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Abstract
Background and Aim: The United States (US) government implemented interventions against COVID-19, but their effects 
on variant-related risks remain inconclusive. We aimed to assess the causal effects of vaccination rates, booster uptakes, face 
mask mandates, and public area mobility (societal behavioral factor) on early-stage COVID-19 case and death growth rates 
and identify the most effective public health response for controlling COVID-19 in the US.

Materials and Methods: We performed retrospective analyses using four standard correlated random effects models, 
analyzing a robust panel dataset that encompasses 16,700 records across all fifty US states. Models 1 and 3 analyzed 
COVID-19 case rates and death growth rates, respectively, from January 2021 to November 2021. In contrast, using the 
data from August 2021 to November 2021, Models 2 and 4 assessed the effect of Delta variants and booster shots on 
COVID-19 case and death growth rates, respectively.

Results: We found that face mask mandate (p < 0.01) and workplace mobility (p < 0.05) led to lower COVID-19 case 
growth rates. COVID-19 vaccination uptake rate reduced COVID-19 death growth rates (p < 0.01). Furthermore, contrary 
to Epsilon variant (p < 0.01), which contributed to reduced COVID-19 case growth rates, Delta variant led to significant 
increases in COVID-19 cases (p < 0.001).

Conclusion: This study suggests that immediate public health interventions, like mask mandates, are crucial for crisis 
mitigation, while long-term solutions like vaccination effectively address pandemics. The findings of this study not only 
sheds light on the recent pandemic but also equips policy-makers and health professionals with tools and knowledge to 
tackle future public health emergencies more effectively.
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Introduction

The COVID-19 pandemic has undeniably 
affected almost every aspect of our society and is an 
unprecedented challenge to public health. Preliminary 
data suggest a declining trend in the COVID-19 pan-
demic, but recent data indicate an alarming resurgence 
in the form of a new wave [1]. This emphasizes the 
dynamic and unpredictable nature of viral outbreaks 
and the importance of continued vigilance in public 
health responses. Since the outbreak of the COVID-19 
pandemic in March 2020, the federal, state, and local 
governments in the United States (US) have developed 

and implemented a series of policies and interven-
tions to mitigate COVID-19 infection cases and death 
risks [2, 3]. The spectrum of policy interventions 
includes, but is not limited to, (a) COVID-19 vacci-
nation administration [4–6], (b) social distancing poli-
cies such as mask mandate in public spaces [7, 8], and 
(c) public space mobility behavior guidance [9, 10].

Studies have highlighted the effectiveness of
COVID-19 policies and interventions in mitigating the 
adverse effects of the pandemic. In particular, these 
measures have contributed to reducing the number of 
COVID-19-related cases and deaths. In the US, for 
example, social distancing orders have been associ-
ated with a 29% reduction in cases and a 35% decrease 
in deaths in the early stages of COVID-19. The face 
mask mandate decreased the weekly growth rates of 
COVID-19 cases and deaths by 10% each week from 
March 07, 2020 to June 03, 2020 [11]. In addition, due 
to the increasing use of vaccinations, there has been 
a notable decline in the profound burden imposed 
by COVID-19 [12]. However, only a few studies 
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have explored potential causal relationships [11] that 
could provide policymakers with deeper insights into 
the effectiveness of pandemic-related policies and 
interventions.

Conversely, the global repercussions of “Long-
COVID,” encompassing both its direct health con-
sequences and its indirect effects, remain palpa-
ble [13, 14]. For example, the COVID-19 lockdown 
policy during the early stages of COVID-19 resulted 
in a decrease in income and wealth for about half 
of all Americans [15]. In addition, in the absence 
of any offsetting measures, the economic contrac-
tion and job loss associated with lockdown mea-
sures in many countries led to an increase in poverty 
of almost 100 million people by 2020, resulting in 
745 million people experiencing poverty [16]. In addi-
tion, COVID-19 lockdown policy remains unclear 
in terms of its costs and benefits [17], which affects 
trade-off strategies developed under pandemic con-
ditions [18]. Therefore, despite the waning phase of 
the COVID-19 pandemic, further exploration of the 
factors that have effectively reduced cases and deaths 
is crucial, not only for its current relevance but also 
for its lasting impact beyond the pandemic’s immedi-
ate context. The knowledge derived from such under-
standing is invaluable, enabling U.S. policymakers to 
prioritize and fine-tune their strategies for current and 
future public health pandemics [1], while also signifi-
cantly enhancing the global scientific community’s 
preparedness for impending health crises.

