 1
Comparison Matrix for Vaccines with Respect to: Cost (CR = 9.30%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 0.2 0.5 0.5 0.5
Moderna 1 1 0.5 0.5 0.5 0.5

AstraZeneca 5 2 1 7 1 1
Sinopharm 2 2 0.142 1 0.333 0.142
Sputnik V 2 2 1 3 1 1

Janssen 2 2 1 7 1 1
Comparison Matrix for Vaccines with Respect to: Host Factors (CR =3.35%)

Vaccine Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Pfizer-BioNTech 1 1 3 3 3 3
Moderna 1 1 3 3 3 3

AstraZeneca 0.333 0.333 1 0.333 1 1
Sinopharm 0.333 0.333 3 1 3 3
Sputnik V 0.333 0.333 1 0.333 1 1

Janssen 0.333 0.333 1 0.333 1 1

1 = Equally important, 3 = Somewhat more important, 5 = Much more important, 7 = Very much more important, 9 = Absolutely important.
The grey color indicates the selection of the respondent. The white color indicates the inverse value of the selection of the respondent. The
pale blue color indicates a value of 1 (equally important) when comparing an alternative to itself.

2.4. Sensitivity Analysis

Sensitivity analysis was conducted using the VSDMM for the data from respondent
1 as an example to showcase the effects of weight changes of the selected criteria on the
model results. The weight of each criterion was increased or decreased by a value of 1 (to
the next higher or lower weight values). The impact of this change was analyzed.

3. Results

After identifying the vaccine alternatives and their respective characteristics, the
model was applied based on the selections of the respondents, which were based on their
opinions and experience. The responses of the two selected experts that were fed into the
model are shown in Tables 1–3.

Based on the responses of the two experts, the relative weights for all vaccines were
summarized in Table 4 and Figure 1, in accordance with the six comparison criteria. As
evident from Table 4, there were areas of agreement and areas of disagreement between the
two respondents. The first respondent’s selections indicated a preference for the AstraZenca
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and Janssen vaccines over the other types. Selections for the second respondent indicated a
preference for the Pfizer-BioNTech and NIH-Moderna vaccines (Figure 1).

Table 4. Relative weights of vaccines based on the six comparison criteria.

Vaccine Respondent Availability Formula Efficacy Side
Effects Cost Host

Factors

Pfizer-BioNTech
Respondent 1 18.4 10.2 17.8 17.7 5.3 11.5
Respondent 2 35.6 33.1 29.8 26.1 8.2 28.8

Moderna
Respondent 1 18.4 10.2 17.8 17.7 7.9 11.5
Respondent 2 35.6 33.1 29.8 26.1 9.5 28.8

AstraZeneca
Respondent 1 22 21.4 26 8.5 14.5 12.2
Respondent 2 9.1 6.1 15.6 10.6 28.1 8.2

Sinopharm Respondent 1 13.7 31.8 8.2 39.6 33.1 33
Respondent 2 8.1 14.1 3.3 16.1 9.2 17.9

Sputnik V Respondent 1 6.7 6.2 5.2 6.8 24.7 19.6
Respondent 2 4.7 8.3 7.6 10.6 20.7 8.2

Janssen
Respondent 1 20.9 20.3 25 9.7 14.5 12.2
Respondent 2 6.9 5.3 14 10.6 24.3 8.2

Figure 1. Percentage of Relative Weights for Vaccine Selection.

In addition, the first respondent preferred AstraZeneca (22.38%) followed by Janssen
(21.56%) while the Sputnik V vaccine came in the last place (7.04%) (Figure 1). On the other
hand, the second respondent’s selections indicated preference for the NIH-Moderna vaccine
followed by the Pfizer-BioNTech vaccine (30.15% and 30.11%, respectively), whereas the
Sputnik V vaccine came in the last rank (8.25%). Selections of the first respondent indicated
clear preference for AstraZeneca and Janssen due to their high efficacy and availability
(Table 4). On the other hand, the second respondent’s selections indicated a preference for
Pfizer-BioNTech and NIH-Moderna, mainly due to the criteria of availability and formula.

