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Abstract

Immigrants may be more vulnerable to coronavirus disease
2019 (COVID-19) than other sub-population groups due to their
relatively low socioeconomic status. However, no quantitative
studies have examined the relationships between immigrants and
COVID-19 health outcomes (confirmed cases and related deaths).
We first examined the relationship between total immigrants and
COVID-19 health outcomes with spatial Durbin models after con-
trolling for demographic, biophysical and socioeconomic vari-
ables. We then repeated the same analysis within multiple sub-
immigrant groups divided by those with original nativity to exam-
ine the differential associations with health outcomes. The result
showed that the proportion of all immigrants is negatively associ-
ated with the number of confirmed cases and related deaths. At the
continent and sub-continent level, we consistently found negative
relationships between the number of confirmed cases and the pro-
portion of all sub-immigrant groups. However, we observed
mixed associations between the proportion of sub-immigrant
groups and the number of deaths. Those counties having a higher
prevalence of immigrants from Africa [Eastern Africa: —18.6, 95%
confidence interval (CI): —38.3~-2.9; Northern Africa: —146.5,
95% CI: —285.5~-20.1; Middle Africa: —622.6, 95% CI: —801.4~—
464.5] and the Americas (Northern America: —90.5, 95% CI: —
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106.1~-73.8; Latin America: —6.8, 95% CI: —8.1~-5.2) mostly
had a lower number of deaths, whereas those counties having a
higher prevalence of immigrants from Asia (Eastern Asia: 21.0,
95% CI: 7.7~36.2; Western Asia: 42.5, 95% CI: 16.9~68.8; South-
Central Asia: 26.6, 95% CI: 15.5~36.9) showed a higher number
of deaths. Our results partially support that some immigrants,
especially those from Asia, are more vulnerable to COVID-19
than other sub-population groups.

Introduction

In December 2019, an outbreak of pneumonia caused by a
novel coronavirus, later designated as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was reported in Wuhan,
China. The virus has rapidly spread across China and other coun-
tries, resulting in more than 398.2 million confirmed cases and 5.8
million deaths as of February 8, 2022 (Johns Hopkins Coronavirus
Resource Center, 2021). Common symptoms of the virus are
fever, cough, fatigue, and muscle aches (Huang et al., 2020). The
virus spreads through direct contact or droplets generated by
breathing, sneezing and coughing (Ong ef al., 2020).

Previous studies reported that environmental factors may
influence the transmission of coronavirus (Van Doremalen et al.,
2013). For coronavirus disease 2019 (COVID-19), scholars found
a negative relationship between confirmed cases/mortality and
temperature (Prata et al., 2020; Qi ef al., 2020). While this rela-
tionship has the most robust support, other scholars also report
both positive relationships (Xie and Zhu, 2020) and no association
(Jamil et al., 2020). The different relationships might be from mul-
tiple regional factors such as health infrastructure, socioeconomic
background and the availability of adequate health supplies
(Bhadra et al., 2021; Hamidi et al., 2020). Other environmental
factors such as humidity (Qi et al., 2020) and diurnal temperature
variation also have a significant association with COVID-19
health outcomes (Ma et al., 2020). These factors can impact the
degree of virus transmission by changing host behaviour (e.g.,
time spent indoors, protective behaviour, risk perception), host
defence mechanisms (e.g., vitamin D deficiency, impairment of
mucociliary clearance with inhalation of cold, dry air) and virus
infectivity and stability (Pica and Bouvier, 2012).

Demographic and socioeconomic factors also play an impor-
tant role in spreading COVID-19 disease. Many papers showed
that age, sex, and race/ethnicity could directly or indirectly impact
susceptibility to virus infection (Golestaneh et al., 2020;
Ludvigsson, 2020; MohammadEbrahimi ef al., 2021). For exam-
ple, Garg et al. (2020) found a higher hospitalization rate for
males, Blacks and those over 65 years old. Low income and
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poverty also tend to increase the rate of infection (Hawkins ef al.,
2020). Multiple studies support that higher social and material
deprivation elevates the risk of virus infection and death (Rutter et
al., 2012). These demographic and socioeconomic factors are
highly associated with host behaviour and risk perception. For
example, Czeisler er al. (2020) showed that males and young
adults reported less frequent hand washing and hand sanitizing.
More importantly, socioeconomically vulnerable people tend to
have no or limited access to medical services (Tolbert et al., 2020)
and some of their jobs (e.g., cleaning and transport workers) are
more vulnerable due to more frequent interactions with people
(Mutambudzi et al., 2021). Their relatively poor residential envi-
ronment (e.g., multiunit housing, a higher number of people in a
house) could also increase the risk of infection (Jones and Grigsby-
Toussaint, 2020).

