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Abstract

Background

Recurrent influenza outbreak has been a concern for government health institutions in Tai-

wan. Over 10% of the population is infected by influenza viruses every year, and the infec-

tion has caused losses to both health and the economy. Approximately three million free

vaccine doses are ordered and administered to high-risk populations at the beginning of flu

season to control the disease. The government recommends sharing and redistributing vac-

cine inventories when shortages occur. While this policy intends to increase inventory flexi-

bility, and has been proven as widely valuable, its impact on vaccine availability has not

been previously reported.

Material and methods

This study developed an inventory model adapted to vaccination protocols to evaluate gov-

ernment recommended polices under different levels of vaccine production. Demands were

uncertain and stratified by ages and locations according to the demographic data in Taiwan.

Results

When vaccine supply is sufficient, sharing pediatric vaccine reduced vaccine unavailability by

43% and overstock by 54%, and sharing adult vaccine reduced vaccine unavailability by 9%

and overstock by 15%. Redistributing vaccines obtained greater gains for both pediatrics and

adults (by 75%). When the vaccine supply is in short, only sharing pediatric vaccine yielded a

48% reduction of unused inventory, while other polices do not improve performances.

Conclusions

When implementing vaccination activities for seasonal influenza intervention, it is important

to consider mismatches of demand and vaccine inventory. Our model confirmed that shar-

ing and redistributing vaccines can substantially increase availability and reduce unused

vaccines.
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Introduction

Seasonal influenza has been a concern in Taiwan, as more than three million patients visit clin-

ics each year due to influenza-like infections. Of these, the infected population accounts for

45% of overall children under 4 years old, 22% of all aged 5 to 14, 7% of all aged 15 to 24, 8% of

all aged 25 to 64, and 18% of all aged 65 years or older [1]. During the 2013–2014 season, close

to 2,000 severe complications were reported among these infected individuals, and 151 mortal-

ities were found to be associated with influenza infections [2].

Vaccination is a common approach to protect people from infection [3,4]. Many studies

demonstrate the benefits of using vaccines against seasonal influenza [5–7]. Specific papers

emphasize on the effectiveness of influenza intervention with the consideration of the popula-

tion in Taiwan [8–12]. An emerging research direction has utilized economic analysis to assess

the he economic benefits from both health service, societal, and other perspectives [13–16].

The first vaccination program in Taiwan was launched in 1998. The population aged 65 and

above, those aged 60 to 64 and at high risk of influenza-related complications, healthcare

workers and volunteers, children aged 6 months to 12 years, and pregnant women were all

covered by the program by 2014, with approximately three million doses administered annu-

ally [17–19]. Fig 1 summarizes vaccination program reforms for the covered populations and

vaccine doses.

Two types of vaccines are currently ordered by the government to control seasonal influ-

enza: 0.25ml and 0.5ml per dose trivalent vaccines. The first vaccine type is primarily applied

in children less than three years old, and the second is allocated to the other age groups in the

population. Despite the government supporting free vaccines, vaccination rates remain low in

most high-risk population groups in Taiwan [20–22]. Only approximately 35% of the elderly

population (65 years and above) were administered government-funded vaccines, and the vac-

cination rate is much lower than the threshold necessary to establish herd immunity [23].

Demand forecasting is the first operation in preparing national immunization programs.

Each county estimates its vaccine demands according to the previous season’s vaccination

rates and target populations [24]. The Centers for Disease Control (CDC) then consolidates

each county demand, and places orders to vaccine manufacturers [18]. Annual vaccinations

start on October 1 at thousands of certificated health institutes nationwide [25]. As forecast

errors can lead to imbalances between vaccine demand and supply, the government recom-

mends sharing and redistributing inventories when a shortage occurs for any vaccine product

at any location [26]. These policies attempt to mitigate forecast errors by aggregating multiple

vaccine inventory sources. Although inventory pooling has been noted as valuable to broaden

areas, its application in vaccinations is rarely examined. This study aims to investigate this

unexplored application by assessing inventory performances of various policies.

