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Abstract

Rationale: Ecological studies have shown air pollution
associations with coronavirus disease (COVID-19) outcomes.
However, few cohort studies have been conducted.

Objectives: To conduct a cohort study investigating the
association between air pollution and COVID-19 severity using
individual-level data from the electronic medical record.

Methods: This cohort included all individuals who received
diagnoses of COVID-19 from Kaiser Permanente Southern California
between March 1 and August 31, 2020. One-year and 1-month
averaged ambient air pollutant (particulate matter <2.5 pm in
aerodynamic diameter [PM, 5], NO,, and Os) exposures before
COVID-19 diagnosis were estimated on the basis of residential address
history. Outcomes included COVID-19-related hospitalizations,
intensive respiratory support (IRS), and ICU admissions within 30
days and mortality within 60 days after COVID-19 diagnosis.
Covariates included socioeconomic characteristics and comorbidities.

Measurements and Main Results: Among 74,915 individuals
(mean age, 42.5 years; 54% women; 66% Hispanic), rates of

hospitalization, IRS, ICU admission, and mortality were 6.3%,
2.4%, 1.5%, and 1.5%, respectively. Using multipollutant
models adjusted for covariates, 1-year PM, 5 and 1-month
NO, average exposures were associated with COVID-19
severity. The odds ratios associated with a 1-SD increase in
1-year PM, s (SD, 1.5 pg/m3) were 1.24 (95% confidence
interval [CI], 1.16-1.32) for COVID-19-related
hospitalization, 1.33 (95% CI, 1.20-1.47) for IRS, and 1.32
(95% CI, 1.16-1.51) for ICU admission; the corresponding
odds ratios associated with 1-month NO, (SD, 3.3 ppb) were
1.12 (95% CI, 1.06-1.17) for hospitalization, 1.18 (95% CI,
1.10-1.27) for IRS, and 1.21 (95% CI, 1.11-1.33) for ICU
admission. The hazard ratios for mortality were 1.14 (95% CI,
1.02-1.27) for 1-year PM, 5 and 1.07 (95% CI, 0.98-1.16) for
1-month NO,. No significant interactions with age, sex or
ethnicity were observed.

Conclusions: Ambient PM, 5 and NO, exposures may affect
COVID-19 severity and mortality.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Ecological studies have
shown that long-term air pollution
exposure, particularly particulate
matter <2.5 pm in aerodynamic
diameter (PM, 5) and NO,, was
associated with increased risk of
coronavirus disease (COVID-19)
incidence and mortality. To date,
only four cohort studies have been
conducted to investigate associations
between individual-level air pollution
exposure and COVID-19 outcomes.
These cohort studies assessed long-
term exposure in older and mostly
non-Hispanic White populations and
revealed that long-term PM, 5 and
NO, exposures were associated with
increased risk of COVID-19
hospitalization, ICU admission, and
mortality. No studies have been
conducted to assess the impact of
short-term air pollution exposure on
COVID-19 outcomes.

What This Study Adds to the
Field: We assessed 1-year and
1-month individual-level exposure to
air pollution (PM, 5, NO,, and O3)
before COVID-19 diagnosis on a
spectrum of COVID-19 outcomes in
a multiethnic cohort of
approximately 75,000 patients with
COVID-19 diagnosed between
March 1 and August 31, 2020, in
southern California. Results showed
that 1-month NO, and 1-year PM, 5
exposures were independently
associated with increased risk of
COVID-19 hospitalization, ICU
admission, need for intensive
respiratory support, and mortality,
with little heterogeneity across age,
sex, and race/ethnicity.

The coronavirus disease (COVID-19)
pandemic has continued to be a major health
crisis and is very likely to become endemic in
the future. Beyond virus transmission, the
severity and mortality of COVID-19 are top
public health concerns. Evidence from prior
ecological studies has suggested that chronic
exposure to outdoor air pollution may be

associated with COVID-19 incidence and
mortality (1-10). Air pollution is the fourth
leading risk factor for all-cause mortality
worldwide (11-13), and long-term air
pollution exposure has been shown to
increase the risk of comorbidities linked to
severe COVID-19, such as hypertension,
cardiovascular disease, and diabetes (14-16).
Beyond the effect on comorbidities, air
pollution may also perturb the immune
response, increase susceptibility to
respiratory infection (17), and promote
oxidative stress and procoagulation (18, 19),
further increasing the risk of severe COVID-
19. Rodent models have demonstrated that
exposure to particulate matter <2.5 pm in
aerodynamic diameter (PM, s) and nitrogen
dioxide (NO,) may upregulate pulmonary
expression of angiotensin-converting enzyme
2, a binding site for coronaviruses, and has
been implicated in mediating COVID-19
severity (12, 20-22). Therefore, air pollution
may directly or indirectly affect COVID-19
severity and mortality.