Based on the study by Chernozhukov et al. [11], 
which sought to understand and pinpoint effective mit-
igation factors for COVID-19, our study takes a step 
further. In addition to evaluating public health poli-
cies and interventions, we also analyzed the influence 
of vaccination and booster shots on COVID-19 case 
rates and fatalities due to the emergence of new vari-
ants. We performed retrospective analyses at the US 
state level from January 2021 to November 2021.

This study aimed to (1) assess the causal effects 
of vaccination rates, booster uptakes, face mask man-
dates, and public area mobility (societal behavioral 
factor) on early-stage COVID-19 case and death 
growth rates and (2) identify the most effective public 
health response for controlling COVID-19 in the US.
Materials and Methods
Ethical approval

Ethical approval was not required for this study 
as it exclusively utilized publicly available data.
Study period and location

The data were extracted from October 2021 
to January 2022 at the University of Texas Health 
Science Center at Houston.
Data source

The data in this study were queried from mul-
tiple sources:  Our World in Data, COVID-19 US 
State Policy (CUSP) database, Google’s COVID-19 

community mobility reports, CoVariants website, and 
the Center for Systems Science and Engineering at 
Johns Hopkins University. All the data are publicly 
available and have been cross-referenced using the 
federal information processing standards code and 
date.
Study sample

Our data sample comprised panel data obtained 
from January 2021 to November 2021 at the fifty US 
state level, including 16,700 case records. The avail-
ability of COVID-19 variant data restricted our anal-
ysis of COVID-19 from January 2021 to November 
2021. In Google’s COVID-19 community mobility 
reports from January 01, to January 06, 2021, there 
were 300 missing records of public area mobility. Fifty 
observations were missing from the variants because 
no observations were made on November 30, 2021. In 
addition, 922 vaccination observations for COVID-19 
vaccination rate were missing. Furthermore, since the 
introduction of COVID-19 booster shots in August 
2021, there have been 11,970 fewer cases compared 
with the initial COVID-19 vaccination.
Study variables
Dependent variables

The primary outcomes of interest in this study 
were COVID-19 case growth rates and deaths obtained 
from the Center for Systems Science and Engineering 
at Johns Hopkins University.

Independent variables
We aimed to study the effect of four primary 

exposure factors as follows:
1. Vaccination and booster uptake rates. Daily vac-

cination and total booster rates were derived from 
the COVID-19 dataset from our world in data. We 
calculated the daily vaccination rate using a 7-day 
rolling average. This approach is useful when 
dealing with counties where vaccination data are 
not reported daily. We assumed that vaccination 
rates remained steady in those days when there 
were gaps in the data. Daily vaccination rates per 
million people were calculated as a percentage 
of the state’s total population per million people. 
The total booster vaccination rate was calculated 
per 100 people in a state’s total population. We 
separately analyzed COVID-19 growth rates: 
First from January to November 2021 and then 
from August to November 2021. With the sig-
nificant rise of Delta variant cases from August 
to December 2021, given the approval of the 
Pfizer-BioNTech booster dose (Pfizer Inc. devel-
oped this coronavirus vaccine in partnership with 
BioNTech SE) for select groups by the US FDA 
in August 2021, our analysis also encompassed 
booster uptake rates from August to November 
2021.

2. Government social distancing policy: State-level 
data on face mask mandates were sourced from 



International Journal of One Health, EISSN: 2455-8931 174

Available at www.onehealthjournal.org/Vol.9/No.2/15.pdf

the CUSP database, which detailed the start and 
end dates of public mask mandates for each state.

3. Public area mobility (societal behavioral factor): 
This behavioral metric is based on median values 
from (a) workplaces, (b) retail and recreational 
spots such as restaurants, shopping centers, and 
theaters, (c) grocery outlets and pharmacies, 
and (d) transit hubs such as subways and buses. 
These values reflect the frequency and duration 
of visits compared to a baseline set from January 
03, to February 06, 2020. These data come from 
Google’s COVID-19 community mobility reports, 
which monitor public movement trends across 
different venues.

