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Abstract

With the ongoing spread of COVID-19, vaccination stands as an effective measure to control and mitigate the impact of the
disease. However, due to the unequal distribution of COVID-19 vaccination sites, people can have different levels of spatial
accessibility to COVID-19 vaccination. This study adopts an improved gravity-based model to measure the racial/ethnic
inequity in transit-based spatial accessibility to COVID-19 vaccination sites in the Chicago Metropolitan Area. The results
show that Black-majority and Hispanic-majority neighborhoods have significantly lower transit-based spatial accessibility to
COVID-19 vaccination sites compared to White-majority neighborhoods. This research concludes that minority-dominated
inner-city neighborhoods, despite better public transit coverage, are still disadvantaged in terms of transit-based spatial
accessibility to COVID-19 vaccination sites. This is probably due to their higher population densities, which increase the

competition for the limited supply of COVID-19 vaccination sites within each catchment area.

Introduction

Vaccination has been shown to be highly effective in con-
taining the spread of coronavirus disease 2019 (COVID-19).
However, due to the spatial distribution inequity of vacci-
nation sites, different population groups can have various
levels of spatial accessibility to vaccination sites. A better
understanding of the inequity in the spatial accessibility of
vaccination sites can help policymakers make adjustments to
improve the equity of vaccination site distribution.
Meanwhile, the impact of COVID-19 has also been felt
differently by different racial/ethnic groups due to dispari-
ties in the socioeconomic determinants of health such as
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employment, housing, and healthcare [1-4]. Therefore, in
light of the proven effectiveness of COVID-19 in reduc-
ing the infection and mortality rate [5-7], it is even more
important to minimize the inequity faced by the racial/eth-
nic minority population in accessing vaccination sites in
order to protect themselves from COVID-19. Nevertheless,
due to the uneven distribution of COVID-19 vaccination
resources, there are inequities in vaccination accessibility
among different nations and regions as suggested by recent
studies [8, 9]. However, little is known to date regarding
the inequities in accessing COVID-19 vaccination sites
across different races and ethnicities at the local level.
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Although the USA is known to be a car-dependent coun-
try, a significant portion of its urban population, especially
the racial/ethnic minorities, live in carless households and
rely on public transit for traveling to different activity sites
such as healthcare, employment, and grocery. Therefore, in
light of the ongoing COVID-19 vaccination efforts in the
USA, we need to better understand transit-based accessibil-
ity to COVID-19 vaccination sites and racial/ethnic inequity
associated with the COVID-19 vaccination accessibility at
the local level in order to improve the accessibility of vac-
cination to racial/ethnic minorities and protect them from
the disproportionate impact from COVID-19.

