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Abstract

Background Vaccine allocation is a national concern especially for countries such as the Philippines that have limited
resources in acquiring COVID-19 vaccines. As such, certain groups are suggested to be prioritized for vaccination to protect
the most vulnerable before vaccinating others.

Objective The study aims to determine an optimal and equitable allocation of COVID-19 vaccines in the Philippines that
will minimize the projected number of additional COVID-19 deaths while satisfying the priority groups for immediate
vaccination.

Methods In this study, a linear programming model is formulated to determine an allocation of vaccines such that COVID-
19 deaths are minimized while the prioritization framework set by the government is satisfied. Data used were collected up
to November 2020. Total vaccine supply, vaccine effectiveness, vaccine cost, and projected deaths are analyzed. Results of
the model are also compared to other allocation approaches.

Results Results of the model show that a vaccine coverage of around 60-70% of the population can be enough for a com-
munity with limited supplies, and an increase in vaccine supply is beneficial if the initial coverage is less than the specified
target range. Additionally, among the vaccines considered in the study, the one with 89.9% effectiveness and a 183 Philippine
peso price per dose projected the lowest number of deaths. Compared with other model variations and common allocation
approaches, the model has achieved both an optimal and equitable allocation.

Conclusions Having a 100% coverage for vaccination with a 100% effectiveness rate of vaccine is ideal for all countries.
However, some countries have limited resources. Therefore, the results of our study can be used by policymakers to determine
an optimal and equitable distribution of COVID-19 vaccines for a country/community.

1 Introduction with COVID-19 being characterized as a pandemic by the

World Health Organization on the first quarter of 2020 [3, 4].
The coronavirus disease 2019 (COVID-19) is a novel beta- The Philippines is one of the countries greatly affected by
coronavirus disease that was initially identified to cause res-  this pandemic [5]. Its government placed the country under
piratory problems among people from a province in Chinain  community lockdown since March 2020 as a measure to
late 2019 [1]. It is a viral infection transmitted through res-  control the spread of the virus [6]. The continuous lockdown
piratory particles, fomites, and other biological matter [2].  contributed to an increase in unemployment rate (10.4% as
Beta-coronaviruses have caused outbreaks in recent decades, of December 2020) [7], a decrease in overseas remittance

inflow (14-20%) [8], and a decrease in gross domestic prod-
uct (9.5% decline in 2020) [9]. Bringing back jobs is crucial
D4 Christian Alvin H. Buhat for a sustainable recovery of the economy [10]. This is pos-
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Key Points for Decision Makers

Vaccinating around 60-70% of the population can be
beneficial for a resource-constrained country such as the
Philippines.

Using the vaccine with an 89.9% effectiveness rate and

a cost of 183 Philippine peso per dose results in a lower
number of projected COVID-19 deaths after the rollout
of vaccines compared with other vaccines considered in
the study.

Following the vaccine distribution from our model
results will generate a lower number of projected
COVID-19 deaths compared with traditional allocation
approaches such as equal allocation, and allocations
based on proportion to population size, population den-
sity, or the number of COVID-19 cases.

other is through natural immunization of the global popula-
tion over time [11]. For influenza and following the latter
approach, herd immunity was attained after two to three
waves where each wave involved seasonal interruptions,
immunity from previous flu viruses, or both [12]. For
COVID-19, this approach involves costly social and ethi-
cal ramifications [11, 12]. This will require more health-
care resources for patient management and heightened non-
pharmaceutical interventions [11, 12]. Mass vaccination
programs are considered to be effective in preventing the
spread of the virus and deaths due to infectious diseases
such as COVID-19 [12-14]. Vaccination not only reduces
infection among the vaccinated, but it also indirectly protects
susceptible individuals from secondary infections by reduc-
ing the efficiency of virus transmission [15]. It is also seen
as the safest means to reach herd immunity [12].

