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Abstract

Vaccines are arguably the most important means of pandemic influenza mitigation. How-

ever, as during the 2009 H1N1 pandemic, mass immunization with an effective vaccine may

not begin until a pandemic is well underway. In the U.S., state-level public health agencies

are responsible for quickly and fairly allocating vaccines as they become available to popula-

tions prioritized to receive vaccines. Allocation decisions can be ethically and logistically

complex, given several vaccine types in limited and uncertain supply and given competing

priority groups with distinct risk profiles and vaccine acceptabilities. We introduce a model

for optimizing statewide allocation of multiple vaccine types to multiple priority groups, maxi-

mizing equal access. We assume a large fraction of available vaccines are distributed to

healthcare providers based on their requests, and then optimize county-level allocation of

the remaining doses to achieve equity. We have applied the model to the state of Texas,

and incorporated it in a Web-based decision-support tool for the Texas Department of State

Health Services (DSHS). Based on vaccine quantities delivered to registered healthcare

providers in response to their requests during the 2009 H1N1 pandemic, we find that a rela-

tively small cache of discretionary doses (DSHS reserved 6.8% in 2009) suffices to achieve

equity across all counties in Texas.

Introduction

Influenza pandemics—worldwide epidemics of novel influenza viruses—have occurred several

times since the beginning of the twentieth century, each causing significant morbidity and

mortality. The 2009 H1N1 influenza pandemic caused an estimated burden of 60.8 million

cases, 274,000 hospitalizations, and 12,500 deaths in the U.S. [1]. Public health agencies around

the globe are vigilantly preparing for pandemics and surveilling human, agricultural, and
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wildlife populations for threatening viruses. Two avian influenza viruses, H5N1 and H7N9,

cause severe disease in humans but do not yet spread easily between humans [2, 3]. The U.S.

Department of Health and Human Services (HHS) estimates that U.S. influenza deaths could

reach 209,000 in a moderate pandemic and 1.9 million in a severe pandemic [4]. U.S. prepara-

tions for mitigating future pandemics include stockpiling tens of millions of courses of antivi-

ral medications [5, 6], streamlining mass production of vaccines, and developing policies for

prioritizing medical countermeasures and triggering non-pharmaceutical interventions,

including school closures [4, 7].

The development and deployment of an effective pandemic vaccine involves several time-

consuming steps, which can extend over six months [8–10]. The new influenza virus must be

identified, adapted in public health laboratories for use in vaccine manufacturing, and opti-

mized for vaccine production. Vaccines must then be produced and packaged in bulk, tested

for safety and efficacy, distributed worldwide, injected into patients, and ultimately elicit

immunological protection [8, 11]. As during the 2009 H1N1 pandemic, vaccines are likely to

become available in batches, when demand greatly exceeds supply [12, 13]. Thus, strategic allo-

cation of limited pandemic vaccines to prioritized groups and regions is critical, and has

received significant attention. Dynamic prioritization strategies have been developed that tar-

get populations (e.g., school children, adults in specific age ranges, and people with certain

health risks) or geographic regions to reduce infections, deaths, years of life lost, or economic

cost [14–18]. Here, we introduce a model that takes such prioritized groups and regions as

input and addresses the subsequent challenge of distributing vaccine supplies accordingly.

Specifically, we optimally allocate a small reserve of discretionary doses to reach priority popu-

lations equitably across regions, while accounting for previously and concurrently distributed

doses and the suitability of each vaccine type for each priority population.

During the 2009 H1N1 pandemic, the World Health Organization (WHO) provided

donated vaccines to countries that could not afford commercially available vaccines. The

WHO sought to provide equitable access across countries, and considered epidemiological

and programmatic criteria [19]. The U.S. Centers for Disease Control and Prevention (CDC)

allocated 2009 H1N1 vaccines to U.S. states pro rata (i.e., proportional to population) [20] con-

sistent with HHS and U.S. Department of Homeland Security (DHS) pandemic recommenda-

tions for equitable vaccine distribution among and within states [21]. In the U.S. there were

four types of vaccines that varied in acceptability for different populations [22]. Given the lim-

ited initial vaccine supply, the CDC prioritized populations according to guiding principles

from its Advisory Committee on Immunization Practices (ACIP) [23] and expanded the target

populations when vaccine supply became widely available [24].

