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Abstract

IMPORTANCE Socioeconomically disadvantaged subpopulations are more vulnerable to fine
particulate matter (PM, 5) exposure. However, as prior studies focused on individual-level
socioeconomic characteristics, how contextual deprivation modifies the association of PM, 5
exposure with cardiovascular health remains unclear.

OBJECTIVE To assess disparities in PM, 5 exposure association with cardiovascular disease among
subpopulations defined by different socioeconomic characteristics.

DESIGN, SETTING, AND PARTICIPANTS This cohort study used longitudinal data on participants
with electronic health records (EHRs) from the All of Us Research Program between calendar years
2016 and 2022. Statistical analysis was performed from September 25, 2023, through February
23,2024.

EXPOSURE Satellite-derived 5-year mean PM, 5 exposure at the 3-digit zip code level according to
participants’ residential address.

MAIN OUTCOME AND MEASURES Incident myocardial infarction (MI) and stroke were obtained
from the EHRs. Stratified Cox proportional hazards regression models were used to estimate the
hazard ratio (HR) between PM, ¢ exposure and incident Ml or stroke. We evaluated subpopulations
defined by 3 socioeconomic characteristics: contextual deprivation (less deprived, more deprived),
annual household income (=$50 000, <$50 000), and race and ethnicity (non-Hispanic Black,
non-Hispanic White). We calculated the ratio of HRs (RHR) to quantify disparities between these
subpopulations.

RESULTS A total of 210 554 participants were analyzed (40% age >60 years; 59.4% female; 16.7%

Key Points

Question Compared with individual-
level factors, do contextual
disadvantages modify the risk of fine
particulate matter (PM, 5) exposure with

cardiovascular health?

Findings In this cohort study, using data
on 210 554 individuals from the All of Us
Research Program, disparities in
associations of PM, 5 exposure with
myocardial infarction and stroke were
most pronounced between
subpopulations characterized by
contextual deprivation. The disparities
were less with individual race and

ethnicity or income.

Meaning While individual race and
ethnicity and income remain crucial
when considering the adverse
association between PM, ; and
cardiovascular outcomes, the findings of
this study suggest that contextual
deprivation is a more robust
socioeconomic characteristic modifying
the association between cardiovascular
health and PM, .

Hispanic, 19.4% Non-Hispanic Black, 56.1% Non-Hispanic White, 7.9% other [American Indian, Asian,
more than 1race and ethnicity]), among whom 954 Ml and 1407 stroke cases were identified. Higher
PM, 5 levels were associated with higher Ml and stroke risks. However, disadvantaged groups (more + Supplemental content
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increasing PM, 5 from 6 to 10 pg/m?3, the HR for stroke was 1.13 (95% Cl, 0.85-1.51) in the less-

deprived vs 2.57 (95% Cl, 2.06-3.21) in the more-deprived cohort; 1.46 (95% Cl, 1.07-2.01) in the
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highest for contextual deprivation (2.27; 95% Cl, 1.59-3.24), compared with income (1.55; 95% ClI,
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Abstract (continued)

CONCLUSIONS AND RELEVANCE In this cohort study, while individual race and ethnicity and
income remained crucial in the adverse association of PM, 5 with cardiovascular risks, contextual
deprivation was a more robust socioeconomic characteristic modifying the association of PM, ¢
exposure.

JAMA Network Open. 2024;7(8):€2429137. doi:10.1001/jamanetworkopen.2024.29137

Introduction

A large body of evidence supports the association between exposure to air pollution, especially fine
particulate matter (PM, 5), and cardiovascular disease (CVD)."* The PM, s indicator refers to airborne
particles with an aerodynamic diameter of less than 2.5 pm. Due to their small size, these particles
can penetrate deep into the respiratory tract, posing substantial health risks. To protect the general
population, both the US Environmental Protection Agency and World Health Organization set
guidelines for ambient PM, 5 exposure.>® As a result of these efforts, a decreasing trend in the
average ambient PM, ¢ level has been observed across the contiguous US over the past decades,
roughly from 15 pg/m?in 2000 to 8 ug/m?in 2016.7° Despite the improvement in air quality,
exposure disparities persist, with the socioeconomically disadvantaged subpopulations remaining
the most exposed over time.” ™

Within this context, several recent studies have assessed whether health benefits of the
decreasing PM, 5 level are distributed equitably across different subpopulations in the US.™" Race
and ethnicity is the most frequently investigated characteristic, as studies consistently observed that
the non-Hispanic Black population bore the highest health burdens associated with PM,, 5 exposure,
reflected as a higher PM, s-attributable mortality risk.'>'® Research on the role of income also
concluded that low-income individuals would benefit more from lower PM, 5 levels compared with
high-income individuals.”

While individual characteristics, such as race and ethnicity and income, have been identified as
key factors affecting vulnerability to PM, s, there is a need to prioritize our understanding of
contextual deprivation when examining PM, 5 exposure and its health implications.'®"” Contextual
deprivation encompasses the collective challenges faced by a community or population, including,
but not limited to, poverty levels, quality of housing, and employment opportunities.'®'” In 2008,
the US National Institutes of Health proposed a multilevel conceptual model with an emphasis on
contextual deprivation as a guideline for future investigation.'® A prior study suggested that
individual socioeconomic advantages were not sufficient to protect individuals against the adverse
influence of contextual deprivation on health.' Focusing on individual characteristics alone can
inadvertently overlook the intertwined nature of individuals with their surrounding context, 2922
thus preventing us from adopting a more holistic perspective to address the root causes of health
disparities.