Vaccine development usually takes years to complete
from clinical trials to manufacturing [16]. Vaccinating huge
groups is another problem entirely. Vaccines have specific
storage and shipment requirements to maintain their effec-
tiveness [17]. Once vaccines for COVID-19 are available,
healthcare workers should be vaccinated first followed by
the elderly and people with pre-existing conditions [12,
18]. This systematic approach would help prevent addi-
tional deaths [12]. The Government of the Philippines is
following the same prioritization but with the addition of
indigenous people and uniformed personnel in the list [19].
The plan is also to prioritize those from the cities to expe-
dite the recovery of the local economy [20]. Distribution of
vaccines will be performed through local government units.
Because the vaccines are limited by budget, proper alloca-
tion of doses for each local government units is vital. An
optimal allocation can be found by examining the problem
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as a constrained optimization (CO) problem that minimizes
the number of deaths and follows the prioritization approved
by the government.

Constrained optimization is a method of optimizing a set
of decision variables. This set of decision variables is often
represented by a mathematical equation called the objec-
tive function. The optimal values of the decision variables
can be determined by subjecting the objective function to
additional constraints. In modeling real-world problems,
these constraints may include financial, logistical, and
human resources. Constrained optimization has been used
in managing healthcare responses to existing and emerging
threats. It can be used to find the best method to distribute
vital resources and determine which issue should receive
immediate attention. In 2019, Olbrecht et al. [21] used CO
to rank vaccination schemes that control the incidence of
pneumococcal diseases among children and the elderly in
Brazil. Because of the availability of several vaccines for
these diseases, the research aimed to assess the best method
of vaccination that complies with the financial constraints
and maximizes the quality-adjusted life-year gains in a
10-year projection. As an effort to determine which pub-
lic health issue must be prioritized in Malaysia, Varghese
et al. [22] developed a CO model for infectious diseases.
This model identified pneumococcal disease, dengue, hepa-
titis B and C, rotavirus, neonatal pertussis, and cholera
as important public health concerns. By considering the
prophylactic and clinical treatments for these diseases, the
results showed that rotaviral and pneumococcal vaccines
take precedence when time horizons are ignored. If the
goal is to reduce the number of cases in a 20-year hori-
zon, the results indicated that dengue vaccination must be
prioritized. In an age where the spread of a contagious
and life-threatening infection is an ever-present risk, these
examples demonstrate the practicality of CO in formulat-
ing policies that curb public health threats. In this article,
CO is performed by using a linear programming model to
determine an optimal allocation of vaccines for every city
or province in the country.

2 Methods

The linear program for the vaccine allocation model in this
paper aims to minimize COVID-19 deaths after the vaccine
rollout while satisfying the prioritization of certain groups
for vaccination as identified by the government. The formu-
lation of the objective function and constraints are discussed
in the succeeding sections. Throughout the paper, we denote
the city or province where the individuals are residing as
locality i.
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2.1 Objective Function Formulation

The objective function value is interpreted as the projected
additional COVID-19 deaths after the rollout of vaccines. It
is formulated as a summation of multiplicative expressions
involving the following parameters.

2.1.1 Estimation of the Number of Susceptible Individuals
After Vaccination

To estimate the number of susceptible individuals after vac-
cination rollout in each locality i, the population size N;, the
total current COVID-19 cases C;, the number of individuals
for vaccination m;. , and the effectiveness rate of the vaccine
eff are needed. The estimate is given by:

N;— C;—eff xm,,

the model, N, is based on the 2020 population forecast of
the 2015 Philippine Statistics Authority Census [23] while
C,; is the total COVID-19 cases in the Philippines (as of 10
November, 2020) from the Department of Health Data Drop
[24]. For the decision variable m;, individuals who have
already been previously infected are assumed to be either
expired cases or recovered cases. For the recovered cases,
they obtain a certain degree of immunity to COVID-19 [25].
This suggests that infected individuals can be excluded from
the individuals for vaccination, which should be less than
N; — C;, to further stretch the distribution of vaccines in
many localities [26]. Including C; in the objective function
does not mean that recovered cases cannot be immunized in
the actual implementation of vaccination plans. Recovered
cases can be vaccinated depending on the date of recovery,
risk of exposure, and the prioritization of the government.

2.1.2 Determination of Maximum Outbreak Size

The maximum outbreak size [27] is computed by multiply-
ing the number of individuals susceptible to the disease
N; = C; —eff X m; to:

) 1 +log(Ry;)
- T

I

s

where R is the maximum reproduction number recorded
per locality i.