4. COVID-19 variants: Delta, Alpha, and Epsilon 
variant data, indicating their proportion in state 
sequences over time.

Covariates
To adjust for other related factors and account for 

unobserved heterogeneity in the US, we incorporated 
two key covariates: (1) Retrospective COVID-19 
data from January to November 2021: State and 
national growth rates of cases (with a 7-day lag) and 
deaths (with a 21-day lag). These data were chiefly 
utilized to study the impact of information dissemi-
nation and (2) state-level characteristics such as the 
number of COVID-19 tests, population density, land 
area, unemployment rate, poverty rate, percentage 
of illness-susceptible individuals, and state governor 
political affiliation. These data were obtained from the 
CUSP database.
Statistical analysis

We conducted a descriptive analysis on weekly 
metrics, including numbers of cases, deaths, laboratory 
tests, new vaccinated (daily new doses administered 
per million people at the state level), booster uptakes 
(total boosters per 100 residents at the state level), 
face mask mandates, public area mobility, COVID-19 
variants, and state attributes. Weekly counts for cases, 
deaths, and tests were derived by summing daily data 
from Day t to Day t-6. As Chernozhukov et al. [11] 
pointed out, daily case and death data can vary accord-
ing to reporting and testing schedules. To minimize 
these variations, we compiled data into weekly totals. 
This method provides a more accurate picture, tak-
ing into account the usual lag between cases and case 
confirmation.

We employed correlated random effects models to 
assess the impact of exposure variables on the growth 
rates of COVID-19 cases and deaths. Random effects, 
including state-level characteristics and time-ran-
dom effects [11], were parameterized as functions of 
observable characteristics. These variables capture the 
heterogeneity across states and the temporal dynamics 
that could influence the outcomes. Stochastic shocks 
{εit}Tt=1 were assumed to be independent across 
states but time-dependent within a state [19]. Our anal-
yses included the following four models:

Model 1: Estimated the effect of vaccination 
rates, mask mandate policy, public area mobility vari-
ables, and COVID-19 variants on COVID-19 case 
growth rates (as 7-day lag variables), using data from 
January 2021 to November 2021.

Model 2: Estimated the effect of vaccination 
rates, booster uptake rates, mask mandate policy, 
public area mobility variables, and COVID-19 Delta 
variants on COVID-19 case growth rates (as 7-day lag 
variables), using data from August 2021 to November 
2021. Given the dominance of Delta variant during 
this period, we incorporated Delta variants and booster 
uptake rates. The data from August 2021 showed that 
Delta variant accounted for almost all COVID-19 
variants. Alpha and Epsilon variants were, therefore, 
omitted from Model 2.

Model 3: Estimated the effect of vaccination 
rates, mask mandate policy, public area mobility vari-
ables, and COVID-19 variants on COVID-19 death 
growth rates (as 21-day lag variables), using data from 
January 2021 to November 2021.

Model 4: Estimated the effect of vaccination 
rates, booster uptake rates, mask mandate policy, pub-
lic area mobility variables, and COVID-19 Delta vari-
ants on COVID-19 death growth rates (as 21-day lag 
variables), using data from August 2021 to November 
2021. Similar to Model 2, Model 4 factored in Delta 
variants and booster uptake rates, excluding Alpha 
and Epsilon variants.

The random effect model is as follows:
' ' ' '

, σ π α ρ µ δ ε+ = + + + + + +′ ′ y
i t l it it it it it Y it itY VA P B V I W

Given, , , , ,  ,y
it it it it it it itVA P B V I Wε ⊥

where, Yi,t+l indicates the growth rates 
of COVID-19 cases (Models 1–2) and deaths 
(Models 3–4); VAit represents the COVID-19 vaccina-
tion rate; Pit represents the mandatory mask policy; Bit 
represents public area mobility (behavioral factors); 
Vit indicates the COVID-19 variant; Iit represents 
the information dissemination, including the lagged 
value of past cases, case growth rates, deaths, and 
death growth rates at the state and national levels; and 
Wit encompasses combined covariates, comprising 
state-level attributes and monthly indicators. Models 
1 and 2 use Yi, t+l to represent the growth rates of 
COVID-19 cases, where the time lag is set at 7 days. 
The lag reflects the delay between infection and case 
confirmation. Meanwhile, for Models 3 and 4, where 
Yi, t+l denotes the growth rates of COVID-19 deaths, 
the time lag was set to 21 days to account for the time 
interval between infection and death.