The previous ecological studies on air
pollution had several important limitations,
such as aggregated exposure and outcome
data from large geographic areas and
heterogeneous populations, lack of
adjustment for important confounders (i.e.,
comorbidities and social characteristics), and
potential misclassification of COVID-19
diagnosis and associated severity and
mortality. Also, most ecological studies have
focused on associations between long-term
air pollution exposure and COVID-19
mortality (1, 2, 5-9, 23), whereas the effect of
short-term air pollution exposure has been
less studied (4, 24, 25). Prior literature has
suggested that short-term air pollution
exposure may also increase the risk of severe
COVID-19 through immunotoxicity and
inflammation (26, 27). To our knowledge,
three studies have investigated associations
between individual-level PM, 5 and
particulate matter <10 pm in aerodynamic
diameter exposures and COVID-19
hospitalizations (28-30). One population-
based cohort study in Spain revealed
associations of historical exposures to NO,
and PM, 5 with increased risk of COVID-19,
and the associations were larger for the risk
of severe cases including hospitalizations and
ICU admissions (31). One study in New
York using hospital-based patient data
showed that long-term PM, 5 exposure was
associated with increased risk of COVID-19
mortality and ICU admissions from March
to August 2020, when the mortality rate was

Chen, Sidell, Huang, et al.: Cohort Study of Air Pollution and COVID-19 Severity

extremely high and 31% of the cohort died
(32). No association was found for long-term
NO, and black carbon exposures. Studies of
exposures to other air pollutants, such as
NO, and ozone (O3), in both long- and
short-term time windows, as well as other
severe COVID-19 outcomes including the
risk of requiring intensive respiratory
support (IRS), ICU admissions, and deaths,
are needed. In addition, as previous studies
were focused on either older or mainly non-
Hispanic White populations, more studies
with diverse age and race/ethnicity groups
are warranted.

To address the limitations of previous
studies, we investigated the association
between exposures to ambient air pollutants
(PM, 5, NO,, and O;) and COVID-19 severity
and mortality using individual-level data from
a large and ethnically diverse population from
an integrated healthcare system in southern
California. Ambient air pollutant exposures
were estimated using individual residential
address history, while severity and mortality
outcomes after COVID-19 diagnosis and a
spectrum of comorbidities and
socioeconomic characteristics were extracted
from the electronic medical record (EMR).
Our analysis included patients with COVID-
19 between March 1 and August 31, 2020, and
accounted for important individual-level
confounders. Findings from this study will
help clarify the role and magnitude of the
effect of air pollution exposure on COVID-19
severity during the early pandemic period,
when the confounding effects of virus variants
and vaccination were minimal compared with
the later pandemic period. Some of the results
of this study have been previously reported in
the form of an abstract (33).

Methods

Details of the cohort and ascertainment of
outcome data are described in the online
supplement. Briefly, this is a retrospective
cohort study with data collected from the
EMR at Kaiser Permanente Southern
California (KPSC), a large integrated
healthcare system with more than 4.5 million
members across southern California. This
analysis included 74,915 patients who
received diagnoses of COVID-19 between
March 1 and August 31, 2020, with follow-up
to October 31, 2020. Positive COVID-19
diagnosis was defined as a positive severe
acute respiratory syndrome coronavirus 2
(SARS-CoV-2) PCR laboratory test result or
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a diagnosis code (International Statistical
Classification of Diseases and Related Health
Problems, 10th Revision, and internal KPSC
codes) for COVID-19 (see Table E1 in the
online supplement). The study was approved
by the KPSC Institutional Review Board with
a waiver of the requirement to obtain
informed consent.

The outcomes included COVID-19
severity, defined as COVID-19-related
hospitalizations, IRS, and ICU admissions
within 30 days after COVID-19 diagnosis,
and mortality within 60 days.

Details of ambient air pollution
exposure assessment are described in the
online supplement. Twenty-four-hour
averages of PM, s and NO, concentrations,
as well as 8-hour daily maximum Os
exposure at participants’ residential addresses
during 1 year before COVID-19 diagnosis,
were estimated using inverse distance
squared weighting on the basis of air quality
data from ambient monitoring stations (34).
Daily residential air quality data were further
averaged to assign exposure degrees during 1
month and 1 year before the diagnosis date
to represent shorter and longer term
exposures, respectively.

