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ABSTRACT

The global impact of the COVID-19 pandemic has disproportionately affected some communities and
populations more than others. We propose that an interdisciplinary framework of ‘One Health
Disparities’ advances understanding of the social and systemic issues that drive COVID-19 in vulner-
able populations. One Health Disparities integrates the social environment with One Health perspec-
tives on the interconnectedness of human, animal, and environmental health. To apply this framework,
we consider One Health Disparities that emerge in three key components of disease transmission: ex-
posure, susceptibility, and disease expression. Exposure disparities arise through variation in contact
with COVID-19’s causative agent, SARS-CoV-2. Disparities in susceptibility and disease expression
also exist; these are driven by biological and social factors, such as diabetes and obesity, and through
variation in access to healthcare. We close by considering how One Health Disparities informs
understanding of spillback into new animal reservoirs, and what this might mean for further human

health disparities.

Lay summary: One Health focuses on interconnections between human, animal, and environmental
health. We propose that social environments are also important to One Health and help illuminate dis-
parities in the coronavirus pandemic, including its origins, transmission and susceptibility among
humans, and spillback to other species. We call this framework One Health Disparities.
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INTRODUCTION

preventable diseases that arise due to socially driven
The COVID-19 pandemic will be a defining moment  underlying systemic issues. Thus, when historians
in global history due to its impact on all people, re-  write about the pandemic in the years and decades
gardless of age, gender, or ethnic background. tocome, many will focus on health disparities related
However, the impacts of this crisis will differ greatly —to socio-economic status (SES), access to health-
among groups of people due to the striking health ~ care, education level, environment (rural or urban),
disparities that have become evident during the pan-  politics, and discrimination.
demic. The National Institute of Minority Health and Here, we integrate perspectives on health dis-
Health Disparities describes health disparities as  parities with One Health in a novel framework that
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we call ‘One Health Disparities.” One Health refers to the inter-
connections between the health of humans, non-human animals,
and the environment [1]. The environment is a key component of
One Health; the environment is also central to social determi-
nants of health, where the social environment is key for under-
standing many health disparities [2]. Thus, we propose that
expanding the One Health framework to include aspects of the
social environment can help to explain variation in health dispar-
ities for zoonotic diseases, such as COVID-19 [2].

To explore how One Health Disparities informs understand-
ing of the coronavirus pandemic, we apply it to three critical
components of infectious disease transmission and epidemi-
ology: exposure, susceptibility, and disease expression (i.e. mor-
bidity). For transmission of any infectious disease to occur, an
individual must be exposed to the infectious agent and suscep-
tible to it; once infected, individuals vary in their expression of
disease. One Health Disparities aims to understand how dis-
parities emerge at each of these stages by incorporating per-
spectives from social determinants of health, One Health, and
evolutionary medicine. Figure 1 summarizes the framework that
follows, and highlights that many of the social factors show cor-
related effects on exposure, susceptibility and transmission.

ONE HEALTH DISPARITIES AND ORIGINS OF
SARS-COV-2 AT THE HUMAN-ANIMAL INTERFACE

A major component of One Health research focuses on patho-
gen transmission at the human-animal interface, including
emerging infectious diseases. In the context of One Health
Disparities, we can ask: which individuals are most likely to be
exposed to a new zoonotic infectious disease, and what are the
social drivers of exposure?

A logical starting point to address this question is to consider
the source of a new virus—its natural reservoir—and identify
which people might be exposed to that reservoir through social
factors such as SES, occupation, or ethnic group (Fig. 1). The
evolutionary approach of inferring phylogenetic trees is a key
approach to investigating animal reservoirs of infectious dis-
ease [3]; thus, phylogenies can help identify which groups of
people have more contact with those reservoirs. Phylogenetic
analyses identified bats as the natural reservoir for SARS-like
coronaviruses, with SARS-CoV-1 (the causative agent of SARS)
nested within these bat coronaviruses [4]. These findings sug-
gest that individuals who have greater contact with bats will
have higher risk of exposure to SARS-CoV-2 (the virus that
causes COVID-19 disease).