Relatedly, immigrants may be more vulnerable than other sub-
population groups due to their, on average, relatively low socioe-
conomic status. According to the US Census Bureau Current
Population Survey (CPS) 2020 Annual Social and Economic
Supplements, more non-citizens (16.4%) are below the federal
poverty level than US-born citizens (10.1%) and naturalized citi-
zens (9.1%). Non-citizens’ incomes (mean: $47,099, median:
$30,000, interquartile range: $18,200~$53,000) are also lower than
US-born citizens’ ($56,177, $40,000, $20,000~70,000) and natu-
ralized citizens’ ($63,718, $42,500, $25,000~75,000).
Additionally, fewer noncitizens (72.4%) have health insurances
than US-born citizens (93.1%) and naturalized citizens (91.2%).
Similarly, the US Census Bureau American Community Survey
(ACS) in 2018 shows large disparities regarding the housing envi-
ronment (Langellier, 2020). Non-citizens are more likely to live in
multiunit housing structures (45%) than other groups (US-born cit-
izens: 22.1%, naturalized citizens: 34.1%). Mean bedroom occu-
pancy is also higher in non-citizens (1.49) than US-born citizens
(0.90) and naturalized citizens (0.90). The relatively worse socioe-
conomic status could increase the risk of coronavirus infection.

In the US, there were around 44.9 million immigrants in 2019,
accounting for 13.7 percent of the total US population (‘US Census
Bureau ACS,’ 2019). Half of these immigrants are naturalized cit-
izens (51.6%), and the other half are noncitizens (48.4%). Most
immigrants are from Latin America (50.3%) and Asia (31.4%) fol-
lowed by Europe (10.4%), Africa (5.5%), Northern America
(1.8%), and Oceania (0.7%). Immigrants’ socioeconomic status
tends to vary by original nativity (Vallejo and Keister, 2020). In
general, Europe and Asia are the predominant sources of high-
skilled immigrants, while Latin America, the Caribbean, and
Africa are large sources of low-skilled immigrants to the US
(Hanson et al., 2018).

Many studies already support the idea that immigrants are
more vulnerable to the COVID-19 virus than other groups (Horner
etal., 2021; Ross et al., 2020). However, to the best of our knowl-
edge, there is no national-level quantitative study examining the
relationship between immigrants and COVID-19 health outcomes.
This study is the first quantitative study investigating the dispari-
ties in COVID-19 health outcomes among different sub-immigrant
groups in the US.

Materials and methods

The present study first investigates the relationship between
the proportion of all immigrants and confirmed cases/mortality

[Geospatial Health 2022; 17(s1):1064]

with spatial models at the county level after controlling for various
demographic, biophysical and socioeconomic variables. In this
process, we want to make sure that all data we used in this study
are county level data as opposed to individual level health and
other confounding variables. We, then, repeat the same analysis
within multiple sub-immigrant groups divided by original nativity
to find differential associations with health outcomes. We utilize
total immigrants, including both noncitizens and naturalized citi-
zens, instead of only noncitizens in this analysis due to data avail-
ability. The research period is from January 22, 2020 to March 28,
2021. More details on the data sets and methods can be found in
the following sections.

cpress

Weather

Monthly level parameter-elevation regressions on independent
slopes model (PRISM) data provided spatially and temporally consis-
tent 800-m resolution weather data for the continental US from 1895
to the present. The data interpolates climate data in a complex land-
scape using climate-elevation regression and station weighting func-
tions (Daly et al., 2007). This study used each county’s centroid to
extract average, maximum, minimum, diurnal temperature range and
relative humidity (RH). We calculated RH with mean temperature and
mean dew point using the function dewpoint-to-humidity from the
weather metrics package in R because PRISM does not provide RH.
After collecting all weather data, we took their average over the
research period for each county-level centroid.

COVID-19

We downloaded daily county-level confirmed COVID-19 cases
and mortality data from: i) Johns Hopkins University (https://coron-
avirus.jhu.edu/map.html); ii) USA Facts (https://usafacts.org/visualiza-
tions/coronavirus-covid-19-spread-map/); and iii) The New York
Times (https://www.nytimes.com/ interactive/2020/us/coronavirus-us-
cases.html). These websites aggregate the data from the Centers for
Disease Control and Prevention (CDC) and local-level public health
agencies beginning January 22, 2020. State and local agencies con-
firmed the county-level data. Because we could not find any significant
differences among these data sets, which all show high correlations
>(.998, this study only used Johns Hopkins University data. With the
daily level COVID-19 health outcomes, we calculated the sum of con-
firmed cases and deaths at the county level. More details on statistical
summaries for each data set are in Supplementary Table 1.

Immigrants

We used two types of immigration data retrieved from the US
Census Bureau ACS 2019. At the county level, we first downloaded
the total number of immigrants, which covers both non-citizens and
naturalized citizens. Next, to find the differential impact based on orig-
inal nativity, we downloaded data on the number of immigrants by
original nativity, which also covers both non-citizens and naturalized
citizens (Africa; Eastern Africa; Western Africa; Southern Africa;
Northern Africa; Middle Africa; the Americas; Northern America;
Latin America; Asia; Eastern Asia; Western Asia; South-Central Asia;
South-Eastern Asia; Europe; Northern Europe; Western Europe;
Southern Europe; Eastern Europe and Oceania). We standardized the
data by dividing each immigrant measure by the total population (i.e.
proportion of immigrants from the total population).

