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Abstract
This review focuses on vaccine distribution and allocation in the context of the cur-
rent COVID-19 pandemic. The implications discussed are in the areas of equity in 
vaccine distribution and allocation (at a national level as well as worldwide), vaccine 
hesitancy, game-theoretic modeling to guide decision-making and policy-making at a 
governmental level, distribution and allocation barriers (in particular in low-income 
countries), and operations research (OR) mathematical models to plan and execute 
vaccine distribution and allocation. To conduct this review, we adopt a novel method-
ology that consists of three phases. The first phase deploys a bibliometric analysis; the 
second phase concentrates on a network analysis; and the last phase proposes a refined 
literature review based on the results obtained by the previous two phases. The quan-
titative techniques utilized to conduct the first two phases allow describing the evolu-
tion of the research in this area and its potential ramifications in future. In conclusion, 
we underscore the significance of operations research (OR)/management science (MS) 
research in addressing numerous challenges and trade-offs connected to the current 
pandemic and its strategic impact in future research.
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1  Introduction

The impact of the COVID-19 pandemic is not same for everyone: Vulnerable 
individuals, such as those economically disadvantaged or those with chronic 
health status, might be more at risk of suffering the consequences of the crisis 
induced by the pandemic [1]. This crisis is impacting multiple interconnected life 
domains, also interacting with pre-existing inequalities related to multiple aspects 
of life, such as gender, age, geography, and ethnicity [1].

Some considerations are inevitable when developing models for optimal vac-
cine allocation, making sure to address equity in allocation between countries as 
well as disparities in accessing healthcare services [2]. Immunization inequities 
are connected to important concepts such as ethics, social justice, and fairness. 
According to Boyce et al. [3], equity in immunization is achieved when all indi-
viduals are offered the same vaccines through the implementation of tailored ser-
vices able to meet their needs. On the other hand, when immunization coverage 
between population groups faces barriers (not appropriately addressed through 
policies, dedicated structures, program or governance implementation), we wit-
ness avoidable differences in immunization coverage between population groups 
[4], WHO [5].

Previously, the Global Vaccine Action Plan (GVAP) set a strategic goal: to 
achieve 90% national immunization coverage in all countries and 80% in each 
district [6]. The vision behind this project referred to a world in which all individ-
uals and communities could enjoy living free from vaccine-preventable diseases. 
In this context, equitable access to immunization is considered a fundamental 
component of the right to health. Although the forecasts pointed out the unlikeli-
hood of achieving most of the goals and targets by 2020, an important progress 
has been made in many areas [7].

Part of the effort to strengthen equity in immunization coverage consists of ensur-
ing availability and adequate effectiveness of immunization products in the commu-
nities affected by low coverage [3, 8]. To achieve this goal, strategic supply chain 
approaches can help to overcome the barriers to an equitable vaccine distribution, 
improving on strategic services such as vaccine stockouts, inadequate storage capac-
ity, challenging terrain and road conditions, and non-functional cold chain equip-
ment [8–14]. The main concern regarding traditional supply chain approaches is that 
they are centered on cost-effectiveness and efficiency. This means that their focus on 
streamlining distribution and storage might miss communities that are more margin-
alized, such as those living in rural or remote areas, and consequently fail to tackle 
the problem of equity in vaccine distribution.

The recent COVID-19 pandemic has hastened our need to understand the com-
plexities around mass vaccination so as to develop efficient and equitable vac-
cine production and distribution plans. According to Mullard [15], manufacturers 
and supply chains all over the world are facing a task for which they are largely 
unready for the global distribution plan of the COVID-19 vaccines. Fulfill-
ing the global demand of a successful vaccine implicates the fast production of 
an unprecedented number of doses [16]. The numbers of vaccine doses and the 
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global infrastructure required to produce them depend on the type of vaccine: 
One big challenge in massive vaccine production relates to the necessity of rap-
idly scaling up manufacturing [17].

Possible insights for the COVID-19 vaccine prioritization can be derived from 
previous studies focused on vaccine allocation in the mid-pandemic stage, such as 
during the novel A/H1N1 influenza pandemic in the USA [18–21]. In the USA, the 
legacy from previous efforts to allocate vaccines for 2009 H1N1 pandemic influenza 
and Ebola virus disease allowed the Committee on Equitable Allocation of Vac-
cine for the Novel Coronavirus to develop a framework for equitable distribution 
of COVID-19 disease [16]. The allocation framework proposed is based on ethi-
cal and procedural principles, embedded in US social institutions on culture. The 
(1) ethical principles refer to maximum benefit, equal concern, and mitigation on 
health inequities,the (2) procedural principles must be characterized by fairness, 
transparency, and an evidence-based approach. At the same time, in August 2020, 
an interim framework for COVID-19 vaccine allocation and distribution in the USA 
was published by the Johns Hopkins University’s Center for Health Security [22]. 
The framework is grounded on three broad ethical values: (1) well-being and pro-
moting the common good, (2) equal and fair treatment of individuals (3) promoting 
legitimacy, trust, and a sense of ownership in a pluralistic society.

Several factors make equitable allocation more challenging for COVID-19 vac-
cines: (1) The unprecedented large scale need for vaccination that is estimated 
to be 11 billion [23] had resulted in competing needs for the vaccines and made 
it harder for poor countries to access it, see Fig.  1; (2) the urgency by which 
the vaccines have been developed, given the impact of the pandemic, which led 

Fig. 1   Average percentages of covered population by country income level
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to exceptional government approval procedures that have increased the rate of 
hesitancy; (3) the immense production and distribution challenges given the huge 
demand and complexity of the vaccine supply chains that can require more than 
200 components [23],(4) the use of the new technology mRNA which aggravated 
the pressure on the vaccine supply chain given the scarcity of both materials (spe-
cially nucleotides, enzymes, and lipids) and labor [23], (5) given the combined 
effects of shortage and high demand, countries have engaged in shortage gam-
ing [24] and the politics of embargo such as the restrictions on vaccine exports 
that were imposed by India and the European Union. The shortage gaming has 
resulted in high-income countries purchasing more than their population needs. 
The box and whisker plot in Fig. 1 provides information about the amount of pur-
chased vaccines as a percentage of the population, depending on the countries’ 
level of income. For each level of income, each box shows the median (indicated 
with an “x”), the quartiles, with the first quartile on the top of the box, and the 
whiskers, that indicate the upper and lower extreme values. The individual dots 
show outliers. The median purchase of COVID-19 vaccines as a percentage of 
the population is 145% for high-income countries versus only 5% for low-income 
countries! For lower-income and upper-middle-income countries, the median pur-
chase of COVID-19 vaccines is respectively 16% and the 35%. We note that we 
have ordered the x-categories in Fig.  1 so as to contrast high-income and low-
income countries as well as low-income and high-middle-income countries; (6) 
the relatively large number of different vaccines (7 have been approved by the 
[25]) and their different characteristics (such as the required number of dozes and 
their efficacy) has introduced more complexity in planning for purchase and allo-
cation of vaccines; (7) misinformation, politics, and social media platforms have 
contributed to the increase in vaccine hesitancy Pan American Health [26].

Despite the initiatives taken, evidence from the literature suggests that the prob-
lem of inequitable distribution is still present. For example, a recent review of 
COVID-19 vaccination plans in 50 states and Washington DC has found that most 
of the plans were created without consultation with a health and equity committee, 
despite the fact that COVID-19 diseases and mortality were more prevalent among 
racial and ethnic minority groups [27].