This appreciation for disparate exposures to the SARS-CoV-1
reservoir informed a study conducted in China. Li et al. [5] col-
lected serological samples from humans in China to identify
previous exposure to SARS- related coronaviruses in bats. They
also surveyed the same research subjects to determine their
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Figure 1. One health disparities. The top of the figure illustrates a standard
view of One Health and zoonotic disease in the context of SARS-CoV-2. Bats
represent the likely reservoir of SARS-CoV-2, with transmission from bats to
humans occurring directly or through bridge hosts (amplification hosts),
such as livestock or animals in wet markets. Once in the human population,
the virus successfully infected multiple new animal species, including mink,
and other species are likely to be susceptible, such as other great apes. The
bottom of the figure integrates One Health, social determinants of health,
and health disparities within a framework of exposure, susceptibility and dis-
ease expression. We represent the social environment and exposure with a
social network, revealing a gradient in exposure (top to bottom) that results
in exposure disparities. Susceptibility and disease expression are combined
here, given that they are difficult to disentangle without experimental stud-
ies, and also shown as a gradient (left to right). This results in a gradient of
susceptibility and disease expression disparities. The figure shows an
expected correlation between exposure and susceptibility-disease expres-
sion. However, outliers to this expected correlation will occur. For example,
individual (a) is someone who has high exposure but low susceptibility
(such as a healthcare worker) and individual (b) is someone who has high
susceptibility but low exposure (such as an older person with comorbidities
who is able to work from home to reduce exposure).

exposure to bats, wildlife, and livestock. The serological data
confirmed previous infection of bat coronavirus in humans, yet
counter to expectations based on the known coronavirus reser-
voir, the positive subjects reported low contact with bats.
Instead, Li et al. [5] identified a high rate of human exposure to
other wildlife and livestock as predictors of coronavirus expos-
ure, with the main points of contact involving poultry farming
and contact with rodents and shrews living in dwellings. These
contacts were also associated with low SES.

The findings from Li et al. [5] may reflect that many coronavi-
ruses utilize bridge hosts (i.e. amplification hosts), which are
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species that transmit the virus from its natural reservoir to
humans [6]. The primary bridge hosts for the SARS- CoV-1 are
palm civets (Paguma larvata) and for MERS-CoV are dromedary
camels (Camelus dromedarius; [7]). The bridge host(s) of SARS-
CoV-2 is still unknown, but it is hypothesized that SARS-CoV-2
was transmitted to humans through two possible pathways: (1)
a bridge-host in animal markets or the wild, and/or (2) through
domesticated animals, such as livestock [8]. Understanding dis-
parities in exposure to the bridge host(s) therefore will enable
understanding of exposure disparities and inform surveillance
and interventions.

Anthropogenic environmental change is also crucial to One
Health research, including changes related to increasing reli-
ance on agriculture, increasing limits on land for farming as
populations grow, and urbanization and more efficient trans-
portation networks. These transitions are also relevant to under-
standing SARS-CoV-2 One Health Disparities. In particular, a
likely origin point of the virus was in low-income farmers living
in rural China, which is associated with land-use change. Yet
the farmers’ connections to markets in urban settings, especial-
ly those serving as transportation hubs, give emerging diseases
opportunities to expand regionally and eventually globally.
Thus, a better understanding of how these farmers connect in-
fectious diseases from reservoir or bridge hosts into these
transport networks, and the people they interact with when
doing so, will likely reveal additional disparities early in the dis-
ease outbreak.

HUMAN-TO-HUMAN TRANSMISSION: DISPARITIES
IN SARS-COV-2 EXPOSURE

Once SARS-CoV-2 began spreading in human populations, add-
itional factors led to variation in exposure among humans
(Fig. 1). Some environments are riskier for disease transmis-
sion than others, whether those are social or physical environ-
ments. Importantly, social factors influence the environments
in which many people live and work, due to combinations of
socioeconomic status, education level, occupations, and social
systemic racism.