Pro rata vaccination within states requires a representative geographic distribution of pro-

viders trained and available to immunize patients as vaccines become available. In 2009 many

states distributed vaccines through voluntary healthcare providers in urban areas and further

set up points of dispensing (PODs) to improve coverage for rural areas and other under-served

populations [12, 25]. Moreover, following the 2009 H1N1 pandemic it was recommended that

pharmacies may be most effective in reaching insured populations while state public health

agencies should work to reach uninsured and low-income priority groups [20]. In logistical

terms, our approach considers a pull-based distribution to healthcare providers based on their

requests and a push-based distribution of quantities reserved for equalizing coverage [26, 27].

In future pandemics, state agencies will likely face such geographic challenges coupled with the

complex task of apportioning multiple types of vaccines with variable supply, efficacy, and

acceptabilities to achieve equitable coverage across multiple priority groups and regions.

We present an optimization model for allocating multiple types of vaccines to counties and

priority groups within a state during an influenza pandemic. The model allows the state to
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provide the majority of doses to healthcare providers based on their requests, and then opti-

mally allocates a small discretionary reserve of doses to achieve equal access across priority

groups and geographic regions. Priority groups can be treated equally or weighted to reflect

precedence. By “equal access” we mean proportionally fair coverage: a priority group in one

county should have the same access to vaccines as the same priority group in another county.

Furthermore, different priority groups should have relative levels of access corresponding to

their policy-based precedence. Often, multiple possible allocations provide comparably high

levels of coverage. Therefore, we perform a secondary optimization to effectively “break ties”

among such proportionally fair allocations—or more precisely, allocations that achieve 99.9%

of a proportionally fair allocation—to find one that achieves both policy simplicity and geo-

graphic equity. This produces allocations that reach priority groups fairly, while reducing the

number of different vaccine types allocated to each priority group (policy simplicity), and pro-

viding similar proportions of each vaccine type across regions (geographic equity).

The ideas of access and equity in health and healthcare have been studied extensively; see,

e.g., [28–32]. Clear, measurable definitions are critical to ensuring that scarce resources are

allocated fairly across groups with different levels of social advantage [31]. We define equal

access to mean: (i) for a specific priority group, the same number of vaccine doses should be

available per priority group member across counties, and (ii) across priority groups, the num-

ber of doses per priority group member should be proportional to that group’s need, as speci-

fied by a policy-based weight that indicates that group’s precedence. These two notions of

equal access are consistent with established concepts of horizontal and vertical equity [33, 34],

respectively. However, our definition does not consider the greater mobility of advantaged

social groups (that may allow them to cross county lines to receive vaccines) or other socioeco-

nomic factors that may result in nonuniform uptake. With appropriate estimates, such factors

could be incorporated in our model by forming additional location-priority group pairs and

modifying precedence accordingly.

We demonstrate our approach using, as a case study, the 2009 H1N1 pandemic vaccination

campaign in Texas. For each priority group and each county, we estimate the coverage that

was achieved by doses distributed through registered healthcare providers and local health

departments. We then apply our optimization framework to determine fair, simple, and equi-

table county-level allocations of the 6.8% of doses reserved by Texas in 2009 for POD-based

distribution. We also perform a sensitivity analysis to determine the size of the discretionary

reserve required to achieve proportional fairness in under-served priority populations. While

our Web-based decision-support tool is tailored to the state of Texas, other jurisdictions may

benefit from a similar approach. So, in addition to providing a retrospective analysis of 2009’s

vaccination effort in Texas, we provide details that would allow development of an analogous

tool, including how to populate it with requisite data.