The goal of this paper is to address some of these COVID-19 challenges on 
a global scale, from the OR perspective. We chose to focus on COVID-19 given 
its urgency and the saliency of sociological issues such as equity and hesitancy. 
We do so by adopting a novel literature review approach that constitutes of three 
phases. In the first phase, we conduct a bibliometric analysis of the related litera-
ture. This is followed by a network analysis to identify the main literature themes. 
Finally, we carry a refined literature review based on the results obtained by the 
previous two phases. In the bibliometric analysis, we performed a topic analysis 
using the co-citation data. That resulted in six clusters and included historical 
influential papers that were covered in those clusters. When relevant, we have 
also referred to other influential OR-related studies on vaccine allocation that 
were not cited in our review dataset. The rest of the paper is organized as fol-
lows. We discuss our research methodology in Sect.  2. The three-phase litera-
ture review process is detailed in Sects.  3, 5 and 5.1, respectively. Finally, we 
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provide suggestions for future research and our conclusions in Sects.  5.2 and 
5.2.2, respectively.

2 � Research Focus and Methodology

This review aims to consider different aspects connected to the problem of vac-
cine distribution and allocation in the context of the current COVID-19 pandemic.

The main topics covered will be as follows:

–	 The problem of equity in COVID-19 vaccine distribution
–	 Models to optimize COVID-19 vaccine allocation and distribution
–	 Vaccine hesitancy and game theory in the context of the current COVID-19 pan-

demic

The whole approach adopted to conduct this review consisted of three main 
components: a bibliometric analysis, a network analysis, and a literature review. 
The literature review follows the five-step model proposed by Rowley and Slack 
[28] (Fig. 2). In its entirety, the work was divided in three main sections: a bib-
liometric analysis, a network analysis, and a further review, based on the results 
obtained by previous two analyses.

Fig. 2   Literature review process, readapted from Rowley and Slack [28]
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3 � Bibliometric Analysis

We started by conducting a bibliometric analysis and then used the insights obtained 
by this analysis to further refine this work. We have used Web of Science (WoS), 
a trusted publisher-independent citation database, that includes almost 1.9 billion 
cited references from over 171 million records. The keywords identified for the bib-
liometric analysis are “Vaccine,” “COVID-19″ and “Distribution”. The search com-
mand used was (”Vaccine” AND”COVID-19″ AND “Distribution”). The search led 
to a total of 371 papers. Given that research on COVID-19 started in early 2020, our 
search period was from 2020 and 2021 (up to July 28, 2021). We then downloaded 
the full publications data in a RIS formatted file, containing all the bibliographic 
information about the literature articles identified and their references.

BibExcel, a bibliometric software [29], was used to conduct preliminary analysis 
of the publications and to generate a co-citation network file. Subsequently, the net-
work file was input to Gephi, a network science software [30], to display and further 
analyze the co-citation data generated by BibExcel, resulting in different network 
maps and topic clusters of the co-citation network.

3.1 � Published Literature Descriptive Analytics

In this section, we use BibExcel to report some descriptive statistics on the collected 
publications data.

3.1.1 � Most Cited Authors and Papers

The first analysis performed was related to the most cited authors (top 10 authors). 
Table 1 shows the list of the top 10 authors cited and Table 2 displays the top 10 
cited papers related to the most cited authors.

We note that the first and third most cited paper (Polack et al., 2020 and Baden 
et  al., 2021) that received 54 citations are concerned with the COVID-19 vaccine 
safety. On the other hand, the second most cited paper, Huang et  al. (2020), with 

Table 1   Most cited authors Citations Author

32 Polack FP, 2020
28 Huang CL, 2020
22 Baden LR, 2021
20 Zhu N, 2020
20 Zhou F, 2020
19 Wrapp D, 2020
19 Li Q, 2020
18 Jackson LA, 2020
18 Wu F, 2020
18 Voysey M, 2021
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28 citations, was one of the first papers that outlined the key features of patients 
that tested positive for COVID-19. It is also noteworthy to indicate that the research 
included in these papers was also disseminated largely through mainstream news 
outlets, providing us with an excellent example of alignment between the agendas of 
scientific research and the public, as emancipated in the media and political arenas.

3.1.2 � Most Cited Journals

Table  3 shows the most cited journals. It can be noticed that the journals Vac-
cines (13 articles) and Vaccine (9 articles) lead the list of the top 10 most cited 
journals. It is worthwhile noting that Vaccines is a relatively new journal (started 
in 2013 versus 1983 for Vaccine). Vaccines is an entirely open-access journal and 
that may explain its rank. It is published by the Multidisciplinary Digital Pub-
lishing Institute (MDPI), which was “once included on Beall’s list of potential, 

Table 2   Most cited papers

Citations Paper

32 Polack, F. P., Thomas, S. J., Kitchin, N., Absalon, J., Gurtman, A., Lockhart, S., … & 
Gruber, W. C. (2020). Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. New 
England Journal of Medicine

28 Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., … & Cao, B. (2020). Clinical features 
of patients infected with 2019 novel coronavirus in Wuhan, China. The lancet, 395(10,223), 
497–506

22 Baden, L. R., El Sahly, H. M., Essink, B., Kotloff, K., Frey, S., Novak, R., … & Zaks, T. 
(2021). Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. New England Jour-
nal of Medicine, 384(5), 403–416

20 Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., … & Tan, W. (2020). A novel coro-
navirus from patients with pneumonia in China, 2019. New England journal of medicine

20 Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., … & Cao, B. (2020). Clinical course and 
risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospec-
tive cohort study. The lancet, 395(10,229), 1054–1062

19 Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O., … & 
McLellan, J. S. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion confor-
mation. Science, 367(6483), 1260–1263

19 Li, Q., Guan, X., Wu, P., Wang, X., Zhou, L., Tong, Y., … & Feng, Z. (2020). Early 
transmission dynamics in Wuhan, China, of novel coronavirus–infected pneumonia. New 
England journal of medicine

18 Jackson, L. A., Anderson, E. J., Rouphael, N. G., Roberts, P. C., Makhene, M., Coler, R. N., 
… & Beigel, J. H. (2020). An mRNA vaccine against SARS-CoV-2—preliminary report. 
New England Journal of Medicine

18 Wu, F., Zhao, S., Yu, B., Chen, Y. M., Wang, W., Song, Z. G., … & Zhang, Y. Z. (2020). A 
new coronavirus associated with human respiratory disease in China. Nature, 579(7798), 
265–269

18 Voysey, M., Clemens, S. A. C., Madhi, S. A., Weckx, L. Y., Folegatti, P. M., Aley, P. K., … 
& Bijker, E. (2021). 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. The Lancet, 397(10,269), 99–111
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possible or probable predatory scholarly open-access publishers” and a recent 
analysis of its 53 journals that were included in the 2018 WoS Journal Citation 
Reports revealed concerning evidence that they meet certain predatory journal 
classification [31].

We would also like to highlight that all the list journals fall within the following 
category(ies):

•	 Immunology
•	 Medicine, Research and Experimental
•	 Environmental Sciences
•	 Public, Environmental and Occupational Health
•	 Virology
•	 Multidisciplinary Sciences
•	 Medicine, General and Internal
•	 Ethics
•	 Medical Ethics
•	 Health Care Sciences and Services
•	 Health Policy and Services
•	 Biochemistry and Molecular Biology
•	 Biophysics

This is understandable given the nascency of the topic. As to the journals that fall 
in WoS category of “Operations Research and Management Science” (ORMS), we 
found only 3 articles in this category, Bertsimas et al. [95], Martonosi et al. [32], 
and Tavana et al. [33]. One goal of our review is to bring to the forefront the major 
relevant ORMS issues and facilitate research in this timely and impactful area of 
research.