In the model, the maximum reproduction number
recorded per locality i as of 11 November, 2020 [28] is
used. Note that some localities recorded a very high maxi-
mum reproduction number despite their small number of
cases because of their small populations [29]. Thus, we set
max{R;} = 4 to be the maximum reproduction number to
be considered in this study [30].

2.1.3 Inclusion of Population Density

A scaling contact coefficient described as

S
1- -— )
exp( max {51‘})

is included to incorporate the contact rate among the
members of the population, which is affected by the non-
pharmaceutical interventions (e.g., social distancing), and
population density 6, of each locality i [31]. In the Philip-
pines, the population density and the number of cases per
province/region are highly correlated. The scaling contact
coefficient gives the probability of contact in the population,
which is nonlinearly proportional to the population density
in that locality. This coefficient characterizes the heteroge-
neous distribution of cases in a spatial scale, which relaxes
the well-mixing (homogeneity) assumption in the epide-
miological model [32, 33]. This heterogeneity in infected
cases, as well as deaths, can be observed in the Philippine
setting as shown in our data dashboard (https://datastudio.
google.com/s/uCv8ZX2rI8w). For the Philippines, we have
included the scaling contact coefficient in the optimization
model, but for other countries, this coefficient may not be
included or may be modified depending on the nature of the
COVID-19 dynamics.

2.2 Constraints Formulation

The following are parameters needed for the constraints of
the linear programming model.

2.2.1 Prioritization of Certain Groups

Because of the initial limited amount of vaccines that
the country can obtain, priority groups were set by the
Government of the Philippines. These include the front-
line health workers and uniformed personnel, owing to
their high risk of exposure while on duty, and the senior
citizens and indigent population because of their vulner-
ability and by the principle of equity [26, 34]. Moreover,
according to [35], when there is a very limited vaccine
availability, the priority groups in the setting ‘commu-
nity transmission’ are the health workers and the older
adults. This was prepared by the SAGE Working Group
on COVID-19 vaccines. They defined ‘community trans-
mission’ as countries or territories experiencing larger
outbreaks of local transmission. In the USA, the Interim
Framework for COVID Vaccine Allocation of Johns Hop-
kins University included those at greatest risk of severe
illness and death in priority groups for vaccine alloca-
tion. These groups were based on their multidisciplinary
team’s analysis on August 2020 [36]. In a study by [37],
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overwhelmed healthcare facilities (often because of at-
risk individuals getting infected) induce lockdowns,
which then affects the livelihood of many individuals.
Thus, having an equitable distribution of vaccines to these
priority groups is necessary for the gradual opening of
the economy [38].

To cater to the priority groups set by the government, G,
is set to be the number of individuals belonging to the prior-
ity group per locality i [24]. This is set to be the minimum
number of individuals for vaccination per locality.

2.2.2 Incorporation of Vaccination Cost

A crucial factor for resource-constrained countries is the
vaccination expense [39]. Some countries are interested in
ac quiring multiple vaccines. Total expenses should be less
than or equal to the allotted budget B. In the Philippines, the
approved national budget for vaccines is 72.5 billion Philip-
pine pesos (Php) [40], which will cover vaccine dosage costs
as well as the cost of training per vaccinator (1200 Php)
and the cost of other peripherals such as masks, face shield,
alcohol, and cotton balls (1924 Php for two doses), both of
which are good for 350 people [41]. The total vaccination
cost is defined as

m;
Z (Pm,. + 355 X (1200 + 1924)),

where P is the price per complete dose of the COVID-19
vaccine.

2.3 Linear Programming Model
The linear programming model formulated to determine the

optimal distribution of vaccines among localities in the Phil-
ippines is described below.

across the country. This model aims to find an optimal allo-
cation that minimizes the projected number of additional
COVID-19 deaths in each locality i, such that (i) the total
number of vaccines for allocation in each locality i will not
exceed the total number of available vaccines, (ii) the indi-
viduals for vaccination per locality i will not include the
number of individuals who have already been infected, (iii)
all members of the priority groups in each locality i will be
vaccinated, and (iv) the total cost of vaccines that will be
used will not exceed the budget allocation. Furthermore,
our model is applicable for a long period because of the
stable trend of infected individuals and its correlation to the
population density.

Constrained optimization was used to compute for the
optimal allocation under different approaches that minimize
COVID-19 deaths while satisfying the prioritization set by
the government. Sensitivity analysis, effects of changes in
levels of vaccine supply, vaccine effectiveness, and costs of
vaccine were also studied.