For Models 1 and 2, we computed 7-day moving 
averages for vaccination, face mask mandates, public 
area mobility, variants, and all the covariates between 
days t-7 and t-14 for the COVID-19 case growth rate. 
For Models 3 and 4, their average spanned from days 
t-21 to t-28. This method mitigates short-term fluctu-
ations and emphasizes long-term trends [11]. On the 
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basis of Chernozhukov et al. [11], we also examined 
interactions between monthly variables and state char-
acteristics to detect state- or period-specific effects.

All analyses were performed using R 
Programming software (version 4.2.1, R Foundation, 
Boston, MA, USA). All tests were two-tailed, and the 
significance level was set at p ≤ 0.05.
Results
Descriptive statistics

Table-1 presents descriptive statistics based on 
daily data from all fifty US states between January 2021 
and November 2021. Each entry denotes the data for a 
specific state for a given day. On average, 693,042 daily 
COVID-19 cases were reported in each state, with a 
notable standard deviation of 803,650, indicating signifi-
cant state-to-state variability. The average daily death toll 
per state was 11,845.78, with a significant standard devi-
ation of 14,048.61. The median state’s daily vaccination 
rate was 3250 per million, based on a 7-day rolling aver-
age, with an interquartile range of 3,549.5. In addition, 
an average of 5.69 booster shots was administered per 
hundred individuals, with a variability of 4.31. However, 
37.8% of booster data were unavailable, mainly because 
widespread booster shots vaccination started only after 
August 26, 2021. Our analysis started on August 01, 
2021, aligning with the rise in prevalence of Delta vari-
ant. The data also showed the presence of a prominent 
mask mandate with an average of 0.38 days based on a 
7-day moving average, with a deviation of 0.48.

Public mobility shows different trends across 
sectors. Relative to the baseline period (January 
03–February 06, 2020), there were daily changes 
in visits and stay durations as follows: Workplaces 
(−0.23%, standard deviation [SD]: ±0.06), groceries 

and pharmacies (0.02%, SD: ±0.01), transit stations 
(−0.09%, SD: ±0.23), and retail and recreation out-
lets (−0.05%, SD: ±0.12). In terms of variant distri-
bution, Delta variant dominated across states with a 
daily mean of 0.42% (SD: ±0.42). Alpha and Epsilon 
variants trailed with means of 0.20% (SD: ±0.27) and 
0.04% (SD: ±0.08), respectively. Demographically, 
the states averaged a population of 6,529,299.58 and 
a land area of 75,933.52 sq. miles, with respective 
standard deviations of 7,298,056.75 and 96,352.10. 
The unemployment rate hovered around 4.69% (SD: 
±0.99) and the poverty rate was 12.85% (SD: ±2.80). 
The average state had 38.27% of its population sus-
ceptible to illness (SD: ±3.58), indicating varying 
health and socioeconomic landscapes across states.

These descriptive statistics highlight significant 
differences in COVID-19 indicators, mobility, demo-
graphics, and socioeconomic indicators in the US. 
These state-level differences were pivotal in our sub-
sequent analysis.
Random effects model statistics

Table-2 summarizes the results for Model 1 and 
Model 2. Implementing a face mask mandate resulted 
in a 7.2% decrease in the COVID-19 case growth rate 
(p = 0.003). On the other hand, Delta variant surged 
the growth rate by 48.9% (p = 0.001), suggesting its 
heightened transmissibility. Epsilon variant resulted in 
a 76.4% reduction in the case growth rate (p = 0.001).

Model 1 also estimated the effect of societal 
behavior on COVID-19 case growth rate. This model 
pinpointed a 41.4% decline (p = 0.014) in the case 
growth rate in areas where workplace precautions are 
practiced. However, in Model 1, vaccination rates did 
not significantly influence the case growth rate. Model 

Table-1: Descriptive statistics of daily state averages.