Table 3   Most cited journals Journal name Citations

Vaccines 13
Vaccine 9
International Journal of Environmental Research and 

Public Health
7

Journal of Medical Virology 7
Plos One 7
BMJ – British Medical Journal 6
Journal of Clinical Medicine 5
Journal of Medical Ethics 5
JAMA Network Open 4
Frontiers in Immunology 4
Health Affairs 4
Journal of Biomolecular Structure and Dynamics 4
Nature Communications 4
Scientific Reports 4
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3.1.3 � Most Used Keywords

The last section of the descriptive analysis is dedicated to the most commonly used 
keywords. In conducting this analysis, we combined the words that are synonyms 
and are directly related (such as COVID-19, SARS-CoV-2, Coronavirus, Virus, and 
Viral) into one single field. Table 4 summarizes the results. As expected, the first top 
two most commonly used keywords refer to COVID-19 (and synonyms) and vaccine 
(and its synonyms). We also note that keywords that are related to our review focus 
are ranked as third (equity), fifth (distribution and allocation), six (modeling and 
analysis), and tenth (hesitancy).

4 � Network Analysis

To conduct a network analysis, software Gephi was used. Gephi utilizes a pleth-
ora of filtering techniques and tools that enhance the flexibility and performance 
of this software in handling large volumes and various types of data.

Prior to using Gephi, we use BibExcel to generate a network file that includes the 
relevant information that we would like to visualize and analyze in Gephi.

4.1 � Co‑citation Analysis

One of the important features of co-citation analysis lies in its ability to uncover 
the intellectual composition of a certain field [34] and to clarify the evolution of 
research over time [35]. The ultimate goal of a co-citation is to reveal emergent pat-
terns and decomposing the co-citation network into clusters. The decomposition of 
this network further enhances the mapping and visualizing of both the structure and 
dynamics of the subfields. In brief, while the main purpose of the citation analysis 
is to identify the major publications in a specific field, the main goal of the co-cita-
tion analysis is to reveal the knowledge groups in that field, the general relationship 
between them, and how they evolve over time [35].

Table 4   Top 10 most used keywords

Frequency Keyword(s)

352 COVID-19, SARS-CoV-2, Coronavirus, Virus, Viral
198 Vaccine, Vaccines, Vaccination, Immunization, Immunity
63 Public, Social, Policy, Justice, Equity
55 Health, Healthcare
30 Distribution, Allocation, Supply
24 Model, Analysis
20 Pandemic
18 Disease
17 Ethics
16 Hesitancy
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The co-citation network data was generated from BibExcel and input into Gephi 
for network analysis and visualization. The network graph is weighted and undi-
rected. It has 501 nodes and 14,340 edges. The density of the links has been meas-
ured using the concept of Modularity through the Louvain algorithm [36] whereby 
the modularity index varies between − 1 and + 1. The application of modularity gen-
erated 6 clusters (Fig. 3), with a modularity index calculated as 0.336.

To create a network of co-cited papers with improved visibility, we used the 
ForceAtlas 2 algorithm [37]. It is a force directed layout which simulates a physi-
cal system with the aim to spatialize a network. Similarly to charge particles, nodes 
repulse each other, whereas edges attract their nodes like springs [37]. Ultimately, the 
corpus of forces acting on the network converges in a balanced state. It is found to be 
faster than comparable algorithms and scales well with the number of nodes [37].

We analyzed the research areas for each cluster. For this purpose, we identified 
the top 10 publications of each cluster, based on the co-citation PageRank [38]. The 
results are shown in Table 5. PageRank [39] represents an index that identifies the 
importance score of a network node which in this case is an article.

Fig. 3   Co-citation network refined with the algorithm ForceAtlas2
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The examination of the most important papers allows us to identify the main 
research themes, as synthetized in Table 6. Cluster 1 is primarily populated by stud-
ies that look at the development process of vaccines for COVID-19, analyzing the 
vaccine candidates that have been proposed during the first year of the pandemic. 
Cluster 2 focuses more on the biological characteristics of the COVID-19 virus and 
of the disease that results from contracting the infection. Cluster 3 appears to be 
more expanded in terms of the main research areas, spanning between the biology of 
the SARS-CoV-2, the implications of the infection for the cardiovascular and respir-
atory system, and the exploration of possible drugs for treatment. Cluster 4 focuses 
mainly on the treatments for the disease cause by the SARS-CoV-2 infection. Clus-
ter 5 embraces the issues connected to how to prioritize vaccine for COVID-19 and 
how to ensure equity and fairness in its distribution. It also addresses the problem of 
vaccine hesitancy. Lastly, cluster 6 mainly revolves around the next-generation vac-
cine platforms for COVID-19, the mRNA vaccines.

Table 6   Cluster classification with main areas of research

Cluster and label Main research areas

Cluster 1
Vaccine development for SARS-Cov-2 virus and vaccine 

candidates

Development of COVID-19 vaccines
Landscape of COVID-19 vaccines up to December 2020
Identification and characterization of a new coronavirus 

(2019-nCoV)
Impact of COVID-19 infection in underrepresented 

minorities, who contract the infection more frequently 
and suffer from a higher mortality rate

Cluster 2
Clinical characteristics of the SARS-Cov-2 virus and of 

the disease resulting from it

Characteristics of the SARS-Cov-2 (incubation period, 
infectiousness, biological characteristics of the virus)

Clinical characteristics of individuals infected with SARS-
Cov-2 and of the disease resulting from the virus

Cluster 3
SARS-Cov-2 virus, respiratory system and drugs for 

treatment

Biological characteristics of the novel SARS-CoV-2 virus
Association between the novel SARS-CoV-2 virus, 

cardiovascular system and respiratory diseases
Identification of candidate repurposable drugs targeting the 

new SARS-CoV-2
Cluster 4
Treatments for COVID-19

Progression and evolution of the disease resulting from 
SARS-CoV-2 infection

Overview of therapeutic interventions targeting viral 
infection and/or immunoregulation

Cluster 5
Vaccine prioritization and equitable allocation; vaccine 

hesitancy

COVID-19 vaccine prioritization, fairness, and equity in 
vaccine allocation

Issues related to global access to COVID-19 vaccines
Vaccine hesitancy towards vaccines and vaccination. 

Vaccine hesitancy and social media
Cluster 6
mRNA vaccines and next-generation vaccine platforms

COVID-19 vaccine development, next-generation vaccine 
platforms (technologies underlying vaccine development) 
for COVID-19

Technological advancements with mRNA vaccines
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5 � Further Classification of the Literature

It can be observed in Table 6 that the first four clusters include studies of the medi-
cal aspects of handling COVID-19, from vaccine development to clinical charac-
teristics of the disease to symptoms and medical treatment. Cluster 5 constitutes 
the most frequently studied non-medical subject in dealing with COVID-19 which 
encompass studying COVID-19 vaccine prioritization, fairness and equity in vac-
cine allocation, issues related to global access to COVID-19 vaccines, and vaccine 
hesitancy towards vaccines and vaccination. We think that the amount of scholarly 
work concentrating on the above topics provides insights into the significance of this 
area of knowledge. In this section, we focus on each of the mentioned topics in more 
details and review the literature around them.

To further enrich our review, we use the results obtained by (1) the bibliometric 
analysis and in particular on the most used keywords, and (2) the results obtained by 
the network analysis, more specifically focusing on cluster 5. To run the new search 
in WoS, two new keywords have been added the previous ones: “Allocation” and 
“Equit*”. Additional advanced searches have been conducted using the following 
combinations:

–	 ”Vaccine” AND”COVID-19″ AND”Allocation”
–	 ”Vaccine” AND”COVID-19″ AND “Equit*” AND “Distribution”
–	 ”Vaccine” AND”COVID-19″ AND “Equit*” AND “Allocation”

The combination “Vaccine” AND “COVID-19″ AND “Allocation” resulted 
in 160 papers. When we added the word “Equit*” into the previous 2 strings, we 
obtained 60 results for the combination”Vaccine” AND”COVID-19″ AND “Equit*” 
AND “Distribution” and 30 results for the combination”Vaccine” AND”COVID-19″ 
AND “Equit*” AND “Allocation”.