Demographics (age, sex, and race/
ethnicity), Medicaid insurance status, body
mass index categories, smoking history
(current, former, or never), and categories of
Charlson comorbidity index (0, 1, or <2) at
the time of COVID-19 diagnosis were
obtained from the KPSC EMR.
Neighborhood-level education and income
information were estimated using Nielsen
demographic data for the census tract (35).
Census tract-level population density was
obtained from 2019 Environmental Systems
Research Institute data (36) and census tract
neighborhood deprivation index was derived
on the basis of the 2019 U.S. Census Bureau
American Community Survey (37). More
details of covariates are described in the
online supplement.

Statistical Analysis

To assess the association between each air
pollutant exposure and COVID-19 severity,
we first used single-pollutant models to
analyze associations between the average of
each air pollutant exposure during the 1-year
or 1-month period and each outcome,
adjusting for covariates. Because exposure
degrees of multiple air pollutants could be
correlated, multipollutant models were
further used to analyze the independent
effect of each air pollutant exposure,
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adjusting for exposure to other copollutants;
for this, two or three pollutants were
included together in one model. Potential
nonlinear relationships were assessed using
generalized additive models with a penalized
smoothing spline. As no evidence of
nonlinear relationships was found, all air
pollutants were modeled as continuous
variables with linear effects (see Figure E1).
For severity, COVID-19-related
hospitalization, IRS, and ICU admission
within 30 days were modeled as separate
binary variables (yes vs. no) using mixed-
effects logistic regression models to estimate
the odds ratios (ORs) associated with air
pollution exposures, with medical center
included as a random effect to account for
potential within-center correlations and
unknown spatial confounders. For mortality
within 60 days, shared frailty survival models
with medical center as the clustering variable
were used to estimate the hazard ratios (HRs)
of prior 1-month or 1-year air pollution
exposure associated with time to death since
COVID-19 diagnosis. Individuals were
followed from COVID-19 diagnosis up to 60
days after the index date, date of death, end
of membership, or end of study (October 31,
2020), whichever occurred first. All models
were adjusted for age (<35, 35-64, or <65
yr), race/ethnicity (White, Black, Asian,
Hispanic, or other), sex, body mass index
(underweight/normal, overweight, obese
[class 1 and 2], or obese [class 3]), smoking
status (current, former, or never), Charlson
comorbidity index (0, 1, or €2), Medicaid
insurance status, median neighborhood
income (<$40,000, $40,000-$79,999, or <
$80,000), college education (on the basis of
neighborhood proportion of highest
education), population density, and
neighborhood deprivation index.
Participants with missing data for covariates
were coded as “missing” as a category in the
covariates and were included in all data
analyses. To adjust for temporal variations of
the COVID-19 pandemic, indicators for
month of COVID-19 diagnosis were
included.

Potential effect modifications by age,
sex, and race/ethnicity were assessed using
global multiplicative interactions across
categories between these covariates and
exposures, each at a time, using P < 0.05
to indicate significance and stratified
analyses by each of the covariates. All ORs
and HRs together with 95% confidence
intervals (CIs) are scaled to a 1-SD
increase in exposure. Analyses were

conducted using SAS version 9.4 (SAS
Institute) or R version 3.6.0 (RStudio).

Results

Among the 74,915 individuals, the mean
(SD) age was 42.5 (16.5) years, with 28,788
(38.4%) <35 years, 38,942 (52%) 35-64
years, and 7,185 (9.6%) <65 years (Table 1).
There were 53.7% women, 65.9% of Hispanic
race/ethnicity, 76% overweight or obese,
16.1% former and 5.2% current smokers, and
28.8% with histories of comorbidities

(Table 1). After COVID-19 diagnosis, 4,752
(6.3%) had COVID-19-related
hospitalization within 30 days, 1,764 (2.4%)
had COVID-19-related IRS, 1,125 (1.5%)
had COVID-19-related ICU admission
within 30 days, and 1,107 (1.5%) died within
60 days.

The 1-month mean (SD) PM, 5, NO,,
and O; measures were 11.8 (3.4) ug/m”,
8.7 (3.3) ppb, and 54.2 (12.0) ppb,
respectively, and the 1-year mean (SD)
values were 11.0 (1.5) ug/m’ for PM, 5,
13.9 (3.7) ppb for NO,, and 47.3 (5.6) ppb
for O; (Table 1). Correlations between
1-month and 1-year NO, and O; had
Pearson’s r values >0.7, while 1-month
PM, 5 was less correlated with 1-year
PM, 5 (r=0.4) (see Table E2). Across
multiple pollutants, 1-month PM, 5 and
NO, were correlated at r=0.21, while
1-year PM, 5 and NO, were correlated at
r=0.64.