Sensitivity Analysis

As shown in Table 5, there were no significant changes in the model outcomes by
modifying weights of the criteria. The maximum change did not exceed 3.77% (efficacy
criterion upon selecting the Sinopharm vaccine) and the rankings of the vaccines were not
affected in all cases.
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Table 5. Sensitivity analysis for data from respondent 1.

Criterion

Vaccines Alternatives Pfizer-BioNTech Moderna AstraZeneca Sinopharm Sputnik V Janssen

Original Percentage of Relative
Weights for Vaccine Selection (from

Figure 1)
15.58 15.65 22.38 17.79 7.04 21.56

Availability

Percentage of Relative Weights (When
increased by a value of 1) 15.6 15.71 22.41 17.66 7.01 21.61

Percentage Change 0.13 0.38 0.13 0.73 0.43 0.23

Percentage of Relative Weights (When
decreased by a value of 1) 15.59 15.62 22.23 18.04 7.09 21.43

Percentage Change 0.06 0.19 0.67 1.41 0.71 0.6

Formula

Percentage of Relative Weights (When
increased by a value of 1) 15.45 15.52 22.42 18.06 6.97 21.58

Percentage Change 0.83 0.83 0.18 1.52 0.99 0.09

Percentage of Relative Weights (When
decreased by a value of 1) 15.72 15.8 22.32 17.52 7.13 21.51

Percentage Change 0.9 0.96 0.27 1.52 1.28 0.23

Efficacy

Percentage of Relative Weights (When
increased by a value of 1) 15.73 15.78 22.6 17.21 6.92 21.76

Percentage Change 0.96 0.83 0.98 3.26 1.7 0.93

Percentage of Relative Weights (When
decreased by a value of 1) 15.42 15.49 22.14 18.46 7.16 21.33

Percentage Change 1.03 1.02 1.07 3.77 1.7 1.07

Side Effects

Percentage of Relative Weights (When
increased by a value of 1) 15.56 15.63 22.39 17.76 7.1 21.56

Percentage Change 0.13 0.13 0.04 0.17 0.85 0

Percentage of Relative Weights (When
decreased by a value of 1) 15.59 15.66 22.34 17.79 7.09 21.53

Percentage Change 0.06 0.06 0.18 0 0.71 0.14

Cost

Percentage of Relative Weights (When
increased by a value of 1) 15.62 15.67 22.34 17.84 7 21.53

Percentage Change 0.26 0.13 0.18 0.28 0.57 0.14

Percentage of Relative Weights (When
decreased by a value of 1) 15.53 15.62 22.42 17.73 7.11 21.59

Percentage Change 0.32 0.19 0.18 0.34 0.99 0.14

Host Factors

Percentage of Relative Weights (When
increased by a value of 1) 15.61 15.68 22.33 17.88 6.97 21.53

Percentage Change 0.19 0.19 0.22 0.51 0.99 0.14

Percentage of Relative Weights (When
decreased by a value of 1) 15.58 15.64 22.34 17.83 7.09 21.52

Percentage Change 0 0.06 0.18 0.22 0.71 0.19

4. Discussion

COVID-19 continues to spread, rapidly challenging governments and decision makers
in different parts of the world [34]. This global spread has created an urgent need for
safe and effective vaccines. External factors that impact the process of vaccine approval
could significantly undermine public health efforts to promote the use of the vaccine as
a way to end the devastating pandemic [35]. Vaccine recommendation and wide-scale
acceptance require consideration of different social and human factors [36]. It has been
shown that COVID-19 vaccine allocation for older adults (>60 years) led to the highest
relative reduction in deaths, irrespective of vaccine efficacy [37]. There were significant
demographic and geographical disparities in COVID-19 vaccine acceptance rates in the
U.S. [38]. A study on vaccination behaviors of nurses revealed that COVID-19-related work
demands of nurses were associated with higher work stress, and thus a stronger intention
to receive COVID-19 vaccination [39].

