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Abstract

SARS-CoV-2 vaccination strategies were designed to reduce COVID-19 mortality, morbidity, and health inequities. To assess the impact
of vaccination strategies on disparities in COVID-19 burden among historically marginalized populations (HMPs), e.g. Black race and
Hispanic ethnicity, we used an agent-based simulation model, populated with census-tract data from North Carolina. We projected
COVID-19 deaths, hospitalizations, and cases from 2020 July 1 to 2021 December 31, and estimated racial/ethnic disparities in COVID-
19 outcomes. We modeled 2-stage vaccination prioritization scenarios applied to sub-groups including essential workers, older adults
(65+), adults with high-risk health conditions, HMPs, or people in low-income tracts. Additionally, we estimated the effects of maximal
uptake (100% for HMP vs. 100% for everyone), and distribution to only susceptible people. We found strategies prioritizing essential
workers, then older adults led to the largest mortality and case reductions compared to no prioritization. Under baseline uptake
scenarios, the age-adjusted mortality for HMPs was higher (e.g. 33.3%–34.1% higher for the Black population and 13.3%–17.0% for
the Hispanic population) compared to the White population. The burden on HMPs decreased only when uptake was increased to
100% in HMPs; however, the Black population still had the highest relative mortality rate even when targeted distribution strategies
were employed. If prioritization schemes were not paired with increased uptake in HMPs, disparities did not improve. The vaccination
strategies publicly outlined were insufficient, exacerbating disparities between racial and ethnic groups. Strategies targeted to increase
vaccine uptake among HMPs are needed to ensure equitable distribution and minimize disparities in outcomes.
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Significance Statement:

Although equity was one of the tenets of vaccine distribution, this study suggests that targeted vaccination strategies that surpass
current vaccination policy must be implemented to reduce inequity faced by historically marginalized populations. Public health
policy must consider health inequities when developing and implementing vaccination strategies for booster shot distribution
and response to this and future pandemics.

Introduction
Throughout the COVID-19 pandemic, historically marginalized
communities of color have experienced a disproportionate burden
of morbidity and mortality (1–7). The unequal impact on these
populations is driven by risk factors such as essential-worker
status, age, living arrangements, and high-risk medical condi-
tions (1, 2, 4–6). In response, the National Academies of Sciences,
Engineering, and Medicine (NASEM) (7) drafted a framework

for the equitable allocation of SARS-CoV-2 vaccines, which aimed
at overall reductions in morbidity and mortality and explicitly
outlined approaches to mitigate structural inequities. Despite
this guidance, there was substantial variability in vaccine rollout
strategies at the state and local levels. All the states included
healthcare workers and long-term care facility residents in their
initial priority groups, but subsequent phases included prioriti-
zation for varying combinations and orderings of groups such as
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frontline essential workers, educators, congregate living facility
residents and staff, those with high-risk medical conditions, and
older populations (8). Which strategies best achieved the goals set
out by the NASEM or what approaches will most effectively ac-
complish future public health targets aiming to reduce disparities
remains unknown.

Vaccination prioritization scenarios have been studied using
various modeling approaches (9–12). The findings suggested that
prioritizing older adults had the greatest impact on COVID-19
mortality, while prioritizing individuals who have a large num-
ber of interactions with other individuals during the day had the
greatest impact in reducing morbidity (e.g. incidence of disease)
(9, 10). Fujimoto et al. (12) studied susceptible-only distribution
(i.e. distributing vaccines only to people without a previous case
of COVID-19) and found it to be effective for increasing the ben-
efit of COVID-19 vaccine supply. Ferranna et al. (10) assessed eq-
uity by assuming essential workers in their model are more likely
to be members of vulnerable populations. They reported that pri-
oritizing older adults over vulnerable populations led to higher
reduction in mortality; however, they did not explicitly consider
racial and ethnic disparities that may arise under different vac-
cination scenarios. To our knowledge, no studies have explicitly
designed or tested vaccination strategies explicitly considering
race and ethnicity in the models, nor tested additional vacci-
nation strategies aimed at increasing uptake within population
subgroups.

Vaccine equity discussions and efforts focused on reducing
health inequities that are related to systemic social injustices, e.g.
targeting those at disproportionate risk for COVID-19 (13) through
measures such as identifying zip codes based on incidence rates
or disadvantage indices (14) (e.g. social vulnerability index). Some
have warned that prioritizing adults aged 65+ without working
to remove barriers and promote equity could worsen existing
racial disparities (15). Reitsma et al. (6) concluded that equity-
focused public policy is required to address disparities that have
arisen during the pandemic. These studies highlighted the need
for equity-focused modeling that explicitly captures the racial and
ethnic demographics of the population, multigenerational house-
holds, demographic-informed workplace activity throughout the
pandemic, and vaccine uptake as a function of racial/ethnic and
age characteristics of the population.