Demographic and socioeconomic data

Based on previous research, we selected a total of eight demo-
graphic (population density; people under 18 years; people over 65
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years; Hispanic American; Anglo American; African American; Asian
American and other races) and five socioeconomic (vehicle owner-
ship; poverty; unemployment; education less than a high school diplo-
ma and English proficiency) indicators as independent variables in the
model. We retrieved all data from the US Census Bureau ACS 2019.
More details on variable selection can be found in Supplementary
material.

= .Cpress

Statistical analysis

We used 3100 counties out of 3104 counties that do not have any
missing values for independent variables. We first checked multi-
collinearity, which represents the linear relationship among two or
more independent variables in a regression model. Multicollinearity
can reduce the precision of the model by inflating and flipping the sign
of regression coefficients, which weakens the statistical power of the
regression model (Mansfiled and Billy, 1982). To avoid multi-
collinearity, we calculated the variance inflation factor (VIF), a com-
monly used method to detect multicollinearity. A VIF of 1 means no
correlation between the independent variable and the remaining inde-
pendent variables, while VIFs exceeding 5 are signs of multicollinear-
ity (Paul, 2006). This analysis observed VIFs >5 from Anglo
Americans with all statistical models; English proficiency with total
immigrants and those from America and Latin America; and Asian
Americans with immigrants from Asia. We, thus, deleted these vari-
ables in the corresponding models. Readers can refer to
Supplementary Table 2 for more details.

We then checked for spatial autocorrelation, which explains how
geographically nearby values of a particular factor tend to have similar
values. We used a first-order queen contiguity matrix with row stan-
dardization to define neighbourhood weights. Spatial autocorrelation
can introduce biases or errors to model regression coefficients
(Anselin, 1988) and should be controlled for in the model. Spatial
autocorrelation is an especially useful term to model the spread of con-
tagious disease and the dissemination of information or ideas (Griftith,
1987). The spatial autoregressive model (SAM) and the spatial error
model (SEM) are commonly used to model the spatial autocorrelation
in either the dependent variable (e.g., SAM) or the error term (e.g.,
SEM). However, these two models have a couple of limitations. First,
they only contain one spatial interaction effect. Manski (1993) pro-
posed three types of spatial interaction effects describing how an
observation at a location is associated with observations at other loca-
tions: 1) endogenous interaction effects, which suggests that the obser-
vation at a region might be related to the observations of neighbouring
regions; ii) exogenous interaction effects, which indicates that the
observation at a region might be associated with independent explana-
tory variables of the observations in neighbouring regions; and iii) cor-
related effects, which represents that similar unobserved variables
may lead to similar observations across regions. Among these three
interaction effects, SAM and SEM only consider endogenous interac-
tion effects and correlated effects, respectively. Second, both models
impose prior restrictions on the magnitude of spatial spillover effects
to successfully estimate models with a positive definite variance-
covariance matrix (Elhorst, 2010; LeSage and Pace, 2009). These lim-
itations could lead to biased coefficients in the model. Third, the spa-
tial effects in the spatial lag and spatial error models do not capture
both local and global spatial effects (Elhorst, 2010).

The spatial Durbin model (SDM) may outperform SAM and SEM
by utilizing unbiased coefficients when the true spatial processes are
either SAM or SEM and considering both local and global spatial
effects with no prior restrictions on the magnitude of potential spatial
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interaction effects (Elhorst, 2010). This study used the SDM to exam-
ine the association between the proportion of immigrants and COVID-
19 confirmed cases and deaths after adjusting for possible con-
founders such as environmental (i.e. temperature, RH and diurnal tem-
perature range), demographic (i.e. population density, population over
65 and under 18 years, race/ethnicity) and socioeconomic variables
(i.e. poverty, no vehicle, unemployment, education and English profi-
ciency) at the county level. The SDM models have three components:
endogenous interaction effects, a set of explanatory variables, and
exogenous interaction effects (Equation 1).

Y= pWY+to+ X+ WXO+ ¢ )
e~NO,6° 1)

where Y represents an Nx1 vector of the dependent variable (i.e.
COVID confirmed cases or deaths); p the spatial autoregressive coef-
ficient; WY the endogenous interaction effects among the dependent
variables (i.e. COVID confirmed cases or deaths); X an Nx K matrix
of K exogenous explanatory variables (i.e. environmental, demo-
graphic and socioeconomic variables) associated with parameter f;
WY the exogenous interaction effects among the NxK matrix of K
independent variables (i.e. environmental, demographic and socioeco-
nomic variables); 6 a Kx I vector of the effect of W.X; and ¢ the error
term, which follows a normal distribution with a mean of 0 and a vari-
ance of 1. I is an Nx ] vector of those associated with the intercept
parameter o.