An important factor in the context of COVID-19 is the ability
to avoid high-risk exposure environments, including through so-
cial distancing. The inability to socially distance affects some of
the world’s most vulnerable populations, including prisoners,
the homeless, and refugees. In the workforce, individuals also
vary in their ability to follow mitigation strategies, such as work-
ing from home, leading to new health disparities in exposure
pathways. In 2019, the United States (U.S.) Bureau of Labor
Statistics [9] reported that 29% of Americans could work from
home and 25% occasionally worked from home. However, only
13% of Hispanic and 18% of Black wage workers were able to
work from home. The majority of remote workers had advanced
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education (a bachelor's degree or higher) and were high-
income salary and wage workers earning above the 75th per-
centile [9]. In addition to front-line medical workers, the long
list of occupations for which working from home is impossible
includes cashiers, food preparation and waitresses/waiters, re-
tail salespeople, and janitors.

Variation in wealth and socioeconomic status also influences
exposure to risky environments, with a lack of invested capital
forcing some people to work, even when that work is not safe in
the context of SARS-CoV-2 transmission. Conversely, low SES and
unemployment are driving an increase in food insecurity through-
out the U.S. and increasing disease exposure risk for people that
depend on food banks and pantries for resources [10].

Indoor versus outdoor work represents another important en-
vironmental factor that influences variation in exposure to
SARS-CoV-2. Occupations that involve outdoor work have
reduced risk of exposure, where droplets and aerosols can dif-
fuse more readily by air currents [11]. Thus, a landscaping or
farm worker may be at lower risk. However, the increased risk
from shared space in vehicles to travel to work sites may offset
these benefits. Similarly, policies that require food or services to
be provided outdoors may reduce risks for both workers and
customers, although this is not possible in all locations or at all
times of year.

While much of the world’s focus has been on high-income
countries, social distancing in low-income countries also
presents challenges due to social and economic factors.
Household income is negatively impacted by social distancing ,
with low-SES workers in low and middle-income countries being
less able to sacrifice their livelihoods [12]. In contrast, high-
income countries generally have more commonly instituted pol-
icies to protect workers from lost jobs or wages.

India provides an example of low-middle income country ex-
posure disparities. The Indian Ministry of Health and Welfare
implemented strategies to lower COVID-19 transmission, such as
limiting large group gatherings, encouraging people to practice
hand and respiratory hygiene, and monitoring common symp-
toms of COVID-19. These strategies worked best at mitigating
transmission in high-income social groups in India, exacerbating
exposure-based health disparities [13]. Indeed, Indian states with
a high proportion of low-income groups, who have lower SES and
lower healthcare nets, have been described as COVID-19 hotspots
[13]. In addition, socio-cultural factors also limit mitigation to
SARS-CoV-2 in India, such as crowded housing, religious gather-
ings, and travel using communal services [14].

DISPARITIES in SARS-COV-2 SUSCEPTIBILITY

Health disparities can also arise following exposure to SARS-
CoV-2 through variation in susceptibility, which we define as the
probability of becoming infected following exposure to SARS-
CoV-2 (Fig. 1). We specifically consider genetic and phenotypic
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characteristics that may influence susceptibility in humans and
our close evolutionary relatives, with the caveat that experimen-
tal infection studies have not been conducted for obvious ethic-
al reasons. We also review some social factors and
comorbidities that interact with cellular mechanisms associated
with susceptibility.

The mutations occurring in SARS-CoV-2 provide some
insights to susceptibility because these genetic variants are cru-
cial to the cell receptors needed for entry of the virus into cells.
The sites of importance in SARS-CoV-2 are the spike protein (S)
and nucleocapsid (N) regions of the genome [15]. Angiotensin-
converting enzyme 2 (ACE-2) has a variety of functions, includ-
ing regulating blood pressure; it is also an important viral recep-
tor that mediates viral binding in SARS-CoV-2 [16]. Among
primates, a study revealed gene conservation in ACE-2 in sev-
eral great apes and suggested that they would be susceptible to
SARS-CoV-2 [17]. Another study demonstrated that rhesus mac-
aques can be in infected with SARS-CoV-2 and develop pneumo-
nia [18]. Thus, it seems likely that SARS-CoV-2 can successfully
bind to ACE-2 receptors in a wide array of non-human primates
and cause illness [17-19].