We developed a COVID-19 transmission and disease progres-
sion model, populated with data from North Carolina, to compare
vaccination prioritization strategies by total infections and severe
outcomes with an emphasis on quantifying/assessing/measuring
racial and ethnic disparities of historically marginalized popula-
tions (HMPs). Here, HMPs are composed of Black (non-Hispanic
Black), other (non-Hispanic Asian, American Indian or Alaska
Native, Native Hawaiian or other Pacific Islander, other race, or
multiracial), and Hispanic (White Hispanic, Black Hispanic, and
other Hispanic). Most existing models (9–12) do not account for
race/ethnicity directly, and thus, can not estimate disparities in
COVID-19 outcomes. Our simulation captures systemic factors by
race and ethnicity through model input data and agent behav-
ior. We consider not only differences in age and household size
distributions by race/ethnicity but other factors that influence
infectivity and severity of the disease such as essential worker
status, presence of a high-risk medical condition, and workforce
mobility. In this analysis, we focused primarily on the first 6
months of vaccine rollout in the USA, when availability was lim-
ited. We evaluated prioritization strategies based on age (e.g. 65+),
type of employment (e.g. nonmedical essential workers), health
risks (e.g. people with chronic conditions such as diabetes), and

social vulnerability (e.g. HMPs). We also explored operational
strategies such as susceptible-only distribution and strategies
that increased uptake (e.g. achievable through strategies that re-
duced barriers to access, built trust, or increased communication
(13, 15, 16)). This analysis demonstrates the importance of ac-
counting for systemic factors that vary by race/ethnicity when
evaluating policy outcomes, indicating equity needs to be at the
forefront of current and future vaccination policy.

Methods
Model structure
We developed an agent-based extended Susceptible-Exposed-
Infected-Recovered (SEIR) simulation model with an embedded
network structure where agents interact in households, peer
groups such as workplaces or schools, and the community (Fig-
ures S1, S2, and S9, Supplementary Material). We modeled the
population of North Carolina using a ∼1:10 proportional repre-
sentation of 1,017,720 agents. Census tract-level data (17) was
used to assign the distribution of individuals by race, ethnicity,
age, and households of different sizes. Each agent is in one of (i)
5 age groups: children (0–4, 5–9, and 10–18), adults (19–64), and
older adults (65+), and (ii) 4 race/ethnicity groups: White (non-
Hispanic White), Black (non-Hispanic Black), other (non-Hispanic
Asian, American Indian or Alaska Native, Native Hawaiian or
other Pacific Islander, other race, or multiracial), and Hispanic
(White Hispanic, Black Hispanic, and other Hispanic). HMPs in-
cluded Black, Hispanic, and other. We incorporated SafeGraph mo-
bility data at the census tract level (Figure S3, Supplementary Ma-
terial), where we assumed essential workers were those working
full-time away from home in January 2021 (18). Essential worker
assignment by race and ethnicity was assigned according to the
national distribution since state-level data were not available (19),
which had a higher rate for non-whites (Figure S4, Supplementary
Material). We illustrate the effect of high risk conditions by in-
corporating diabetes, which corresponds to increased risk of hos-
pitalization (20); with agent assignment based on the state-level
prevalence specific to agents’ age and racial/ethnic group (21).
We modeled nonpharmaceutical interventions (NPIs) including
face mask use and limited mobility over time (Figure 1). Using
the model, we projected the disease spread for approximately 18
months, accounting for the Alpha variant strain’s spread in North
Carolina. We compared various equity-driven vaccination prioriti-
zation strategies using outcome metrics of cumulative infections,
hospitalizations, and deaths, and we assessed disparities using
the age-adjusted differences of each outcome (with respect to the
population of North Carolina) for each HMP relative to the White
population. We include the age-specific mortality rates (22) in Fig-
ures S23–S25 (Supplementary Material), and estimate differences
in years of life lost per 100,000 (9) in Figures S15 and S16 (Supple-
mentary Material) as additional output metrics in the supplement
using the data shown in Figures S7 and S8 (Supplementary Mate-
rial).

Vaccination prioritization and distribution
scenarios
We modeled 29 vaccination-prioritization and distribution sce-
narios (Figures S17–S19, Supplementary Material) considering a
combination of (i) target vaccination groups, (ii) vaccine uptake,
and (iii) susceptible-only distribution. A total of 8 million doses
were distributed at a uniform daily rate from 2021 January 10
until 2021 August 24. Vaccinations were administered to the 75+
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Fig. 1. Simulation timeline for NPI, variant, and vaccine behavior. Source: agent-based simulation model timeline regarding NPIs, mobility, variants,
and vaccination.

and frontline populations beginning on 2020 December 13. In each
scenario, the first-dose distribution targeted a specific group until
either 60% of the prioritized group had been vaccinated or uptake
had been fully satisfied, whichever occurred first, before extend-
ing eligibility to the next group, per CDC guidance (23). We as-
sumed agents were eligible for a second dose 28 days after the first
dose, with 15% attrition (24). Vaccine efficacy occurred 2 weeks af-
ter a dose (70% after the first and 90% after the second). Vaccina-
tion implementation details can be found in Figure S10 (Supple-
mentary Material).

