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Abstract

Coronavirus disease 2019 (COVID-19) disparities among vulnerable populations are of paramount concern that extend to
vaccine administration. With recent uptick in infection rates, dominance of the delta variant, and authorization of a third
booster shot, understanding the population-level vaccine coverage dynamics and underlying sociodemographic factors is
critical for achieving equity in public health outcomes. This study aimed to characterize the scope of vaccine inequity in
California counties through modeling the trends of vaccination using the Social Vulnerability Index (SVI). Overall SVI, its
four themes, and 9228 data points of daily vaccination numbers from December 15, 2020, to May 23, 2021, across all 58
California counties were used to model the growth velocity and anticipated maximum proportion of population vaccinated,
defined as having received at least one dose of vaccine. Based on the overall SVI, the vaccination coverage velocity was lower
in counties in the high vulnerability category (v=0.0346, 95% CI 0.0334, 0.0358) compared to moderate (v =0.0396, 95%
CI1 0.0385, 0.0408) and low (v=0.0414, 95% CI 0.0403, 0.0425) vulnerability categories. SVI Theme 3 (minority status and
language) yielded the largest disparity in coverage velocity between low and high-vulnerable counties (v =0.0423 versus
v=0.035, P<0.001). Based on the current trajectory, while counties in low-vulnerability category of overall SVI are esti-
mated to achieve a higher proportion of vaccinated individuals, our models yielded a higher asymptotic maximum for highly
vulnerable counties of Theme 3 (K=0.544, 95% CI 0.527, 0.561) compared to low-vulnerability counterparts (K=0.441,
95% CI 0.432, 0.450). The largest disparity in asymptotic proportion vaccinated between the low and high-vulnerability
categories was observed in Theme 2 describing the household composition and disability (K=0.602, 95% CI 0.592, 0.612;
versus K=0.425, 95% CI 0.413, 0.436). Overall, the large initial disparities in vaccination rates by SVI status attenuated
over time, particularly based on Theme 3 status which yielded a large decrease in cumulative vaccination rate ratio of low
to high-vulnerability categories from 1.42 to 0.95 (P=0.002). This study provides insight into the problem of COVID-19
vaccine disparity across California which can help promote equity during the current pandemic and guide the allocation of
future vaccines such as COVID-19 booster shots.
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Introduction

The coronavirus disease 2019 (COVID-19) has dispropor-
tionately impacted minority groups in terms of the number
of cases and mortality rates, which further warrants equita-
ble vaccine rollout to assist the communities in dire need of
medical support [1]. Data from a Centers for Disease Con-
trol and Prevention (CDC) report revealed that in most U.S.
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2021, the percentage of White people who had received at
least one dose of COVID-19 vaccine was about 1.5 and 1.3
times higher than Black and Hispanic people, respectively,
indicating widespread inequities [3].

Historically, population-level healthcare disparities have
been attributed to the racial or ethnic composition of the
community residents. However, the conceptual models of
health inequity have evolved to include various other dimen-
sions such as sociodemographics, disability, and geographic
location [4]. Social Vulnerability Index (SVI), defined by the
CDC, is a composite index of 15 variables grouped into four
themes providing national and state-specific county rank-
ing [5]. The four underlying themes include “socioeconomic
status,” “household composition and disability,” “minority
status and language,” and “housing type and transportation”
(Fig. 1) [5].

California is the most populous U.S. state with a diverse
racial and ethnic composition. Having the nation’s highest
Diversity Index, California is considered a majority-minority
state, as there is no race which constitutes the majority of the
population, indicating the highly heterogenous nature of its
population. As of 2019, California contains one of the most
diverse and highest minority population in the U.S., with
only 36.5% of the population being White, in contrast with
39.4% being Hispanic or Latinx, 6.5% being Black or Afri-
can American, and 15.5% being Asian. Due to these char-
acteristics, analysis of the vaccination roll-out in California
provides a valuable opportunity to investigate the inequities
in COVID-19 vaccine distribution among minorities and
across heterogenous populations [6, 7] .