Among the six vaccine selections included in this case study, mRNA-based vac-
cines (Pfizer-BioNTech and NIH-Moderna) and non-replicating viral vector-based vaccines
(Oxford-AstraZeneca and Janssen) were considered [26]. A health technology assessment
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approach based on AHP showed that decision makers gave priority to treatment effective-
ness and patient safety when deciding on best treatment alternatives in dialysis [1]. An
AHP-based approach was used to evaluate priority for the standardization of traditional
medicine and included variables such as technology evolution, political importance, and
economic efficiency [18]. Finally, a fuzzy AHP-VIKOR (f-visekriterijumska optimizacija
i kompromisno resenje) method was proposed to help decision makers prioritize inter-
vention strategies in influenza and for influenza vaccine selection using a different set of
criteria [40].

It is best for the decision makers to consult specialists in vaccines, in addition to
specialists in other fields such as cost analysis and social aspects. The number of experts
needed to make a good decision depends on the particulars of the model and other relevant
conditions. Importantly, media coverage can certainly affect the people’s selection of
vaccine but should not affect the conclusions of decision makers.

The AHP technique has many advantages, such as flexibility and ease of use, through
using different variables in selection and comparing alternatives based on multiple criteria.
Moreover, the model is suitable for use in different countries with slight modifications that
are based on selection criteria and available alternatives. On the other hand, most of the
mathematical models have limitations. Two limitations appeared during the application
of the proposed model in the study. The first arose when the consistency ratio (CR) of
the results exceeded 10%, which could negatively impact the accuracy. This issue can
sometimes lead the model user to ask respondents to reconsider some of their selections,
which may not always be acceptable to the respondents. Another limitation is that there
can sometimes be a need to merge some of the criteria that are close to each other, which
cannot be simply achieved by decreasing the number of alternatives.

In summary, the evaluation and selection of suitable vaccines for epidemics/pandemics
can be complex given that each vaccine selection has advantages and disadvantages. In
addition, the criteria used to compare vaccines are controlled by different factors. An
AHP-based model for decision-making was developed to support vaccine selection and
was applied on a COVID-19 vaccine case study (model) as an example that can be expanded
upon for the current pandemic and future pandemics. Results obtained from sensitivity
analysis indicated that the ranking order of alternatives remained consistent, even when
the weights of the criteria were slightly changed. Decision makers can always modify or
add to the comparison criteria or to the number of vaccine alternatives. The decision can
also be made based on inputs from numerous decision makers (and not just two). These
advantages can give decision makers the ability to select the best vaccine that suits their
specific situation using the VSDMM.

Author Contributions: S.F.A., U.H.I., and H.M.A. contributed to the conception of the study,
study design, methodology, data analysis, validation, writing of the original draft, revision of
the manuscript, and final publication. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All relevant data are included within the manuscript.

Acknowledgments: We would like to acknowledge Taif University Researchers Supporting Project
number (TURSP-2020/51), Taif University, Taif, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Öztürk, N.; Karacan, I.; Tozan, H.; Vayvay, Ö. Defining Criteria Weights by AHP in Health Technology Assessment. Value Health

2017, 20, A698. [CrossRef]
2. Saaty, T.L. The Analytic Hierarchy Proces; McGraw-Hill: New York, NY, USA, 1980.
3. Büyüközkan, G.; Mukul, E.; Kongar, E. Health tourism strategy selection via SWOT analysis and integrated hesitant fuzzy

linguistic AHP-MABAC approach. Socio-Econ. Plan. Sci. 2021, 74, 100929. [CrossRef]

http://doi.org/10.1016/j.jval.2017.08.1802
http://doi.org/10.1016/j.seps.2020.100929


Vaccines 2021, 9, 718 9 of 10

4. Amenta, P.; Lucadamo, A.; Marcarelli, G. On the choice of weights for aggregating judgments in non-negotiable AHP group
decision making. Eur. J. Oper. Res. 2021, 288, 294–301. [CrossRef]

5. Issa, U.H.; Ahmed, A.; Ugai, K. A Decision Support System for Ground Improvement Projects Using Gypsum Waste Case Study:
Embankments Construction in Japan. J. Civ. Environ. Res. 2013, 3, 74–84.