Priority population combinations and ordering scenarios: the groups
studied were people age 65+ (Age), adults with a high-risk condi-
tion, essential workers (Essential), HMPs, those that live in a low-
income census tract, and the adult population for which there is
no prioritization. Ordering scenarios consisted of 2 groups. After
the second group was vaccinated, eligibility opened to all the re-
maining adults. Here, we focused on the Age and Essential prior-
ity groups which correspond to Age–Essential (Group 1: Age and
Group 2: Essential) and the Essential–Age (Group 1: Essential and
Group 2: Age) prioritization orderings. The baseline scenario for
this study was the Age–Essential (25).

Vaccine uptake: the baseline vaccine uptake parameter captures a
combination of an agent’s hesitancy to vaccinate and access to the
limited supply (e.g. location/transportation accessibility, language
barriers, ease of appointment scheduling, and so on). Baseline vac-
cine uptake followed historical uptake trends from seasonal flu
vaccine coverage (26). For age 65+, the uptake was 71.9%, 62.3%,
59.3%, and 71.9%, for White, Black, Hispanic, and others, respec-
tively. The corresponding uptake for ages 20–64 was 45%, 36.7%,
36.1%, and 45%, respectively. Figures S20–S22 (Supplementary Ma-
terial) show simulation uptake.

Additional scenarios included increasing uptake to 100% for (i)
HMPs and (ii) everyone. While 100% uptake may be unlikely in
practice, this extreme scenario provided insightful results by es-
tablishing an upper bound for comparison. Since we assumed lim-
ited supply, most populations would not be fully vaccinated even
under scenarios with 100% uptake.

Susceptible-only distribution: under the susceptible-only distribu-
tion strategy, doses are only given to susceptible agents. Opera-
tionally, this is comparable to administering an antibody test im-
mediately prior to vaccination and only vaccinating individuals

without antibodies. This maximizes the utility of the vaccine by
leveraging the natural immunity of those previously infected (12).

Validation
The model has been used previously to answer questions regard-
ing the impact of masks, school closures, testing strategies, and
lifting of NPIs before full vaccination (27–32). We validated our
model on cumulative lab-reported infections, hospitalizations,
and deaths through 2021 April 15, for the total population and
subpopulations stratified by race/ethnicity or age, using estimates
of lab-reported infections as described in Figures S11 and S12
(Supplementary Material).

Results
Baseline: at the time when vaccine distribution was assumed to
begin, the simulated cumulative percentage of the population in-
fected was approximately 18.6% with Black, Hispanic, other, and
White having 21%, 20.2%, 20.8%, and 17.6% age-adjusted infec-
tion rates, respectively. In the baseline vaccination prioritization
scenario, we found the following simulated outcomes by 2021 De-
cember 31, at the state level: cumulative infections of 42.9%, 796
hospitalizations per 100,000, and 174 deaths per 100,000. This cor-
responded to the following outcomes for Black, Hispanic, other,
and White: 45.8%, 46.3%, 44.6%, and 42.4% age-adjusted infec-
tion rate; 838, 779, 748, and 691 age-adjusted hospitalizations per
100,000; and 181, 158, 152, and 135 age-adjusted hospitalizations
per 100,000, respectively.

Effect of prioritization and ordering
At the state level, as shown in Figure 2(a), the Age and Essen-
tial prioritizations led to a significant reduction in deaths (2.5% or
460 deaths) compared to no prioritization. Prioritizing Essential–
Age significantly reduced infections (4.2%) compared to prioritiz-
ing Age–Essential, without significantly impacting the death rate.
At the subpopulation level, Age–Essential prioritization reduced
the White population’s death rate by 2.6% compared to no priori-
tization (Figure 2b vs. d), but did not significantly reduce morbid-
ity or mortality for any HMPs. Under Age–Essential prioritization
(Figure 2c), greater morbidity and mortality continued for HMPs
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(a)

(b) (c) (d)

Fig. 2. Impact of prioritization under historical flu vaccine uptake at the state and subpopulation levels. Panel (a) provides state level results, and
panels (b)–(d) provide results stratified by race/ethnicity. Source: data shown are generated from the agent-based simulation model across 45
replications. Notes: each panel shows the average age-adjusted infection attack rate (x-axis) and the average age-adjusted death rate (y-axis) with 95%
confidence intervals represented with ovals, with scales consistent across all similar figures.

compared to the White population, 8.1%, 9.2%, and 5.3% more in-
fections and 34.4%, 17.1%, and 13.2% more deaths for Black, His-
panic, and other populations, respectively.

A total of 6 additional prioritization scenarios are shown
in Figure S17 (Supplementary Material). Among the scenarios,
Essential–Age reduced morbidity the most for the state level
population and at the subpopulation level. Age–Essential and
Essential–Age reduced mortality the most for the state level pop-
ulation and at the subpopulation level with historical flu vaccine
uptake.