Since the first COVID-19 case was confirmed in the
USA on January 20, 2020, the number of cases in the
nation has grown exponentially [10]. As of early Novem-
ber 2021, the USA has accumulated more than 46 mil-
lion COVID-19 cases and 746,000 deaths [11]. Despite
the wide-ranging impact of the COVID-19 pandemic, the
extent of impact varies across different population groups,
with racial/ethnic minority populations being more fatally
affected [1]. Specifically, Luck (2022) discovered that the
mortality rate for the White population in the USA was
76 deaths per million, which was much lower than that of
the Black population which had a mortality of 211 deaths
per million [4]. Kim and Bostwick (2020) revealed that
62.8% of all COVID-19-associated deaths in Chicago
were Black people, which were spatially concentrated in
Black-majority neighborhoods in the southern and western
parts of Chicago [12]. Gross et al. (2020) uncovered that
the COVID-19-associated death risk was 18-fold higher
among the Black population than the White population
in Wisconsin, while the Hispanic population had an 88%
higher death risk than White patients [13]. Therefore, the
racial/ethnic minority population have been shown to be
more vulnerable to the mortal impact of COVID-19. In the
meantime, vaccination has been shown to be very effective
in reducing the probability of severe illness and death from
COVID-19 [6, 7]. Specifically, Polack et al. (2020) found
that a two-dose regimen of BNT162b2 mRNA Covid-19
Vaccine developed by Pfizer-BioNTech was 95% effective
in preventing COVID-19 for individuals 16 years old or
above [6]. Voysey et al. (2021) revealed that ChAdOx1
nCoV-19 vaccine developed by AstraZeneca-University of
Oxford was 62.1% effective in preventing COVID-19 when
administered in two standard doses, and 90.0% effective
in preventing COVID-19 when administered in a low dose
followed by a standard dose. Many COVID-19 vaccines
such as the abovementioned ones developed by Pfizer-
BioNTech and AstraZeneca-University of Oxford require
two doses of vaccine in order to achieve a lasting maxi-
mal level of protection and for recipients to be considered
fully vaccinated [6, 14, 15]. Further, subsequent vaccine
booster shots have been recommended and implemented
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by the health authorities in countries such as Israel and
the USA in order to compensate for the waning vaccine
effectiveness [16, 17]. Therefore, constant and good access
to COVID-19 vaccination is key to combating COVID-19
and protecting people from hospitalization and death.
Nevertheless, just like many other socioeconomic
resources such as employment [18], grocery [19], and
recreation [20], studies have also found inequity in the
distribution of vaccination resources [21]. Past studies
have found that better spatial accessibility to vaccination
resources/services is associated with higher vaccination
rates [22, 23]. Specifically, Fu et al. (2009) found that chil-
dren in Washington DC with the highest level of spatial
access to pediatric vaccination providers have a 36% higher
likelihood of being up-to-date in terms of vaccination than
children with the lowest level of spatial access to pediat-
ric vaccination providers [22]. Further, Whitehead et al.
(2022) revealed a strong and significant positive associa-
tion between the average spatial accessibility to vaccina-
tion services and the vaccination rate of the Maori popu-
lation in Aotearoa New Zealand, based on District Health
Boards data [23]. Given the importance of good spatial
access to vaccination providers in improving vaccination
rates, many recent studies have tried to reveal the inequity
in spatial accessibility to COVID-19 vaccination. However,
most of these studies on COVID-19 vaccination distribu-
tion inequity only focus on highlighting the inequity among
different countries, especially between the higher-income
and lower-income countries [8, 9]. In comparison, insuf-
ficient attention has been directed towards revealing the
inequity faced by the socially vulnerable population (e.g.,
racial/ethnic minorities) at the local level. This is because
the socially vulnerable population such as the racial/ethnic
minority population tend to be disadvantaged in access-
ing various socioeconomic resources such as healthcare
and they should be on equal footing, if not prioritized, in
accessing COVID-19 vaccination with the White popu-
lation since racial/ethnic minority populations have been
shown to suffer from higher COVID-19 mortality rate.
Besides the barrier of spatial accessibility, the long-stand-
ing racism and discrimination along with historic scandals
such as the Tuskegee Experiment have led to a distrust of the
healthcare system and vaccine hesitancy among the racial/eth-
nic minorities, especially the Black communities, in the USA,
which have resulted in low vaccine willingness and COVID-19
vaccination rate among the racial/ethnic minority population
[24,25]. As a consequence, inequities faced by the racial/eth-
nic minorities in spatial accessibility to COVID-19 vaccina-
tion sites, in combination with the already low vaccination
willingness among them, can further reduce the effectiveness
of the efforts to increase the COVID-19 vaccination rate. A
low COVID-19 vaccination rate can in turn further exacer-
bate the COVID-19 incidence and mortality rate among the
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racial/ethnic minorities. Therefore, understanding and reduc-
ing the inequity in the spatial access to COVID-19 vaccination
sites across racial/ethnic groups at the local level serves as the
foundation for bridging the vaccination rate gap, which helps
improve the protection against COVID-19 for the racial/ethnic
minorities.

Therefore, this study aims at revealing the inequity in the
spatial accessibility to COVID-19 vaccination sites for the
racial/ethnic minority population. Moreover, as the racial/eth-
nic minority populations are more likely to reside in carless
households and more dependent on public transit for accessing
socioeconomic opportunities [26, 27], we particularly concen-
trate on revealing the racial/ethnic inequity in transit-based
spatial accessibility to COVID-19 vaccination sites. Spatial
accessibility in our study is defined as the ease of reaching
COVID-19 vaccination sites using public transit. The spatial
accessibility measure adopted in our study is an improved
gravity-based model that accounts for not only the demand
for and supply of vaccination sites but also the inflation effect
of supply and demand.