6. Saivaew, N.; Butdee, S. Decision making for effective assembly machined parts selection using fuzzy AHP and fuzzy logic. Mater.
Today Proc. 2020, 26, 2265–2271. [CrossRef]

7. Ruiz, H.; Sunarso, A.; Ibrahim-Bathis, K.; Murti, S.; Budiarto, I. GIS-AHP Multi Criteria Decision Analysis for the optimal location
of solar energy plants at Indonesia. Energy Rep. 2020, 6, 3249–3263. [CrossRef]

8. Wang, F.; Yeap, S.P. Using magneto-adsorbent for methylene Blue removal: A decision-making via analytical hierarchy process
(AHP). J. Water Process. Eng. 2021, 40, 101948. [CrossRef]

9. Issa, U.H.; Miky, Y.; Abdel-Malak, F.F. A Decision Support Model for Civil Engineering Projects Based on Multi-Criteria and
Various Data. J. Civ. Eng. Manag. 2019, 25, 100–113. [CrossRef]

10. McGhan, W.; Vichaichanakul, K.; Willey, V. PRM14 Validating an Online Calculator for Evaluating Health Intervention Options
Using the Analytic Hierarchy Process (AHP). Value Health 2011, 14, A148. [CrossRef]

11. Wang, J.; Fan, K.; Wang, W. Integration of fuzzy AHP and FPP with TOPSIS methodology for aeroengine health assessment.
Expert Syst. Appl. 2010, 37, 8516–8526. [CrossRef]

12. Hillerman, T.; Souza, J.C.F.; Reis, A.C.B.; Carvalho, R.N. Applying clustering and AHP methods for evaluating suspect healthcare
claims. J. Comput. Sci. 2017, 19, 97–111. [CrossRef]

13. Büyüközkan, G.; Çifçi, G.; Güleryüz, S. Strategic analysis of healthcare service quality using fuzzy AHP methodology. Expert Syst.
Appl. 2011, 38, 9407–9424. [CrossRef]

14. Büyüközkan, G.; Çifçi, G. A combined fuzzy AHP and fuzzy TOPSIS based strategic analysis of electronic service quality in
healthcare industry. Expert Syst. Appl. 2012, 39, 2341–2354. [CrossRef]

15. Khanmohammadi, S.; Rezaeiahari, M. AHP based Classification Algorithm Selection for Clinical Decision Support System
Development. Procedia Comput. Sci. 2014, 36, 328–334. [CrossRef]

16. El Mokrini, A.; Kafa, N.; Dafaoui, E.; El Mhamedi, A.; Berrado, A. Evaluating outsourcing risks in the pharmaceutical supply
chain: Case of a multi-criteria combined fuzzy AHP-PROMETHEE approach. IFAC-PapersOnLine 2016, 49, 114–119. [CrossRef]

17. Garrido, A.; López, L.J.R.; Álvarez, N.B. A simulation-based AHP approach to analyze the scalability of EHR systems using
blockchain technology in healthcare institutions. Inform. Med. Unlocked 2021, 24, 100576. [CrossRef]

18. Moon, J.; Lee, J.; Choi, J.; Lim, C.; Lee, J.; Lee, M.; Choi, S.; Song, Y.; Kim, Y.-S. Evaluation Indicators for Priorities of Standardization
in Traditional Medicine: Using Analytic Hierarchy Process (AHP). Integr. Med. Res. 2015, 4, 118–119. [CrossRef]

19. Saaty, T.L. Axiomatic Foundation of the Analytic Hierarchy Process. Manag. Sci. 1986, 32, 841–855. [CrossRef]
20. Presley, A. ERP investment analysis using the strategic alignment model. Manag. Res. News 2006, 29, 273–284. [CrossRef]
21. Issa, U.H.; Mosaad, S.A.; Hassan, M.S. Evaluation and selection of construction projects based on risk analysis. Structures 2020,

27, 361–370. [CrossRef]
22. Singh, R.K.; Murty, H.; Gupta, S.; Dikshit, A. Development of composite sustainability performance index for steel industry. Ecol.