The SDM can be simplified into the SAM (when 6=0), SEM
(when 6=— pp) or the ordinary least squares (OLS) model (no spatial
dependence) (LeSage and Pace, 2009). We used a likelihood ratio
(LR) test to check if the SDM model can be restricted to one of these
three models under the belief that simpler models are better (Elhorst,
2010). This tests the hypotheses H,: 6=0 and H,: 6+pf3=0. If the first
hypothesis (H,: 6=0) cannot be rejected, SAM is the best model sim-
ulating the data. SEM best describes the data if the second hypothesis
(Hy: 6+pp=0) cannot be rejected. If both hypotheses are rejected, then
the SDM best explains the data. We found that the SDM best
described the data for all models used in the study (Supplementary
Table 3).

The SDM separately provides direct (i.e. within a county), indirect
(i.e. to/from neighbouring counties), and total impact. In this study, we
only report global average total impacts and 95% confidence intervals
(CIs) because the spatial model’s purpose was to control for residual
spatial autocorrelation rather than to provide insight into spatial mech-
anisms. Through Markov chain Monte Carlo simulations (n=100), we
attained empirical 95% ClIs (quantiles at 2.5% and 97.5%) from the
empirical distribution. We first reported the relationship between the
proportion of total immigrants and COVID-19 confirmed cases and
deaths with beta coefficients and 95% Cls at the county level. Then,
we reported the beta coefficients and 95% Cls for multiple immigrant
subgroups divided by those of original nativity to find differential
associations with the confirmed cases and deaths. After these analyses,
we checked spatial autocorrelation of the residuals with Moran’s 7,
which exhibits the degree of clustering, to investigate if any
assumption of the model is violated. The residuals satisfied the
assumption, not exhibiting spatial autocorrelations. We used the R
(V.4.0.3) statistical analysis and computing software for all calcu-
lations. SDM was employed through the lagsarlm function in the
spdem package (https://cran.r-project.org/web/packages/spdep).
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used in the study. It should be noted that this is a county-level sum-

Results mary which may show differences from the national-level.
L. Approximately 4.77% of the total population were immigrants in
Descriptive summary 2019. Across the US, this percent ranged from 0 to 53.72%.

Table 1 shows a descriptive summary of all county-level data Immigrants from the Americas (2.89%) were the highest propor-

Table 1. A descriptive summary for the dependent and independent variables at the county level.

Origins of immigrants Min Mean Max SD
Total immigrants (%) 0 4.11 53.72 5.73
Africa (%) 0 0.21 8.75 0.49
Eastern Africa (%) 0 0.07 5.72 0.24
Western Africa (%) 0 0.00 0.53 0.02
Southern Africa (%) 0 0.01 1.32 0.06
Northern Africa (%) 0 0.00 0.95 0.03
Middle Africa (%) 0 0.00 0.84 0.03
Americas (%) 0 2.89 50.13 4.32
Northern America (%) 0 0.14 427 0.24
Latin America (%) 0 2.75 49.96 429
Asia (%) 0 1.07 34.01 1.96
Eastern Asia (%) 0 031 14.00 0.67
Western Asia (%) 0 0.08 3.58 0.19
South-Central Asia (%) 0 0.27 12.61 0.68
South-Eastern Asia (%) 0 041 32.52 1.03
Europe (%) 0 0.55 7.65 0.70
Northern Europe (%) 0 0.14 1.96 0.19
Western Europe (%) 0 0.17 3.74 0.20
Southern Europe (%) 0 0.06 5.87 0.20
Eastern Europe (%) 0 0.18 545 0.36
Oceania (%) 0 0.04 3.03 0.14
Population density (people per km?) 0.06 97.29 16,610.26 546.23
Under 18 years (%) 1.52 22.24 41.80 3.52
Over 65 years (%) 3.20 18.79 56.71 4.66
Hispanic American (%) 0.00 9.42 99.17 13.87
Anglo American (%) 3.60 82.93 100.00 16.88
African American (%) 0.00 9.06 87.23 14.49
Asian American (%) 0.00 1.38 42.66 2.80
Other races (%) 0.00 4.18 93.46 8.65
No vehicle (%) 0.00 6.28 87.99 446
Poverty (%) 243 15.11 55.45 6.33
Unemployment (%) 0.00 5.15 27.03 2.64
Education less than a high school diploma (%)  1.12 13.05 73.56 6.26
English proficiency (not well and not at all) (%)  0.00 1.69 34.44 2.80
Daily mean temperature (°C) —0.01 11.25 2481 4.78
Daily relative humidity (%) 21.94 67.43 84.59 9.86
Daily diurnal temperature variation (°C) 6.13 11.89 20.19 191
Daily confirmed cases (per 100,000) 0 9339.46 37,191.52 3086.00
Daily death (per 100,000) 0 185.65 792.86 110.29

[Geospatial Health 2022; 17(s1):1064] OPEN a ACCESS



tion of immigrants, followed by Asia (1.07%), Europe (0.55%),
Africa (0.21%) and Oceania (0.04%). Immigrants from Latin
America (mean number of 7,075 per county) accounted for more
than 50% of the total mean number of county immigrants (13,982),
while those from Middle Africa (mean number of 8 per county)
accounted for only 0.06% (Supplementary Table 4).