3 Results

3.1 Optimal Vaccine Allocation and Sensitivity
Analysis

Budget is a huge consideration in a vaccination program,
thus it is only fitting to study the effects of budget in the
distribution of the vaccines. The models where budget is
considered (limited supplies and budget) and when it is not
(limited supplies only) are explored in this section. The
“limited supplies” model is the basis for Sect. 3.2. For both
approaches, it is assumed that the total number of vaccines
for allocation is equal to 50% of the total population and that
the effectiveness rate of the vaccine is 90%, with 2379 Php

Minimize Z ((Ni —C; —effx mi)(l - w> X <1 —exp (—maji{éi} )>>d,-

subject to

m:
PXm, + — (1200 + 1924 ) <B.
Z( Xml+350( + )) <

where d; is the COVID-19 fatality rate per locality i and V is
the total available complete doses of vaccine for allocation
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as its cost per complete dose (similar to a market-available
vaccine of 90% efficacy).

Results show that the total number of complete vaccina-
tions to be distributed across the country is 30,361,078 when
the budget is considered and 54,973,950 when it is not, with
corresponding deaths of 17,053 and 6795, respectively. This
translates to an average of 562 and 123 deaths per million
vaccines, respectively. The more realistic scenario where
budget and supplies are limited is shown in Fig. 1b, d. This
case has a lower vaccine allocation ergo more deaths, hence,
supporting the need for a greater budget to achieve lower
mortality. Furthermore, notice from Fig. 1 that localities
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with the greater share of vaccines still resulted in large pro-
jected deaths. This can be explained by the population den-
sity and fatality risk in the locality that drive the increase in
projected deaths.

Sensitivity analysis on the vaccine supply shows that
ceteris paribus, for every 1,000,000 units of increase
in vaccine supply, deaths will only decrease by 112. If
additional vaccines will be acquired, the best option for
every unit of increase in supply would be to allocate it to
Manila because for every 1000 additional vaccine alloca-
tions in Manila, projected deaths will decrease by around
5.

¥ Optimal Allocation of COVID-19 vaccines
ey - in the Philippines without Budget Consideration

Vaccine Allocation (NCR)
[ 67631 - 543100
[ 543100 - 863457
I 863457 - 1710888
I 1710888 - 1913444

I 1913444 - 3160941

Vaccine Allocation

[ 3990 - 53404

[0 53404 - 117392
I 117392 - 196198
I 196198 - 245383
I 245383 - 367265
I 367265 - 933176
Il 933176 - 13891719

(a)

’  Optimal Allocation of Additional COVID-19 deaths
in the Philippines without Budget Consideration

Projected Deaths (NCR)
Bl 3-64

[le4-126
[J126-204

[ 204 - 539

I 539 - 1118

Projected Deaths
Elo-2
E2-5
s-9
Jo-21
[21-34

[ 34 -84

I 84 - 3593

(¢

Fig. 1 Geographical heat maps of vaccine allocations (a without
budget consideration and b with budget consideration) and their cor-
responding additional deaths (¢ without budget consideration and d
with budget consideration) with at most 50% of the national popula-

3.2 Parameter Analysis and Other Model Cases

Total vaccine supply, vaccine effectiveness, vaccine cost,
and projected deaths are seen as important factors that influ-
ence vaccine allocation. Pairwise comparison of different
levels of these factors is presented. Other approaches in
allocating the vaccine are also studied and discussed below.

3.2.1 Vaccine Effectiveness and Total Vaccine Supply Levels
Comparison

The total vaccines to be allocated vary from 20 to 100% of
the total population, and the effectiveness rate of vaccines
from 50 to 100% in the linear programming model without

g Optimal Allocation of COVID-19 vaccines
'l in the Philippines with Budget Consideration

Vaccine Allocation (NCR)
[ 5871 - 129468

[ 129468 - 444166
I 444166 - 811084
I 811084 - 1710888
I 1710888 - 1913444

Vaccine Allocation

[ 3990 - 53404
[ 53404 - 117392
I 117392 - 177829
I 177829 - 240031
I 240031 - 328168
I 328168 - 473402
Il 473402 - 9663273