The need for equity in vaccine rollout was recognized in
California by dedicating 40% of doses for the hardest-hit
communities (Fig. 2) [8] . Yet, as of as of May 4, 2021,
nearly 53% of individuals in the lowest quartile of the
Healthy Places Index remained unvaccinated [9]. Although

the gap in healthcare delivery among communities of dif-
ferent social vulnerability status is well-known, to the best
of our knowledge, there is no peer-reviewed report on the
dynamic trajectories of vaccination in relation to vulnerabil-
ity indicators in the U.S. Therefore, in this study, we aimed
to determine whether the longitudinal trends in vaccination
rates across California counties differ by SVI. More spe-
cifically, we aimed to model the growth rate in vaccination
coverage and the anticipated maximum proportion of vac-
cinated individuals in relation to county-level overall SVI
and its underlying themes.

Under an emergency use authorization issued by the U.S.
Food and Drug Administration (FDA), the Pfizer-BioNTech
COVID-19 vaccine booster is now allowed for certain popu-
lations who are at increased risk of occupational exposure to
the virus or developing its complications [10]. Meanwhile,
the widespread use of booster shots is being considered by
regulatory authorities across the globe. The empirical data
obtained during the first round of vaccine rollout represents
an opportunity to uncover the pitfalls in distribution and
disparities in resource allocation in relation to demands. This
real-world data can inform the strategies for equitable deliv-
ery of health services in future public health crises, avoid
prior mistakes, and ensure the allocation of resources to the
most vulnerable populations in the event of unrestricted
booster rollout during the current pandemic.

Materials and Methods
Data Acquisition
The Social Vulnerability Index (SVI) was created in 2011

by the Agency for Toxic Substances and Disease Regis-
try (ATSDR)’s Geospatial Research, Analysis & Services
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Fig.1 Social Vulnerability Index (SVI), underlying themes, and components
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Fig.2 Chronological overview of major national and state-wide »

(California) vaccination events and policies. Prior to the arrival of the
first shipment of Pfizer-BioNTech COVID-19 vaccines in California,
the California Department of Public Health (CDPH) issued a state-
ment on December 5, 2020, recommending an initial Phase la vac-
cine allocation for healthcare workers and older or at-risk residents
of long-term care facilities. Vaccine supply was limited in the early
stages of distribution, and these populations were determined to be
at risk of direct exposure to the virus and were prioritized to receive
the vaccine first [35]. The recommendation was made anticipating the
federal government’s vaccine distribution efforts across the nation as
the FDA issued Emergency Use Authorizations (EUA) for the Pfizer-
BioNTech vaccine on December 11, 2020 [36] and for the Moderna
COVID-19 vaccine on December 18, 2020 [37]. At the time, these
vaccines were authorized for individuals aged 16 and older and for
individuals aged 18 and older, respectively. With the first shipment
of Pfizer-BioNTech vaccines, California Governor Gavin Newsom
launched the “Vaccinate all 58” campaign on December 14, 2020
in an effort to distribute vaccines safely, fairly, and equitably for all
58 counties of the state [38]. On January 13, 2021, CDPH issued a
statement opening up vaccine eligibility to individuals aged 65 and
older. This population was identified as part of Phase 1b, and while
vaccine demand was still much higher than the supply, the demand
among healthcare workers declined among the initial Phase la pop-
ulations [39]. Phase 1b populations included individuals aged 65
and older as well as workers in food and agriculture, education and
childcare services, and emergency services [40]. Because the state
gave counties the power to decide when to adopt vaccine phases
based on vaccine availability, parts of California moved to Phase 1b
earlier than others, and the various populations in Phase 1b were eli-
gible on different dates across the state. A third vaccine, Johnson &
Johnson/Janssen COVID-19 vaccine, was issued an EUA by the FDA
on February 27, 2021 for individuals 18 and older [41]. This further
increased vaccine availability in California as vaccine demand con-
tinued to outpace supply. A brief pause in the Johnson & Johnson/
Janssen vaccine starting April 13, 2021 [42] was issued jointly by the
FDA and CDC as a result of concerns that the vaccine led to six rare
cases of blood clot development, but this pause was lifted on April
23, 2021 jointly by both agencies after a safety review determined
that the potential benefits of receiving the Johnson & Johnson/Janssen
vaccine outweighed the potential risks [43]. Further updates to vac-
cine eligibility for Californians were made in the next two months.
On March 11, 2021, vaccine eligibility was extended to residents and
workers in facilities such as prisons and homeless shelters (including
the homeless population). These populations were determined to be
in facilities at great risk of spreading the virus and around individuals
likely to have medical conditions that increased the risk of develop-
ing negative effects from the virus. Eligibility was also extended to
public transport, airport, and commercial airline workers because of
their risk of contracting the virus at work. These workers were also
determined to be working critical operations [44]. On April 1, 2021,
individuals aged 50-64 were eligible to receive vaccines, and Cali-
fornians aged 16 and older were eligible shortly after beginning April
15, 2021. The Moderna and Johnson & Johnson vaccines were still
authorized for individuals 18 and older only, but the FDA expanded
the EUA on the Pfizer-BioNTech vaccine May 10, 2021 for vac-
cinating individuals aged 12 through 15 [45]. This was followed by
CDPH announcing vaccine eligibility for Californians aged 12 and
older beginning May 12, 2021 [40] (LTC: Long-term care, FDA: U.S.
Food and Drug Administration, EUA: Emergency Use Authorization,
CDC: U.S. Centers for Disease Control and Prevention)
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Program (GRASP) and aims to help guide public health
officials and emergency response planners in identifying
the communities that should be prioritized in the reception
of aid [5, 11]. The SVI provides relative rankings to sub-
regions within the region of interest, for instance, relative
rankings of vulnerabilities of the 58 counties in California.
This metric provides useful insight for public health officials
and local planners for primarily allocating emergency pre-
paredness funding to vulnerable communities, estimating
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resource allocation, and development of supportive strate-
gies for those with special needs, non-English speakers and
minorities, older individuals, and those without vehicles
or adequate resources to fend off natural catastrophes [5].
Although other similar vulnerability metrics exist, such as
the HPI (Healthy Place Index), the SVI is widely reputable
and has been adopted by 29 jurisdictions [12—14] across the
U.S. to guide COVID-19 responses, and has been utilized in
paramount CDC studies [2].