Effect of vaccine uptake and susceptible-only
vaccination on outcomes
At the state level (Figure 3a), increased uptake in the HMPs
reduced deaths by 2.6% or 472 deaths prevented and did not
significantly increase the infection rate compared to baseline up-
take. At subpopulation level, we saw that increased uptake corre-
sponded to significant reductions in both morbidity and mortal-
ity for the Black, Hispanic, and other populations: 9.4%, 8.9%, and
6.7% reduction infections and 18.9%, 17.8%, and 12.5% reduction
in deaths, respectively (Figure 3c). Compared to the White popu-
lation, the Black, Hispanic, and other populations had 9.3%, 7.9%,
and 9.0% fewer infections. Despite the reduced infection rate, the
Black population had 2% more deaths while the Hispanic and
other populations had 9.8% and 7.2% fewer deaths under the in-
creased uptake scenario compared to the White population.

Figure 3(a) shows that susceptible-only distribution could lead
to additional reduction in morbidity and mortality, at the state
level, and for each subpopulation. There was a 4.6% and 3.8% re-
duction in infections and deaths, respectively, relative to the his-
torical flu vaccine uptake scenario. At the subpopulation level,
Figure 3(d) shows that susceptible-only distribution led to a

significant reduction in morbidity for the Black, Hispanic, other,
and White populations: 3.5%, 4.2%, 3.9%, and 5.1%, respectively,
and a significant reduction in mortality for the Black and White
populations 4.0% and 4.2%, respectively. For Age–Essential, there
was no reduction of disparities associated with susceptible-only
distribution alone.

When susceptible-only distribution and increased uptake in
HMPs were operationalized simultaneously, the greatest reduc-
tion of morbidity and mortality relative to the baseline scenario
was observed. At the state level, there was a 13.8% and 14.1%
reduction in infections and deaths, respectively (Figure 3a). By
subpopulation, the Black, Hispanic, other, and White populations’
morbidity and mortality were reduced by 25.4%, 25.7%, 22.8%, and
13.1% and 25.2%, 27.2%, 21.1%, and 7.6%, respectively (Figure 3e).
Despite the large reductions, the Black population continued to
have the highest death rate.

Results for 16 other scenarios are in Figures S18 and S19 (Sup-
plementary Material).

Figure 4 shows the equity gap pre and postvaccine administra-
tion. Under vaccination prioritization scenarios without increased
uptake in HMPs, the equity gap increased significantly relative to
the prevaccine values. When uptake is increased to 100% in HMPs,
the Hispanic and other populations achieved lower death rates
than the White population. However, the Black population still
faced significant disparities in the age-adjusted death rate rela-
tive to the White population under all scenarios. Figures S13 and
S14 (Supplementary Material) show the corresponding graphs for
cumulative age-adjusted infection and hospitalization rates, re-
spectively. Additionally, Figures S15 and S16 (Supplementary Ma-
terial) show estimates of the difference in years of life lost rate per
100,000 by age group and race/ethnicity as an additional quantifi-
cation of disparities.
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Fig. 3. Impact of vaccine uptake and susceptible-only distribution at the state and subpopulation levels. Panel (a) provides state level results, and
panels (b)–(e) provide results stratified by race/ethnicity. Source: data shown are generated from the agent-based simulation model across 45
replications. Notes: each panel shows the average age-adjusted infection attack rate (x-axis) and the average age-adjusted death rate (y-axis) with 95%
confidence intervals represented with ovals, with scales consistent across all similar figures.

Discussion
Using a simulation-based model, we compared several COVID-19
vaccination strategies. We found that prioritization schemes that
did not incorporate increased uptake in HMPs did not reduce dis-
parities and may further exacerbate prevaccine disparities. For
infections, hospitalizations, and deaths, the results showed an
increased age-adjusted equity gap for HMPs, unless there is in-
creased uptake. At the extreme, we found that, even with univer-
sal uptake, the Black population continued to have a higher post-
vaccine death rate than the White population. Although equity

was one of the tenets of vaccine distribution (4, 23, 25), the current
distribution strategy outlined by federal agencies is insufficient to
reduce disparities between racial and ethnic groups that existed
prevaccination.

Disparities in COVID-19 outcomes may persist and even worsen
in HMPs due to systemic biases that increase the risk of infection
and severe disease and lower historical uptake (1–3, 5, 6, 33), some
of which were captured in our model. HMPs face greater work-
place exposure due to their disproportionate essential worker sta-
tus in the model (Figure S4, Supplementary Material) (19). The His-
panic population has larger average household sizes (Figure S5,
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Fig. 4. Equity gap from the White population for each HMP by vaccination scenario. Source: data shown are generated from the agent-based
simulation model across 45 replications. Notes: equity gap is defined as the difference in cumulative age-adjusted death rates between the White and
each HMP. The y-axis indicates the vaccination scenario. Figure contains the corresponding 95% confidence intervals.

Supplementary Material) (17), and the Hispanic and Black popu-
lations have a younger average population (Figure S5, Supplemen-
tary Material) (17). These factors correspond to more interactions
in the model. The Black population has a higher rate of diabetes
for both 20–64 and 65+ adults (Figure S6, Supplementary Material)
(21). The diabetes rate in combination with essential-worker mo-
bility, contributes to the high death rates relative to other popula-
tions and the equity gap observed prevaccination (Figure 4). When
risk factors are coupled with lower historical uptake (26) and bi-
ases that result from age prioritization in a population where
Whites comprise the majority of the older population (17), HMPs
may face increasing disparities (Figure 4). In addition to these risk
factors, others such as systemic racism likely exacerbate dispari-
ties in morbidity and mortality.