(b)

5 Optimal Allocation of Additional COVID-19 deaths
o in the Philippines with Budget Consideration

Projected Deaths (NCR)
Bl 28-126

[0 126-204

[ 204-542

[ 542- 1118 ge |
I 1118 - 2999

Projected Deaths
ENo-2
E2-5
[Js-10
[J10-22
[22-57
[ 57 - 207

I 207 - 8877

(d)

tion vaccinated, and with a 90% vaccine effectiveness rate. Details of
the distribution per locality can be found in the Electronic Supple-
mentary Material. NCR National Capital Region
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budget consideration. Note that 20% is assumed in the model
to be the minimum total vaccines for allocation to accom-
modate all priority groups [34], and 50% to satisfy the mini-
mum efficacy rate for COVID-19 vaccines [42].

Figure 2 shows that the greater the number of people for
vaccination coupled with a high vaccine effectiveness rate,
the fewer number of additional deaths that might occur. This
is an expected result. The ideal set-up in a nationwide vac-
cination program is to maximize both factors. Unfortunately,
not all countries have the resources to provide 100% cover-
age using the vaccine with the highest effectiveness rate.
Achieving herd immunity can be the minimum goal instead.
However, in the heat map, notice the blue and red regions.
Assume that the blue squares represent the low projected
deaths and the red squares represent the high projected
deaths. With a low coverage of vaccination, even if there is
100% effectiveness, it will result in a red square (high num-
ber of cases). However, as the coverage increases, the less

>35000
l 30000

25000

80

70 15000

o
=]
g

Effectiveness Rate of Vaccine
Projected Number of COVID-19 Deaths

o =3 =3 o Q
4 o © ~ @

Percentage of Population Vaccinated

o
<)
20
30
90
100
e 2

Fig.2 Heat maps of the resulting objective function values (pro-
jected additional deaths) from the linear programming model without
budget consideration as the percentage of the population to be vac-
cinated varied from 20 to 100% and the vaccine effectiveness varied
from 50 to 100%

minimum effectiveness necessary to achieve a blue square
(low number of cases). In fact, according to the results of
Salaverria et al. [43], to stop an ongoing epidemic, it is
recommended that the minimum efficacy of the vaccine
should be 60% when coverage is 100%, and at least 80%
when coverage falls to 75%, to reduce the peak of the epi-
demic. Both cases fall under the blue region, among other
efficacy-coverage combinations, which are feasible in the
Philippines because protection and interventions will still
be implemented even after vaccination [44].

We further investigate the behavior of the percentage of
the vaccinated population and vaccine effectiveness as they
increase. From Fig. 3a, the projected deaths slowed down
at after 20—40% and at around 60—70%, the effect of increas-
ing in the percentage of population vaccinated is minimal.
This explains the low decrease in deaths from Fig. 2, despite
the huge increase in units of vaccine supply. A reason for
this is because 60-70% is near the 1 — Ri threshold for

0
immunization coverage of the RO country, assuming that R,

is at a maximum [45]. This result is validated by the recom-
mendation of Gavi the Vaccine Alliance [46] that at least
60% of the population should be immunized to achieve herd
immunity. While the actual proportion of vaccination to
achieve herd immunity against COVID-19 is not known
[47], our result makes for a good target for countries with
insufficient resources to vaccinate all of its constituents. If
the budget is tight, to accommodate constrained resources,
inoculating at least 50% of the population would still reduce
the projected COVID-19 deaths but it might not result in
herd immunity.

Meanwhile, in Fig. 3b, the vaccine effectiveness increases
have been shown to have a linear relationship with the pro-
jected deaths. That is, a vaccine with a higher effectiveness
rate always generates lower deaths. Vaccine effectiveness
rates should be maximized as much as possible when decid-
ing on what vaccine should be procured. Furthermore, notice
the change in slope as the objective function value decreases,

Fig. 3 Projected additional 4
. 4x10
death from the linear program- "
ming model as the percentage of £ 7
population for vaccination and 3 3x10
vaccine effectiveness are varied 9
g 2x10*
0
kel 4
°
2 10

20 40

Percent of Population Vaccinated

(a)
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which implies that the higher the objective function value
(additional deaths), the lesser the effect of increasing the
effectiveness of the vaccine, which is derivative from the
result from Fig. 2 where the blue region gets larger as the
number of population to be vaccinated increases and the
number of deaths decreases.