Data and Methodology
Data Source

We obtained the data for the study mainly from three differ-
ent sources. First, the census trace-level sociodemographic
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data, which include the population, race/ethnicity, and
median household income information, were obtained from
the 2018 American Community Survey (ACS) [28]. The
vaccination site data by GISCorps was acquired from the
ArcGIS Hub [29]. A vaccination site for our study refers to
any location providing COVID-19 vaccine and the vaccina-
tion sites in the study area include pharmacies (e.g., CVS,
Walgreens), clinics (including mobile clinics), public health
departments, and all other non-medical facilities (e.g., park-
ing lots, gymnasiums, and community centers). The transit-
based travel time was obtained through the Google Maps
Directions API [30], which provides real-time transit-based
travel time that accounts for ingress/egress, transfer, and
onboard time.

Study Area

We chose the Chicago Metropolitan Area as the study area,
which includes seven counties (i.e., Cook, DuPage, Kane,
Kendall, Lake, McHenry, and Will) in northeastern Illinois
according to the definition of the Chicago Metropolitan
Agency for Planning. The metropolitan area has the second-
largest public transit system in the USA that includes both
bus and train services.

The region has been known to have a high level of eco-
nomic and residential segregation with most of the racial/
ethnic minority population being largely confined within or
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Fig. 1 Distribution of (a) majority race and ethnicity; (b) median household income; and (c) carless household percentage
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Table 1 Median carless household percentage and household income
by majority race and ethnicity

Median carless Median
household percentage household

Majority race and ethnicity

income
No majority 43% $57,525
White-majority 1.3% $91,010
Black-majority 14.9% $34,088
Hispanic-majority 4.9% $47,955

near the inner city (i.e., the City of Chicago) as shown in
Fig. 1.

As shown in Fig. 1(a), the study area shows a clear resi-
dential segregation pattern with most racial/ethnic minority
neighborhoods being concentrated within the inner city or
in the proximity of the inner city. In this research, we deter-
mined the majority race/ethnicity of each census tract as fol-
lows. If over 50% of a census tract’s population is White, we
then considered this census tract as a White-majority census
tract. The same goes for Black or Hispanic-majority census
tracts. For census tracts with no one race/ethnicity exceeding
50% of the census tract’s population, we considered them
as no-majority census tracts. To avoid double-counting, the
White and Black populations in our study were non-Hispanic
White and Black populations.

Figure 1(b) further illustrates that minority-dominated
neighborhoods tend to have lower median household
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income, while Fig. 1(c) indicates that most neighborhoods
with high carless household percentages are clustered within
the inner city.

To better demonstrate the inequity in car ownership and
income in the study area, we produced Table 1 to show the
median metrics of carless household percentage and median
household income by majority race/ethnicity for all the cen-
sus tracts in the study area.

As shown in Table 1, the median percentage of carless
households in Black-majority neighborhoods (i.e., cen-
sus tracts) far exceeds the White-majority and Hispanic-
majority neighborhoods, while the median percentage of
carless households in Hispanic-majority neighborhoods is
substantially higher than that of the White-majority neigh-
borhoods. Meanwhile, the median household income for
White-majority neighborhoods is far higher than those of
the Black-majority and Hispanic-majority neighborhoods.
Therefore, both Fig. 1 and Table 1 corroborate the residen-
tial and economic segregation in the study area.

Besides, the study area is serviced by three major public
transit operators overseen by the Regional Transportation
Authority, which includes the Chicago Transit Authority
(CTA), Metra, and Pace.

As shown by Fig. 2(a, b), most of the densely populated
neighborhoods are within or close to the inner city, which
largely overlaps neighborhoods with a high density of public
transit. Nevertheless, the distribution of COVID-19 vaccina-
tion sites presents a more complex picture. Neighborhoods

(c) Distribution of COVID-19 vaccination site density

Per sq. km
<0.15
0.16-0.46
I 047-084
I oes5-1.40
I 1 41-267
Bl 268-573

Rz ’
W Q e 12
0 15 30 60 Kilometers 1

———t—t—t—t—+ S

Fig. 2 Distribution of the (a) population density; (b) public transit density; and (¢) COVID-19 vaccination site density
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with high vaccination site density appear to spread around
the entire study area except for its periphery.