The results were refined by removing duplicates, considering as a category only 
scientific articles published in peer-reviewed journals. The time period of the publi-
cations considered covers 2020 and 2021 (up to July 28, 2021). Articles considered 
non relevant and duplicates have been subsequently removed.

Within each database, a further search was conducted to identify the most rel-
evant articles that could address the research questions and create subsections for the 
review.

5.1 � Equity in Vaccine Distribution and Allocation

There is no doubt about the negative impact of the COVID-19 pandemic on the 
inequalities that already exist between populations and communities in terms 
of healthcare services. Access to vaccines can be defined as “equitable” when 
all individuals are offered the same vaccines through the implementation of tai-
lored services able to meet their needs [3]. On the other hand, when immuniza-
tion coverage between population groups is obstructed by barriers (not appropri-
ately addressed through policies, dedicated structures, program or governance 
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implementation), we witness avoidable differences in immunization coverage 
between population groups. This is the very essence of inequity in immunization 
[4],WHO Regional Office for Europe [43].

Equitable distribution of the vaccine globally, ensuring transparency, and tak-
ing into account the socioeconomic variables are highly complex tasks. Critics have 
been moved to the approach of distributing the vaccine to nations in need in pro-
portion to their population, as this might not consider the specific needs of various 
populations and consider only the proportionality factor of the population size [44]. 
Bolcato et al. [44] analyzed the relationship between the principle of equity and its 
deployment in the context of vaccine distribution in the current pandemic. Accord-
ing to the authors, there is no uniformity in the way of perceiving and interpreting 
equity globally, depending on the reference values characterizing the context: Trans-
parency is a necessary component of the process, and it must be ensured along a 
continuum of interventions going from parameter identification to implementation 
of appropriate plans. The time-sensitive nature of implementing equity measures 
reprimands appropriate prioritization to reduce the risk of contracting COVID-19 
for the largest number of individuals in a specific population at a given time [44].

Aborode et al. [45] study the problem of equity of vaccine distribution in Africa. 
The authors advocate for equal access and sustainability of the COVID-19 vaccines 
in African countries, independently from their developmental or economic status. 
An African-based framework dedicated to streamline the distribution process of 
COVID-19 vaccines and technologies to Africa is seen as urgent, especially consid-
ering the occurrence of the new strains of the virus and the reduction of the supplies 
from the COVAX facility (a program to finance vaccine acquisition guaranteeing 
equal access to purchase) linked to the waves in other countries [45]. The authors 
call on developed nations to facilitate the transition towards a shared-test-of-human-
ity to replace the current neoliberal “donor” and investment opportunity model so as 
to support the production of vaccines in Africa. All-inclusive principles for effective 
and equal access to COVID-19 vaccines should derive from a joint effort of African 
agencies, institutions, and stakeholders.

Other authors also support the idea of the primary role of high-income countries 
in assisting low-income countries, not only allowing equitable access to vaccines 
at a reasonable cost, but also implementing flexible policies on intellectual prop-
erty and facilitating the access to latest technology and research on potential treat-
ments [46]. This point of view assumes an even higher relevance considering that 
a sustainable healthcare and a universal access to it are paramount to the global 
health security [46] propose some strategies that help to reduce the global inequi-
ties in health, which include knowledge and technology transfer, mobilizing human 
rights obligations to pursue a more equitable access to vaccines, an equity focus in  
the International Health Regulations (IHR) [47], prioritization of COVID-19 pre-
vention and vaccine rollout plans (including tackling vaccine hesitancy), and finally 
the adoption of community-based behavioral programs to contrast the infection at 
the community level.

Brown et al. [48] observe the necessity to improve vaccine allocation and edu-
cational outreach with respect to higher levels of vulnerability such as marginal-
ized communities. The authors investigated the association between community 
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vulnerability and COVID-19 vaccination in the USA and found a significant asso-
ciation between lower vaccination rates and increased measures of community 
vulnerability.

Vaccination equity is also connected to geographical distribution of vaccine 
delivery locations. Geospatial analysis can facilitate the transition towards a social 
justice approach addressing geographical barriers, such as travel time barriers. To 
maximize its effectiveness, it should be associated with transparent and culturally 
safe information to contrast vaccine hesitancy [49].

Ismail et al. [50] proposed an Equity Matrix as a comprehensive validated tool 
to contrast the inequities connected to the inequitable allocation of COVID-19 
vaccines. This tool that was initially developed to support equitable allocation of 
COVID-19 vaccine in the context of limited supplies was later intended to act as a 
roadmap and provide evidence-based guidance to navigate the complex spectrum of 
health inequities to direct decisions and interventions. While receiving consistently 
increasing attention at a conceptual level, equity appears not to be explored system-
atically or transparently. The authors recommend the application of the matrix dur-
ing the development of the recommendations to inform different types of interven-
tions (including but not limited to vaccine distribution). It is worth mentioning that 
no scientific consensus has been reached about how to take up effective action plans 
that reduce inequities.

Finally, we have the challenges connected to the current COVID-19 inequities in 
global healthcare supply chains. Some authors propose the adoption of evidence-
based health supply chain interventions that make the distribution supplies, vac-
cines, and services more resilient and equitable [51]. This point of view is particu-
larly relevant for lower-income and middle-income countries (LMICs) that during 
the COVID-19 pandemic have experienced an exacerbation of the already existing 
power imbalance over global supply chains. These evident power disparities impli-
cate higher challenges in accessing resources, a pattern already observed in previous 
pandemics such as the Ebola epidemic in West Africa [51].

Vaccine prioritization is not only a question of science, but also a question of eth-
ics. It is prominent to consider inequities and disparities when developing models for 
optimal vaccine allocation, addressing the problem of equity in allocation between 
countries as well as disparities in access to healthcare [2]. Ensuring equity and effi-
ciency in vaccine coverage is a challenging task as equity and efficiency are conflict-
ing goals. Before distributing a vaccine, decisions must be taken by governments or 
public health organization about how to allocate the available vaccines. Differently 
from other resource allocation problems, vaccine allocation has an important ethi-
cal relevance, complicated by the fact that equity and efficiency are frequently con-
flicting objectives [52]. The main focus of the ORMS community is to support the 
decision-making process, rather than solving the ethical issues.

The criteria governing a specific allocation rule, under a limited stockpile of vac-
cine, can be classified in two categories: effectiveness and fairness. While effective-
ness focuses on how effectively a certain rule leads a system to a certain outcome, 
fairness focuses on how effectively the allocation rule can implement some fairness 
principles [53]. Fairness could be more challenging when it involves a collective 
of decision makers Griffin [54], such as the case with COVID-19 global vaccine 
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allocation, Unlike the problem of effectiveness in allocating limited stockpiles of 
vaccine, the problem of fairness has been poorly investigated.

The strategies suggested by researchers in this area can be summarized in four 
categories: equal treatment of individuals, equally, favoring the worst-off, maxi-
mizing total benefits, and promoting and rewarding social usefulness. A carefully 
planned trade-off between efficiency and equity seems unavoidable: Previous studies 
have noticed how an allocation policy prioritizing efficiency would sacrifice fair-
ness, and vice versa [53, 55].

5.2 � Mathematical Models for Vaccine Allocation

5.2.1 � Vaccine Allocation and Epidemiological Models

The allocation of limited vaccines to control an infectious disease requires policy-
makers to formulate goals that address health benefits at both the individual level 
and population level. Different approaches have been explored to address the prob-
lem of vaccine allocation in the past, such as the studies that considered vaccination 
for seasonal influenza.