Methods

This study develops stochastic inventory models for assessing the economic benefits of sharing

and redistributing vaccines. The population is divided into two age groups and each one uses a

specific vaccine product. Sharing vaccine with other age group is possible when the matched

vaccine inventory is in short. The first subsection describes detail operations and dose usages

of these sharing practices. Vaccine demands at each county are based on the actual population

distribution and arrival rates in Taiwan. The stochastic inventory models are then constructed

to obtain the expected vaccine unavailability and overstocks under the following four policies:

no sharing and redistributing vaccines, sharing vaccines only, redistributing vaccines only,

combination of sharing and redistributing vaccines.
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Sharing and redistributing vaccines

Vaccines are redistributed across different counties when inventory is depleted during the sea-

son. We model such a policy by assuming that inventories are held at a centralized warehouse

to supply nationwide demand. Another policy we studied is the sharing of pediatric and adult

vaccines by all age group populations. As recommended by the Taiwanese government, indi-

viduals may use substitute vaccines as an alternative to develop immunizations against influ-

enza. With this scheme, children younger than three years old are vaccinated using a half vial

of adult vaccine when pediatric vaccine is in short supply. The remaining dose in the opened

vial should be discarded, and it cannot be used for any other recipients [26]. In another situa-

tion, when there are extra pediatric vaccines at the end of vaccination season. The United

States’ CDC recommends individuals aged three years and older may take two doses of pediat-

ric vaccine as an alternative to the adult vaccines [27]. Fig 2 is used to summarize the vaccine-

sharing schemes based on this information:

Population data

The population data is collected from the Department of Statistics in the year of 2014, in

which New Taipei City has the most residences, followed by Taipei City, Kaohsiung City, Tai-

chung City, Taoyuan City, and so on [28]. The target population included children 6 months

to 12 years and population 65 years and above. We approximated children between 6 months

to 1 year by using the reported numbers of children aged between 0 to 12 months divided by 2.

Fig 1. Vaccination doses and coverage populations in Taiwan.

https://doi.org/10.1371/journal.pone.0186418.g001
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Each county’s population is further stratified by 6 months ~ 3 and� 3 years, representing

child and adult vaccine demands, respectively. Table 1 displays target population distributions.

Vaccination rates

Actual vaccination rates vary across time, but no such data has been reported every year, to the

best of our knowledge. We use the most recent data available from the Taiwanese CDC for the

2011–2012 influenza season [29]. The first-time recipients with 6 months through pre-school

age are required to receive the second dose. Children aged 6 months through 1 year are all con-

sidered as the first time recipients, and the percentage of first-time recipients of other age

group children are approximated according to the reported numbers of partial and complete

vaccination recipients.

Inventory models

We assume that pediatric and adult vaccine demands at the 22 locations are uncertain and dis-

tributed heterogeneously. Their means are determined by the target population and the vacci-

nation rate. The index of vaccine type is denoted as i, where i = 1 represents the pediatric

vaccine, and i = 2 represents the adult vaccine. The index j represents to the location. Thus, the

notation qi,j is the ordering quantity of vaccine i at location j. Xi,j is a random demand of vac-

cine type i at location j with a mass function pi,j (.). In the case study, we assume that pediatric

and adult vaccine demands at each location are Poisson distributed with a mean equal to the

age group population multiplied by the vaccination rate. However, our model is capable to

adopt with general distributions. The expected overstocks and unavailability are denoted as wi,

j and πi,j, respectively.