Methodology

We adopted an improved gravity-based measure accounting
for not only the supply of and demand for vaccines but also
the inflation effect, which refers to the inflation of supply
and demand due to the aggregation of population and level
of service [31]. Specifically, we calculated transit-based spa-
tial accessibility to vaccination sites at the census tract level
based on Egs. (1)—(2).

ngxp(_ﬂtei)
C. =
l Zee{fe,'ﬁfo} Zee{teiSTQ}Exp(_ﬂtﬂ') (1)

where C,; is the transit-based potential demand for COVID-
19 vaccination at census tract i; m, is the population of cen-
sus tract ¢ whose centroid falls within the catchment (i.e.,
t,;<ty); t,; is the transit-based travel time between census
tract e and census tract i; f, is the threshold transit-based
travel time and its value is set at 50 min; #,; is the transit-
based travel time between census tract e and census tract i;
p is the impedance function parameter and its value is set
at 0.15. The values of ¢, and  were set based on previous
healthcare spatial accessibility studies for the same study
area [32, 33].

h;
O e
j ie{t;<t,} Zie{zijsro} Exp(—pt;)

(@)

where TA; is the transit-based spatial accessibility to
COVID-19 vaccination site at census tract j; h; is the
number of vaccination sites in census tract i whose cen-
troid falls within the catchment (i.e., ;<t); t;; is the
transit-based travel time between census tract i and cen-
sus tract j; t, is the threshold transit-based travel time
and its value is set at 50 min like above; f is the imped-
ance function parameter and its value was set at 0.15
like above. Moreover, to test how different values of
t, and f affect the spatial accessibility results, we also
performed a sensitivity analysis. The differences in the
spatial accessibility results obtained with different ¢, and
p values are within 3.5%, which indicates that different
t, and g values have no significant effect on the spatial
accessibility results.

Our COVID-19 vaccination transit-based spatial acces-
sibility measure discounted the supply of COVID-19 vac-
cination sites by the demand of the population and imped-
ance of transit-based travel time within the threshold while
accounting for the inflation effect.

Distribution of transit-based accessibility
to COVID-19 vaccination site

1

v

-~

)

w
o .
Gl o

Accessibility score
<0.02
0.03-0.05
0.06 - 0.09
0.10- 0.14
0.15-0.20
0.21-0.33

= 1 >0.34

\x-'—-él)V.. |
0 15 30 60 Kilometers i

I t t t T t t t 1 S

Fig. 3 Distribution of transit-based spatial accessibility to COVID-19
vaccination sites

Results

Based on the methodology described above, we measured
the distribution of transit-based spatial accessibility to vac-
cination sites at the census tract level and obtain the results
as shown in Fig. 3.

As shown in Fig. 3, neighborhoods within the inner city
generally have lower transit-based spatial accessibility
compared to those outside the inner city. Despite having
relatively low transit density as shown in Fig. 2(b), many
suburban neighborhoods actually enjoy good transit-based
spatial accessibility to COVID-19 vaccination sites. This
could be explained by the relatively low population density
in the suburban area, which means less competition for the
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Fig.4 Comparison of mean
transit-based spatial accessibil-
ity to COVID-19 vaccination

site by race and ethnicity 0.070
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Table 2 Descriptive statistics of the transit-based spatial accessibility scores across different racial/ethnic groups

No majority

White-majority

Black-majority Hispanic-majority

Statistic Std. error Statistic Std. error Statistic Std. error Statistic Std. error