Our findings are consistent with the previous studies that show
prioritizing the older adult population is important for reduc-
ing mortality at the state level (6, 9, 10). Further, our study sug-
gests increasing uptake in HMPs is critical for reducing disparities
in COVID-19 morbidity and mortality. Under constrained supply,
our model shows that leveraging natural immunity through
susceptible-only distribution is critical to have in combination
with increased uptake to reduce morbidity and mortality for all
subpopulations. These operational vaccination strategies would
not have required additional vaccine supply, yet they could
have averted 830K infections and 2,700 deaths compared to
the baseline. Such strategies, however, might require additional

laboratory infrastructure to confirm existing immunity, which
may not be feasible, especially in rural and resource-limited ar-
eas. To improve uptake, both access and vaccine hesitancy must
be addressed with equity-focused public health policy (6, 13, 34,
35). This could take the form of mobile vaccine clinics, removing
barriers to appointment-scheduling or registration, providing
multilingual communication on registration and vaccine safety,
extended operational hours, paid time off, or travel expense com-
pensation (4, 35–39). Additional approaches could include inter-
personal communication with healthcare professionals that focus
on personal benefits of receiving a vaccine and working to dispel
misinformation regarding the vaccine’s safety and efficacy (34, 40,
41). The challenge of reducing disparities is made more difficult by
the fact that there is incomplete data (e.g. limited breakdown by
characteristics like race/ethnicity) across the nation on who has
had COVID-19 and who has been vaccinated. Collecting data on
race/ethnicity systematically across the USA should be encour-
aged during national emergencies and in other health applica-
tions, to monitor inequities and inform efforts to reduce them.

Significant equity gaps existed for HMPs prior to vaccine roll-
out. Equity-focused public health policy needs to extend beyond
the scope of the pandemic to address the root causes of these dis-
parities. These include ensuring equitable access to healthcare re-
sources and taking action to reduce the prevalence of high-risk
conditions such as diabetes. Establishing more equitable public
health policies now will better protect vulnerable populations in
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the future, as uncertainty remains due to the emergence of new
and potentially more infectious variants of SARS-CoV-2 (42, 43).
Equitable policy is particularly important when planning for cur-
rent and future vaccination challenges. Potential booster shots
and newly eligible vaccination age groups require equity as a key
component, as access barriers will further increase morbidity and
mortality within historically marginalized communities of color
and communities with low uptake. This analysis can also inform
the current COVID-19 vaccine rollout in other countries and for
future pandemics by presenting effective vaccine prioritization
strategies and demonstrating vaccine prioritization’s impact on
equity and the critical role policymakers hold. Vaccine distribu-
tion policy must take explicit action to ensure prior disparities in
vaccination are not repeated by increasing uptake in HMPs.

Limitations
Model validation was conducted independently for age, race, and
ethnicity rather than at the intersection of the 3 attributes due to
data availability limitations. Validation shows the model under-
estimated disease burden within the Hispanic community. This is
due, in part, to data limitations surrounding the migrant worker
population. As a low estimate, 150,000 migrant farm workers
come to North Carolina each growing season, with 94% being na-
tive Spanish speakers (44). Nationally, 53% of migrant workers
are undocumented, which leads to underreporting in census data
(43) and leads to a misrepresentation of the population within
the simulation. The age bracket definitions are also a limitation
within the model. For the adult population, we are not able to
capture the workplace mobility or community interaction differ-
ences. This also limits the assignment of diabetes within the pop-
ulation. The older adult population does not have a workplace
peer group, which limits our ability to capture disease spread and
the racial/ethnic and comorbidity-based disparities that arise in
this population. Similarly, the other racial/ethnic group contains
multiple subpopulations that do not have the same behaviors
or health profiles, which limits our ability to quantify their dis-
parities. We only illustrate the effect of high-risk chronic condi-
tions within the population with diabetes which does not cap-
ture their full impact. The variant is modeled by increasing the
transmissibility of the disease, rather than introducing a compet-
ing strain into the population. This implementation may overes-
timate the impact of the variant on disease spread. Additionally,
there is limited understanding of the variant’s prevalence in the
population, as genomic surveillance in North Carolina is limited
(45). While we do not explicitly analyze the Delta variant, an in-
crease in transmissibility with similar case fatality rates would
be expected to exacerbate the disparities modeled herein. Finally,
we assume masking ends on a particular date whereas in real-
ity, people may continue to wear masks voluntarily and through
workplace or school mandates. As a result, our model may over-
estimate infections (Figure S11, Supplementary Material).