Prior to the current COVID-19 pandemic, some researchers have proposed age-
structured compartmental models [56, 57] with numerical simulations [19, 58],  to 
examine different scenarios about vaccine allocation and evaluate the theoretical 
implementation of different vaccination strategies. Compartmental models are math-
ematical models which play an important role in understanding the mechanisms that 
contribute to the spread of disease and informing possible control strategies [59]. 
One of the advantages of these mathematical models is their capacity to identify 
behaviors that lack clarity in experimental data [59].

Compartmental models are so called because the population under examination 
is divided into mutually exclusive groups (compartments), with regard to the disease 
stage. Models are also based on assumptions about the nature and time rate of trans-
fer from one compartment to another [59]. The independent variable in the compart-
ment models is the time t. Assuming that the size of each compartment (defined by 
the number of members in it) is a differentiable function of time [59], the models are 
initially described by differential equations with the transfer rate between compart-
ments expressed in mathematical terms as derivatives of the sizes of each compart-
ment with respect to the independent variable t. In each compartment, it is assumed 
that individuals mix uniformly and randomly. These models are called deterministic, 
because the prediction of these models is determined entirely by their initial condi-
tions, the set of underlying equations, and the input parameter values. In a determin-
istic model, the number of newly infected individuals, for a given number of suscep-
tible and infectious individuals, remains the same [60].

Since the early phases of the pandemic, several authors have developed models 
grounded on traditional mathematical epidemiology addressing evolution and con-
trol of COVID-19 disease [61–67]. Soon after the introduction of vaccines, differ-
ent compartmental models have been proposed: The main aim has been to inves-
tigate the effects of the immunization on the spread of the disease together with 
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analyzing different vaccine optimal allocation strategies [68–71]. Meehan et al. [72] 
adopt an age-structured mathematical model to optimize dose-specific allocation of 
COVID-19 vaccine. The authors identify two main strategies for vaccination: those 
aimed at protecting against initial infection and those aimed at reducing the sever-
ity of symptoms. The author’s results suggest prioritizing individuals between 30 
and 59 years of age to minimize transmission, due to their high contact rates and 
higher risk of transmission. In order to reduce mortality and morbidity, however, 
their model suggests targeting those 60 + year old, due to higher probability to expe-
rience severe disease. Bubar et al. [2] developed a mathematical model to prioritize 
COVID-19 vaccine doses comparing five age-stratified prioritization strategies. The 
authors used an age-stratified SEIR model (susceptible, exposed, infectious, recov-
ered), embedding in their model an age-dependent contact matric, susceptibility to 
infection and infection fatality rate (IFR). By running 1 year of simulations of infec-
tion dynamics, the authors estimated the cumulative incidence of COVID-19 infec-
tions, mortality rate, and years of life lost (YLL). The authors found that in order 
to minimize deaths across countries, vaccines should be prioritized for individuals 
aged 60 years and older. Interestingly, to tackle the problem of inequities caused by 
the pandemic, the authors propose to pair individual serological testing with vac-
cination among the populations that have been mostly affected, redirecting doses to 
seronegative individuals to improve marginal impact of each dose. Shim [73] adopts 
an age-structured model to analyze the spread of COVID-19 in South Korea, with 
the aim to determine optimal vaccine allocation strategies to minimize infections, 
deaths, and years of life lost (YLL). Assuming a vaccine efficacy of 70% and a sup-
ply to immunize 50% of the population, to minimize incidence, the model suggests 
to prioritize adults aged 20–49  years. To minimize mortality, the model suggests 
strategies that prioritize adults aged 50 years and older, across efficacy values. Opti-
mal strategies to minimize YYL involve vaccinating adults aged 40–69 years [73]. 
Similar results have been obtained by Foy et al. [74], who studied vaccine alloca-
tion strategies in India using an age-structured SEIR model. The authors’ results 
recommend prioritizing adults aged 60  years and older to minimize deaths. Con-
versely, to reduce symptomatic infections, the authors suggest to prioritize individu-
als aged 20–40 years old. Chen et al. [75] developed an age-structured SAPHIRE 
model using data from the New York City, with the aim to study the best allocation 
strategies to allocated COVID-19 vaccines under a limited supply. By differentiat-
ing between static and dynamic policies, the authors’ result shows that (a) in case 
of static policies, the older groups should be prioritized to reduce deaths while to 
prevent infections, it is recommended to prioritize younger groups,(b) in case of 
dynamic policies, it is recommended to immunize the older groups at early days 
and then proceed with younger groups. Matrajt et  al. [76, 77] developed an age-
stratified mathematical model paired with optimization algorithms to determine four 
main outcomes under different scenarios: deaths, symptomatic infections, non-ICU, 
and ICU hospitalizations. In case of a vaccine with effectiveness ≥ 50%, it would be 
necessary to immunize a high percentage of the population to contrast the spread of 
the virus. Prioritizing older age groups at higher risk is recommended when using a 
vaccine with low effectiveness, regardless of the coverage. On the other hand, when 
using a vaccine with high effectiveness, the model proposed by the authors suggests 
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to allocate vaccines to younger age groups with higher probability to transmit the 
infection [76, 77]. Babus et  al. [78] developed a model to identify what groups 
should be prioritized for vaccination based on age and occupation. To minimize the 
cost of infections plus economic losses, the authors’ model suggests to optimize vac-
cine allocation prioritizing age-based mortality more than the exposure risk caused 
by occupations [78].

5.2.2 � One‑Dose Vs. Two‑Dose Strategies

The debate about what would be the usage of the available COVID-19 vaccines 
is ongoing, especially in the context of novel and more contagious severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants in various countries 
[61, 79–81]. Research evidence shows that there is not a definitive answer to 
this problem [76, 77]. Matrajt et  al. [76, 77] explored the use of a single-dose 
vaccination campaign and mixed vaccination campaigns adopting a mathemati-
cal, parametrized with data on COVID-19 vaccine efficacy, and pairing it with 
optimization algorithms. According to the authors, the level of single-dose effi-
cacy is the most important factor influencing the optimal use of resources. The 
results of Matrajt et al. [76, 77] suggest that vaccination campaigns that are able 
to optimally distribute highly efficacious single-dose vaccines, in combination 
with stringent social distancing interventions, can prevent deaths more effec-
tively than a two-dose vaccination campaign prioritizing subpopulations at high 
risk of COVID-19 severe disease and death. In addition, the level of transmis-
sion plays an important role in the authors’ model. In case of a well-controlled 
transmission with rigid non-pharmaceutical interventions in place, both the high 
risk and high transmission groups will be targeted by the optimal allocation 
strategy. Conversely, with a moderate or high level of transmission, individu-
als at high risk of disease and death should be targeted first [76, 77]. Tuite et al. 
[82] developed a decision analytic cohort model to study alternative dose allo-
cation strategies to increase benefits from constrained COVID-19 vaccine sup-
ply. In line with Matrajt et al. [76, 77], this model shows that vaccinating more 
individuals with the first dose would significantly lower the expected number 
of COVID-19 cases, even if this choice was made at the expense of deferring 
the second dose. Moghadas et  al. [83] used an agent-based model of COVID-
19 transmission to compare 2 vaccination strategies: administering vaccines 
3–4  weeks apart against adopting a delayed second dose (DSD) strategy. The 
authors found that a delay of 9 weeks for the Moderna vaccine, compared to the 
recommended 4-week interval between the 2 doses, could maximize vaccination 
program effectiveness and prevent at least an additional 17.3% infections, 0.69% 
hospitalizations, and 0.34% deaths per 10,000 population. A 9-week second dose 
delay for the Pfizer–BioNTech vaccine, compared to the recommended 3-week 
interval between the 2 doses, can prevent additional 0.60% hospitalizations and 
0.32% deaths per 10,000 population. The DSD strategy of the Pfizer–BioNTech 
vaccine did not lead to any advantage in minimizing infections, unless the effi-
cacy of the first dose did not decrease over time.
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5.2.3 � Mathematical Programming