Mean 0.051 0.003 0.059 0.002 0.037 0.002 0.041 0.002
95% confidence inter- Lower bound 0.045 0.055 0.033 0.036

val for mean Upper bound  0.057 0.064 0.042 0.045
5% trimmed mean 0.044 0.050 0.032 0.036
Median 0.034 0.037 0.027 0.031
Variance 0.003 0.005 0.002 0.002
Std. deviation 0.055 0.074 0.042 0.039
Minimum 0.000 0.000 0.000 0.000
Maximum 0.279 1.000 0.413 0.304
Range 0.279 1.000 0.413 0.304
Interquartile range 0.059 0.076 0.027 0.031
Skewness 1.929 0.143 3.620 0.076 4.478 0.128 3.099 0.144
Kurtosis 4.103 0.285 28.971 0.151 30.179 0.255 15.223 0.288

supply of COVID-19 vaccination sites. To further illustrate
the racial/ethnic inequity in transit-based spatial accessibil-
ity to COVID-19 vaccination sites, we produced Fig. 4.

As illustrated in Fig. 4, by using the mean transit-based
spatial accessibility score (i.e., 0.051) of all census tracts
within the study area as the benchmark, it can be seen
that the transit-based spatial accessibility scores of Black-
majority (0.037) and Hispanic-majority (0.041) census
tracts are 27.45% and 19.61% lower than the benchmark. In
comparison, the transit-based spatial accessibility score for
the White-majority census tracts is 15.69% higher than the
benchmark. For census tracts with no majority race/ethnic-
ity, their mean transit-based spatial accessibility score is on
par with the benchmark. This shows that the minority-dom-
inated census tracts generally have much lower transit-based
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spatial accessibility to COVID-19 vaccination sites than the
White-majority census tracts.

To better understand the distribution patterns of the tran-
sit-based spatial accessibility scores across the four racial/
ethnic groups, we calculated and examined the descriptive
statistics, which are shown in Table 2.

As shown in Table 2, the skewness values for all four
racial/ethnic groups are much large than 1, which indicates
that the distributions of the accessibility scores are highly
skewed. Since the skewness values are all positive, they indi-
cate that the accessibility scores for all four racial/ethnic
groups are clustered in the lower end.

Afterward, we proceeded to test whether the mean
differences across different racial/ethnic groups are
statistically significant using the Kruskal-Wallis
test. We adopted the Kruskal-Wallis test because the
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accessibility scores for the four racial/ethnic groups are
highly skewed instead of being normally distributed as
indicated in Table 2. The P-value obtained through the
Kruskal-Wallis test is 0.009, which is much lower than
the significance level of 0.05 and indicates that the
mean differences across different racial/ethnic groups
are statistically significant.

In summary, although the inner city where racial/eth-
nic minorities concentrate tends to have better coverage
of public transit, it also has a higher population density.
The higher population density can lead to more intense
competition for the supply of COVID-19 vaccination sites
among the people within the catchment area and decreases
the overall transit-based spatial accessibility to COVID-19
vaccination sites. Moreover, despite the lower population
density in the suburb, many suburban census tracts have
a high density of COVID-19 vaccination sites. In other
words, lower population density means lower demand,
while higher COVID-19 vaccination site density repre-
sents higher supply, which tips the supply and demand
balance in favor of the suburban residents that are over-
whelmingly White.

Discussion and Conclusion

This study aims at measuring the racial/ethnic inequity
in transit-based spatial accessibility to COVID-19 vac-
cination sites at the local metropolitan level. The results
show that the minority-dominated (i.e., Black-majority
and Hispanic-majority) census tracts have significantly
lower transit-based spatial accessibility compared to the
White-majority census tracts as well as census tracts with
no majority race/ethnicity. In addition, our findings also
align well with those from other studies regarding transit-
based spatial accessibility to healthcare resources/ser-
vices [34-36]. For instance, Palm et al. (2021) recently
found that transit riders from socially disadvantaged
groups including the non-White, low-income, physically
disabled, and carless had a higher likelihood of deferring
medical care during COVID-19 than other transit riders
in Toronto and Vancouver [34]. Sharma and Patil (2021)
revealed greater spatial inequity for the slum popula-
tion than the non-slum population in Greater Mumbai in
accessing government hospitals by public transit [35].
Du et al. (2020) discovered that subdistricts in Beijing
with higher proportions of the population with low educa-
tional attainment (high school or below) are concentrated
in the urban peripheries with transit-based trips to hos-
pitals lasting over 60 min, which is significantly longer
than the urban subdistricts where the population tends
to have higher educational attainment [36]. Overall, our
study results along with the findings from other studies

indicate that the socially marginalized population such as
the racial/ethnic minorities, low-income, low-education,
and physically disabled are commonly disadvantaged in
transit-based spatial accessibility to healthcare resources/
services like hospital and vaccination sites.