Methods

Our approach consists of three stages (Fig 1). First, we build an optimization model (primary

model) that seeks proportionally fair coverage for each location-priority group pair, where a

location is a county in our analysis. Next, another optimization model (secondary model)

takes as input the optimal coverage levels from the primary model and a sub-optimality toler-

ance for these levels; in our computation we allow at most 0.1% degradation in coverage. The

secondary model aims to maximize policy simplicity and geographic equity while ensuring the

gap between the optimal coverage and the resulting coverage is within the pre-defined toler-

ance for each location-priority group pair. Here, geographic equity is defined with respect to

the eight health service regions of Texas as depicted in S1 Fig [35]. Lastly, we post-process the

Equalizing access to pandemic influenza vaccines

PLOS ONE | https://doi.org/10.1371/journal.pone.0182720 August 30, 2017 3 / 14

https://doi.org/10.1371/journal.pone.0182720


allocation from the secondary model to obtain integer-valued allocations. Our modeling

framework aims for equitable allocation of multiple vaccine types to multiple location-priority

group pairs, accounting for doses already allocated. Below we describe our optimization

models and post-processing, but we reserve the mathematical details of the models for

S1 Appendix.

Primary model for proportional fairness

The objective of the primary optimization model is proportional fairness, i.e., each location-

priority group pair should have equal coverage, when weighted by relative importance. We

assign weights to each location-priority group pair to acknowledge their precedence, where

the smallest weight is one. When weights differ by location-priority group pair, the model

maximizes proportional fairness accordingly. For example, if one location-priority group pair

Fig 1. Overview of methods for allocating vaccines of multiple types to priority groups at multiple

locations, maximizing proportional fairness with consideration of policy simplicity and geographic

equity. The primary optimization model seeks proportionally fair coverage and the secondary model accounts

for policy simplicity and geographic equity, while ensuring near optimality for proportional fairness. The post-

processing step ensures integer-valued doses are allocated and then outputs the resulting final coverage and

allocation.

https://doi.org/10.1371/journal.pone.0182720.g001
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has twice the weight of another, then the model aims for twice the coverage for the more highly

weighted pair. This can indeed be achieved if: (i) both location-priority group pairs have cover-

age rates, after discretionary allocation, less than one, and (ii) allocations to the two pairs have

at least one vaccine type in common in an optimal solution. The inputs include (i) coverage to

date, weight, and population for each location-priority group pair, (ii) vaccine doses of differ-

ent types available for discretionary allocation, and (iii) vaccine suitability rules. The model

then provides as output the optimal coverage rate for each location-priority group pair.

Secondary model for policy simplicity and geographic equity

The objectives of the secondary optimization model are sparsity of vaccine type-priority group

allocations (policy simplicity) and similarity of allocations across regions (geographic equity).

Since a priority group may be suitable for multiple types of vaccines, the primary model may

have multiple optimal allocations, i.e., allocations with the same optimal coverage. While pro-

portionally fair coverage is the primary objective, we prefer to reduce the number of vaccine

types allocated to a priority group because this provides clearer direction to healthcare provid-

ers on which type of vaccine should be given to whom. In addition, we favor allocations with

similar proportions of vaccine types across different geographic regions to reduce perceived

geographic inequities. To give some flexibility in achieving the secondary objectives, we allow

the coverage obtained from the secondary model to degrade slightly (at most 0.1% in the

results we report) relative to the optimal coverage from the primary model. The inputs to the

secondary model include (i) the optimal coverage rates of the primary model, (ii) a sub-opti-

mality tolerance for these coverage rates, and (iii) all the inputs to the primary model. The

model then provides as output the resulting coverage rate for each location-priority group pair

and the associated allocation.