The SVI values used in our study, from the ATSDR,
2018 data [15] were used to measure the levels of vulner-
ability across California’s 58 counties. These values differ
from the nationwide data since the ranking is in reference
to California counties. Each county is assigned a numerical
value between 0 and 1 based on its rank in the state for the
overall SVI level and its four themes (Fig. 1) with lower
values indicating a lower vulnerability status [5]. Counties
were categorized into tertiles for overall SVI and each of its
four components: SVI<0.33 describing low vulnerability,
0.33<SVI<0.66 describing moderate vulnerability, and
SVI>0.66 describing high vulnerability. The vaccination
data including the cumulative number of residents who
received at least one vaccine dose was collected from the
California Health & Human Services Agency (CHHS) [16].

Data Curation

R software version 4.0.4 was used to curate and clean the
data along with the tidyverse package. To produce the daily
proportion of residents vaccinated in each county (p), the
cumulative count of residents with at least one dose of any
authorized vaccines was used as the numerator. Similar to
the CDC’s methodology [2], the denominator was defined
as the total population of each county from 2019 census
estimates [17] For dates with missing data, we used the last
available date’s value to impute the cumulative daily propor-
tion of residents vaccinated. Then, we merged each county’s
respective SVI values and tertiles into the dataset. The final
dataset contained one data point per county per day for all 58
California counties with a temporal coverage from Decem-
ber 15, 2020 (or the earliest available data) to May 23, 2021.

Modeling Strategy and Statistical Analysis

Initial analyses were performed to determine the shape of the
longitudinal curves of cumulative vaccination status (total
with 14 dose and total fully vaccinated) for each county.
These curves followed that of a logistic growth curve, such
as those traditionally used in ecology to describe the growth
of a population towards an asymptotic value. This curve
describes the value of the population at a particular time as a
function of a per capita growth rate (“vaccination velocity”)
and the carrying capacity (“asymptotic maximum”): [18]

KN,e"
Nt = vt
K + Ny — 1)

Using this framework to describe the number of indi-
viduals vaccinated, the instantaneous change in the popu-
lation vaccinated at a given time can be described as:

(K—N,)
v N,
K

To fit these equations to our data, we used a nonlinear
least-squares approach using the nls function in R which
estimates the parameter values in the specified equation
that best fit the data [19, 20]. Because we were interested
in determining whether certain parameters (K and v) var-
ied based on SVI, we included dummy variable interac-
tions in the model to allow for these parameter estimates
to differ among SVI groups. To standardize the outcome
across counties with different population sizes, we used
the proportion of individuals vaccinated (p) as the out-
come. Due to the very low initial proportion of individu-
als vaccinated, we treated the starting proportion p, as a
nuisance parameter and did not test for differential effects
in p, by SVI status. We constructed SVI indicator vari-
ables i, and i, being indicators of a county having “mod-
erate” and “high” SVI status, respectively. With dk, and
dk, capturing the difference in the k term for counties with
Moderate and High SVI status, respectively, and dv,; and
dv, capturing the respective differences in the v term, the
final equation we fit was:

ay _
dr

(K +dK, =i, + dK, * iz)poe(”d"l*i1+de*i2)’

P = : :
(K + dKl * I + dK2 * iz) +p0<e(V+dVl*l|+dV2*lz)l _ 1)

Estimated v and K parameters for low, moderate, and
high SVI counties were computed using the lincom func-
tion (biostat3 package).

To determine whether vaccination disparities by SVI
status in early 2021 persisted through time, we used nega-
tive binomial regression models to examine the rate ratios
of proportion vaccinated in low- and moderate- versus
high-SVI counties at three separate “snapshots” in time:
January 1, March 1, and May 1, 2021. In these models we
used cumulative number of individuals vaccinated as the
outcome, with an offset of the natural log of county popu-
lation size, thus effectively modeling the rate of individu-
als vaccinated at each county. Models included an interac-
tion term between SVI category and date, to test whether
the proportional differences in vaccination rates persisted
throughout the study period. To provide additional con-
text, we reported the instantaneous coverage velocity at
each date, calculated as dP/dt=r ((K-P_t)/K) P_t where
P_t is the proportion vaccinated at time t.
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Results
Data Summary

A total of 9228 data points from 58 California counties
were analyzed, with 258 missing data points (2.79%),
many of which fell on holidays and weekends when a lag
in reporting likely occurred. Distribution of vaccination
coverage at the study endpoint and overall SVI ranks are
depicted in Fig. 3. The average county population esti-
mates were comparable among the three categories of
overall SVI (P-value range: 0.76-0.1, Supplementary
Fig. 1). At the study endpoint, the average proportion
of vaccinated population in counties with low, moder-
ate, and high overall SVI was 0.54 +0.10, 0.48 +0.13,

Fig. 3 Distribution of overall

and 0.40 +0.08, respectively, with a lower proportion
in high vulnerability category as compared to moderate
(P=0.0351) and low (P=0.0003) categories (Supplemen-
tary Fig. 1).

Model Performance

The nonlinear ecological growth curve approach allowed
a meaningful hypothesis testing of the v and K parameters
across counties of differing SVI status. While allowing
for more flexible modeling, the use of cubic splines to
describe longitudinal curves does not allow the test-
ing of differences in growth and asymptotic maximum
parameters based on SVI. Therefore, to assess the accept-
ability of our models, we compared their fit to that of
alternate cubic spline models. The R? values of growth

Social Vulnerability Index ranks
across 58 California counties
and the cumulative rate of indi-
viduals who received at least

one dose of vaccine per 100,000
capita (circles) at the study
endpoint. Numbers in the circles
represent the vaccination rate
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curve models were compared to the “gold standard”
cubic spline models and the “null” ecological growth
curve model without an effect of SVI. The R? values of
the fit ecological growth models were nearly identical
to the cubic spline models, suggesting these models fit
the data as well as the more complex alternative. Addi-
tionally, the R? values for the models with the effect of
SVI (R% 0.816-0.877) were higher than the null model
(R?=0.813), suggesting meaningful differences in lon-
gitudinal curves among counties of differing SVI status.
Overall, the inclusion of SVI Theme 2 led to the best
explanation of differences in proportion vaccinated across
time (R?=0.877), while SVI Theme 4 was the poorest
at explaining why proportion vaccinated differed among
counties across time (R>=0.816). Residuals for each of
the models appeared normally distributed with no outli-
ers. Two counties consistently had standardized residuals
greater than 3 in magnitude: Alpine County with consist-
ently high proportion vaccinated versus predicted, and
Lassen County with consistently low proportion vacci-
nated versus predicted. These counties did not appear to
have a large effect on the estimate of the mean vaccina-
tion proportion. The final models are depicted in Fig. 4.