3.2.2 Cost Analysis in Vaccine Acquisition

Another key factor in determining what vaccine to use is
the cost of the vaccine. Each vaccine has its price per dose,
required vaccine dose per person, and efficacy rate (also
known as the effectiveness rate). Values of which are based
on the market-available vaccines in the Philippines. These
factors are used for comparative analysis of the vaccines.

Among the vaccines, vaccines 1, 2, and 7 can provide
100% national coverage, i.e., vaccinate all 110 million plus
residents of the country. All but vaccine 4 can fulfill the
prioritization of certain groups identified by the govern-
ment. Vaccine 2 generated the lowest projected number of
additional deaths compared with the other vaccines. This is
because of its high effectiveness rate and significantly low
price per dose.

Vaccines 3 and 4 can only cover 28% and 16% of the pop-
ulation, respectively, and have high death projections despite
having high vaccine effectiveness because of its high cost
per dose. Thus, a significant increase in the total budget for
vaccination will drastically decrease their additional death
projections (see Fig. 4).

3.2.3 Exploring Other Approaches in Vaccine Allocation

Multiple countries use different approaches in distribut-
ing vaccines in their community. Table 1 shows the other
approaches for vaccine allocation that can also be adapted,
including the one presented in Sect. 3.1.

The first approach that considers the allocated budget
for vaccines presents the likely scenario in the Philippine
setting, while the remaining approaches (without a budget
constraint) can be viewed as approaches that have an equal
budget allotment and are thus comparable without a budget
constraint. The first two cases in Table 1 are those presented
in Sect. 3.1. The third approach assumes that the R, in every
locality i is 4 (maximum) to further estimate what to expect
if RO gets bigger. As expected, there are greater projected
deaths even with slight changes in the allocation per locality.
If there is no prioritization of certain groups of individuals,
the lower bound in constraint 3 of the model (see Sect. 2.3)
is removed. This is the fourth approach that resulted in even
fewer deaths. However, this approach is inequitable as many
localities will not receive vaccines.

The next three approaches follow allocations based on
proportionality, i.e., if a country will allocate the vaccine
based on the population size of the locality, then the vac-
cine allocation will be proportional to the population of that
locality. Note that allocations per locality cannot exceed
the Ni—Ci susceptible population of that province. Allocat-
ing vaccines based on population size resulted in the most
number of death projections while allocating based on the
number of infections generated the least. None among the
three proportion allocations had better results compared

Vaccine 7
(PhP 500, 70%)

Vaccine 6
(PhP 610, 92%)

Vaccine 5
(PhP 650, 50%)

Vaccine 4
(PhP 2102, 94%)

Vaccine 3
(PhP 1189.5, 90%)

Vaccine 2
(PhP 183, 89.9%)

Vaccine 1
(PhP 305, 70%)

6.9x10"  7x10"  7.1x10" 7.2x10" 0

I Vaccine Cost (in PhP)
[ Additional Cost (in PhP)

Fig.4 Multiple vaccines and their effectiveness (percentage inside
the brackets), cost in Philippine pesos (Php) [1 Php = US$0.021] of
vaccine (cost inside the brackets) and additional costs (training per

5x107 108 15%<10° 0 5000  10* 1.5x10* 2x10*2.5x10*
8
2x10 Projected Deaths

Feasible Recipients

vaccinator, and other peripherals such as masks, face shield, alcohol,
and cotton balls), and projected number of additional deaths based
from our model
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Table 1 Different approaches to vaccine allocation and its projected number of deaths. The last four rows are without budget consideration

Vaccine allocation approaches Total number of complete Projected addi-
vaccinations tional number of

deaths

Linear programming model result WITH budget consideration 30,361,078 17,053

Linear programming model result WITHOUT budget consideration 54,973,950 6795

Linear programming model result WITHOUT budget consideration and with R, = 4 54,973,950 8482

Linear programming model result WITHOUT budget consideration and WITHOUT lower 54,973,950 5900

bound

Allocation proportional to population size 54,973,949 25,457

Allocation proportional to population density 19,952,176 12,588

Allocation proportional to number of infections 42,391,915 8433

Equal allocation 54,973,950 25,955

with the linear programming model result without a budget
consideration.