Policy 1. No sharing and redistributing vaccines (baseline). We first formulate the base-

line policy by assuming that vaccines are stocked at the 22 counties separately. Further, both

Fig 2. The schematic of sharing pediatric and adult influenza vaccines.

https://doi.org/10.1371/journal.pone.0186418.g002
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pediatric and adult vaccines can only apply to specific age group populations. The expected

unavailability of vaccine type i at location j can be expressed as:

pi;jðqi;jÞ ¼ E½Xi;j � qi;j�
þ

ð1Þ

and the expected overstock of vaccine type i at location j is as follows:

wi;jðqi;jÞ ¼ E½qi;j � Xi;j�
þ
: ð2Þ

Policy 2. Sharing vaccines

Next, we formulate the policy for sharing pediatric and adult vaccines. Suppose that both vac-

cine types can be administered to all age group populations when one of the vaccine types is

out of stock. As aforementioned, a child younger than 3 years old uses half-doses of an adult

vaccine, and the remaining half doses are discarded. Another substitution scheme, each adult

receives two doses of pediatric vaccine. Given the ordering quantities of pediatric and adult

vaccines q1,j and q2,j, the expected unavailability for pediatrics is:

p1;jðq1;j; q2;jÞ ¼
P1

n2¼q2;j

P1

n1¼q1;j
ðn1 � q1;jÞp1;jðn1Þ p2;jðn2Þ

þ
Pq2;j

n2¼0

P1

n1¼q1;jþq2;j � n2
ðn1 � q1;j � ðq2;j � n2ÞÞp1;jðn1Þ p2;jðn2Þ:

ð3Þ

The expected value of Eq (3) depends on the inventory levels of both pediatric and adult

Table 1. Target population distributions.

County All Age Groups 6 months ~ 3 Years � 3 Years

Populations Percentages Populations Percentages Populations Percentages

New Taipei City 822,481 15.23% 90,152 1.67% 732,329 13.56%

Taipei City 684,961 12.68% 76,585 1.42% 608,376 11.27%

Kaohsiung City 616,720 11.42% 57,521 1.07% 559,199 10.35%

Taichung City 595,688 11.03% 66,586 1.23% 529,102 9.80%

Taoyuan County 450,607 8.34% 46,817 0.87% 403,790 7.48%

Tainan City 433,601 8.03% 40,372 0.75% 393,229 7.28%

Changhua County 317,474 5.88% 29,392 0.54% 288,082 5.33%

Pingtung County 198,714 3.68% 14,251 0.26% 184,463 3.42%

Yunlin County 186,929 3.46% 13,529 0.25% 173,400 3.21%

Miaoli County 144,430 2.67% 14,608 0.27% 129,822 2.40%

Hsinchu County 136,112 2.52% 15,390 0.28% 120,722 2.24%

Chiayi County 135,304 2.51% 8,333 0.15% 126,971 2.35%

Nantou County 126,317 2.34% 9,221 0.17% 117,096 2.17%

Yilan County 111,191 2.06% 9,054 0.17% 102,137 1.89%

Hsinchu City 106,962 1.98% 13,652 0.25% 93,310 1.73%

Keelung City 80,281 1.49% 5,497 0.10% 74,784 1.38%

Hualien County 79,843 1.48% 6,883 0.13% 72,960 1.35%

Chiayi City 65,486 1.21% 5,246 0.10% 60,240 1.12%

Taitung County 55,148 1.02% 4,481 0.08% 50,667 0.94%

Kinmen County 25,357 0.47% 3,270 0.06% 22,087 0.41%

Penghu County 24,213 0.45% 2,312 0.04% 21,901 0.41%

Lienchiang County 2,477 0.05% 376 0.01% 2,101 0.04%

Total 5,400,292 100.00% 533,524 9.88% 4,866,768 90.12%

https://doi.org/10.1371/journal.pone.0186418.t001
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vaccines. The first term at the right-hand side computes the expected shortages when adult

vaccines are out of stock (i.e. n2� q2,j). The second term captures the situation of using left-

over adult vaccines to cover pediatric demands. For example, when an adult vaccine has one

dose left over (i.e., q2,j – n2 = 1) and unmet pediatric demand equals 1 (i.e. n1 − q1,j = 1), the

extra adult vaccine can be used through excess pediatric demand, and therefore, no shortage

cost has occurred.