Theme 1

Theme 2

Theme 4 Total

Vaccination Coverage Velocity (v)

The v parameter estimates were significantly different
among the overall SVI categories, indicating an overall gap
in coverage across the SVI categories over time, with similar
trends observed for Themes 1, 2, and 4 (Fig. 4, Table 1).
However, the velocity of vaccination coverage was com-
parable between low and moderate categories when coun-
ties were categorized according to Theme 3 (v=0.042 and
0.041, respectively). Counties within the low category of
this theme, representing those with a larger proportion
of non-minority and English-speaking individuals, dem-
onstrated the highest coverage velocity across all theme-
category combinations. Meanwhile, grouping counties by
Theme 3 demonstrated the largest disparity in coverage
velocity between the low and high vulnerability categories
(v=0.042 vs. 0.035 respectively, P <0.001).

Vaccination Asymptotic Maximum (K)

Based on the current trajectory, the asymptotic maximum
for counties in the low overall SVI category is estimated
to be 0.561 (95% CI 0.551, 0.571; Fig. 5, Table 1). This

parameter was lower in counties with moderate (K=0.504,
95% CI 0.494, 0.515) and high (K=0.462, 95% CI 0.448,

Theme 3

Category

1%0 — Low
- Moderate

0 50 100

Proportion 1+ Dose

High

) T )
150 0 50

T T
0 50 100

T )
100 150

Days Since 1/1/2021

Fig.4 Proportion of persons with 1+ vaccination dose is shown for each county, with the model-fit estimates for each Social Vulnerability Index

(SVI) category shown in bold
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Table 1 Parameter estimates for each SVI category, for each theme, with 95% confidence intervals

Parameter
/ SVI Cat-

egory

Overall

Themel

Theme?2

Theme3

Theme4

No

v
Low
Mod
High

K

Low
Mod
High

R

R? Null
R? Spline

0.0238 (0.0223, 0.0252)

0.0414 (0.0403, 0.0425)
0.0396 (0.0385, 0.0408)
0.0346 (0.0334, 0.0358)

0.561 (0.551, 0.571)
0.504 (0.494, 0.515)
0.462 (0.448, 0.476)
0.857
0.813
0.858

0.0239 (0.0225, 0.0254)

0.0413 (0.0402, 0.0423)
0.0376 (0.0365, 0.0387)
0.0364 (0.0352, 0.0376)

0.587 (0.577, 0.597)
0.502 (0.491, 0.514)
0.436 (0.425, 0.447)
0.867
0.813
0.867

0.024 (0.0227, 0.0254)

0.0404 (0.0394, 0.0414)
0.0392 (0.0381, 0.0402)
0.0355 (0.0343, 0.0366)

0.602 (0.592, 0.612)
0.501 (0.491, 0.51)
0.425 (0.413, 0.436)
0.877

0.813

0.878

0.0229 (0.0213, 0.0244)

0.0423 (0.0409, 0.0436)
0.0413 (0.0401, 0.0426)
0.035 (0.0338, 0.0362)

0.441 (0.432, 0.45)
0.542 (0.531, 0.552)
0.544 (0.527, 0.561)
0.833

0.813

0.834

0.0231 (0.0215, 0.0247)

0.0412 (0.0398, 0.0426)
0.0399 (0.0386, 0.0413)
0.0365 (0.0353, 0.0378)

0.478 (0.468, 0.488)
0.512 (0.5, 0.523)
0.529 (0.514, 0.544)
0.816

0.813

0.817

The N, parameter was modeled as static across the SVI categories. R? values are listed for the current models, the null model (i.e., logistic
growth without an effect of SVI), and a cubic spline model. Within each model, the parameter estimate was always significantly different
(P <.05) among SVI categories except for the following: 1) in Theme 3, v was not different between Low and Mod categories, 2) in Theme 3, K
was not different between Mod and High categories

Parameter Value

0.6
0.04 4
0.03 1
044
0.02 4
024
0.01 4
0.04 0.00 4
Ovéral] Therlne 1 Thellne 2 The;ﬂe 3 Thenlne 4 Ovlerall Therlne 1 Thane 2 Thellne 3 Thellne 4
SVI Theme