In humans, variation in expression levels of ACE-2 are well
documented, and this is thought to influence susceptibility to
SARS-CoV-2 [20, 21]. People with type Il diabetes and hyperten-
sion exhibit higher expression of ACE-2 [20, 21]. In addition, the
elderly and people with chronic lung diseases have higher dis-
ease susceptibility to SARS-CoV-2 due to epithelial lung senes-
cent cells, which have high expression levels of ACE-2 [22, 23].

Social environments may also influence susceptibility to
SARS-CoV-2. The best evidence for this comes from health con-
ditions that show disparities by SES, race, and ethnicity, such
as diabetes, heart disease, and obesity. Given that these health
conditions also predict higher risk of SARS-CoV-2, the social
factors that drive these conditions should also drive susceptibil-
ity to SARS-CoV-2. Similarly, social adversity may influence sus-
ceptibility to SARS-CoV-2 infection. For example, lower income
and less social integration lead to an increase in chronic dis-
eases, such as liver and kidney disease, diabetes, heart disease,
asthma, and stroke [24], which may also increase susceptibility
to SARS-CoV-2.

DISPARITIES in COVID-19 DISEASE EXPRESSION

Exposure and susceptibility are key to explaining the distribu-
tion of infections, but it is important to also consider disparities
in disease expression (Fig. 1), especially because morbidity and
mortality are strongly linked to fitness and the severity of
COVID-19 varies markedly among patients. In addition, individ-
uals with greater disease expression (i.e. morbidity) may also
have higher viral loads and more effectively transmit SARS-CoV-
2 [25], potentially perpetuating the health disparities through
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contact with friends, co-workers and kin. We acknowledge that
some of these disease outcome disparities very likely reflect
variation in underlying susceptibility, which was the focus of the
previous section; without controlled experiments, it is challeng-
ing to disentangle the extent to which observed infections are
due to variation in susceptibility or variation in disease severity.

Chronic lung diseases, such as chronic obstructive pulmon-
ary disease (COPD), asthma, pulmonary fibrosis, and lung can-
cer, appear to increase the severity of COVID-19 [26]. A variety
of environmental and social factors can lead to health dispar-
ities in these chronic lung diseases. Air pollution impacts 90%
of the global population living in urban environments and can
lead to an increase in COPD, lung cancer, asthma, and respira-
tory infections [27]. In these urban settings, however, outdoor
air pollution levels and lung health vary considerably based on
location; for example, living close to highways increases the
likelihood of developing bronchitis and asthma and reduces
lung function [28]. Recent evidence suggests that ~15% of glo-
bal COVID-19 mortality can be attributed to air pollution [29].
Indoor air pollution also leads to pulmonary disease; for ex-
ample, lung health is negatively impacted by cooking methods
that rely on biomass fuels, such as wood, dried dung, and char-
coal [30]. Although the effects of cooking practices on COVID-
19 severity are not yet clearly documented, smoking indoors is
associated with high-risk of infection and worse health out-
comes [31]. In the U.S. pulmonary diseases can also be influ-
enced by targeted retail marketing of menthol cigarettes to
Black and Latinx communities [32].

Obesity, diabetes, and vitamin D deficiency also lead to
greater COVID-19 severity [33, 34]. These comorbidities also
show health disparities that could drive disparities in COVID-19
outcomes. In the U.S. the populations with highest rates of
obesity in 2011-2012 were Black and Latinx communities, and
American Indian/Alaskan native, Latinx, and Black communities
had the highest rates of type Il diabetes in the U.S. [35, 36].
Another social determinant of diabetes is education level: peo-
ple with less than a high school degree had a higher rate of dia-
betes than those with at least a high school degree [36]. ‘Food
deserts’ also contribute to obesity and diabetes, in which access
to healthy food is not affordable or readily available in low-
income areas. Moreover, Vitamin D deficiency has recently
been linked to severe COVID-19 expression and mortality in
African Americans [34]. This health disparity is most common
in non-Hispanic Black communities, with 84.2% demonstrating
insufficient levels of Vitamin D, in comparison to 56.3% of
Hispanics and 34.8% of non-Hispanic Whites [37]. Vitamin D
deficiency further explains how the environment, social factors,
and age contribute to COVID-19 expression, with deficiency
more common in fall and winter months, women, obese people,
smokers, and older adults (>60years old) [38].
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Political systems that shape the social environment, such as
systematic oppression, lead to reduced access to healthcare in
historically marginalized communities, though political and
healthcare interactions are understudied in evolutionary scien-
ces. This association negatively impacts access to testing or
treatment for COVID-19, leading to worse health outcomes. In
the United States, this includes immigrant workers. In 1996, the
U.S. restricted Medicaid healthcare access to any immigrant for
the first five years who came to the country after 1996 [39].
Additionally, non-English speakers report high rates of discrim-
ination in healthcare settings [40]. Overall, 15.2% of Black and
26.7% of Hispanic communities are uninsured, as compared to
9.0% of white Americans [41].