The formulation of expected unavailability for adults is similar to the pediatrics. The only

difference is that each excess adult demand requires two doses of pediatric vaccine (i.e.,

b
q1;j � n1

2
c). The expected unavailability of adults at location j is:

p2;jðq1;j; q2;jÞ ¼
P1

n2¼q2;j

P1

n1¼q1;j
ðn2 � q2;jÞp1;jðn1Þ p2;jðn2Þ

þ
Pq1;j

n1¼0

P1

n2¼q2þ

q1;j � n1

2

� �

;j

n2 � q2;j �
q1;j � n1

2

� �� �

p1;j n1ð Þ p2;j n2ð Þ:
ð4Þ

Eq (5) represents the expected overstock of pediatric and adult vaccines. We first consider a

situation in which pediatric vaccines are left over at the end of the season, even after the inven-

tories are partially consumed by adult demands. The first term captures the case in which both

the remaining pediatric and adult vaccines are unused. The second term considers a situation

in which there are extra pediatric vaccines while the adult vaccines run out. The expected over-

stock of pediatric vaccines at location j is the following:

w1;jðq1;j; q2;jÞ ¼
Pq2;j

n2¼0

Pq1;j
n1¼0 ðq1;j � n1Þp1;jðn1Þ p2;jðn2Þ

þ
P1

n2¼q2;j

Pq1;j � 2ðn2 � q2;jÞ

n1¼0 ðq1;j � n1 � 2ðn2 � q2;jÞÞp1;jðn1Þ p2;jðn2Þ:
ð5Þ

The expected overstock of adult vaccines at location j is formulated as Eq (6). The first term

represents the overstock of adult vaccines when both vaccines types have excess inventories at

the end of the season. The second term computes the expected overstocks in the situation

when adult vaccines have remaining doses and pediatric vaccines are depleted.

w2;jðq1;j; q2;jÞ ¼
Pq1;j

n1¼0

Pq2;j
n2¼0 ðq2;j � n2Þp1;jðn1Þ p2;jðn2Þ

þ
P1

n1¼q1;j

Pq2;j � ðn1 � q1;jÞ

n2¼0 ðq2;j � n2 � ðn1 � q1;jÞÞp1;jðn1Þ p2;jðn2Þ:
ð6Þ

Policy 3. Redistributing vaccines

This policy allows vaccine inventories to be redistributed within different locations, yet pediat-

ric and adult vaccines are not shared among both age group populations. Thus, the expected

unavailability of vaccine type i is:

piðqiÞ ¼ E½Xi � qi�
þ
; ð7Þ

and the expected overstock of vaccine type i is the following:

wiðqiÞ ¼ E½qi � Xi�
þ

ð8Þ

Note that Eqs (7) and (8) are similar to Eqs (1) and (2), except Eqs (7) and (8) do not

include the subscript j. Another implication of this policy may refer to the centralized inven-

tory system, where vaccines are kept in a warehouse and then delivered to demand sites as

requested. To compute the expected value, we aggregate the demand data and ordering quanti-

ties from the 22 locations in nationwide.
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Policy 4. Combination of sharing and redistributing vaccines

This policy allows demands to be fulfilled by inventories, regardless of vaccine types and loca-

tions. By combining Policies 2 and 3, we formulate the expected unavailability of pediatric vac-

cines as:

p1ðq1; q2Þ ¼
P1

n2¼q2;j

P1

n1¼q1
ðn1 � q1Þp1ðn1Þ p2ðn2Þ

þ
Pq2

n2¼0

P1

n1¼q1þq2 � n2
ðn1 � q1 � ðq2 � n2ÞÞp1ðn1Þ p2ðn2Þ;