Demographic variables covering both immigrants and non-
immigrants showed that the mean population density is approxi-
mately 97.29 people/km® (range: 0.06~16,610.26). On average,
those under 18 years of age and over 65 years accounted for
22.24% (1.52~41.80) and 18.79% (3.20~56.71) of the total popu-
lation. About 9.42% of the US population identified as Hispanic
with high geographic variability ranging from 0.00 to 99.17%.
Anglo Americans (mean: 82.93%, range: 3.60~100.00) were the
most prevalent race followed by African Americans (9.06%,
0.00~87.23) and Asian Americans (1.38%, 0.00~42.66). For
socioeconomic variables, approximately 2% to 13% of the popula-
tion clustered by housing units were vulnerable in terms of trans-
portation (no vehicle, mean=6.28%, range:0~87.99), employment
(unemployment rate, 5.15%, range: 0.00~27.03), education (less
than high school, 13.05%, range: 1.12~73.56), and language (lim-
ited English proficiency: not well or not at all, 1.69%, range:
0.00~34.44). In addition, the population living below the federal
poverty line in the past 12 months was 15.11% (2.43~55.45).

For biophysical variables, the mean temperature was 11.25°C,
the mean relative humidity 67.43% and the mean diurnal tempera-
ture variation 11.89°C. These variables ranged from —0.01°C to
24.81°C (mean temperature), from 21.94% to 84.59% (relative
humidity) and from 6.13°C to 20.19°C (diurnal temperature varia-
tion). For COVID-19 health outcomes, there were on average
roughly 10,000 confirmed cases and 200 deaths at the county level.

= .Cpress

Table 2. Model coefficients and 95% confidence interval.

The association between total immigrants/independent
variables and COVID-19 health outcomes

Table 2 represents total impacts and 95% Cls for fifteen inde-
pendent variables on both the number of confirmed cases and
deaths. We found negative associations between confirmed cases
and the proportion of total immigrants (—48.1, —-91.5~-15.3) and
Hispanic Americans (—15.2, —25.7~-2.4). This relationship sug-
gests that an increase in the proportion of total immigrants and
Hispanic Americans lowered the number of cases. Four demo-
graphic factors, including population density (total impact: 0.3,
95% CI: 0.0~0.6), the proportion of people under 18 years of age
(227.7, 162.4~287.1), African American (19.6, 12.1~28.4), and
other races (100.0, 79.9~121.4) were also positively associated
with the number of confirmed cases. These results indicate that a
one unit increase in those variables raises the number of confirmed
cases by 0.3 for population density (unit: people per km?), 227.7
for those under 18 years (unit: %), 19.6 for African American (unit:
%) and 100.0 for other races (unit: %). For example, a 1000 person
increase in population density raises the expected number of cases
by 300. A 1% increase in the proportion of people under 18 years
old, African American and other races would increase the expected
number of cases by 227.7, 19.6, and 100.0, respectively.

For socioeconomic variables, the proportion of households
without vehicles (115.1, 58.6~187.9) and those with education less
than high school (198.5, 169.9~226.4) were positively associated
with confirmed cases, whereas the unemployment rate (—498.5, —
575.5~-422.7) had a negative association with confirmed cases.
For biophysical variables, we observed positive relationships
between confirmed cases and two biophysical variables: relative
humidity (125.7, 106.1~143.0) and diurnal temperature variation
(540.7, 460.2~622.4).

Total immigrants —48.1* —91.5~-153 —5.6% —6.8~—4.4
Population density 0.3* 0.0~0.6 0.0 0.0~0.0
Under 18 years 221.7* 162.4~287.1 10.0% 8.5~114
Over 65 years 339 —14.5~77.0 9.3* 8.1~10.6
Hispanic American —15.2* —25.7~-24 0.7* 04~1.0
African American 19.6% 12.1~28.4 1.9% 1.7~2.2
Asian American -19.6 —151.9~15.1 5.2% 3.6~1.7
Other races 100.0* 79.9~1214 1.8* 1.1~24
No vehicle 115.1% 58.6~187.9 12.7* 11.0~14.2
Poverty -36.3 -T1.8~12.6 —4.6* —54~-3.6
Unemployment —498.5* —575.5~—422.7 —11.0% —13.2~-9.0
Education less than high school 198.5* 169.9~226.4 1.7* 7.0~84
Mean temperature 4.5 —29.7~22.5 0.9* 02~1.6*
Relative humidity 125.7* 106.1~143.0* 3.2% 2.1~3.5%
Diurnal temperature variation 540.7* 460.2~622.4* 20.8* 18.1~23.3*

*Significant values at the P=0.05 level. CI, confidence interval.
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We observed similar relationships between the fifteen indepen-
dent variables and the number of deaths except for Hispanic
Americans. The proportion of total immigrants (-5.6, —6.8~4.4)
was the only variable that showed a negative association with
deaths. All the other demographic factors covering the proportion
of those under 18 years (10.0, 8.5~11.4), those over 65 years (9.3,
8.1~10.6), Hispanic American (0.7, 0.4~1.0), African American
(1.9, 1.7~2.2), Asian American (5.2, 3.6~7.7) and other races (1.8,
1.1~2.4) were positively associated with the number of deaths. For
socioeconomic and biophysical variables, we found similar posi-
tive relationships with deaths. The proportion of households with-
out vehicles (12.7, 11.0~14.2), those with education less than high
school (7.7, 7.0~8.4), mean temperature (0.9, 0.2~1.6), relative
humidity (3.2, 2.7~3.5) and diurnal temperature variation (20.8,
18.1~23.3) all increased the number of deaths. On the other hand,
poverty (4.6, —5.4~-3.6) and unemployment rate (-11.0, —13.2~
9.0) showed a negative relationship with death.