Another approach for vaccine allocation consists of formulating the problem as a 
mixed-integer or linear programming problem. In the past, researchers have utilized 
this methodology with the objective to minimize the number or cost of vaccines 
enforcing the constraint of a reproductive ratio R0 below 1 [84–86]. Buhat et al. [87] 
attempted to determine optimal and equitable allocation of COVID-19 vaccines in 
the Philippines, aiming to minimize deaths while prioritizing the most vulnerable 
categories. The authors used a linear programming model for every city or province 
in the country, considering only one brand of vaccine. Interestingly, the authors’ 
methodology is not based on a compartmental model, with the interpretation of the 
objective function value seen as the estimated additional COVID-19 deaths after the 
rollout of vaccines. According to the results, between 60 and 70% of the population 
should be vaccinated for a community with limited supplies. Critical factors influenc-
ing the vaccine allocation strategy are the total vaccine supply, vaccine effectiveness, 
vaccine cost, and projected deaths. Cabanilla et al. [88] proposed a model to optimize 
the vaccination sites at the municipal level in San Juan, a town in the Philippines, to 
bring vaccines closer to those who are in need. The model aims to address a minimi-
zation problem connected to a facility location problem, formulated using three main 
factors: location of the sites, population density, and the number of COVID-19 cases 
per residential area. Çakır et al. [89] focused on locating mobile vaccination clinics in 
three cities in Turkey. To analyze the multi-facility location problem for the vaccina-
tion sites, the authors used Lagrange relaxation method and a modified saving heuris-
tic algorithm. The authors combined fuzzy multi-criteria decision-making (MDMC) 
methods and a multi-facility location problem. Using real-world data from the district 
of Chennai (India), Emu et al. [90] proposed a clustering-based solution to identify 
optimal distribution centers and a framework to optimize vaccine distribution tak-
ing into account priority (age, exposure, vulnerability, etc.) and distance. The model, 
which is based on a constraint satisfaction programming framework, can efficiently 
distribute the available vaccines adjusting different parameters (such as the distribu-
tion of population, total population, total number of available vaccines, the number 
and capacity of distribution centers). Leithaeuser et  al. [91] formulated a model to 
optimally select vaccination sites in Germany within a given set (such as university 
hospitals). The authors considered different patient-to-facility and doctor-to-facility 
assignments as well as various constraints connected to the number of vaccines per 
site or maximum travel. Using data from Quezon City, Minoza et al. [92] formulated 
a multi-objective linear programming model applied to an age-stratified and quaran-
tine-stratified compartmental model to optimize equitable vaccine distribution. The 
authors performed 10 simulations, under different scenarios, on the distribution of 
500,000 vaccines. According to the results, prioritizing mobile workforce reduces 
infections by 21.14%, the best result among all the scenarios,prioritizing elderly, 
however, is associated with the highest protection (439%). Yin and Büyüktahtakın 
[93] adopted a multi-stage stochastic programming approach, extending the deter-
ministic epidemic-logistics model of Büyüktahtakın et al. [94], with equity and fair-
ness considerations in the context of resource allocation to control an epidemic. The 
authors’ objective is to overcome some limitations posed by compartmental models 
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in epidemiology, as the disease transmission rate can be uncertain and subjected to 
changes over time and space in different scenarios [93]. Therefore, the decision to 
adopt a stochastic model is to better represent the uncertainty that characterize the 
transmission dynamics of a disease. The authors defined two new measures to address 
equity: infection equity and capacity equity. The model is tested to control the Ebola 
virus disease (EVD) in different African countries. As pointed out by the authors, the  
model shows versatility to be applicable to control other infectious diseases, includ-
ing COVID-19. Bertsimas et  al. [95] proposed a novel data-driven prescriptive 
approach to resolve the problem of COVID-19 vaccine distribution in a scenario of 
limited vaccine capacity. The authors utilized the DELPHI epidemiological model 
to generate a bilinear nonconvex optimization model aiming to optimize the sites for 
vaccine distribution and vaccine allocation. For this purpose, the DELPHI model was 
first extended to variation named DELPHI-V capable of (1) capturing the effects of 
vaccination and (2) disaggregating the effects of COVID-19 on mortality across risk 
classes. The final optimization model, named DEPLHI-V-OPT, resolves the problem 
formulated as a bilinear optimization model using a customized algorithm based on 
coordinate descent. According to the authors, when using real-world data, the model 
performs significantly better than benchmark solutions, increasing “the effectiveness 
of the vaccination campaign by 20%, saving an extra 4000 lives over a three-month 
period” [95], page. 18). Rastegar et  al. [96] have investigated equitable influenza 
vaccine distribution during the COVID-19 pandemic. They developed an inventory-
location mixed-integer linear programming model and applied it to a case study in 
Iran. The vaccine distribution is prioritized according to the population’s critical need 
(such as first responders, pregnant women, and elderly). Roy et  al. [97] have pro-
posed a time-varying linear optimization-based approach for vaccine allocation amid 
pandemic. The authors’ model incorporates economic and epidemiological aspects 
with the purpose to provide recommendations on how to distribute the vaccine across 
different areas on the New York State. According to the authors, the model proposed 
is well adaptable to meet the specific epidemiological and economic policy require-
ments of zones. For their purpose, the authors have adapted the susceptible-exposed-
infected-recovered-death (SEIRD) model, implementing a spatial version of it in an 
agent-based simulation environment that considers human mobility.

5.3 � Vaccine Hesitancy and OR models

Vaccines represent the most cost-effective health investment to contrast the devastat-
ing outcomes inflicted by infectious diseases on humankind for centuries. Immuniza-
tion is estimated to prevent between 2 and 3 million deaths every year from diseases 
such as tetanus, measles, diphtheria, or pertussis [25]. Although immunization is  
considered an unquestionable human right and a key component of primary healthcare,  
far too many individuals worldwide lack sufficient access to vaccines. In some coun-
tries, progress in vaccination coverage has stalled or even reversed, with tangible threats  
to the achievement obtained so far [25]. The lack of trust that characterize vaccine hes-
itancy represents one of the several negative consequences of a phenomenon defined  
as “post-truth” or “post-factual” society [98], where the term “post-truth” is defined by  
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the Oxford Dictionaries as “relating to or denoting circumstances in which objective  
facts are less influential in shaping public opinion than appeals to emotion and per-
sonal belief” (Dictionaries [99]. Anti-vaccine sentiments attracted the media’s atten-
tion during each new outbreak of vaccine-preventable disease [100]. The consequences  
related to vaccine refusal sentiments have led the WHO to constitute a special work 
group, specifically dedicated to studying this problem: the SAGE Working Group on 
Vaccine Hesitancy [101]. According to them, “vaccine hesitancy” is a complex and 
context-specific phenomenon, characterized by the delay in accepting or refusing to 
get vaccinated despite the availability of vaccine services. It can be seen as a con- 
tinuum, ranging from complete acceptance to complete refusal. The group of individu- 
als who are vaccine-hesitant are heterogeneous in the middle of this continuum [43, 
101]. The SAGE Working Group on Vaccine Hesitancy has established a 3C model 
to describe the determinants that characterize this phenomenon: (1) complacency, (2) 
convenience, and (3) confidence. Complacency is defined by a low perceived risk of 
vaccine-preventable diseases; convenience refers to physical accessibility to vaccines, 
affordability, quality of the vaccination service (real and/or perceived), and quality  
of the delivery of the context-specific vaccination services; confidence is a concept 
that relates to trust in the effectiveness and safety of vaccines, in the reasons identified 
by policy-makers about the necessity of vaccines and in the system delivering them 
[101]. Subsequently, a new framework to understand this phenomenon was developed  
from the research efforts in high-income countries, named the 5C model of the drivers  
of vaccine hesitancy. According to this model, there are five main individual-person 
level factors that determine vaccine hesitancy: confidence, compliancy, convenience 
(or constraints), risk calculation, and collective responsibility [102, 103].