Despite living in inner-city neighborhoods with better
public transit coverage, racial/ethnic minority residents
could have lower transit-based spatial accessibility to vac-
cination sites due to more competition for the supply of
COVID-19 vaccination sites from the overall higher popu-
lation density in the inner city. Therefore, policymakers
should make adjustments to the COVID-19 vaccination
strategy in order to improve transit-based spatial acces-
sibility to vaccination for racial/ethnic minority residents.

The first recommendation is to set up mobile walk-in
vaccination clinics within or close to major transit stations
or bus stops. Many existing ad hoc COVID-19 vaccination
sites have been reported to be located in car-centric places
such as drive-through clinics or parking lots, which cater
to the driving population without giving much considera-
tion to the carless population [37, 38]. Therefore, policy-
makers should make adjustments to the reality that many
racial/ethnic minority residents are carless and depend on
public transit and mobile vaccination clinics near transit
can improve their access to vaccination.

Moreover, given the high population density in the inner
city, more vaccination sites should be opened within inner-
city neighborhoods, especially the minority-dominated
neighborhoods in the south and west of the inner city, in
order to reduce the competition for the supply of vaccina-
tion sites.

This study specifically focuses on revealing the inequity
in the distribution of transit-based spatial accessibility to
COVID-19 vaccination sites across different racial/ethnic
groups, which is a key factor affecting the vaccination rate.
Nevertheless, we recognize that the spatial accessibility to
vaccination sites is not the sole factor affecting the vacci-
nation rate. Good spatial accessibility to vaccination alone
may not necessarily lead to high vaccination rates, especially
among some racial/ethnic minority groups because of vari-
ous non-spatial reasons including distrust of vaccination due
to historic scandals targeting racial/ethnic minority groups
such as the Tuskegee Experiment [24, 25, 39]. Therefore,
besides improving the spatial access to COVID-19 vaccines,
local governments should also put more resources into the
promotion, education, and communication about COVID-19
vaccine information among racial/ethnic minority commu-
nities, while also tackling disinformation about COVID-19
vaccination. Specifically, the government should not only
convey clear, transparent and easily understood information
(e.g., benefits and potential allergic reactions or side effects)
about COVID-19 vaccines to the local racial/ethnic minority
communities through various channels such as community
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centers and social media, but also acknowledge the rightful
and legitimate concerns and mistrust about vaccination due
to systemic racism and discrimination.

Finally, we acknowledge that there are some limita-
tions to our research. First of all, by using aggregate data
for this research, we assumed that residents living in the
same census tract have the same socioeconomic status.
The study thus did not account for the differences in
socioeconomic status among residents in the same cen-
sus tract, which can lead to the ecological fallacy. Just
like any area-based research using aggregate data, our
study is not immune to the modifiable areal unit problem
(MAUP). The MAUP affects the results of area-based
research since the values of area-based attributes may
vary by the selected zoning scheme or geographic scale
of the areal units [40]. Further, due to data availability
issues, there are some additional limitations to our study.
Specifically, we did not integrate the temporal dimension
(e.g., opening hours of the vaccination sites) into the spa-
tial accessibility measure. Variations in the opening hours
of vaccination sites can increase or reduce a vaccination
site’s availability during different times of the day, which
may result in concurrent variations in spatial accessibility
to vaccination during different times of the day. Further,
since we did not have data about the capacity of each
vaccination site, our spatial accessibility measure did not
differentiate the supply capacity of each vaccination site.
In reality, the capacities of vaccination sites vary by fac-
tors such as area and available staff. Therefore, because
of the lack of vaccination site capacity data, we assumed
that all vaccination sites have the same capacity in our
spatial accessibility measure.
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