Post-processing for integer-valued allocations

By using the primary and secondary models, we allocate available discretionary doses to loca-

tion-priority group pairs in a proportionally fair manner with two secondary objectives. How-

ever, these two models ignore integrality of vaccine doses, resulting in fractional vaccine-dose

allocations. Hence, we post-process to find a near-optimal solution that allocates integer-val-

ued discretionary doses.

Data for 2009 H1N1 pandemic case study

Priority groups

In 2009 ACIP recommended the following groups be vaccinated with higher priority: (i) preg-

nant women, (ii) household contacts and caregivers for children younger than six months, (iii)

healthcare and emergency medical services (EMS) personnel, (iv) people aged six months

through 24 years, and (v) people aged 25 through 64 years at high risk for influenza-related

complications [23]. Based on availability of demographic data, and assuming that the state will

provide healthcare and EMS personnel with vaccines, we consider the following priority

groups: (i) 0-3 year olds, (ii) 4-24 year olds, (iii) 25-64 year olds at high risk, (iv) pregnant

women, and (v) infant caregivers. We assume all five groups have equal priority. S2 Appendix

details how we estimated the size of each priority group population, with estimates largely

based on demographic data from the 2010 U.S. Census, using county-level age distributions at

one-year increments. In 2009, four vaccine types were used: (i) pre-filled syringe for baby (PFS

baby), (ii) pre-filled syringe (PFS), (iii) multi-dose vial (MDV), and (iv) live attenuated influ-

enza vaccine (LAIV) [22], with acceptabilities for the five priority groups shown in Table 1.
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Pull-based and push-based vaccine allocations

During the 2009 H1N1 pandemic, the Texas Department of State Health Services (DSHS) dis-

tributed vaccines using registered healthcare providers (RPs), local health departments

(LHDs), and eight regional DSHS offices (HSRs), where the first two channels were pull-based

(that is, allocated proportional to RP and LHD requests) and the third was push-based. We

obtained the number of doses delivered to RPs in each county in Texas from [36] and to each

LHD and HSR from [37, 38], but these data are aggregated over all vaccine types. We obtained

the number of each vaccine type distributed on a weekly basis, aggregated statewide, from

[39]. As of January 29, 2010 the percentages of PFS baby, PFS, MDV, and LAIV vaccines dis-

tributed were 3%, 17%, 60%, and 20%, respectively. To estimate the number of doses of each

vaccine type distributed to county-priority group pairs by RPs and LHDs, we assumed each

allocation reflected the statewide proportions, and assumed within a county, priority groups

had access to acceptable vaccines in proportion to their population size.

Results

2009 H1N1 pandemic vaccine allocation in Texas

In Texas, DSHS distributed the 2009 H1N1 pandemic vaccines received from the CDC to RPs,

LHDs, and eight regional DSHS offices (HSRs) that serve 189 counties falling outside of LHDs.

Large counties tend to have LHDs, with 151 of the 172 rural counties in Texas served by HSRs

(S1 Fig). Of the 8.68 million vaccines received as of August 3, 2010, 76.9% were allocated to

RPs and 16.3% were allocated to LHDs roughly in proportion to their requests (pull-based dis-

tribution), and the remaining 6.8% were distributed by DSHS through HSRs to boost coverage

in counties with insufficient RP coverage (push-based distribution) [36–38]. The 189 counties

in Texas served by HSRs had approximately 2.01 million individuals in our five priority groups

and received approximately 1.23 million doses through RPs and HSRs. Under the simplifying

assumption that each vaccine type is acceptable by each priority group, a perfectly proportion-

ally fair allocation of Texas’ 6.8% discretionary reserve, coupled with RP allocations, would

have achieved an ideal coverage of 61.1% of the priority population in the 189 counties served

by HSRs.