ð9Þ

the expected unavailability of adult vaccines as:

p2ðq1;j; q2;jÞ ¼
P1

n2¼q2

P1

n1¼q1
ðn2 � q2Þp1ðn1Þ p2ðn2Þ

þ
Pq1

n1¼0

P1

n2¼q2þ
q1 � n1

2

� � n2 � q2 �
q1 � n1

2

� �� �

p1 n1ð Þ p2 n2ð Þ;
ð10Þ

the expected overstock of pediatric vaccines as:

w1ðq1; q2Þ ¼
Pq2;j

n2¼0

Pq1;j
n1¼0 ðq1 � n1Þp1;jðn1Þ p2ðn2Þ

þ
P1

n2¼q2

Pq1 � 2ðn2� q2Þ

n1¼0
ðq1 � n1 � 2ðn2 � q2ÞÞp1ðn1Þ p2ðn2Þ;

ð11Þ

and the expected overstock of adult vaccines as:

w2ðq1; q2Þ ¼
Pq1

n1¼0

Pq2

n2¼0
ðq2;j � n2Þp1ðn1Þ p2ðn2Þ

þ
P1

n1¼q1

Pq2 � ðn1 � q1;jÞ

n2¼0 ðq2 � n2 � ðn1 � q1ÞÞp1ðn1Þ p2ðn2Þ:
ð12Þ

Results

We compared each policy performance based on the reductions in unavailability and oversup-

ply by dividing the expected value of baseline policy (P1) by each expected result of new poli-

cies (P2), (P3), and (P4), and then subtracting by one. The reduction percentage is to measure

the potential cost saving when the new policy is implemented. A higher value indicates a more

effective policy in terms of averting vaccine unavailability and unused. To examine the effect

of vaccine production, we investigated various scenarios of vaccine supply equal to average

demands (regular vaccine supply), vaccine supply quantity that is 25% greater than average

demands (excessive vaccine supply), and vaccine supply quantity that is 25% less than average

demands (insufficient vaccine supply).

Regular vaccine supply

Fig 3 displayed the cost reduction percentage of vaccine unavailability at each county. Under

the sharing policy, the unavailability for pediatrics was reduced by approximately 40% in most

counties, whereas the top three counties (Pingtung county, Chiayi city, and Keelung city)

obtained more than 45% reduction. The unavailability for adults was decreased approximately

10%. The Lienchiang and Kinmen counties yielded the most reductions of 11.30% and 10.09%,

respectively.

The vaccine-sharing policy reduced the overstock of pediatric vaccines. Similarly, a consid-

erable decrease occurred for both pediatric and adult vaccines. A comprehensive result noted

in Fig 4 demonstrates that the expected overstock of pediatric vaccines decreased by more

than 50%, and the expected adult vaccine overstock decreased by between 13% and 20% in

each location.

Sharing and redistributing influenza vaccines economic benefits

PLOS ONE | https://doi.org/10.1371/journal.pone.0186418 October 17, 2017 7 / 15

https://doi.org/10.1371/journal.pone.0186418


Next, we analyze the benefits of redistributing vaccines and the combination of sharing and

redistribution vaccines. Table 2 summarizes the reductions of unavailability and overstock of

these polices in nationwide. Only sharing vaccine products (P2 policy) reduced the pediatric

vaccine unavailability by 43%, adult vaccine unavailability by 9%, the pediatric vaccine over-

stocks by 54%, and the adult vaccine overstocks by 15%. Only redistributing vaccines (P3 pol-

icy) decreased 75% for both unavailability and overstock of pediatric vaccines, and 76% for

both unavailability and overstock of adult vaccines. Reduction percentages under the P4 policy

spanned 78% to 89% (86% for pediatric vaccine unavailability, 78% for adult vaccine unavail-

ability, 89% for pediatric vaccine overstocks, and 80% for adult vaccine overstocks). As

expected, the most effective policy was a combination of sharing and redistributing policies.

Excessive vaccine supply. In this scenario, each county received vaccines of 125% of aver-

age demand, and the extra supply ensured that vaccines were available for both pediatrics and

adults at vaccination locations. No unavailability was occurred across all polices. In contrast,

Fig 3. Reduction percentages of vaccine unavailability in the regular vaccine supply scenario.

https://doi.org/10.1371/journal.pone.0186418.g003
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there was a plenty of vaccine leftovers. Fig 5 reported the reduction percentage by sharing

vaccine products, whereas the pediatric vaccine reduced between 35% and 60% across the

country. Reductions for adult vaccines were not as significant as the other product with

approximately 1% at most locations. The explanation is that most pediatrics are fulfilled, and

only few unmet demand would require to access the substituted vaccine.