The association between sub-immigrant groups and
COVID-19 health outcomes

We repeated the same analysis as above with twenty sub-immi-
grant groups at the continent and sub-continent level. Here, we
only report the coefficients and 95% Cls of sub-immigrant groups
since we did not find any significant differences in coefficients of
demographic, socioeconomic, and biophysical variables among
different sub-immigrant groups (Table 3). Readers can refer to
Supplementary Tables 5-24 for complete coefficients and 95% Cls
on all variables.

Table 3. Model coefficients and 95% confidence interval.

At the continent level, most of sub-immigrant groups were
negatively associated with confirmed cases (Asia: —260.4, —
355.3~-168.1; Europe: —731.0, —978.1~-457.3) and deaths
(Americas: —7.3, —8.8~5.7; Europe: —7.3, —13.2~0.3; Oceania: —
223.3,-270.1~185.1). Only Oceania (1303.1, 211.4~2454.9) had
a positive relationship with confirmed cases. At the sub-continent
level, the proportion of immigrants from Eastern Africa (—877.1, —
1568.1~-254.3), Northern America (-3809.0, —4313.0~-3376.5),
Eastern Asia (-755.9, —1212.0~-272.7), South-Central Asia (—
530.0, —880.7~-192.6), Northern Europe (—6741.5, —7682.0~—
6040.9) and Western Europe (—4684.5, —5427.5~-3851.9) was
negatively associated with the number of confirmed cases. On the
other hand, the proportion of immigrants from Southern Africa
(5008.4, 1525.8~8569.5), South-Eastern Asia (761.1,
345.8~1089.6) and Southern Europe (455.8, 30.6~907.8) had pos-
itive relationships with confirmed cases.

For the number of deaths, most of the sub-continent groups in
Africa (Eastern Africa: —18.6, —38.3~2.9; Northern Africa: —
146.5, —285.5~-20.1; Middle Africa: —622.6, —-801.4~-464.5) and
the Americas (Northern America: —90.5, —106.1~-73.8; Latin
America: —6.8, —8.1~—5.2) had negative relationships except for
Southern Africa (167.0, 77.3~269.5), while most of those in Asia
(Eastern Asia: 21.0, 7.7~36.2; Western Asia: 42.5, 16.9~68.8; and
South-Central Asia: 26.6, 15.5~36.9) had positive relationships
except for South-Eastern Asia (—14.8, —29.2~-0.2). In Europe,
Northern (-176.5, —202.6~—147.6) and Western Europe (—159.7, —
187.3~-136.2) had negative relationships, while Southern (34.0,
20.1~46.1) and Eastern Europe (34.5, 19.8~49.8) had positive rela-
tionships with deaths.

cpress

Africa (%) -171.1 —482.9~83.0 0.56 31 -1.7~141 0.43
Eastern Africa (%) —877.1* —1568.1~-254.3 0.56 —18.6* —38.3~-2.9 0.43
Western Africa (%) 4536.2 —7535.9~15962.4 0.56 —184.0 —541.4~152.6 043
Southern Africa (%) 5008.4* 1525.8~8569.5 0.56 167.0* 77.3~269.5 0.43
Northern Africa (%) —2656.0 —7354.3~1535.1 0.56 —146.5* —285.5~-20.1 043
Middle Africa (%) 1657.1 —4988.2~8587.6 0.56 —622.6* —801.4~—464.5 0.43
Americas (%) 248 —74.5~22.1 0.56 —71.3* —8.8~-5.7 0.43
Northern America (%) —3809.0% —4313.0~-3376.5 0.56 —90.5% —106.1~-73.8 0.43
Latin America (%) -11.9 -57.8~30.0 0.56 —6.8* —8.1~-5.2 0.43
Asia (%) —260.4* —355.3~—168.1 0.56 1.5 —0.3~4.4 0.43
Eastern Asia (%) —155.9% —1212.0~-272.7 0.56 21.0% 7.7~36.2 043
Western Asia (%) —-974.0 —1904.3~30.2 0.56 42.5% 16.9~68.8 0.43
South-Central Asia (%) -530.0* —880.7~—192.6 0.56 26.6* 15.5~36.9 0.43
South-Eastern Asia (%) 761.1% 345.8~1089.6 0.56 —14.8* —29.2~-0.2 0.43
Europe (%) -731.0* —978.1~—457.3 0.56 —1.3* -13.2~-03 043
Northern Europe (%) —6741.5* —7682.0~—6040.9 0.56 —176.5* —202.6~—147.6 0.43
Western Europe (%) —4684.5* —5427.5~-3851.9 0.56 —159.7* -187.3~—136.2 043
Southern Europe (%) 455.8* 30.6~907.8 0.56 34.0% 20.1~46.1 0.43
Eastern Europe (%) —411.7 —819.8~123.8 0.56 34.5% 19.8~49.8 0.43
Oceania (%) 1303.1* 211.4~2454.9 0.56 —223.3* —270.1~—185.1 0.43