Henceforth, we focus on the 189 Texas counties served by HSRs. We estimated the coverage

achieved by RPs and determined county-level allocations to HSRs that achieve proportionally

fair coverage (Fig 2). The coverage of each priority group achieved through RPs and LHDs var-

ies widely across counties (Fig 2, blue). Optimized allocation of the 6.8% of doses reserved for

dispensing through HSR PODs brings most under-served counties up to a proportionally fair

level (Fig 2, red). However, depending on vaccine acceptability, proportionally fair coverage

ranged from 17% for 0-3 year olds (only 3% of doses were acceptable) to 64% in the other

priority groups. Counties served by LHDs are not eligible for discretionary doses, and so

Table 1. Acceptability of 2009 H1N1 vaccine types for each priority group.

Acceptability PFS baby PFS MDV LAIV

0-3 years 1 0 0 0

4-24 years 0 1 1 1

25-64 years (high risk) 0 1 1 0

Pregnant women 0 1 1 0

Infant caregivers 0 1 1 1

1 indicates a vaccine type is acceptable for a priority group and 0 indicates it is not.

https://doi.org/10.1371/journal.pone.0182720.t001
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inequalities stemming from disproportionate allocations via RPs and LHDs persist (Fig 2, left-

hand side of each subfigure). Furthermore, some counties have populations so small that the

discrete nature of doses changes coverage significantly; e.g., Loving County has nine individu-

als in the largest priority group of 4-24 year olds.

We performed a secondary optimization, selecting among proportionally fair allocations to

favor both policy simplicity and geographic equity. The two allocations summarized in Tables

2 and 3 achieve the same level of proportional fairness to three significant digits, but the sec-

ond solution is optimized for policy simplicity and geographic equity (Tables 2(b) and 3(b)). A

proportionally fair allocation lacks simplicity if a given vaccine type is spread across all accept-

able priority groups rather than narrowly focused on just one or two groups (Table 2(a)). Our

secondary optimization finds an allocation with the fewest possible vaccine types allocated to

each group (Table 2(b)). Note that 4-24 year olds receive three vaccine types in the solution of

part (a) but only two in part (b); pregnant women reduce from two vaccine types in part (a) to

one vaccine type in part (b); and, infant caregivers reduce from three vaccine types to one.

Fig 2. County-level vaccine coverage before (blue) and after (red) allocation of the 6.8% discretionary reserve, for

each of the five priority groups and the aggregate prioritized populations. The left-hand side of each subfigure

shows vaccine coverage for the 65 counties served by LHDs, which are not eligible for discretionary allocations; the right-

hand side shows vaccine coverage for the other 189 counties that can receive discretionary doses. From left to right, the x-

axis includes all 65 LHD counties and then 189 HSR counties in alphabetic order, but only displays a subset of the county

names.

https://doi.org/10.1371/journal.pone.0182720.g002
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These all represent improvements with respect to policy simplicity, which facilitates simpler

messaging to vaccine providers and increases the likelihood that vaccination practices will be

similar across regions. Moreover, a proportionally fair allocation is regarded less equitable geo-

graphically if the vaccine type proportions vary widely across regions (Table 3(a)). The second-

ary optimization favors similar proportions of each vaccine type across regions (Table 3(b)).

This helps reduce the possibility of unfairness due to geographic differences in allocation.

Discretionary reserve

The level of proportionally fair coverage attainable depends on the size of the discretionary

reserve. A larger reserve provides more flexibility for equalizing access, but requires withhold-

ing doses from other (LHD-served) counties. Just for the moment, we make the simplifying

assumption that all vaccine types are acceptable for all priority groups, and assess the trade-off

between the ideal coverage of the focal counties and that of the remaining counties (Table 4).

As the size of the discretionary reserve grows, the coverage increases quickly in the 189 coun-

ties receiving allocations, yet only decreases slightly in the other 65 counties.

We now relax the universal suitability assumption and constrain the optimization using the

priority group-vaccine type suitabilities from Table 1, and find that the “actual” coverage

attainable is lower across all counties (Table 4, parenthetical values). Three factors contribute

Table 3. Percentage of doses allocated to each HSR by vaccine type for two proportionally fair allocations.