Conclusions
Our analysis suggests that the racial and ethnic disparities
in COVID-19 morbidity and mortality that existed before the
availability of effective vaccines could be exacerbated by vacci-
nation prioritization strategies that do not directly increase up-
take within HMPs. Across all scenarios, we found that prioritizing
older adults had the greatest impact on reducing mortality, while
prioritizing essential workers had the greatest impact on reduc-
ing morbidity. Disparities in disease burden could only be reduced
through targeted strategies to increase uptake. It is critical to

consider public health policies that emphasize equity in planning
for vaccine boosters and mass vaccination strategies for future
pandemics.

Acknowledgments
Dr. Patel reported receiving grants from the National Center for
Advancing Translational Sciences (NCATS) of the National Insti-
tutes of Health (NIH) and from the Council of State and Territo-
rial Epidemiologists (CSTE) during the conduct of the study. Mr.
Rosenstrom reported receiving support from the Centers for Dis-
ease Control and Prevention (CDC), the Council of State and Ter-
ritorial Epidemiologists (CSTE), and NCATS/NIH during the con-
duct of the study. Ms. Mele reported receiving support from the
CDC, CSTE, and NCATS/NIH during the conduct of the study. Dr.
Ivy reported receiving grants from the CDC, CSTE, NCATS, and NC
State University during the conduct of the study. Dr. Mayorga re-
ported receiving grants from the NCATS/NIH, CSTE, CDC, and NC
State University during the conduct of the study. Dr. Keskinocak
reported receiving grants from CDC, CSTE, and Georgia Institute
of Technology during the conduct of the study. Dr. Swann reported
receiving grants from NCATS/NIH, CDC, CSTE, and NC State Uni-
versity during the conduct of the study. No other disclosures were
reported.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
This research was supported by grant UL1TR002489 from the
NCATS/NIH; cooperative agreement NU38OT000297 from the
CSTE and the CDC; and grant K01AI151197 from the National In-
stitute of Allergy and Infectious Diseases/NIH (Dr Delamater). The
research also received partial support from the Georgia Institute
of Technology and NC State University.

Author Contributions
J.S.I., M.M., and J.L.S. had full access to all the data in the study and
take responsibility for the integrity of the data and the accuracy
of the data analysis.

Concept and design: E.T.R., J.S.I., M.E.M., and J.L.S.
Acquisition, analysis, or interpretation of data: E.T.R., J.M., J.S.I.,

M.E.M., M.D.P., K.H.L, K.J., P.D., R.B., R.S., and J.L.S.
Drafting of the manuscript: E.T.R., J.M., J.S.I., M.E.M., R.B., and J.L.S.
Critical revision of the manuscript for important intellectual con-

tent: E.T.R., J.M., J.S.I., M.E.M., M.D.P., K.H.L., K.J., P.D., P.K., R.B., R.S.,
and J.L.S.

Statistical analysis: E.T.R., J.M., J.S.I., M.E.M., and J.L.S.
Obtained funding: J.S.I., M.E.M., M.D.P., K.H.L., P.K., and J.L.S.
Administrative, technical, or material support: J.S.I., M.E.M., M.D.P.,

P.K., R.B., and J.L.S.
Supervision: J.S.I., M.E.M., M.D.P., K.H.L., P.K., and J.L.S.

Data Availability
The data that supports the findings of this study are available
from the corresponding author, J.L.S., upon reasonable request.

https://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgab004#supplementary-data


8 | PNAS Nexus, 2022, Vol. 1, No. 1

References
1. Selden TM, Berdahl TA. 2020. COVID-19 and racial/ethnic dispar-

ities in health risk, employment, and household composition.
Health Aff. 39(9), 1624–1632.

2. Ray R. 2020. Why are Blacks dying at higher rates from COVID-
19?. [accessed 2021 May]. https://www.brookings.edu/blog/fix
gov/2020/04/09/why-are-blacks-dying-at-higher-rates-from-c
ovid-19/.

3. CDC. Risk for COVID-19 infection, hospitalization, and death
by race/ethnicity. Centers for Disease Control and Prevention
2021. [updated 2021 June 17; accessed 2021 January]. https:
//www.cdc.gov/coronavirus/2019-ncov/covid-data/investigati
ons-discovery/hospitalization-death-by-race-ethnicity.html.

4. CDC. Ensuring equity in COVID-19 vaccine distribution. Centers
for Disease Control and Prevention 2021 [updated 2021 January;
accessed 202 January]. https://www.cdc.gov/vaccines/covid-19/
covid19-vaccination-guidance.html#guidance-jurisdictions.

5. Akinbami LJ, et al. 2020. SARS-CoV-2 seroprevalence among
healthcare, first response, and public safety personnel Detroit
metropolitan area, Michigan, USA, May-June 2020. Emerg Infect
Dis. 26(12), 2863–2871.

6. Reitsma MB, et al. 2021. Racial/ethnic disparities in COVID-19 ex-
posure risk, testing, and cases at the subcounty level in Califor-
nia. Health Aff. 40(6), 870–878.

7. National Academies of Sciences E, Medicine. 2020. Framework
for equitable allocation of COVID-19 vaccine. In: Gayle H, Foege
W, Brown L, Kahn B, editors. Washington, DC: The National
Academies Press.