Figure 1 depicts the ORs and HRs from
the single-pollutant models adjusting for
confounders. For 1-year exposures, a 1-SD
(1.5 pg/m3 ) increase in PM,, 5 exposure
before COVID-19 diagnosis was associated
with 23% higher odds of COVID-19-related
hospitalization (OR, 1.23; 95% CI,
1.17-1.30), 34% higher odds of IRS (OR,
1.34; 95% CI, 1.24-1.46), 35% higher odds of
ICU admission (OR, 1.35; 95% CI,
1.21-1.50), and an 11% higher risk of
mortality within 60 days (HR, 1.11; 95% CI,
1.02-1.21). Single-pollutant models also
showed that 1-year NO, exposure had
statistically significant associations with
increased odds for COVID-19-related
hospitalization (OR, 1.13; 95% CI,
1.07-1.18), IRS (OR, 1.20; 95% CI,
1.11-1.29), and ICU admission (OR, 1.20;
95% CI, 1.09-1.32). However, the association
between 1-year NO, exposure and mortality
was not statistically significant (HR, 1.04;
95% CI, 0.95-1.13). The associations of prior
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Table 1. Characteristics of Study Cohort and Pollution Exposure Distribution

(N=74,915)

Age

Total COVID-19 Cases (N=74,915)

Mean (SD), yr 42.5 (16.47)
By age group, n (%)
<35 yr 28,788 (38.4)
35-64 yr 38,942 (52)
<65 yr 7,185 (9.6)
Sex, n (%)
Female 40,237 (53.7)
Male 34,678 (46.3)
Race/ethnicity, n (%)
Asian/Pacific Islander 4,795 (6.4)
Black 4,373 (5.8)
Hispanic 49,338 (65.9)
Other 5,026 (6.7)
White 11,383 (15.2)
BMI category, n (%)
Underweight/normal 14,106 (18.8)
Overweight 22,341 (29.8)
Obese (classes 1 and 2) 27,681 (36.9)
Obese (class 3) 6,979 (9.3)
Missing 3,808 (5.1)
Tobacco use, n (%)
Current 3,930 (5.2)
Former 12,091 (16.1)
Never 54,494 (72.7)
Unknown 4,400 (5.9)
Median household income, n (%)
<$40,000 8,274 (11)
$40,000-$79,999 41,939 (56)
<$80,000 21,484 (28.7)
Missing 3,218 (4.3)
College education, n (%)
No 44,336 (59.2)
Yes 27,361 (36.5)
Missing 3,218 (4.3)
Medicaid status, n (%) 242 (0.3)
Charlson comorbidity index, n (%)
0 53,319 (71.2)
1 14,697 (19.6)
2+ 6,899 (9.2)
Diagnosis month (2020), n (%)
March 1,841 (2.5)
April 5,674 (7.6)
May 5,497 (7.3)
June 18,686 (24.9)
July 31,371 (41.9)
August 11,846 (15.8)
Neighborhood deprivation index
1 (lowest level of deprivation) 3,417 (4.6)
2 10,992 (14.7)
3 18,447 (24.6)
4 22,785 (30.4)
5 (highest level of deprivation) 19,274 (25.7)
Population density, mean (SD) 10,032.7 (8,095.10)
Pollution exposure variables, mean (SD)
PM2 5 “g/m
1 mo 11.8 (3.36)
1yr 11.0 (1.51)
NOZ! ppb
1 mo 8.7 (3.27))
1yr 13.9 (3.67)
(Continued)
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1-year O; exposures with COVID-19
severity and mortality were not statistically
significant. Results of univariate and

fully adjusted models are presented in
Table E3.

For 1-month exposures (Figure 1), a
1-SD (3.3 ppb) increase in NO, exposure was
associated with 12% higher odds of
hospitalization (OR, 1.12; 95% CI,
1.07-1.18), 20% higher odds of IRS (OR,
1.20; 95% CI, 1.11-1.29), 23% higher odds of
ICU admission (OR, 1.23; 95% CI,
1.13-1.35), and a 9% higher risk of
mortality (HR, 1.09; 95% CI, 1.00-1.19).
One-month PM, 5 exposure was statistically
significantly associated with higher odds
of IRS (OR, 1.12;95% CI, 1.03-1.23) and
ICU admission (OR, 1.16; 95% CI,
1.03-1.31) and a higher risk of mortality
(HR, 1.14; 95% CI, 1.04-1.26) (Figure 1).
The only statistically significant association
observed for 1-month O; exposure was with
COVID-19 mortality (HR, 1.12; 95% CI,
1.00-1.24).