Category
. Low
B Moderate
] Hign

Fig. 5 Model estimates of K and v parameters for each theme and Social Vulnerability Index (SVI) category, with 95% confidence intervals

0.476) overall SVI. The models demonstrated similar pat-
terns for themes 1 and 2. However, based on the models con-
structed using themes 3 and 4, there was an inverse relation-
ship between the vulnerability categories and K estimates.
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Among all theme-category combinations, counties in low
vulnerability category of Theme 2 were estimated to achieve
the largest asymptotic maximum (K=0.602, 95% CI 0.592,
0.612), while themes 1 and 2 yielded the largest disparity:
when counties were categorized according to Theme 1, the
K parameters for low and high categories were 0.587 (95%
CI 0.577, 0.597) and 0.436 (95% CI 0.425, 0.447), respec-
tively (P <0.001).

“Snapshots” Analysis

Overall, we observed large initial disparities in vaccination
rates by SVI status on January 1, which appeared to become
attenuated over time. For overall SVI status, on January 1,
low-vulnerability counties had 1.75 (95% CI 1.44, 2.12)
times the cumulative vaccination rates as high vulnerabil-
ity counties (Fig. 6, Table 2). This disparity significantly
decreased to 1.35 (95% CI 1.11, 1.63) times the cumulative
vaccination rates by May 1 (P=0.03).

There was a large initial disparity in cumulative vaccina-
tion rates by SVI Theme 1. On January 1, low-vulnerability
counties had 1.91 (95% CI 1.58, 2.31) times the cumula-
tive vaccination rates as high-vulnerability counties, which

Theme 1 Theme 2

decreased to 1.42 (95% CI 1.18, 1.71) times by May 1
(P=0.01). Regarding Theme 3, low-vulnerability coun-
ties began the year with 1.42 (95% CI 1.15, 1.75) times the
cumulative vaccination rates as high-vulnerability counties,
but by May 1 this rate ratio decreased (P =0.002) effectively
yielding no difference in cumulative vaccination (RR=0.95,
95% C1 0.77, 1.17). Trends in decreasing rate ratios over
time, suggesting more equal cumulative vaccination rates
by SVI status over time, were seen for the other themes. The
instantaneous coverage velocity corresponding to each date
is outlined in Table 3.

Discussion

The COVID-19 pandemic shed a broader light on the
existing gaps in healthcare delivery and outcomes across
the socio-demographic subgroups in the U.S. This study
was performed to determine the vaccination coverage
velocity of California counties based on the underlying
social vulnerability status, and to utilize the longitudinal
trends to estimate the disparities in maximum anticipated
proportion of vaccinated individuals based on the current

Theme 3
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>
n
¥ o
.20
o
J
v
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Fig.6 Vaccination rate ratios for low and moderate SVI vs. high SVI counties, by date and SVI category. Presented are rate ratios with 95% con-
fidence intervals. *Indicates a temporal reduction in the rate ratio for the given date vs. January 1 at p<0.05
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Table 2 Snapshot analysis of trends in rate ratio of proportion vac-

cinated in low and moderate versus high SVI counties using negative

binomial regression models

SVI theme/Date Vaccination rate ratio (95% CI)

Low vs. high Moderate vs. high
Overall SVI
January 1 1.75(1.44,2.12) 1.56 (1.28, 1.89)
March 1 1.55(1.28, 1.88) 1.36 (1.12, 1.64)
May 1 1.35 (1.11, 1.63)* 1.19 (0.99, 1.45)
Theme 1
January 1 1.91 (1.58,2.31) 1.37 (1.13, 1.65)
March 1 1.47 (1.22, 1.78)* 1.17 (0.98, 1.41)
May 1 1.42 (1.18, 1.71)* 1.16 (0.96, 1.40)
Theme 2
January 1 1.83(1.52,2.21) 1.60 (1.32, 1.93)
March 1 1.46 (1.21, 1.76) 1.26 (1.05, 1.52)
May 1 1.49 (1.23,1.79) 1.23 (1.02, 1.49)
Theme 3
January 1 1.42 (1.15, 1.75) 1.62 (1.32,1.99)
March 1 1.33 (1.08, 1.64) 1.45 (1.18, 1.78)
May 1 0.95 (0.77, 1.17)* 1.13 (0.92, 1.39)
Theme 4
January 1 1.16 (0.92, 1.46) 1.03 (0.82, 1.30)
March 1 1.21 (0.96, 1.52) 1.16 (0.92, 1.46)
May 1 0.99 (0.79, 1.25) 1.04 (0.83, 1.30)