Fig 4. Reduction percentages of vaccine overstock in the regular vaccine supply scenario.

https://doi.org/10.1371/journal.pone.0186418.g004

Table 2. The nationwide reductions in vaccine unavailability and overstock compared to baseline policy under regular vaccine supply.

Policy Pediatric vaccine unavailability Adult vaccine unavailability Pediatric vaccine overstock Adult vaccine overstock

P1 (baseline) - - - -

P2 43% 9% 54% 15%

P3 75% 76% 75% 76%

P4 86% 78% 89% 80%

https://doi.org/10.1371/journal.pone.0186418.t002
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The overall reduction percentages are summarized in Table 3. There is no unavailability

across the four policies, and therefore the reduction percentages of sharing and redistributing

vaccines were not reported. This surplus has caused a vast of unused vaccines in the baseline

policy. When sharing vaccines, there was a substantial overstock reduction of pediatric vaccine

across all countries (by 48%), while the policy only reduced 1% for the adult vaccines.

Fig 5. Reduction percentages of vaccine overstock in the excessive vaccine supply scenario.

https://doi.org/10.1371/journal.pone.0186418.g005

Table 3. The nationwide reduction in vaccine overstock compared to baseline policy under excessive vaccine supply.

Policy Pediatric vaccine unavailability Adult vaccine unavailability Pediatric vaccine overstock Adult vaccine overstock

P1 (baseline) - - - -

P2 0% 0% 48% 1%

P3 0% 0% 0% 0%

P4 0% 0% 49% 1%

https://doi.org/10.1371/journal.pone.0186418.t003
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Redistributing vaccine (P3 policy) did not affect to the overstock performance, where the per-

centages were approximated zero for both pediatric and adult vaccines. The combination of

sharing and redistributing (P4 policy) obtained a similar result with the P2 policy. This indi-

cates that in the excessive supply scenario, only sharing vaccine products can reduce unused

vaccines.

Insufficient vaccine supply. In this scenario, sharing vaccine had insignificant effect on

reducing vaccine unavailability. Fig 6 displayed the comparisons of various policies, where

reductions for both pediatric and adult vaccines were about 1% in most counties. It is notewor-

thy that Lienchiang county had the greatest reduction in unavailability of pediatric vaccines

among the 22 locations (by 2.7%). For the adult group, sharing vaccines reduced unavailability

between 0.97% and 1.02% in most counties.

Table 4 reported the overall reduction in the insufficient ordering scenario. There was no

overstock occurred, and therefore we only reported reduction percentages in vaccine unavail-

ability for P2, P3, and P4 policies. The P2 policy decreased by approximately 1% for both pedi-

atric and adult vaccines, and the P3 policy reduced almost zero percent for both vaccine types.

The combination policy, P4, cut approximately the same percentage as P2.

Fig 6. Reduction percentages of vaccine unavailability in the insufficient vaccine supply scenario.

https://doi.org/10.1371/journal.pone.0186418.g006
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Discussion

Implementing either the sharing, redistributing, or a combination of these policies in the exist-

ing immunization program can substantially increase vaccine availabilities and reduce vaccine

waste. These policies allow more individuals to access vaccines provided by the government.

They also mitigate the effect of demand uncertainty to the overall performance.

Vaccine supplies may be excessive or insufficient; such variations must be considered when

deciding as to whether to substitute or redistribute vaccines to satisfy different demand groups.

To examine these questions, we analyze three supply scenarios: (i) regular vaccine supply; (ii)

excessive vaccine supply; and (iii) insufficient vaccine supply. When vaccine supply was as the

expected demand, the redistributing policy experienced greater reductions in both unavailabil-

ity and overstock than the sharing policy. However, the sharing policy performed better than

the redistributing policy in other scenarios. No evidence indicated whether the sharing or

redistributing policies dominated in all cases. As one may expect, combining the sharing and

redistributing policies obtained the best result.