Vaccine hesitancy is the result of biased information processing or ill-informed 
decision-making, given the fact that the risks seen in being immunized are over-
estimated. For this reason, it has been frequently studied as a decision-making 
task, where the risks of being unvaccinated and contract the diseases are compared 
with the risks of getting vaccinated [104]. In the past, different studies applied the 
framework of game theory to analyze individuals’ behavior when facing the prob-
lem of vaccination, for example conceiving this dilemma as the free-rider problem 
[105–111]. In the context of COVID-19, the topics of vaccine acceptance and hesi-
tancy show a high degree of complexity. The emergence of the new SARS-CoV-2 
variants might add further complexity to the scenario [112]: The introduction of 
new vaccine should then be accompanied by appropriate communication strate-
gies [113]. Below, we summarize the main studies that emerged from our literature 
review concerning the application of game theory to address vaccine hesitancy in 
the context of the current COVID-19 pandemic.

Piraveenan et al. [114] argue that the most effective analytical strategy to model 
the vaccination uptake might result from combining game-theoretic modeling, 
social network analysis, and agent-based modeling techniques used to simulate the 
dynamic disease. According to the authors, to model vaccination decision-making, 
two components need to be distinct: (1) the decision-making process by individu-
als to get the vaccine,(2) the decision-making process by governments and policy-
makers about how to manage the vaccines (for example what vaccines to choose and 
how to prioritize them). The decision-making process in both sides is influenced by 



	 Operations Research Forum (2023) 4:27

1 3

27  Page 22 of 32

multiple factors. Non-cooperative game theory represents the ideal route to study 
individual behavior regarding vaccine acceptance, whereas cooperative game theory 
is the ideal strategy to analyze and inform decisions regarding vaccine prioritization 
at a governmental level [114].

Using data from social networks is also considered a viable strategy to tackle 
the problem of vaccine hesitancy. A study adopted text feature modeling based on 
evolutionary computation and topic modeling served as a basis to identify vaccine 
hesitancy using two datasets: the flu vaccine dataset and UK COVID-19 vaccine 
tweets [115]. The authors found that in the first dataset the proposed approach out-
performed the standard system in place.

Game theory was used by Stoddard et al. [116] to study the relationship between non-
compliance and rationality on one side, and measures in place to contrast the COVID-19 
on the other side. More specifically, the authors analyzed the scenarios in which indi-
viduals perceive a benefit from being noncompliant. They demonstrated that under a 
wide set of conditions, noncompliance is a Nash equilibrium: Using an SEIR model, it 
was found that noncompliance represents a severe obstacle to contain the spread of the 
COVID-19 pandemic. A minimum of 80% compliance is required even in case of com-
pletely effective interventions, if the goal is to achieve complete suppression.

Guo and Cao [117] applied a two-stage decision framework for vaccine hesitancy to 
investigate (1) the reasons behind delaying the decision-making (such as receiving or 
refusing a vaccine), and (2) the interventions that the government can adopt to increase 
vaccination demand. Therefore, the proposed framework characterizes individuals’ 
decisions and their equilibrium behavior in two stages. In the first stage, both the ref-
erence point formation and the contradictory nature of the information resulting from 
it contribute to the delay in making decisions. In the second stage, more information 
becomes accessible, which leads to the update of the map of reference points. This cre-
ates psychological utility which, in turn, will contribute to the final decision to refuse 
or accept the vaccine. The concept of reference points, introduced by Dubé et al. [118], 
allows for an opportunity to increase vaccination uptake using specific government 
interventions, rather than considering them as the main cause of the rejection.

6 � Future Research

Guided mainly by our network analysis of the literature, in this section, we propose 
future research directions.

6.1 � Vaccine Hesitancy

The problem of vaccine hesitancy, identified by the WHO as a major threat to global 
health, requires thinking about new strategies that would take into consideration 
internet and in particular social media platforms, whose popularity has increased 
globally. Future work dedicated to social network analysis to tackle anti-vaccina-
tion sentiments can support further development of new strategies to promote and 
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increase evidence-based literacy. Interventions promoting vaccination delivering 
factual information might fail and produce the opposite effect: Public health com-
munication strategies about vaccines might not only be ineffective, but they may 
increase misperceptions and reduce vaccination intention [119, 120]. A possible 
explanation might relate to the theory of psychological reactance, which explains 
why individuals resist persuasion. Game theory might be of help to better under-
stand what new and more effective strategies can be adopted to successfully contrast 
this phenomenon.

In addition, a relatively unexplored research avenue relates to studying the impact 
of eHealth literacy on behavioral attitudes and health outcomes. eHealth literacy is 
defined as a metaliteracy composed by six main competencies: (1) traditional liter-
acy and numeracy, (2) health literacy, (3) computer literacy, (4) science literacy, (5) 
media literacy, and (6) information literacy [121]. Future studies could investigate 
(1) the impact of increased eHealth literacy on vaccination hesitancy, and (2) the 
role of eHealth literacy within the context of social networks.

6.2 � Vaccine Manufacturing Barriers and Equity

Future research directions include analyzing the possible justifications for different 
distributions of COVID-19 vaccines, highlighting the normative arguments in differ-
ent contexts (for example national, regional, or population-based), with an important 
role played by ethicists [40]. The gap in securing vaccine supplies for high-income 
and upper-middle countries on one side and low-income countries on the other side 
still remains a prime research venue. More research is necessary to help reduce this 
gap. Prospective research avenues include understanding how to insure higher trans-
parency about manufacturer agreements and costs of research and development [41], 
or how to increase the efficacy of the global collaboration to promote a more equi-
table distribution of the vaccines across the world, so that the rest of the world is 
facing uncertainty.

Another important area of focus for future research includes new developments in 
accurate and rapid methods aimed at detecting unknown respiratory pathogens. With 
specific regard to the SARS-CoV-2, several authors stress the necessity of clarifying 
essential aspects such as etiology, epidemiology, biology, pathogenesis, or patholog-
ical immune response. These aspects play a central role in successful vaccine devel-
opment. The development of next-generation vaccine platforms, initially introduced 
for potential use in cancer therapy, has been fast-tracked by COVID-19. Future 
research might clarify how to use some of the platform technologies to combat sea-
sonal or new strains of coronaviruses. The existence of some conservation between 
the coronaviruses is one of the important reasons why to continue research and 
product development to tackle any new version of coronavirus that might emerge in 
the future [42]. The next generation of ‘‘plug and play’’ vaccines utilizing mRNA, 
viral vector, or protein subunit technology paves the way for the development of 
new products which can play a primary role in reducing the impact of infectious 
diseases. With no doubt, a legacy of the COVID-19 pandemic refers to possibility 
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of developing the new vaccines at a pace that before was not imaginable. Several 
types of barriers will need to be addressed to ensure global demand needs, such as 
legal barriers (including intellectual property transfer), lack of physical infrastruc-
ture, technical expertise, and supply chain capacity [122]. Future efforts should be 
made to identify viable strategies for the liberalization of intellectual property rules 
around the patent-protected technologies, for example adopting a Trade-Related 
Aspects of Intellectual Property Rights (TRIPS) waiver, which would help to make 
these technologies available at a global scale [123]. However, legal barriers encoun-
ter production barriers as well as technical barriers referring to technology trans-
fer and regulatory capacity, for example the great imbalance represented by con-
centration of vaccine production knowledge in high-income countries (HIC) and the  
scarcity of qualified personnel in LMICs [122–124]. Progresses in information  
sharing of manufacturing know-how might bring broader positive effects across the 
industry: Sharing in the pandemic can be the catalyst for an “industry-wide move to 
a high-information, high-innovation state of manufacturing,” tackling more aggres-
sively and directly the free-rider dilemma [124].