8. Kates J, Tolbert J, Michaud J. The COVID-19 “Vaccination Line”:
an update on state prioritization plans 2021. [accessed 2021
January]. https://www.kff.org/coronavirus-covid-19/issue-bri
ef/the-covid-19-vaccination-line-an-update-on-state-prioriti
zation-plans/.

9. Bubar KM, et al. 2021. Model-informed COVID-19 vaccine prioriti-
zation strategies by age and serostatus. Science. 371(6532), 916–
921.

10. Ferranna M, Cadarette D, Bloom DE. 2021. COVID-19 vaccine al-
location: modeling health outcomes and equity implications of
alternative strategies. Engineering. 7, 924–935,

11. Paltiel AD, Schwartz JL, Zheng A, Walensky RP. 2021. Clinical
outcomes of a COVID-19 vaccine: implementation over efficacy.
Health Aff. 40(1), 42–52.

12. Fujimoto AB, Yildirim I, Keskinocak P. 2021. Significance of SARS-
CoV-2 specific antibody testing during COVID-19 vaccine alloca-
tion. Vaccine. 39, 5055–5063.

13. Salmon D, Opel DJ, Dudley MZ, Brewer J, Breiman R. 2021. Re-
flections on governance, communication, and equity: challenges
and opportunities in COVID-19 vaccination. Health Aff. 40(3),
419–425.

14. Schmidt H, et al. 2021. Equitable allocation of COVID-19 vaccines
in the United States. Nat Med. 27, 1298–1307.

15. Jean-Jacques M, Bauchner H. 2021. Vaccine distribution—equity
left behind? JAMA. 325(9), 829–30.

16. Ndugga N, Artiga S, Pham O. How are states addressing racial
equity in COVID-19 vaccine efforts? 2021. [accessed 2021 April].

https://www.kff.org/racial-equity-and-health-policy/issue-br
ief/how-are-states-addressing-racial-equity-in-covid-19-vacc
ine-efforts/.

17. American Community Survey 5-year estimates 2017 [database
on the Internet] [accessed 2020 July]. data.census.gov.

18. Places Data & Foot Traffic Insights [database on the Internet]
[updated August 2020; accessed 2021 May]: https://www.safegr
aph.com/covid-19-data-consortium.

19. McNichols C, Poydock M. Who are essential workers?. 2020.
[accessed 2020 July]. https://www.epi.org/blog/who-are-essenti
al-workers-a-comprehensive-look-at-their-wages-demograph
ics-and-unionization-rates/

20. Gregory JM, et al. 2021. COVID-19 severity is tripled in the dia-
betes community: a prospective analysis of the pandemic’s im-
pact in Type 1 and Type 2 diabetes. Diabet Care. 44(2), 526.

21. Americas Health Rankings [database on the Internet].
United Health Foundation. [accessed December 2020].
https://www.americashealthrankings.org/explore/annual/
measure/Diabetes/state/NC.

22. Bassett MT, Chen JT, Krieger N. 2021. Correction: variation
in racial/ethnic disparities in COVID-19 mortality by age in
the United States: a cross-sectional study. PLoS Med. 18(2),
e1003541. DOI: 10.1371/journal.pmed.1003541

23. CDC. COVID-19 vaccination program interim playbook
for jurisdictions operations annex. Centers for Disease
Control and Prevention. 2021. [accessed 2021 January].
https://www.cdc.gov/vaccines/covid-19/downloads/COVID-
19-vaccination-program-playbook-annex.pdf

24. Trantham L, Kurosky SK, Zhang D, Johnson KD. 2018. Adherence
with and completion of recommended hepatitis vaccination
schedules among adults in the United States. Vaccine 36(35),
5333–5339.

25. Dooling K, et al. 2021. The advisory committee on immuniza-
tion practices’ updated interim recommendation for allocation
of COVID-19 vaccine — United States, December 2020. MMWR
Morb Mortal Wkly Rep. 69(5152), 1657–1660.

26. Flu Vaccination Coverage, United States, 2019–20 Influenza Sea-
son [database on the Internet] [accessed 2021 January]. https:
//www.cdc.gov/flu/fluvaxview/coverage-1920estimates.htm.

27. Keskinocak P, Oruc BE, Baxter A, Asplund J, Serban N. 2020. The
impact of social distancing on COVID19 spread: state of Georgia
case study. PLoS ONE. 15(10), e0239798.

28. Oruc BE, Baxter A, Keskinocak P, Asplund J, Serban N. 2021.
Homebound by COVID19: the benefits and consequences of non-
pharmaceutical intervention strategies. BMC Pub Health. 21(1),
655.

29. Patel MD, et al. 2021. Association of simulated COVID-19
vaccination and nonpharmaceutical interventions with Infec-
tions, hospitalizations, and mortality. JAMA Network Open. 4(6),
e2110782–e.

30. Kim D, Pekg ¨un P, Yildirim I, Keskinocak P. 2021. Resource al-
location for different types of vaccines against covid-19: trade-
offs and synergies between efficacy and reach. Vaccine. 39, 6876–
6882.