Variables Mean (daily) Standard deviation (±) n Missing (%)

COVID-19 cases 693,041.92 803,649.57 16,700 0
COVID-19 deaths 11,845.78 14,048.61 16,700 0
COVID-19 tests 171,991.32 262,957.20 16,346 354 (2.1)
Vaccination rate 4,085.45 2,689.39 15,778 922 (5.5)
Booster rate 5.69 4.31 3,763 2,287 (37.8)
Workplace mobility −0.23 0.06 16,400 300 (1.8)
Grocery and pharmacy mobility 0.02 0.10 16,400 300 (1.8)
Transit station mobility −0.09 0.23 16,400 300 (1.8)
Retail and recreation mobility −0.05 0.12 16,400 300 (1.8)
Mask mandates 0.38 0.48 16,400 300 (1.8)
V20I Alpha variant 0.20 0.27 16,650 50 (0.3)
V21C Epsilon variant 0.04 0.08 16,650 50 (0.3)
V21J Delta variant 0.42 0.42 16,650 50 (0.3)
V21A Delta variant 0.02 0.04 16,650 50 (0.3)
V21I Delta variant 0.04 0.05 16,650 50 (0.3)
COVID-19 cases 693,041.92 803,649.57 16,700 0
COVID-19 deaths 11,845.78 14,048.61 16,700 0
COVID-19 tests 171,991.32 262,957.20 16,346 354 (2.1)
Population 6,529,299.58 7,298,056.75 16,700 0
Total area (mi2) 75,933.52 96,352.10 16,700 0
Unemployment rate 4.69 0.99 16,700 0
Poverty rate 12.85 2.80 16,700 0
Percentage of people who are subject to illness 38.27 3.58 16,700 0
Population 6,529,299.58 7,298,056.75 167,00 0



International Journal of One Health, EISSN: 2455-8931 176

Available at www.onehealthjournal.org/Vol.9/No.2/15.pdf

Table-2: Direct effect of behavior and policies on case growth (PBI→Y).

Interventions Items Dependent variable

∆log ∆Cit ∆log ∆Cit

Model 1 Model 2

Vaccination Lag (Vaccination rate, 7) −0.142 11.860
(0.187) (6.053)

Lag (Booster rate, 7) NA 18.480
NA (11.910)

Policy intervention Lag (Face mask mandate, 7) −0.072** −0.041
(0.025) (0.031)

Public mobility (behavior) Lag (Workplace mobility, 7) −0.414* −0.582**
(0.165) (0.217)

Lag (Retail mobility, 7) 0.176 1.737***
(0.290) (0.265)

Lag (Groceries and pharmacies mobility, 7) −0.252 −0.932***
(0.296) (0.200)

Lag (Transit stations mobility, 7) 0.064 −0.113
(0.106) (0.068)

COVID-19 Variants Lag (Alpha variant, 7) −0.200 NA
(0.122) NA

Lag (Epsilon variant, 7) −0.764** NA
(0.001) NA

Lag (Delta variant_ V21J, 7) 0.489*** 11.310*
(0.000) (5.736)

Lag (Delta variant_ V21A, 7) NA 11.620*
NA (5.882)

Lag (Delta variant_ V21I, 7) NA 11.070*
NA (5.604)

Information dissemination Lag (past cases, 7) −0.303** −0.050**
(0.112) (0.019)

Lag (past cases growth rate, 7) −0.279*** −0.210***
(0.018) (0.045)

Lag (past cases of national, 7) 0.192* −0.117*
(0.082) (0.057)

Lag (past cases growth rate of national, 7) 0.033 0.035
(0.0582) (0.059)

COVID-19 testing rate 0.460*** 0.444***
(0.054) 0.080

State variables Yes Yes
Month variables Yes Yes
Month * state variables Yes Yes
Observations 15,044 4,350
R2 0.3699 0.331
Adjust R2 0.3664 0.326

*p < 0.05; **p < 0.01; ***p < 0.001, 
Values highlighted in bold signify statistical significance.

2 showed no statistically significant effect from face 
mask mandate, but Delta variants increased the case 
growth rate by 11%. Detailed outcomes are provided 
in supplementary data.

Table-3 summarizes Model 3’s results and 
reveals that the vaccination rate led to a 55.2% decline 
in the COVID-19 death growth rate (p = 0.002). The 
impact of COVID-19 variants varied: Alpha variant 
resulted in a 29.4% decrease (p = 0.002), whereas 
Epsilon variant resulted in a more pronounced 46.4% 
decline (p = 0.002). Conversely, Model 4 identified 
no factors significantly influencing the death growth 
rate. The supplementary material provides a detailed 
breakdown in Table-S2 (supplementary data).