To summarize, future research efforts directed aimed at reducing inequities in 
vaccine distribution should address the following: (1) how to plan and coordinate 
the redistribution of vaccine surplus in HICs; (2) strategies to boost production 
where this is already possible thanks to the infrastructures; (3) improving the export 
of single vaccine components in countries lacking manufacturing capacity despite 
the presence of the so-called finish and fill capabilities. The African continent is one 
clear example: Due to incomplete COVID-19 manufacturing chains, the strategy is 
to use the active ingredient produced abroad and subsequently shipped to the finish 
and fill facilities; (4) how to facilitate technology transfer; (5) how to facilitate trans-
fer of intellectual property rights; (6) strategies to support local manufacturers with 
programs to purchase vaccines locally; (7) implementing collaborative programs 
to ameliorate global biopharmaceutical regulatory capacity [123] and (8) effective 
ways of coordinating the global vaccine supply chain taking into account disease 
spread patterns and possible export barriers.

LMICs can also be supported by adopting and improving evidence-based health 
supply chain interventions. We have learnt some important lessons from the past 
at a global level, such as the success in achieving universal access to HIV treat-
ment. Organizations such as Clinton Health Access Initiative (CHAI) and Global 
Fund to Fight AIDS, Tuberculosis and Malaria (Global Fund) identified some barri-
ers for the effective distribution of antiretrovirals (ARVs) to LMICs. These barriers, 
which involved complex supply chains and elevated costs of procurement as barriers 
for effective distribution of ARVs to LMICs, have been successfully addressed with 
strategies that included pooled procurement arrangements, third-party price negotia-
tion, and differential pricing [125]. In addition, they supported suppliers in targeting 
the best strategies to reduce manufacturing costs: This extensive combined effort 
resulted in LMIC capacity to access generic ARVs at lower prices [125]. Similarly, 
barriers have been identified and overcome at a national and subnational level. This 
approach can be a viable option to contrast the inequities in COVID-19 vaccination 
supply. To this aim, supply chains can be analyzed with an equity lens (for exam-
ple reconsidering global regulations, policies, and context-specific strategies to 
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optimize equity in healthcare delivery), and an implementation research approach 
can be adopted to find and test new solutions whose efficacy will be beneficial not 
only for COVID-19 but also for future threats. Many commentators advocate a more 
equitable distribution of COVID-19 vaccines as this would contribute to contain the 
pandemic sooner. Stronger efforts should be directed in this direction, as vaccine 
development is the first step. More research is needed at all levels to understand the 
best trade-offs, nationally as well as globally so that all individuals are vaccinated in 
a timely manner. A combined effort is expected to incorporate four essential dimen-
sions in ensuring global access to COVID-19 vaccines: affordability, accessibility, 
trust, and efficiency in their utilization [122].

6.3 � OR Models

Various models for vaccine prioritization have been already formulated. However, it 
is important to highlight the fact that vaccine prioritization and ethics are two con-
cepts that cannot be separated, if we want to successfully resolve the problems con-
nected to inequalities and disparities. Therefore, we think that more efforts should 
be devoted to include more elements when developing an age-stratified model, such 
as disparities in accessing healthcare, equity in allocation, or vaccine hesitancy. One 
possible equitable strategy hypothesized by Bubar et al. [2] consists in pairing sero-
logical testing with vaccination in the hardest-hit populations.

The research area of vaccine distribution is a fast-growing field, whose expansion 
has been certainly boosted by the COVID-19 pandemic. One promising direction for 
future research might be represented by further refining the integration of epidemio-
logical models, such as the SEIR model, into optimization models that are combined 
with simulations, heuristics, or scenario analysis. For example, an extension of the 
SEIR model, widely adopted, is represented by the DELPHI model. As explained by  
Bertsimas et  al. [95], the novelty of this model compared to the other COVID- 
19 forecasting models lies in its capacity to capture three elements of the pandemic: 
under-detection (cases remained undetected), governmental and societal response 
(such as non-pharmacological strategies to contrast the spread of the virus), and 
declining mortality rates. The utilization of the epidemiological model DELPHI can 
be further adopted and tested in light of a possible third dose of COVID-19 vaccine.

Given the complexity of the variables in place, we can hypothesize various 
improvements of the models proposed so far. For example, part of the objectives 
could be represented by (1) trying to prioritize allocation among patients with 
comorbidities and categories of workers at a higher risk, (2) trying to capture the 
interactions among individuals according to the population density of urban areas 
and according to the age of individuals, (3) capturing the effect of a possible second 
or third dose of vaccination and comparing the effect of different vaccine types.

The current pandemic is forcing us to somehow rethink OR models formulated 
for resource allocation, incorporating the elements of fairness and equity which have 
been largely ignored in the past. The efforts made in the past to formulate strategies 
for resource allocation led to models on epidemic control that, for the most part, 
analyzed the optimal solution without considering fairness. In our view, this is an 
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important lesson learnt. Interestingly, the concept of fairness in resource allocation 
has been addressed with other applications, such as food allocation [126], kidney 
allocation [127], or healthcare resource allocation decision-making [128].

7 � Conclusions

Achieving global COVID-19 vaccine coverage represents an unprecedented chal-
lenge and a test: It necessitates collaboration on a global scale and at multiple levels. 
On both a national and global scale, the expected efforts should address not only 
technical aspects such as investments, research and development, production, afford-
ability, distribution, and allocation, but also mutual support and solidarity.

The fact that the topic spans across different disciplines may create a barrier for 
ORMS researchers to contribute to answering questions in this field. In an effort 
to induce the ORMS community to work on finding solutions to these challenges, 
in this paper we have reviewed the literature on COVID-19 vaccine allocation and 
distribution. We have conducted a bibliometric analysis of the literature that reveals 
five major research areas: vaccine development, clinical properties of the virus, 
complications relating to the respiratory system, vaccine allocation, and next gen-
eration of vaccines. We then focused on further synthesis of the research area on 
vaccine allocation as it is the most relevant to the ORMS community. To this end, 
we discussed the literature on equity in vaccine allocation and distribution and vac-
cine hesitancy and the use of OR models in this area. Finally, we propose research 
directions in each of those areas.

The challenge of fairness and equity remains a priority: Future efforts in the 
development of mathematical models to optimize distribution and allocation of 
COVID-19 vaccines should evaluate how to enforce constraints to tackle the prob-
lem of equity and to contrast uncertainties. These aspects are essential, to make sure 
that progresses in vaccine production and effectiveness can be sustained by conse-
quential progresses in managing vaccine shortages.

While bibliometric analysis provides tools to aid in analyzing and synthesizing 
the literature, it has its limitations. One such limitation is that the analysis depends 
on the database used. This database could be limited in that it includes only works 
that meet certain standard requirements determined by the owner. The database 
could also be limited in that it is updated periodically and may not include all recent 
publications that could be significant when the topic of study is timely such as the 
COVID-19 pandemic. This is indeed an incredibly fast-growing field of study; for 
example, we have found that the dataset almost doubled in size (from 371 to 736 
publications) in a 5-month period (from July 29, 2022 to December 2022). Another 
extension to the bibliometric analysis is to consider the robustness of our findings 
when using other algorithms for visualization or for ranking publications’ influence. 
For example, it will be interesting to test more recent centrality approached to the 
co-citation network such as the works of Everett and Borgatti [129], Vogiatzis et al. 
[130], and Angriman et al. [131].
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