The last approach assumes equal allocation among locali-
ties regardless of factors considered in the previous three
approaches. This, in turn, results in the most number of addi-
tional deaths, and thus, is the least ideal method to allocate
the vaccines as it does not consider the variability in fatality
rates, infections, and dynamics in each locality. Comparing
the “without budget” constrained approaches, the linear pro-
gramming model results in the second approach are the best
in terms of minimizing the number of deaths and following
equitable considerations.

4 Discussion

COVID-19 vaccine allocation is an immediate concern glob-
ally as it is perceived as the solution to control the pandemic
by achieving herd immunity in every country. A linear pro-
gramming model is used to study vaccine allocation. This
CO approach aims to minimize deaths while satisfying group
prioritization for immediate vaccination. Various approaches
were studied, all of which assumed using a vaccine with a
90% effectiveness rate that is to be administered to at most
50% of the population.

Sensitivity analysis shows that if only the vaccine supply
is limited and budget is not a constraint, deaths will decrease
by 112 for every 1 million vaccines. As seen in Sect. 3.2.1,
when vaccine coverage is at around 60-70%, which is the
case for the non-budget constrained approach, a decrease in
deaths will not be as apparent as when coverage is less than
the specified range. Therefore, additional vaccines beyond
the optimal allocation will be beneficial in decreasing deaths
only if the vaccine coverage is less than 60%.

Various vaccines were also studied in terms of their asso-
ciated costs and effectiveness, and it was determined that
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the vaccine with 89.9 % effectiveness and 183 Php price per
dose resulted in the lowest projected deaths. We then com-
pared our result with other model variations and common
allocation approaches, upon which our model achieved both
the optimal and a more equitable allocation.

Among the approaches that countries can adopt, the
approach using our vaccine allocation model projects the
least amount of deaths while upholding equitable distribu-
tion. Although the proportional allocation according to the
number of infections can be achieved more conveniently, this
allocation will not yield minimal deaths. Our model, thus,
can be used by policymakers as the minimization of casual-
ties is a humane priority. Furthermore, our model provides
insight into the localities that should be prioritized when
additional vaccine doses become available. The framework
that we used for the equitable allocation of the vaccine that
prioritizes the older age groups was also used by the panel of
experts from the Centers for Disease Control and Prevention
and the National Institutes of Health [48, 49]. Our findings
follow from the results of Foy et al. [S0] and Tuite et al. [51],
which suggest that vaccines should be allocated to high-risk
groups to reduce morbidity and mortality.

Using our model can help policymakers in allocating
COVID-19 vaccines, especially if their resources are lim-
ited. This model is applicable for a long period owing to
the stable trend of infected individuals and its correlation to
the population density. Furthermore, it can be applied and
translated to other resource-constrained countries around the
world. The number of COVID-19 cases and deaths, fatality
risks, distribution channels, budget, vaccine effectiveness,
the minimum number of population to be vaccinated, and
other key inputs can be easily adjusted in our model to adapt
to the needs of each country. By having an optimal and equi-
table distribution of vaccines, resources are well utilized and
not wasted. With sufficient data, the model can also be used
for other similar infectious diseases and can be used as a
basis in future vaccination programs.
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5 Limitations

Our model is limited to the use of one brand of vaccine.
Incorporating multiple vaccines all at once can be part of
future research work. Additionally, the model assumes that
the government will distribute the vaccine, and thus vaccina-
tions acquired from companies or individuals were not con-
sidered. Incorporation of other factors such as new COVID-
19 strains, dynamic herd immunity, group-specific infection
rates, clinical trial results of vaccines, differential vaccine
transportation costs, and storage facilities, among other fac-
tors also provide research directions that warrant attention.

Other countries can use different parameters of the opti-
mization model, such as the number of recovered cases and
the effect of population density (scaling contact coefficient)
in the objective function. The decision of whether to include
such parameters depends on the set prioritization plans by
the government, and on the tolerance to exclude heterogene-
ity in COVID-19 transmission. The CO model assumes the
maximum outbreak size, which is static. The CO model can
be coupled with a dynamic system model to reflect the speed
and efficiency of implementing temporal vaccination plans.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40258-021-00667-z.
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