To assess the potential correlation between 
booster shots and Delta variants, we also per-
formed a supplementary analysis (Model 5 for 

COVID-19 cases and Model 6 for deaths, as shown 
in Table-S3 (supplementary data), spanning from 
August 01, to November 30, 2021. Unlike Models 2 
and 4, Models 5 and 6 excluded booster shots. In con-
trast to Model 2, Delta variants did not significantly 
influence the COVID-19 case growth rate. This sug-
gests a strong relationship between booster shots and 
Delta variants. In addition, workplace measures led to a 
58.1% decline in case growth rates (p = 0.007), whereas 
grocery and pharmacies measures resulted in a 91.6% 
reduction (p = 0.001). However, in Model 6, no sig-
nificant relationships were found between COVID-19 
death growth rate and the examined variables.
Discussion

Our study builds on earlier studies, probing the 
causal impacts of several factors, including vaccination 
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Table-3: Direct effect of behavior and policies on death growth (PBI→Y).

Interventions Items Dependent variable

∆log ∆Cit ∆log ∆Cit

Model 3 Model 4

Vaccination Lag (Vaccination rate, 21) −0.552** −32.425
(0.179) (31.349)

Lag (Booster rate, 21) NA 27.719
NA (31.476)

Policy intervention Lag (Face mask mandate, 21) −0.012 −0.105
(0.021) (0.070)

Public mobility (behavior) Lag (Workplace mobility, 21) −0.152 −0.045
(0.295) (0.460)

Lag (Retail mobility, 21) −0.183 −0.055
(0.277) (0.571)

Lag (Groceries and pharmacies mobility, 21) 0.150 0.438
(0.266) (0.385)

Lag (Transit stations mobility, 21) 0.080 −0.100
(0.086) (0.203)

COVID-19 Variants Lag (Alpha variant, 21) −0.294* NA
(0.122) NA

Lag (Epsilon variant, 21) −0.464** NA
(0.153) NA

Lag (Delta variant_ V21J, 21) 0.196 −17.900
(0.113) (21.676)

Lag (Delta variant_ V21A, 21) NA −16.798
NA (21.839)

Lag (Delta variant_ V21I, 21) NA −16.038
NA (21.015)

Information dissemination Lag (past cases, 21) −0.015 −0.185
(0.019) (0.099)

Lag (past cases growth rate, 21) 0.017 −0.020
(0.019) (0.116)

Lag (past cases of national, 21) 0.038 0.731*
(0.054) (0.057)

Lag (past cases growth rate of national, 21) 0.014 −0.868**
(0.101) (0.301)

COVID-19 testing rate 0.262* 0.172
(0.114) 0.203

State variables Yes Yes
Month variables Yes Yes
Month * state variables Yes Yes
Observations 13,644 2,950
R2 0.0407 0.061
Adjust R2 0.0353 0.0524

*p < 0.05; *p < 0.01; ***p < 0.001, 
Values highlighted in bold signify statistical significance.

and booster uptake, mask mandates, public mobility, 
and the emergence of a new COVID-19 variant, on 
the growth rates of COVID-19 cases. The influence of 
covariates, such as COVID-19 information dissemina-
tion, state-specific attributes, and the interplay between 
monthly indicators and state characteristics, was also 
assessed. The main exceptions are mask mandates and 
reduced workplace mobility, which reduced the growth 
rate of cases, whereas increased vaccination and boost-
ers significantly reduced the rate of death in the US.

Our findings indicated that face mask mandates 
effectively slowed the spread of COVID-19, consis-
tent with the previous studies [20, 21]. Face mask 
mandates have been recognized as a temporary yet 
effective strategy to limit transmission risks at pop-
ulation level [22]. However, the efficacy of wearing 
masks may be influenced by the transmissibility of 

specific variants. This could elucidate why the face 
mask mandate did not exhibit significant effects 
during the period when Delta variant predominated in 
the US during our study.