31. Ekici A, Keskinocak P, Swann JL. 2014. Modeling influenza pan-
demic and planning food distribution. M&Som-Manuf Ser Oper
Managt. 16(1), 11–27.

32. Rosenstrom E, et al. 2021. High-quality masks reduce COVID-19
infections and deaths in the US. 2021 Winter Simulation Confer-
ence (WSC). doi: 10.1101/2020.09.27.20199737.

33. Funk C, Tyson A. 2020. Intent to get a COVID-19 vac-
cine rises to 60% as confidence in research and de-
velopment process increases. [accessed 2021 February].
https://www.pewresearch.org/science/2020/12/03/intent-to
-get-a-covid-19-vaccine-rises-to-60-as-confidence-in-resear
ch-and-development-process-increases/.

34. Finney Rutten LJ, et al. 2021. Evidence-based strategies for clini-
cal organizations to address COVID-19 vaccine hesitancy. Mayo
Clin Proc. 96(3), 699–707.

35. Shen AK, Hughes R, DeWald E, Rosenbaum S, Pisani A, Oren-
stein W. 2021. Ensuring equitable access to COVID-19 vaccines

https://www.brookings.edu/blog/fixgov/2020/04/09/why-are-blacks-dying-at-higher-rates-from-covid-19/
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-race-ethnicity.html
https://www.cdc.gov/vaccines/covid-19/covid19-vaccination-guidance.html#guidance-jurisdictions
https://www.kff.org/coronavirus-covid-19/issue-brief/the-covid-19-vaccination-line-an-update-on-state-prioritization-plans/
https://www.kff.org/racial-equity-and-health-policy/issue-brief/how-are-states-addressing-racial-equity-in-covid-19-vaccine-efforts/
file:data.census.gov
https://www.safegraph.com/covid-19-data-consortium
https://www.epi.org/blog/who-are-essential-workers-a-comprehensive-look-at-their-wages-demographics-and-unionization-rates/
https://www.americashealthrankings.org/explore/annual/measure/Diabetes/state/NC
https://www.cdc.gov/vaccines/covid-19/downloads/COVID-19-vaccination-program-playbook-annex.pdf
https://www.cdc.gov/flu/fluvaxview/coverage-1920estimates.htm
https://www.pewresearch.org/science/2020/12/03/intent-to-get-a-covid-19-vaccine-rises-to-60-as-confidence-in-research-and-development-process-increases/


Rosenstrom et al. | 9

in the US: current system challenges and opportunities. Health
Aff. 40(1), 62–69.

36. Prince Council George County. 2021. Council Vice Chair Deni
Taveras Applauds New Vaccination Approach Serving Latino
Families in Prince George’s County. Upper Marlboro (MD): Prince
George’s County Council.

37. House TW. 2021. FACT SHEET: President Biden to call on all em-
ployers to provide paid time off for employees to get vaccinated
after meeting goal of 200 million shots in the first 100 days.
Washington, D.C.: The White House.

38. Oregon Health Authority. 2021. PCA reimbursement for trans-
portation to COVID-19 vaccination sites. Salem, OR: Oregon
Health Authority.

39. Permanente K. 2021. COVID-19 vaccine equity Toolkit [accessed
2021 March].

40. Chou W-YS, Budenz A. 2020. Considering emotion in COVID-19
vaccine communication: addressing vaccine hesitancy and fos-
tering vaccine confidence. Health Commun. 35(14), 1718–1722.

41. Freeman D, et al. 2021. Effects of different types of writ-
ten vaccination information on COVID-19 vaccine hesitancy
in the UK (OCEANS-III): a single-blind, parallel-group, ran-
domised controlled trial. The Lancet Public Health. 6(6),
e416–e427.

42. Kottasova I. 2021. What we know about the Covid-19
Delta variant first found in India. In: [accessed 2021 June].
https://www.cnn.com/2021/06/10/health/delta-variant-india-
explained-coronavirus-intl-cmd/index.html.

43. Torjesen I. 2021. Covid-19: Delta variant is now UK’s most
dominant strain and spreading through schools. BMJ. 373,
n1445.

44. Network NFA. 2021. About farmworkers. NC farmer advocacy
network. [accessed 2021 May]. https://ncfan.org/resources/abou
t-farmworkers/.

45. COVID Data Tracker. 2021. Centers for disease control and pre-
vention; [updated 2021 June 8; accessed 2021 April]. https://covi
d.cdc.gov/covid-data-tracker/#variant-proportions.

https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}www.cnn.com\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}2021\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}06\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}10\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}health\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}delta-variant-india-explained-coronavirus-intl-cmd\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \protect \begingroup \def \MessageBreak {
               }\immediate \write \@unused {
LaTeX Warning: Unicode entity `&#x002F;' undefined.
}\endgroup \immediate \write \@entityout {\UnicodeCharacter{x002F}{}
}index.html
https://ncfan.org/resources/about-farmworkers/
https://covid.cdc.gov/covid-data-tracker/#variant-proportions