(a) Prior to secondary optimization (b) After secondary optimization

Percentage (%) PFS baby PFS MDV LAIV PFS baby PFS MDV LAIV

HSR 1 3.5 26.3 46.2 24.0 3.5 14.5 57.2 24.8

HSR 2/3 2.8 12.8 66.3 18.1 2.8 18.1 60.4 18.7

HSR 4/5N 2.8 18.9 57.2 21.1 2.8 17.5 62.7 17.0

HSR 6/5S 3.0 13.8 62.2 21.0 3.0 14.1 64.3 18.6

HSR 7 2.9 16.6 60.2 20.3 2.9 16.1 55.1 25.9

HSR 8 3.1 16.8 61.1 19.0 3.1 19.0 63.2 14.7

HSR 9/10 3.3 31.1 44.2 21.4 3.3 19.2 54.2 23.3

HSR 11 4.3 21.3 52.9 21.5 4.3 13.2 59.9 22.6

Standard deviation 0.5 5.9 7.4 1.7 0.5 2.2 3.5 3.7

Range 1.5 18.3 22.1 5.9 1.5 6.0 10.1 11.2

The table shows the results for two proportionally fair allocations, (a) one prior to secondary optimization and (b) another further optimized to minimize the

number of vaccine types assigned to each priority group and to homogenize the allocations across the eight HSRs.

https://doi.org/10.1371/journal.pone.0182720.t003

Table 2. Percentage of doses allocated to each priority group by vaccine type for two proportionally fair allocations.

(a) Prior to secondary optimization (b) After secondary optimization

Percentage (%) PFS baby PFS MDV LAIV PFS baby PFS MDV LAIV

0-3 years 100 0 0 0 100 0 0 0

4-24 years 0 12.6 55.7 31.7 0 0 73.3 26.7

25-64 years (high risk) 0 22.8 77.2 0 0 45.2 54.8 0

Pregnant women 0 44.2 55.8 0 0 100 0 0

Infant caregivers 0 28.2 37.2 34.6 0 0 0 100

The table shows the results for two proportionally fair allocations, (a) one prior to secondary optimization and (b) another further optimized to minimize the

number of vaccine types assigned to each priority group and to homogenize the allocations across the eight HSRs.

https://doi.org/10.1371/journal.pone.0182720.t002
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to this reduction. First, prior to allocation of the discretionary reserve, vaccines are appor-

tioned to RPs and LHDs based on their requests, which do not perfectly match priority popu-

lation sizes. This is the primary driver of reduced coverage in the LHD counties, and it affects

the HSR counties when the discretionary reserve is small. Limited vaccine acceptability across

priority groups also reduces the coverage attainable across the state (Table 4, parenthetical val-

ues), with larger discretionary reserve ameliorating the impact in HSR counties. Finally, the

discrete nature of allocations can produce mismatches between the desired coverage and vac-

cine supply, especially in counties with small populations. The variation in coverage attainable

is smaller across the HSR counties than the LHD counties (Table 4, parenthetical standard

deviations), reflecting the evenness achieved via proportionally fair optimization. The size of

the 2009 H1N1 discretionary reserve (6.8%) provides the most balanced ideal coverage. How-

ever, when accounting for vaccine-type suitabilities the smaller discretionary reserve of 5%

provides the most balanced coverage from the table. Still smaller reserves fail to make up short-

falls in RP-based allocations, and larger reserves shortchange regions that rely exclusively on

pull-based allocations.