In terms of public mobility, our results indicated 
that protective behaviors, particularly in workplaces, 
resulted in reduced COVID-19 case growth rates. 
During the period when Delta variant was preva-
lent, decreased mobility in both workplaces and gro-
cery and pharmacy stores resulted in decreased case 
growth rates. Our results also echo findings from 
previous studies that suggest measures such as lock-
downs or stay-at-home directives effectively curtail 
COVID-19’s spread [23, 24]. These insights contrib-
ute to a valuable perspective at community level for 
strengthening preparedness in the event of potential 
public health crises.
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Moreover, higher vaccination uptake curtails 
the growth rate of COVID-19 deaths, which is con-
sistent with the previous research [10, 25, 26]. Some 
studies suggest that vaccines reduce the severity of 
COVID-19 symptoms, the persistence of long-last-
ing COVID-19 symptoms and hospitalization [27]. It 
supports our observation that the death growth rate is 
reduced. Contrarily, we did not observe a significant 
impact of vaccinations or boosters on COVID-19 case 
growth rates, contrary to the majority of earlier 
research [28]. However, vaccines may primarily atten-
uate symptoms rather than prevent infections [29]. If 
accurate, vaccination remains crucial for reducing 
COVID-19-related mortality. Governments and poli-
cymakers should therefore consistently prioritize and 
allocate resources to expand vaccination coverage and 
reduce COVID-19 deaths.

In addition, we observed that Epsilon variant 
reduced the growth rates of both COVID-19 cases and 
deaths; however, this finding is perplexing given prior 
research suggesting its high transmissibility [30, 31]. 
Consistent with an earlier study [32], Delta variant 
was associated with notably high COVID-19 cases. 
Contrary to the majority of studies [33, 34], our find-
ings indicated that Delta variant did not significantly 
affect the COVID-19 death growth rate. This discrep-
ancy may have stemmed from our study’s limited 
observation span. Specifically, Model 4’s brief dura-
tion, covering only August to November 2021, might 
not sufficiently represent the broader effects of ele-
ments such as vaccination rates, booster uptake, mask 
mandates, and Delta variant’s impact on COVID-19 
death rates. On the other hand, Model 4 did not high-
light any significant predictors; therefore, it is still 
important to consider their potential relevance.

Furthermore, our results suggest that sharing his-
torical case data and growth rates at the state level led 
to a reduction in the number of COVID-19 cases, con-
sistent with the previous research [35]. Enhanced risk 
awareness, bolstered by effective information dissem-
ination, has been linked to proactive COVID-19 pre-
vention behaviors, such as reduced public mobility, 
thereby lowering the number of cases [11]. It stresses 
the importance of continuous refinement and use of 
information platforms to provide timely updates on 
COVID-19 promote public awareness and promote 
proactive responses.

A primary limitation of our study is its limited 
timeframe, spanning from January to November 2021. 
It captures only the early phase of the COVID-19 
pandemic and omits subsequent variants such as 
Omicron. Face mask mandates had eased and vaccine 
discussions intensified by the time Omicron surfaced, 
introducing factors outside our study’s scope. This 
shortcoming should be addressed in future research, in 
particular as the evolution of the pandemic dynamics 
and the expansion of data may alter the observed rela-
tionships. Another limitation is the population-level 
focus of our study, excluding individual-centric data. 

This may inadvertently ignore aspects such as cultural 
norms, access to personal health, and individual health 
status. In addition, our US-centric data may limit the 
broader applicability of our findings.
Conclusion

Building on the robust foundation of extensive US 
big data, our research stands out as one of the seminal 
analyses unraveling the intricate effects of diverse inter-
ventions and determinants on the pandemic’s trajectory. 
Our findings, while based on the US context, reverber-
ate with global significance as nations face looming 
threat of a new wave of COVID-19. These findings 
highlight the importance of developing proactive pan-
demic response strategies and highlight the importance 
of timely international policy interventions on an inter-
national scale. Immediate measures, such as a general 
ban on face masks and harmonized restrictions on pub-
lic mobility, offer a swift solution to addressing acute 
health crises. At the same time, a persistent global focus 
on vaccination and international cooperation in the dis-
tribution of vaccines is becoming a cornerstone for 
long-term pandemic mitigation. In view of this pressing 
urgency and our accumulated knowledge, policymak-
ers worldwide are strongly advised to adopt a dual-fac-
eted strategy in the event of imminent health crises that 
may go beyond borders. By judiciously disseminating 
resources, strengthening international cooperation and 
prioritizing transparent health communication, nations 
can collectively create a strong and adaptable defense 
against serious health challenges that await them.
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