There were distinct performances in sharing pediatric and adult vaccines, and this was

impacted by different dose usages when using substitution vaccines. From the overstock aspect,

the pediatric vaccine outperformed than the adult vaccine in all supply scenarios (pediatric 54%

> adult 15% under regular vaccine supply; pediatric 48%> adult 1% under excessive vaccine

supply; no overstock under insufficient vaccine supply). Because each adult demand requires two

doses of pediatric vaccine, there is a higher chance to consume the leftover pediatric vaccine. In

contrast, each child requires a half-dose of adult vaccine (he or she would actually consume a full

dose of adult vaccine due to the safety considerations in substituting adult vaccines for children).

From the unavailability aspect, pediatric demands in sharing circumstances obtained a greater

reduction than adult demands (pediatric 43%> adult 9% under regular vaccine supply; pediatric

1%� adult 1% under insufficient vaccine supply; no unavailability under excessive vaccine sup-

ply). This is due to two factors: (i) the population size of adults is much greater than pediatrics,

and thus only a small portion of unfulfilled adult demand can be covered by the surplus pediatric

vaccines; and (ii) the adult demand requires double doses than the pediatric demand. In the pres-

ence of demand uncertainties, the sharing policy is more beneficial to pediatrics than adults.

This study developed stochastic inventory models to assess the benefit of government’s new

policies. We have shown that the expected reductions in overstock and unavailability based on

Taiwanese population data and vaccine-substituting protocol information. Our general model

can easily adapt to other countries’ data to identify potential synergies across multiple demand

sources and vaccine products.

Vaccine ordering decision has direct effects on the implementation of sharing policy.

Currently, the Taiwanese government only recommends sharing leftover adult vaccines for

unmet pediatric demands. A plausible explanation for the one-way sharing policy is that the

pediatric demand might be underestimated when making ordering decision. As a result, there

is no chance of administering the unmet adult demands by pediatric vaccines. In this study,

we analyze how differences in vaccine ordering quantity can lead to significantly different

Table 4. The nationwide reduction in vaccine unavailability compared to baseline policy under insufficient vaccine supply.

Policy Pediatric vaccine unavailability Adult vaccine unavailability Pediatric vaccine overstock Adult vaccine overstock

P1 (baseline) - - - -

P2 1% 1% 0% 0%

P3 0% 0% 0% 0%

P4 1% 1% 0% 0%

https://doi.org/10.1371/journal.pone.0186418.t004
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performances in the sharing policies. Our results indicate that insufficient ordering quantities

weaken the performances of sharing polices. This suggests that implementing an immuniza-

tion programs should consider both sharing and ordering decisions simultaneously. An inter-

esting but still unanswered question is what would be the optimal ordering quantities if both

vaccine types can be shared?

This study’s limitations include the vaccination rate data compiled from the previous sea-

son, which may not always match the current situation. Additionally, demands between differ-

ent age groups can be correlated. The assumption of independent demands can be relaxed by

the construction of joint probability density function.

Our work embedded with a comprehensive vaccination protocol to assess the economic

impact, which may provide insights for the preparation of national immunization program.

Despite sharing and redistributing vaccines can improve inventory utilization, implementing

such policies requires additional operations and their associated difficulties should be consid-

ered in practice. There are potential directions to address these challenges that can enrich the

findings of this research. In additional to inventory performances, one may consider vaccina-

tion costs including syringes for reconstituting vaccines and extra operations on vaccination.

Furthermore, sharing vaccines may increase the risk of vaccination errors. For example, a half-

vial of adult vaccine shared among children may cause inaccurate dose administration. Finally,

resources may be required for redistributing vaccines, such as transporters, storage spaces and

labors. These additional costs would reduce the economic benefits for the new policies. Future

study may extend our methods when dealing with these considerations.
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