Discussion

During future influenza pandemics, public health agencies will be charged with making rapid

vaccine allocation decisions to effectively and ethically protect geographically, demographi-

cally, and medically diverse populations. This challenge is compounded by the dynamic and

uncertain nature of both vaccine supplies and the epidemic itself. Our optimization framework

was motivated by a retrospective assessment of the 2009 vaccine allocation process in Texas,

and aims to streamline future decision making. As demonstrated for the 2009 H1N1 pandemic

in Texas, the method identifies geographic allocations of multiple vaccine types that provide

proportionally fair coverage across any number of priority groups with any combination of

vaccine acceptabilities. It considers the geographic distribution of the priority group popula-

tions and accounts for coverage from prior or concurrent vaccination efforts, while allowing

Table 4. Maximum level of proportionally fair coverage attainable (% of the priority population) as a

function of Texas’ discretionary reserve size.

Discretionary reserve (%) Coverage in 189 HSR counties (%) Coverage in 65 LHD counties (%)

1 38.1 (27.5, 2.8) 68.9 (52.4, 5.5)

3 46.0 (40.9, 1.5) 67.5 (51.4, 5.3)

5 54.0 (51.2, 0.9) 66.1 (50.3, 5.1)

6.8 61.1 (59.3, 0.6) 64.9 (49.3, 4.9)

9 69.9 (68.7, 0.3) 63.4 (48.2, 4.7)

11 77.8 (77.1, 0.2) 62.0 (47.1, 4.5)

13 85.8 (85.3, 0.1) 60.6 (46.1, 4.3)

The non-parenthetic results are under the assumption that all vaccine types are acceptable for all priority

groups. The 189 HSR counties qualify for discretionary allocations, while the remaining 65 counties are

served by LHDs. The 2009 H1N1 discretionary reserve was 6.8% of all doses (highlighted in bold). The

parenthetical values are the medians and standard deviations in estimated coverage attainable (%) across

counties when we instead assume the more restrictive priority group-vaccine type suitabilities from the 2009

H1N1 pandemic (Table 1). For the 65 LHD counties, these values are estimated directly from actual RP and

LHD allocations in 2009; for the 189 HSR counties, these reflect coverage attained following optimization for

proportional fairness with the specified discretionary reserve.

https://doi.org/10.1371/journal.pone.0182720.t004
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specific groups and locations to be prioritized over others. Through a secondary analysis, the

method finds fair allocations that also achieve policy simplicity and geographic equity.

We implemented this approach in a user-friendly application for the Texas DSHS and

regional offices in the state’s eight HSRs [40]. The decision-maker specifies: (i) the HSRs or

counties to receive allocations, (ii) vaccine priority groups (pre-populated options include

pregnant women, infants, infant caregivers, first responders, high-risk conditions, and cus-

tomizable age ranges), (iii) any number of vaccine types, along with their acceptability for each

priority group and number of available doses, and (iv) estimates of current vaccine coverage

for each priority group in each county (either as number of vaccine doses or proportion vacci-

nated). The tool optimizes sequentially for proportional fairness, followed by policy simplicity

and geographic equity, and displays the recommended allocations through interactive graphs,

maps, and tables. Given census data on priority group populations and the four inputs listed

above, this approach can be applied elsewhere and at any scale to assist in bringing under-

served populations up to a proportionally fair level of vaccination coverage, using a discretion-

ary cache of doses.

In our case study of Texas’ 2009 H1N1 pandemic vaccine allocation process, four types of

vaccines were distributed to five priority groups via three channels: registered healthcare pro-

viders (RPs), Local Health Departments (LHDs) serving one or more counties, and health

service regions (HSRs). The first two channels received pull-based allocations roughly in pro-

portion to requests they submitted to DSHS, while the last channel provided a push-based con-

duit to reach under-served populations in the 189 counties in Texas without LHDs. In 2009,

Texas DSHS reserved 6.8% of all H1N1 vaccine doses allocated to the state for HSR distribu-

tion. We analyzed reserves ranging from 1% to 13% of the state allocation. We found that a

6.8% reserve more than sufficient for achieving proportionally fair coverage in the target HSR

counties, and found that the smaller reserve of 5% strikes the best balance between provision-

ing RPs and LHDs and serving the populations they miss. Our optimal allocation achieves pol-

icy simplicity by specifying a single vaccine type for three of the five priority groups and two

vaccine types for the remaining two groups, and achieves geographic equity by sending each

HSR roughly the same (proportional) distribution across vaccine types (see Tables 2(b) and

3(b)).