*Significant values at the P=0.05 level. CI, confidence interval.
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Discussion

This study found that the total proportion of immigrants is neg-
atively associated with the number of confirmed cases and related
deaths. We suspect this is because they are less likely to use health
care facilities or resources when the symptoms are mild. In the US,
immigrants are overall younger and healthier than US-born resi-
dents (Okie, 2007). Younger adults are less likely to develop severe
symptoms than older adults (Snape and Viner, 2020), so they may
be less likely to visit hospitals or emergency rooms. Borjas (2020)
supports this idea by finding a positive relationship between the
percentage of immigrants and the number of tests per 100,000 peo-
ple. Immigrants also spend less money on health services
(Stimpson et al., 2013). In addition, multiple barriers such as lim-
ited English proficiency, lack of health insurance, fears of deporta-
tion and complex US health care systems impose challenges on
immigrants’ use of health care services. COVID-19 has even raised
these barriers. Currently, in-person interpreters are not common,
and clinical staffs avoid using telephone interpreters due to not
wanting to touch the room telephone and contaminate their own
device (Ross et al., 2020). In addition, the revised public charge
rules implemented in February 2020, which expand the conditions
under which the government can deny immigrants admission to the
US-based on the use of public services, may further discourage
their use of healthcare services (Ross et al., 2020).

At the continent and sub-continent levels, we consistently
found negative relationships between the number of confirmed
cases and the proportion of immigrant groups by original nativity.
On the other hand, we found mixed associations between the num-
ber of deaths and the proportion of immigrants. The proportion of
immigrants from Africa and the Americas had negative associa-
tions, whereas the proportion of immigrants from Asia showed a
positive relationship with deaths. Europe had mixed results having
positive relationships with Southern and Eastern Europe and neg-
ative relationships with Northern and Western Europe. We think
these regional differences are related to at least two factors within
sub-immigrant groups. The first factor is different age distribu-
tions. Each sub-immigrant group has a different age structure. For
example, immigrants from Latin America are relatively younger
compared to sub-immigrant groups from Europe, North America,
and Asia. In 2018, immigrants from Europe (median age: 53
years), and Canada (median age: 54 years) tended to be older than
those from Mexico (median age: 43 years) (Budiman et al., 2020).
Immigrants from Asia (median: 46 years) were slightly older than
those from Latin America in 2019 (Migration Policy Institute,
2021). This may partially explain positive relationships between
the proportion of immigrants from Europe and Asia and deaths.

In addition, different ratios between noncitizens and natural-
ized citizens by continent or sub-continent could also impact the
relationships because this study was based on the combined num-
ber of non-citizens and naturalized immigrants. Generally, natural-
ized citizens are older than noncitizens (USA Facts, 2020). More
than 60% of the total noncitizen population was between 18 and 34
years old in 2019 (Baker, 2021), whereas 65% of naturalized citi-
zens were aged 45 or older in 2018 (USA Facts, 2020). The higher
the proportion of naturalized citizens, the higher the average age
and higher mortality rates. In 2019, 61% of the immigrants from
Asia were naturalized citizens, which is significantly higher than
the national average (52% of all immigrants) (Migration Policy
Institute, 2021). We also believe other regional factors such as cul-
ture and social norms could be highly associated with COVID-19
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infection rates and deaths by impacting behavioural patterns
(Huynh, 2020).

We also found significant relationships between several demo-
graphic variables and COVID-19 health outcomes. Our result
shows that older adults (>65) are positively associated with the
number of deaths. This result can be supported by previous papers
(Garg et al., 2020). In general, older adults are more likely to have
underlying chronic diseases such as hypertension and diabetes
(Calderon-Larrafiaga et al., 2020). In addition, they have a rela-
tively weaker immune system (Khademi ef al., 2020). Several
other factors such as residential environment (e.g., rest homes and
nursing homes), limited access to new information from media
(e.g., social media) and limited access to health services and sup-
port may increase their vulnerability (Petretto and Pili, 2020). We
also found that the proportion of those under 18 years old is posi-
tively associated with confirmed cases and death. This result
aligned with Karmakar et al. (2021), who report higher COVID-19
confirmed cases (incidence rate ratios: 1.07, 95% CI: 1.08-1.10)
and mortality rates (1.05, 1.04-1.07) for those under 17 years old
with a county-level analysis. Even though this age group is less
likely to develop severe symptoms, they seem to play an important
role in spreading the virus (Anderson et al., 2021). They also have
a significantly greater amount of the virus in the nose, which can
facilitate transmission (Heald-Sargent et al., 2020).