Another gradient in access to healthcare involves proximity
to urban centers, which have larger hospitals with more sophis-
ticated equipment, including better-equipped and larger inten-
sive care facilities and access to long-term care. In the U.S,,
individuals in rural settings have more difficulty accessing
healthcare services and may travel two to three times farther to
attain preventative and specialized medical care [42]. Similar
disparities are seen in large swaths of sub-Saharan Africa, where
this disparity in access to care is even more striking, with even
fewer medical facilities and fewer physicians and staff to treat
severe COVID-19 expression in rural settings [43]. Additional
limits to healthcare access in the U.S. include barriers arising
from discrimination (race and gender), insurance status, socio-
economic status, and disability status [44].

In some cases, the shutdown associated with social distanc-
ing interfered with access to healthcare. A striking example
involves the Hualapai tribe, an indigenous group in the south-
west of the U.S. The Hualapai tribe attains a majority of their
revenue from tourist visits to the Horseshoe Glass Walkway on
the south rim of the Grand Canyon. Due to social distancing,
the Hualapai Tribe were forced to close this tourist attraction,
which left the community without funds to support health clin-
ics. These impacts have been detrimental to indigenous com-
munities. Overall, American Indians and Alaska Natives have
2.8 times more COVID-19 cases and experience a 5-fold higher
hospitalization rate, as compared to white counterparts [45].

An enigma has arisen in the case of low-income and low-
middle income countries. Although the poorest countries were
at first expected to fare worse as SARS-CoV-2 spread globally,
the situation has proved more complex. Although reliable data
are sometimes hard to come by, these countries appear to have
similar levels of infections as seen in higher income countries,
but the consequences have been different, with low-income and
low-middle income countries requiring fewer hospital beds and
less critical care, and experiencing a lower mortality rate [46].
One factor contributing to this pattern may be the younger age
structure of low-income and low-middle income countries rela-
tive to high-income countries [46]. Given that age is one of the
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best predictors of disease outcome for COVID-19 [23], this
younger age structure of low-income and low-middle income
countries may contribute to some reverse disparities in disease
outcomes among countries. Although age distribution is a
major contributor to having a lower COVID-19 mortality rate in
low-income and low-middle income countries, additional fac-
tors may also play a role, including lower overall non-
communicable disease prevalence compared to high-income
countries [43].

Finally, human susceptibility to COVID-19 may also be linked
to genetic variants acquired through introgression of
Neanderthal DNA to the human lineage, specifically chromo-
some 3 (SLC6A20), which interacts with ACE-2, and chromo-
some 9 (9934), which interacts with the ABO blood group locus
[47]. These patterns of ACE-2 expression in some populations
with underlying diseases suggest that some genetic factors also
explain disease severity, often in combination with environmen-
tal and social factors. Given these biological explanations of dis-
ease severity, it is important to note that these Neanderthal
genetic variants that increase risk are more commonly present
in European ancestry, yet mortality is higher in Black, Native
American, and Latinx communities. This pattern therefore high-
lights that social and environmental factors are especially im-
portant in driving COVID-19 infections and mortality.

SPILLBACK: ‘PHYLOGENETIC DISPARITIES’ AND
RISKS FOR NEW HUMAN HEALTH DISPARITIES®

Returning to One Health’s focus on the human-animal-
environment interface, another great concern is that SARS-CoV-
2 could enter a new animal species from humans (Fig. 1). This
animal could then become a new reservoir of SARS-CoV-2, or its
populations could be negatively impacted by COVID-19. While
the term ‘spillover’ is commonly used to describe transmission
from non-human animals to humans, ‘spillback’ is used to de-
scribe transmission from humans to animals, and typically into
a new animal host [48].