The extent to which optimization can shrink coverage gaps and achieve proportional fair-

ness depends on the size of the discretionary reserve and the acceptability of priority groups

for available vaccine types. If the reserve is too small or supplies of vaccine types are imbal-

anced, then proportional fairness may not be attainable geographically or among priority

groups. In practice, Texas’ 2009 distribution was relatively decentralized; once a regional office

(HSR) received discretionary vaccine doses from DSHS, it had autonomy regarding subse-

quent allocations. Our results assume both that the state follows the recommended regional

allocation and that the regional offices follow the recommended county-level allocations. The

Web-based decision-support tool is designed for direct use by both state and regional offices,

and to facilitate communication of the optimized allocations.

Although the optimization models we solved aspire to achieve equal assess across all prior-

ity groups in the HSR counties, the method can differentially weight priority groups, locations,

or combinations, if desired. If one population is assigned twice the weight of another, then the

model aims for a two-to-one ratio in coverage between the two target populations. The method

readily extends from a single allocation decision to a time-dynamic, adaptive decision process

that accounts for prior allocations and changing coverage targets. This may be critical if the

epidemiological situation and our understanding of risk factors vary geographically or evolve

during the pandemic.

Equalizing access to pandemic influenza vaccines

PLOS ONE | https://doi.org/10.1371/journal.pone.0182720 August 30, 2017 10 / 14

https://doi.org/10.1371/journal.pone.0182720


As we have discussed, in 2009 Texas considered a centralized push-based allocation only to

HSR counties, whose priority group population is about 15% of the state-wide total. Without

our optimization framework, a simple calculation suggests an ideal coverage rate of 64.3%

(total number of doses divided by total priority group population). Under the “HSR-only pol-

icy” that we analyze, we instead attain roughly 50% coverage with a 5% discretionary reserve

(see Table 4), although some non-HSR counties are well short of this value and others exceed

it (see Fig 2). We now apply our same optimization framework under the policy that the dis-

cretionary reserve can be allocated to all counties, rather than just HSR counties. Under a 5%

discretionary reserve, we obtain 44.6% aggregate coverage (analog of parenthetic median value

in Table 4 and “red line” for the aggregate prioritized population in Fig 2). Under larger discre-

tionary reserves of 15%, 25%, and 35% the respective coverage values grow to 58.4%, 63.2%,

and 64.2%. Here, larger discretionary reserves are required to achieve overall equity because

non-HSR counties contain about 85% of the priority group population in Texas.

More broadly, our approach can determine a fair allocation of any critical resource with

complicated combinations of target populations and resource suitability, such as age-group

or risk-group specific vaccines, medications, or life support equipment. However, some

important factors are not yet incorporated, including different costs and uptake rates associ-

ated with specific distribution channels and elimination of overlap in priority group catego-

ries. Our case study assumes that all doses will reach their target populations with equal

probability and cost, regardless of location, vaccine type, and vaccine provider. However,

the match between providers and patients, based on factors such as insurance, provider spe-

cialization, and patient priority group, will likely vary spatially, and hence thwart uniform

uptake. When distribution resources or adherence within priority groups vary, there may be

critical trade-offs. There is overlap between the priority groups of infant caregivers and preg-

nant women as well as between these two groups and 4-24 year olds and 25-64 year olds at

high risk, but our analysis ignores the associated double counting. It was unknown how

many doses were required to achieve immunity when ACIP guidelines were released [20].

Clinical testing subsequently revealed that one dose sufficed for most people, but children 3-

8 years old required two doses, and those younger than three required two half-doses. Our

analysis does not account for this, and our notion of coverage is based on one dose per

person.
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