Table 2 presents the multipollutant
models including PM, 5 and NO, exposures
over the same time periods in the same
model. For 1-year exposures, associations
between PM, 5 and all four COVID-19
outcomes remained statistically significant,
whereas associations between NO, and
COVID-19 outcomes were attenuated and
not statistically significant after adjusting for
1-year PM, 5 exposure. In contrast, for
1-month exposures, NO, exposures
remained statistically significantly associated
with COVID-19 severity besides COVID-19
mortality, whereas associations between
1-month PM, 5 exposure and COVID-19
outcomes were attenuated and not
statistically significant after adjusting for
1-month NO, exposures for most COVID-
19 severity outcomes. The association
between 1-month PM, 5 exposure and
COVID-19 mortality remained statistically
significant after adjusting for 1-month NO,
exposure. Three-pollutant models were
explored, including PM, 5, NO,, and O3 in
one model (see Table E4), and similar effect
sizes were found as for two-pollutant
models for 1-year and 1-month PM, s and
NO, exposures. Associations between
1-month PM, 5 and IRS and ICU admission
were also statistically significant after
adjusting for 1-month NO, and O;
exposures. The only statistically significant
result found for O; was the inverse
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Table 1. (Continued) Finally, no statistically significant
interactions with age (see Table E5) and
sex (see Table E6) were observed for the
associations with 1-month NO, and 1-year

Total COVID-19 Cases (N =74,915)

Ogs, ppb

PM, 5 exposures. A statistically significant
1 mo 54.2 (11.96) p Y Sig
1yr 47.3 (5.64) interaction was observed for 1-year PM, 5
OLg(E;)\r/r;gs,1 g (°/ci) ah I hin 30 4752 (63) exposure and race/ethnicity for the
-19—related hospitalization within ,75 3 ot : 10_
COVID-19-related IRS within 30 d 1764 (2.4) assoctation “l’,‘t_h COVID ?éelaged RS
COVID-19-related ICU admission within 30 d 1,125 (1.5) (interaction P = 0.05) (see Table E7).
Mortality within 60 d 1,107 (1.5) Generally, 1-year PM, 5 exposure was

associated with higher risk in all race/
ethnicity groups, whereas effect sizes of
associations were larger among White

Definition of abbreviations: BMI = body mass index; COVID-19 = coronavirus disease;
IRS =intensive respiratory support; PM, 5 = particulate matter <2.5 um in aerodynamic diameter.

association of 1-month O; exposure of photochemical reactions in the subjects compared with other race/ethnicity
with hospitalization and IRS, atmosphere. Therefore, the results for groups. A statistically significant interaction
which could be caused by its negative 1-month Oj; need to be interpreted with was also found for 1-year NO, exposure
association with the NO, exposure because ~ caution. with race/ethnicity for the association
B
COVID-19-related Hospitalization COVID-19-related IRS
OR (95% Cl) OR (95% Cl)
PM, —— 1.05 (0.9, 1.11) PM, 5 —— 1.12(1.03, 1.23)
—a 1.23 (1.17, 1.30) —a 1.34 (1.24, 1.46)
NO, —e—i 1.12(1.07, 1.18) NO, — 1.20 (1.11, 1.29)
—e— 1.13(1.07, 1.18) — 1.20 (1.11, 1.29)
Ozone —e— 0.99 (0.94, 1.06) Ozone —e——i 1.02 (0.92, 1.12)
i 1.00 (0.94, 1.07) [E S— 1.00 (0.90, 1.11)
T T T T T T T T T T
0.8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 1.4 1.6
Odds Ratio Odds Ratio
c CQVID-19-related ICU D CQOVID-19-related Mortality within 60 Days
OR (95% Cl) HR (95% Cl)
PM, ——— 1.16 (1.03, 1.31) PM, 5 e 1.14 (1.04, 1.26)
—i 1.35 (1.21, 1.50) — 1.11(1.02, 1.21)
NO, — 1.23(1.13, 1.35) NO, e 1.09 (1.00, 1.19)
—— 1.20 (1.09, 1.32) — 1.04 (0.95, 1.13)
Ozone ————— 1.05 (0.93, 1.19) Ozone —e— 1.12 (1.00, 1.24)
, e e R : 11.02(0.90, 1.15) : —— . 1110 (0.99, 1.22)
0.8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 1.4 1.6
Odds Ratio Hazard Ratio