Additionally, we found that the proportion of Hispanic
Americans, African Americans, Asian Americans, and other races
(American Indian, Alaska Native, Native Hawaiian and other
pacific islander) are positively associated with the number of
deaths. Karmakar et al. (2021) report higher mortality rates among
African Americans (incidence rate ratios: 1.02; 95% CI, 1.02-
1.03), Hispanics (1.02; 1.01-1.02), American Indians or Alaskan
Natives (1.02; 1.02-1.03) and Asians (1.01; 0.99~1.03). Hatcher et
al. (2020) also show that American Indians and Alaska Natives
have 3.5 times more cases than Whites. Some studies point out the
importance of physiological differences among different racial and
ethnic groups (Evans and Lippman, 2020), however, we think that
these disparities are more related to socioeconomic status, such as
housing conditions (Ahmad ef al., 2020) and household size (Liu
et al., 2021). Precarious work and adverse working conditions
among minority groups increases the risk of infections as well
(Paremoer et al., 2021). These factors may raise the number of
interactions among people and subsequently increase the risk of
COVID-19 infection.

Finally, we found that counties with a high proportion of the
population without vehicles or a high school diploma have higher
confirmed cases and death. These variables are highly associated
with the level of income and health. Multiple papers point out the
importance of these socioeconomic variables for increasing or
decreasing the risk of COVID-19 infection (e.g., Hawkins et al.,
2020). However, we found a negative relationship between the
unemployment rate and COVID-19 health outcomes. We suspect
that unemployed people face several barriers to accessing COVID-
19 testing and treatment services due to limited health insurance
coverage (Calderon-Larraiaga et al., 2020; Tolbert et al., 2020).
Even though the Families First Coronavirus Response Act
(FFCRA) covers all medical cost-sharing associated with testing
services, patients are still responsible for treatment costs until they
reach their out-of-pocket maximum (King, 2020). In addition,
unemployed men are less physically active than employed men,
which may lower the likelihood of COVID-19 infection (Van
Domelen et al., 2011).
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There are at least three limitations in this study. First, COVID-
19 health outcome data could introduce some uncertainty and error
while collecting data. For example, the data might not exactly
match a patient’s actual residency location. A person registered in
county A might live or work in county B. Second, health outcome
data may only include some of the actual number of confirmed
cases and mortalities. Pelizza er al. (2021) pointed out that the
health outcomes of undocumented people would not be well cap-
tured in official statistics. According to Passel and Cohn (2019),
there were 10.5 million undocumented people in the US in 2017,
accounting for 3.2% of the total US population. These people seem
more vulnerable to COVID-19 than other groups due to their lim-
ited financial ability and access to healthcare services even though
their ages tend to be younger than US natives. Such errors may
weaken the relationship between health outcomes and variables
used in this study. Third, we used the combined number of immi-
grants, including naturalized immigrants and noncitizens. These
two groups appear to have different socioeconomic and demo-
graphic characteristics. Naturalized immigrants are older, more
educated, and have relatively better socioeconomic status than
non-citizens (Passel, 2005). Non-citizens also cover a wide range
of subgroups including international students, temporary agricul-
tural workers, exchange visitors and other different groups. This
large variation within immigrant subgroups may increase errors in
the analysis.

Conclusions

It is clear that immigrants, who make up more than 10% of the
total US population, are an important part of the country. The suc-
cess of reducing COVID-19 mortality and morbidity depends on
the cooperation of all community members through community
vaccination and massive testing programs (Al Awaidy and Khamis,
2020; Mohammadi et al., 2021; Mollalo et al., 2021; Yamey et al.,
2020). We need to ensure that all communities have equal access
to COVID-19 resources. Messages and guidelines for tests and
vaccines in multiple languages according to the community demo-
graphics may help those who are linguistically isolated (Wild et
al., 2020). Reducing public assistance restrictions and amending
the public charge rules could increase the rate of testing and vacci-
nations of immigrants as well (Langellier, 2020). We hope these
measures help mitigate the impact of COVID-19 on the health of
the public. There are a couple of future research opportunities.
Even though this study was based on the total number of immi-
grants combining both non-citizens and naturalized citizens due to
data availability, future research should focus only on noncitizens.
As showed in the introduction, these two immigrant groups tend to
have significantly different socioeconomic characteristics.
Including naturalized citizens in the analysis may dilute the asso-
ciations to the COVID-19 health outcomes. In addition, the rela-
tionships between immigrants and COVID-19 health outcomes
could be different by region. For example, rural regions are more
likely to need low-skilled immigrants for agricultural work, where-
as urban regions would be more likely to need high-skilled immi-
grants. Combining these two areas in the analysis would increase
errors and uncertainty. Therefore, future research should separately
investigate the relationship by region. Furthermore, it would be
worthwhile to investigate what factors are associated with the dif-
ferent relationships between sub-immigrant groups and COVID-19
health outcomes.
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