Indic. 2007, 7, 565–588. [CrossRef]
23. McPhedran, R.; Toombs, B. Efficacy or delivery? An online Discrete Choice Experiment to explore preferences for COVID-19

vaccines in the UK. Econ. Lett. 2021, 200, 109747. [CrossRef] [PubMed]
24. Samanlioglu, F.; Kaya, B.E. Evaluation of the COVID-19 Pandemic Intervention Strategies with Hesitant F-AHP. J. Heal. Eng. 2020,

2020, 1–11. [CrossRef] [PubMed]
25. Singh, J.A.; Upshur, R.E.G. The granting of emergency use designation to COVID-19 candidate vaccines: Implications for

COVID-19 vaccine trials. Lancet Infect. Dis. 2021, 21, e103–e109. [CrossRef]
26. Dal-Ré, R.; Stephens, R.; Sreeharan, N. Let me choose my COVID-19 vaccine. Eur. J. Intern. Med. 2021, 87, 104–105. [CrossRef]
27. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Marc, G.P.; Moreira, E.D.; Zerbini, C.; et al.

Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
28. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.

Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef]
29. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat,

Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four
randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [CrossRef]

30. Hung, I.F.N.; Poland, G.A. Single-dose Oxford–AstraZeneca COVID-19 vaccine followed by a 12-week booster. Lancet 2021, 397,
854–855. [CrossRef]

31. Wang, H.; Zhang, Y.; Huang, B.; Deng, W.; Quan, Y.; Wang, W.; Xu, W.; Zhao, Y.; Li, N.; Zhang, J.; et al. Development of an
Inactivated Vaccine Candidate, BBIBP-CorV, with Potent Protection against SARS-CoV-2. Cell 2020, 182, 713–721. [CrossRef]

32. Logunov, D.Y.; Dolzhikova, I.V.; Zubkova, O.V.; Tukhvatullin, A.I.; Shcheblyakov, D.V.; Dzharullaeva, A.S.; Grousova, D.M.;
Erokhova, A.S.; Kovyrshina, A.V.; Botikov, A.G.; et al. Safety and immunogenicity of an rAd26 and rAd5 vector-based
heterologous prime-boost COVID-19 vaccine in two formulations: Two open, non-randomised phase 1/2 studies from Russia.
Lancet 2020, 396, 887–897. [CrossRef]

http://doi.org/10.1016/j.ejor.2020.05.048
http://doi.org/10.1016/j.matpr.2020.02.491
http://doi.org/10.1016/j.egyr.2020.11.198
http://doi.org/10.1016/j.jwpe.2021.101948
http://doi.org/10.3846/jcem.2019.7551
http://doi.org/10.1016/j.jval.2011.02.822
http://doi.org/10.1016/j.eswa.2010.05.024
http://doi.org/10.1016/j.jocs.2017.02.007
http://doi.org/10.1016/j.eswa.2011.01.103
http://doi.org/10.1016/j.eswa.2011.08.061
http://doi.org/10.1016/j.procs.2014.09.101
http://doi.org/10.1016/j.ifacol.2016.11.020
http://doi.org/10.1016/j.imu.2021.100576
http://doi.org/10.1016/j.imr.2015.04.214
http://doi.org/10.1287/mnsc.32.7.841
http://doi.org/10.1108/01409170610674400
http://doi.org/10.1016/j.istruc.2020.05.049
http://doi.org/10.1016/j.ecolind.2006.06.004
http://doi.org/10.1016/j.econlet.2021.109747
http://www.ncbi.nlm.nih.gov/pubmed/33551522
http://doi.org/10.1155/2020/8835258
http://www.ncbi.nlm.nih.gov/pubmed/32850105
http://doi.org/10.1016/S1473-3099(20)30923-3
http://doi.org/10.1016/j.ejim.2021.01.030
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1016/S0140-6736(20)32661-1
http://doi.org/10.1016/S0140-6736(21)00528-6
http://doi.org/10.1016/j.cell.2020.06.008
http://doi.org/10.1016/S0140-6736(20)31866-3