Figure 1. Associations of 1-month and 1-year averaged air pollution (PM2s, NO,, and Ogz) exposures before COVID-19 diagnosis with
COVID-19 severity on the basis of single-pollutant models among 74,915 patients with COVID-19 identified at Kaiser Permanente Southern
California from March 1 to August 31, 2020. (A) COVID-19-related hospitalization within 30 days after diagnosis. (B) COVID-19-related IRS.
(C) COVID-19-related ICU admission. (D) Mortality within 60 days after COVID-19 diagnosis. Cl = confidence interval; COVID-19 = coronavirus
disease; HR =hazard ratio; IRS = intensive respiratory support; OR = odds ratio; PM, 5 = particulate matter <2.5 um in aerodynamic diameter.
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Table 2. Odds Ratios or Hazard Ratios and 95% Confidence Intervals for Multipollutant Models That Include 1-Month Particulate
Matter <2.5 pm in Aerodynamic Diameter and NO, or 1-Year Averaged Particulate Matter <2.5 pm in Aerodynamic Diameter
and NO, Exposures in the Same Models (N=74,915)

COVID-19-Related
Hospitalization

within 30 d

OR (95% ClI)

1 mo PM, 5 1.02 (0.97-1.0
NO, 1.12 (1.06-1.1
1yr PM, 5 1.24 (1.16-1.3
NO, 0.99 (0.93-1.0

COVID-19—Related
IRS within 30 d
OR (95% ClI)

—_

owh =
AN = =

COVID-19-Related
ICU Admission
within 30 d
OR (95% CI)

Death within 60 d
HR (95% CI)

©O—==0
01
o0~

(0.98- (1.
(1.11- (0.
(1.16- (1.
(0.91- (0.

Definition of abbreviations: ClI

= confidence interval; COVID-19 = coronavirus disease; HR = hazard ratio; IRS =

OR = odds ratio; PM, 5 = particulate matter <2.5 pm in aerodynamic diameter.
Adjusted for age, gender, race/ethnicity, body mass index, smoking, income, education, Medicaid, Charlson comorbidity index, study month,
population density, neighborhood deprivation index, and random effect of medical centers. ORs and HRs and 95% Cls are expressed as

increase in risk associated with a 1-SD increase in air pollution exposure.

with COVID-19-related hospitalization
(interaction P = 0.03). The associations

of 1-month PM, 5 and O with
COVID-19-related hospitalization, IRS, and
ICU admission significantly differed by age
(interaction P < 0.01) (see Table E4). The
associations between 1-month PM, 5 and O3
exposures and COVID-19 were statistically
significant and stronger among individuals
<65 years of age compared with the
associations observed in individuals <35 or
35-64 years of age.

Discussion

Data from this cohort of 74,915 patients with
COVID-19 showed that 1-year and 1-month
exposures to PM, 5 and NO, before the
COVID-19 diagnosis date were associated
with increased risks of COVID-19-related
hospitalization, IRS, ICU admission, and
mortality using single-pollutant models. In
multipollutant models including both PM, 5
and NO,, only 1-year PM, 5 exposure had
statistically significant associations with all
four outcomes. One-month NO, exposure
had statistically significant associations with
COVID-19-related hospitalization, IRS, and
ICU admission, and 1-month PM, 5
exposure was associated with COVID-
19-related mortality. The only statistically
significant association found for O3 was for
1-month O3 exposure association with a
lower risk of COVID-19-related
hospitalization and IRS after adjusting for
1-month PM, 5 and NO, exposures. This
negative association with O; might be caused
by the negative correlations between O3 and
NO, and therefore should be interpreted
with caution. There was little evidence for

heterogeneity of the associations across age
groups, sex, and ethnicity. One-month PM, 5
and O; exposures had larger associations
with COVID-19 severity in older
populations. The COVID-19 cohort included
in this analysis was more than 65% Hispanic
and more than 90% aged 65 years or
younger, which is different from two
previous cohort studies of air pollution and
COVID-19 hospitalization conducted in an
older veteran population or a primarily non-
Hispanic White population (28, 29).
Compared with previous ecological and
cohort studies, this study is also unique in
investigating associations of both shorter
term (1 mo) and longer term (1 yr)
exposures to multiple air pollutants (PM, s,
NO,, and Os) with a spectrum of COVID-
19-related severity outcomes. Our results
suggest that longer term PM, 5 and shorter
term NO, exposures may affect COVID-19
severity and mortality beyond history of
comorbidities.