The discussion from above highlights that many primates are
at high-risk for spillback, including other great apes [17, 19].
Thus, spillback has conservation implications, especially for
endangered and critically endangered great apes, or could occur
in captive populations, including zoos, as seen with tigers at
the Bronx Zoo early in the pandemic [49]. Spillback also has eco-
nomic consequences. For example, mink farms have been nega-
tively impacted by COVID-19. In the Netherlands, mink farmers
have culled 17 million minks, and the U.S. Department of
Agriculture (USDA) confirmed SARS-CoV-2 infections in mink
farms in Utah [50, 51].

In the public health context, it is important to identify which
animals can serve as new reservoirs, and in the context of One
Health Disparities, which humans will have most contact with
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those animals, are most likely to become infected, and then de-
velop more severe disease. If SARS-CoV-2 establishes in agricul-
tural animals, this would put farmworkers at greatest risk. It
could also create a need for animal vaccines (draining further fi-
nancial and scientific resources), and could select for new gen-
etic variants that enable the virus to escape vaccination efforts.
Although many animals appear to be susceptible to SARS-CoV-
2, it is unknown which animals will be competent hosts that are
capable of successful disease transmission to humans [52]. For
example, ferrets establish upper airway infections, but display
inefficient intraspecies transmission, while cats are susceptible
to SARS-CoV-2 and display efficient transmission to other cats
[53]. A recent study also identified 40+ bat species in North
America that may be susceptible to SARS-CoV-2 [54].

The risks considered in this section may vary substantially in
low- versus high-income countries. With a larger percentage of
the population in a low-income country practicing agriculture,
the spread of disease in domesticated animals and people
could be particularly challenging, with fewer options for animal
vaccination and greater contact between people and domesti-
cated animals.

CONCLUSIONS AND OUTLOOK

The One Health approach focuses on the connections between
human, animal, and environmental health. Here, we argued
that social environments are also important to One Health and
help to explain health disparities associated with zoonotic dis-
ease, ranging from introduction of infectious organisms to
human populations, transmission within humans, and possible
spillback to other species of wildlife or domesticated animals
[55]. Social environments have strong connections to physical
environments that also influence health disparities [2, 56]. For
example, unhealthy areas in urban ecosystems may have poor
sanitation, air pollution, and threatening social environments,
while also lacking access to medical care, affordable housing,
and healthy food [2]. We applied this framework to the corona-
virus pandemic, but it is more broadly applicable to any infec-
tious disease and a wide range of mitigation strategies.

We focused our discussion of One Health Disparities on
pathways involving exposure, susceptibility, and disease expres-
sion. Social factors affected the original exposure to SARS-CoV-
2 due to socioeconomic factors, such as occupation. Social fac-
tors also played a role in human-to-human exposure pathways
through additional socioeconomic variables that result in lim-
ited opportunities to pursue disease mitigation strategies.
These exposure disparities are augmented by disparities in the
susceptibility to COVID-19 and morbidity in many of these
under-privileged communities, including through limited access
to medical treatment and increased co-morbidities that are also
social factors. Given increased

driven by exposure,

Solisetal. | 75

susceptibility, and expression of COVID-19, this leads to sub-
stantial disparities in health outcomes, with a disproportionate
number of deaths occurring in marginalized communities.

Reflecting these views, we represented these exposure path-
ways as a social network in Fig. 1, which also illustrated how so-
cial factors influence susceptibility and disease expression. As
shown in the figure, common effects of social factors at each
stage leads to a correlation in effects in exposure, susceptibility,
and disease expression in marginalized communities. Though
social networks are an important part of disease transmission
[54, 57], the connections between non-human animals, social
networks, social environments, and health disparities have yet
to be thoroughly modeled using social network analysis and
network epidemiology. Identifying the drivers of these dispar-
ities in exposure, infection, and disease severity allow public
health officers and governments to appropriately allocate
resources for more equitable health outcomes.
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