* Indicates a temporal reduction in the rate ratio for the given date
versus January 1st, 2021, at P<0.05. SVI, Social Vulnerability Index

trajectory. Using the data from 58 California counties, we
demonstrated a decreasing yet significant gap in vaccina-
tion coverage based on the overall SVI status. Counties
with high vulnerability designation according to minority
status and language (Theme 3) demonstrated the lowest
coverage velocity across all theme-category combinations.
Meanwhile, counties in this category have suffered from
the highest average mortality rate as of May 23, 2021,
when compared to moderate and low categories.

The large initial disparities in vaccination rates by
overall SVI status, Theme 1, and Theme 3 attenuated over
time, while counties in the high vulnerability category
according to Themes 3 and 4 are estimated to eventually
achieve a higher proportion of residents vaccinated com-
pared to less vulnerable counterparts. Given the higher
proportion of Black and Hispanic populations in the high
vulnerability category of Theme 3, our findings parallel
those of a nation-wide study which showed that counties
with large Hispanic and Black populations have a higher
vaccination uptake [21]. It seems that when these popula-
tions faced challenges to accessibility, a low vaccine cov-
erage velocity was observed, while improved accessibility
led to a greater uptake.

@ Springer

Table 3 Predicted instantaneous coverage velocity, by date and SVI
category

SVI theme/Date Predicted instantaneous velocity (dP/dt)*
Low Moderate High
Overall SVI
January 1 0.098 0.093 0.093
March 1 0.523 0.457 0.394
May 1 0.264 0.245 0.273
Theme 1
January 1 0.098 0.089 0.088
March 1 0.555 0.451 0.376
May 1 0.287 0.272 0.228
Theme 2
January 1 0.097 0.093 0.092
March 1 0.572 0.452 0.361
May 1 0.316 0.247 0.228
Theme 3
January 1 0.095 0.094 0.094
March 1 0.376 0.506 0.476
May 1 0.166 0.258 0.355
Theme 4
January 1 0.094 0.091 0.091
March 1 0.426 0.470 0.476
May 1 0.206 0.253 0.319

*For interpretation, metric is multiplied by 100 and is interpreted as
the change in percent vaccinated per day at the given date. Instantane-
ous coverage velocity is calculated as: dP/dt=r((K-P,)/K) P, where P,
is the proportion vaccinated at time t

The higher estimated asymptotic maximums in vulnerable
counties can be attributed to California-funded target out-
reach programs and increased vaccine allocation to the most
vulnerable populations often consisting of higher minority
populations. The increases in proportion of residents vacci-
nated in low and moderately vulnerable counties according
to Theme 3 began to show a plateau near the 100th day of
2021, while the pace of coverage was relatively maintained
in highly-vulnerable counties (Fig. 4). Additionally, the vac-
cination rate ratios for low and moderate SVI Theme 3 coun-
ties diminished from March to May, reaching close to 1.0
in reference to high-vulnerability counties. This change in
trend occurred nearly concomitantly with California’s fer-
vent spending in community outreach programs, media, and
increased vaccine allocation for the hardest-hit communities
in March 2021 [22]. Similar findings have been reported
in Maryland, suggesting that targeting communities based
on vulnerability metrics can help mitigate health inequities
[23].

Racial/ethnic minority populations are more likely to
live in multigenerational households or in more crowded
neighborhoods and units [24, 25]. Latinx persons in Cali-
fornia are 8.1 times more likely to live in households facing
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exposure risks like living in households with essential work-
ers and having fewer rooms than household members [26].
These overlapping characteristics shared between Themes
3 and 4 may explain their similarity in trends of asymptotic
maximum.