Many ecological studies were focused
on longer term PM, s and NO, exposure on
COVID-19 incidence and mortality rates
(1,2, 5-9, 23). Two ecological studies in the
United States assessed longer term air
pollution exposures in association with
COVID-19 mortality (1, 3). Among them,
one investigated long-term average PM, 5
exposure from 2000 to 2016 (1), while the
other investigated averaged exposures to
both PM, 5 and NO, from 2010 to 2016. The
second study showed that both PM, 5 and
NO, exposures were associated with
increased COVID-19 mortality rates in the
single-pollutant model; however, in the
multipollutant model including both PM, 5
and NO,, only the association with NO, was

Chen, Sidell, Huang, et al.: Cohort Study of Air Pollution and COVID-19 Severity

intensive respiratory support;

significant (3). Fewer cohort studies have
been conducted to evaluate the association
between individual-level air pollution
exposure and COVID-19 outcome data. To
our knowledge, only two cohort studies
focusing on COVID-19 hospitalization
revealed that long-term exposure to PM, 5
was associated with an increased risk of
hospitalization after adjusting for individual
and community-level covariates (28, 29).
One cohort study in Spain also showed that
long-term PM, 5 and NO, exposures were
associated with increased risk of COVID-19,
especially for severe cases represented by
COVID-19-related hospitalization and ICU
admission and higher concentrations of IgG
among patients (31). One recent study based
on patient data from seven hospitals in New
York showed that 1-year exposure to PM, 5
was associated with increased risk of ICU
admissions and mortality during the early
pandemic period in 2020, when the
COVID-19 mortality rate was high (>30%
deaths among a total of 6,542 patients with
COVID-19, and half of the cohort was older
than 65 years) (32). However, researchers did
not find any association between 1-year NO,
exposure and COVID-19 mortality. No other
cohort study has investigated the impact of
gaseous air pollutants on COVID-19 severity
and outcomes beyond hospitalization, such
as IRS, ICU admission, and mortality. In this
study, we found that 1-year averaged
exposures to both PM, 5 and NO, were
associated with COVID-19-related
hospitalization, IRS, and ICU admission for
patients with COVID-19 from single-
pollutant models. However, our data
revealed that the 1-year PM, 5 exposure
appeared to play a greater role than 1-year
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NO, exposure on COVID-19 severity and
mortality. Of note, 1-year PM, 5 and NO,
were modestly correlated in our sample
(r=0.64). In addition, our effect size of a 13%
higher risk of mortality per 1-SD (1.5 pg/m®)
increase in 1-year PM, 5 exposure is
comparable to that observed in a previous
U.S. ecological study that showed an 11%
higher county-level COVID-19 mortality
rate per 1 pg/m” increase in the averaged
county-level PM, 5 from 2000 to 2016 (1).

For the shorter term exposures, we
found that 1-month NO, appeared to play a
greater role than 1-month PM, 5 on
COVID-19 severity, whereas 1-month PM, 5
had a statistically significant association with
COVID-19 mortality only after adjusting for
1-month NO,. To our knowledge, few and
limited previous studies have assessed
shorter term air pollution exposures. A
cohort study in Italy only assessed the
association between 1-month prior
particulate matter <10 um in aerodynamic
diameter exposure and the risk of developing
pneumonia after COVID-19 (30). A study in
Queens, New York, in March and April 2020
revealed that 21-day moving average
exposure to O3 was associated with an
increased number of new COVID-19 cases,
but there was no association with new
COVID-19 deaths (25). PM, 5 was not
observed to be associated with COVID-19
incidence or mortality in this study, and NO,
was not investigated. An ecological study in
Italy and Spain revealed that 78% of COVID-
19 deaths by March 19, 2020, were from five
regions with high 2-month averaged NO,
concentrations in January and February
2020 (4). More studies are needed to assess
the effect of shorter term air pollution
exposure on COVID-19 severity and
mortality.