Vaccines 2021, 9, 718 10 of 10

33. Sadoff, J.; Le Gars, M.; Shukarev, G.; Heerwegh, D.; Truyers, C.; de Groot, A.M.; Stoop, J.; Tete, S.; Van Damme, W.; Leroux-Roels,
I.; et al. Interim Results of a Phase 1–2a Trial of Ad26.COV2.S Covid-19 Vaccine. N. Engl. J. Med. 2021, 384, 1824–1835. [CrossRef]
[PubMed]

34. Issa, U.; Balabel, A.; Abdelhakeem, M.; Osman, M. Developing a Risk Model for Assessment and Control of the Spread of
COVID-19. Risks 2021, 9, 38. [CrossRef]

35. Bokemper, S.E.; Huber, G.A.; Gerber, A.S.; James, E.K.; Omer, S.B. Timing of COVID-19 vaccine approval and endorsement by
public figures. Vaccine 2021, 39, 825–829. [CrossRef]

36. Schoch-Spana, M.; Brunson, E.K.; Long, R.; Ruth, A.; Ravi, S.J.; Trotochaud, M.; Borio, L.; Brewer, J.; Buccina, J.; Connell, N.; et al.
The public’s role in COVID-19 vaccination: Human-centered recommendations to enhance pandemic vaccine awareness, access,
and acceptance in the United States. Vaccine 2020. [CrossRef]

37. Foy, B.H.; Wahl, B.; Mehta, K.; Shet, A.; Menon, G.I.; Britto, C. Comparing COVID-19 vaccine allocation strategies in India: A
mathematical modelling study. Int. J. Infect. Dis. 2021, 103, 431–438. [CrossRef]

38. Malik, A.A.; McFadden, S.M.; Elharake, J.; Omer, S.B. Determinants of COVID-19 vaccine acceptance in the US. EClinicalMedicine
2020, 26, 100495. [CrossRef] [PubMed]

39. Kwok, K.O.; Li, K.-K.; Wei, W.I.; Tang, A.; Wong, S.Y.S.; Lee, S.S. Influenza vaccine uptake, COVID-19 vaccination intention and
vaccine hesitancy among nurses: A survey. Int. J. Nurs. Stud. 2021, 114, 103854. [CrossRef]

40. Samanlioglu, F. Evaluation of Influenza Intervention Strategies in Turkey with Fuzzy AHP-VIKOR. J. Healthc. Eng. 2019, 2019,
1–9. [CrossRef]

http://doi.org/10.1056/NEJMoa2034201
http://www.ncbi.nlm.nih.gov/pubmed/33440088
http://doi.org/10.3390/risks9020038
http://doi.org/10.1016/j.vaccine.2020.12.048
http://doi.org/10.1016/j.vaccine.2020.10.059
http://doi.org/10.1016/j.ijid.2020.12.075
http://doi.org/10.1016/j.eclinm.2020.100495
http://www.ncbi.nlm.nih.gov/pubmed/32838242
http://doi.org/10.1016/j.ijnurstu.2020.103854
http://doi.org/10.1155/2019/9486070

	Introduction 
	Methods 
	Vaccine Selection Decision-Making Model (VSDMM) 
	Case Study Selection for COVID-19 Vaccine Alternatives 
	Model Application 
	Sensitivity Analysis 

	Results 
	Discussion 
	References