Vaccine disparities across all SVI themes have decreased
over time (Fig. 6) likely due to accessibility becoming more
ubiquitous with programs targeting vulnerable populations.
To mitigate the vaccine inequities, elimination of barriers
to vaccination is just as important, if not more, than setting
equitable vaccine eligibility and prioritization criteria. Indi-
viduals of an ethnic/racial minority are typically over-repre-
sented among those with essential public-facing occupations
which were prioritized during the initial phases of vaccina-
tion [25]. Yet, some workers were likely unable to receive
the vaccine due to a multitude of barriers, such as concerns
about time off of work. Furthermore, uninsured individuals
may have had concerns about the healthcare costs associ-
ated with vaccine side effects, while immigrants may have
faced challenges due to the vaccination data being tracked by
personal identifiers, fearing their immigration status would
be jeopardized [27].

Although many studies suggest inaccessibility as a sig-
nificant factor behind vaccination inequities, the negative
contribution of vaccine hesitancy cannot be fully discounted
[23]. A longitudinal survey of vaccine acceptance showed
that in November 2020, only 42% of African American
respondents expressed their willingness to receive the vac-
cine, compared to 61% of White respondents [28]. Another
study conducted between March 24, 2020, and February 16,
2021, yielded similar results; compared with White partici-
pants, the odds ratios for vaccine hesitancy were 3.15 for
Black participants and 1.42 for Hispanics [29]. Although
earlier vaccine hesitancy surveys can potentially explain the
initial higher vaccine disparities among the Theme 3 catego-
ries, more recent surveys show similar levels of willingness
to get vaccinated across Black, Hispanic, and White popu-
lations [30-32]. This could be a contributing factor to the
amelioration of vaccine inequity witnessed in high-vulner-
ability Theme 3 counties from March to May 2021 (Fig. 4,
Fig. 6) and can potentially be a result of outreach programs
like lotteries and mobile vaccine clinics [33]. While a recent
study has shown that misinformation can lead to significant
declines in willingness to get vaccinated [34], California’s
outreach and media spending consist of public education
programs in efforts to combat such misinformation and bet-
ter educate more vulnerable residents, which can also lead
to increases of willingness to get vaccinated [22].

As part of California’s public education campaign, the
state planned to support a statewide community outreach
program where “trusted messengers” such as community-
based organizations and prominent leaders actively engage
with the hardest hit communities, providing individuals with

accurate and trusted information resources pertaining to
COVID-19 [22]. Moreover, media campaigns were planned
to “create culturally competent in-language content,” while
news briefings and daily news stories were held aiming to
engage top public health officers and community leaders to
tackle misinformation while reinforcing the public trust in
vaccine safety and efficacy [22].

Our study showed that the overall SVI and its four themes
are useful in distinguishing differing vaccination rates across
counties. As SVI identifies counties with the most vulner-
able populations, it can be used for mitigating health inequi-
ties and has been adopted by 29 jurisdictions across the U.S.
to guide the COVID-19 vaccine distribution [12-14]. Our
model for Theme 2 (household composition and disability)
demonstrated the best performance, while Theme 3 (minor-
ity status and language) yielded the highest discriminative
value in terms of vaccination coverage velocity, suggest-
ing this theme as the most informative underlying domain
of SVI in the context of COVID-19 vaccination. Yet, more
empirical data are needed to unfold the contribution of each
SVI category to health outcomes.

Limitations

The staged vaccine rollout may have affected the study find-
ings, particularly those related to SVI Theme 2, since coun-
ties with a higher proportion of individuals 65 may have
achieved a higher early vaccination coverage. Furthermore,
members of certain occupations with increased risk of expo-
sure to the virus were initially prioritized. Due to limita-
tions in data availability regarding the demographics of such
individuals, we were unable to account for these subgroups
in our analysis. Moreover, the SVI does not include some
of the underlying factors that contributed to disproportion-
ate vaccination coverage, such as internet access and digital
literacy. In terms of dataset limitations, daily vaccination
numbers were missing in some data points and were han-
dled by imputing the latest available day’s data. Given the
small number of missing data points (258/9228, 2.79%) and
the nature of our analysis, this limitation is unlikely to have
introduced significant bias. Future analyses should confirm
whether vaccination trajectories will approach the estimated
asymptotic maximums predicted in this study.

Conclusion

This study provides insight into the problem of COVID-
19 vaccine disparity across California which can be used
to help promote equity during the current pandemic and
guide the allocation of future vaccines such as COVID-19
booster shots. By addressing the relationship between SVI
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components with longitudinal trends of vaccine administra-
tion, we demonstrated their utility in development of target-
based equitable strategies.
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