Air pollution may influence COVID-19
severity through various pathways. Longer
term air pollution exposure may increase the
susceptibility of severe COVID-19 through
the adverse effect on comorbidities such as
chronic respiratory and cardiometabolic
diseases (14-17, 38, 39). Air pollution
induces oxidative stress and systemic
inflammation, which may perturb the
immune response to SARS-CoV-2 infection
and increase the risk of severe COVID-19
(40, 41). At the same time, short-term air
pollution exposure may increase the risk of
COVID-19 severity through the air
pollution-induced immunotoxicity and
inflammation (26, 27). Short-term exposure
to NO, and PM, s has been shown to
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increase the expression of the SARS-CoV-2
cell surface receptor angiotensin-converting
enzyme 2 in the lungs and heart (12, 20-22),
which may further increase binding of the
virus and the severity of COVID-19.

Future studies are needed to clarify
biological mechanisms linking long- and
short-term air pollution exposure and severe
COVID-19.

Strengths of this study include the large
and multiethnic cohort of patients with
COVID-19 with individual-level air
pollution exposure, severity and mortality
outcomes, and covariate data. Our study
design was based on patients with COVID-
19 from the KPSC membership system,
which has the advantage of minimizing the
bias of testing and treatment accessibility, as
all KPSC medical centers follow uniform
guidelines, and all members have equal
access to testing and treatment options. Also,
we aimed to minimize potential bias due to
the dynamic nature of the pandemic by
including time as a fixed covariate in our
data analysis. We assessed a spectrum of
COVID-19 severity outcomes, including
hospitalization, IRS, and ICU admission and
mortality with adjustment for important risk
factors, including social demographics,
smoking, obesity, and history of
comorbidities. All data were obtained from
the comprehensive EMR at KPSC. Air
pollutant concentrations were estimated
using residential address histories of each
individual, and we assessed both shorter and
longer term of air pollution exposure using
single- and multipollutant analyses. Because
temporal variation is much larger than
geospatial variation within each medical
center area, the inverse distance squared
weighted approach to estimate individual
residential exposure is an efficient method to
capture exposure variations across different
time windows in the large population. This
exposure assessment method has been
used in many large epidemiological studies
in southern California (42-44). We
explored potential effect modification by
social demographics, which to our
knowledge has not been studied in previous
research.

We acknowledge several important
limitations of our study. First, we included
patients infected with COVID-19 only
during the early pandemic period before
September 2020. It is noted that accessibility
to testing and treatment, as well as
intervention policy, varied over this time
period, which may influence the observed

association of air pollution and COVID-19
outcomes. Healthcare capacity, such as the
number of hospitals and ICU beds, can
influence COVID-19 severity outcomes.
However, this was not accounted for in the
study analysis, because the number of
patients hospitalized with COVID-19 in
KPSC never reached the maximum capacity.
Also, more transmissible SARS-CoV-2
variants were found after our study period
(45), and it is unknown whether ambient air
pollution will also influence the severity of
infections from new variants. Future studies
are needed to incorporate more recent

data to compare the air pollution effect
across various SARS-CoV-2 variants and
across earlier versus later pandemic periods.

Second, we did not assess indoor
exposures and the built environment, which
needs time activity and personal monitoring
data and is not feasible in this large
population study. Future studies are
warranted to investigate the effects of both
outdoor and indoor environment on
COVID-19 severity.

Third, occupations, household
crowding, and public health interventions
are important factors contributing to
infection, but it is unclear whether these
factors could influence COVID-19 severity
outcomes. To fill this gap, mobile data
collection tools could be used in future
research to monitor mobility patterns, social
contacts, and geolocations such that
individual-level covariate dynamic data can
be collected (46).

Fourth, we could not include
meteorological factors in the covariate
adjustment, because temperature and relative
humidity were highly correlated with air
pollutant concentrations in the KPSC cohort
because of the geographic clustering
across seaside and inland areas.

Adjustment for medical center was
used to account for geographic clustering
instead.

Fifth, no multiple testing was adjusted
for in the analyses, as the focus was on
assessing specific hypotheses and estimation
of effect sizes and precision of those
estimates. Last, because of the nature of the
observational and retrospective cohort
design, we cannot prove causality between
air pollution exposure and COVID-19
outcomes; longitudinal and natural
experimental studies are needed to
investigate the pathophysiological
mechanisms of air pollution exposures in
longer and shorter time windows.
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Conclusions

Results from this large, multiethnic,
population-based cohort study showed that
1-year PM, 5 exposure and 1-month NO,
exposure before COVID-19 diagnosis were
significantly associated with COVID-19
severity, including hospitalizations, need for
IRS, ICU admission, and mortality. Given

that ambient air pollutants are modifiable
through public health regulations and
individual interventions, our results support
public health and individual efforts to reduce
air pollution exposure.
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