To better assess the PM, s-related health disparities in the US, we analyzed the electronic health
record (EHR) data of more than 210 000 participants aged 36 years or older in the All of Us Research
Program.?® Our analysis examined ambient PM, 5 exposure and incident CVD. Specifically, we
considered 2 CVD emergencies in this study: myocardial infarction (MI) and stroke, because of their
substantial role in CVD mortality. We estimated their nonlinear exposure-response curves in
association with PM, 5 exposure. We stratified the study population by race and ethnicity, household
income, and contextual deprivation, aiming to understand the outcomes associated with individual
and contextual socioeconomic characteristics.
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Methods

The All of Us Research Program

Our study adhered to the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline for cohort studies. The All of Us Research Program is a prospective
cohort that currently includes more than 544 000 adults living in the US and its territories initiated
in 2017. The goals, recruitment methods and sites, and scientific rationale for All of Us have been
described.?® All of Us data include participants’ responses to a series of questionnaires, physical
measurements collected by study staff at enrollment, and information from participants’ EHRs. The
data are made available to researchers via the Researcher Workbench. The study was approved and
overseen by the All of Us institutional review board. Informed consent was waived because of the
use of deidentified archival data. This study used the All of Us data at the controlled tier released as
of February 15, 2023. The present study used data from calendar years 2016 to 2022, and statistical
analysis was performed from September 25, 2023, through February 23, 2024 We restricted the
study population to those with valid EHR and residential data. We restricted our analysis to
participants aged 36 years or older because of the low risk of Ml or stroke among the younger
population.?*

EHR-Derived Diagnoses

Electronic health record-derived diagnoses were determined using Systematized Nomenclature of
Medicine-Clinical Terms codes and mapped to Observational Health and Medicines Outcomes
Partnership concept ID by the All of Us Data and Research Center. The full list of concepts used to
determine Ml and stroke can be found in the eMethods 1and eMethods 2 in Supplement 1.

We identified primary diagnoses or conditions of Ml and stroke after enrollment (ie, incident Ml
and stroke) from EHRs. For participants with incident MI and/or stroke, the follow-up time was
calculated as the difference between enrollment and the initial diagnosis. For participants without an
outcome of interest, the follow-up time was calculated as the difference between enrollment and
December 31, 2022, or death, whichever came earlier. We also retrieved atherosclerotic CVD history,
hypertension status, and type 2 diabetes status from EHRs. Hypertension was defined as 2 or more
hypertension diagnoses and/or description and at least 1 hypertension medication prescription
in EHRs.?®

Measures
All of Us participants answered the Basics and Lifestyle questionnaires when they were enrolled. The
Basics questionnaire elicits demographic information including age, race and ethnicity, educational
level, marital status, household income, and geography. The Lifestyle questionnaire collects data on
the use of tobacco and alcohol.?®

Based on these survey questionnaires, we retrieved data on age, gender (male, female, and
other), self-reported race and ethnicity (Hispanic, non-Hispanic Black [hereinafter, Black],
non-Hispanic White [hereinafter, White], and Other [American Indian, Asian, >1 race and ethnicity,
and groups in addition to those listed]), household income (<$35 000, $35 000-
<$50 000,=$50 000-$75 000, $75 000-$150 000, and>$150 000 per year), smoking status
(never, former, and current), and health insurance status (no or yes). Body mass index was calculated
as weight in kilograms divided by height in meters squared, using the height and weight measured
at enrollment and grouped into underweight (<18.5), normal weight (18.5-25), overweight (25-30),
and obese (>30) categories.

PM, ; Exposure Assessment

The PM, 5 exposure data were obtained from the Atmospheric Composition Analysis Group at
Washington University at St Louis. Annual surface PM, ¢ levels were estimated using a satellite-
derived model.?”2° The resultant values showed great cross-validated agreement (R? = 0.99). The
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datasets at a 0.01° x 0.01° scale (approximately 1.1 km?) for surface PM, s levels were used in
this study.

The All of Us data contain the 3-digit residential zip code for each participant as of the 2023
release due to privacy concerns. We therefore averaged PM, s levels during the 5 years preceding the
end of follow-up on all 0.01° x 0.07° grids within the 3-digit zip code to address the temporal
variability of PM, 5. This approach captures the cumulative exposure effect, offering a
comprehensive assessment of long-term exposures and commonly used in prior studies." eFigure 1
in Supplement 1shows the distribution of All of Us participants.

Contextual Deprivation

Contextual deprivation was represented using the deprivation index in this study. The deprivation
index is a composite score based on 6 different socioeconomic variables at the community level,
including poverty prevalence, household income, educational level, insurance prevalence, reliance
on public assistance, and vacant house prevalence.3° The deprivation index was normalized to a
range from O to 1, with a higher index indicating more deprivation. In this study, we stratified the
study population into 2 groups based on the median: less deprived (lower than the median) and more
deprived (higher than the median).

Statistical Analysis

To estimate the nonlinear exposure-response curve, we fit stratified Cox proportional hazards
regression models with penalized splines for PM, 5 exposure to estimate the pointwise hazard ratios
(HRs) and corresponding 95% Cls. The stratified terms included age at enrollment, race and ethnicity,
sex, household income, and contextual deprivation. The models were also adjusted for potential
confounders, including body mass index, health insurance status, smoking status, hypertension
status, atherosclerotic CVD history, type 2 diabetes, penalized splines for the average temperature
over the same period,®' and average nitrogen dioxide concentration between 2017 and 2019, the
latest data for other air pollutant we could find during the study period.>? A full description of the
model can be found in eMethods 3 in Supplement 1. Missing data were imputed using the random
forest imputation algorithm.3® We used 6 pug/m? as the reference value and present the results for
exposure level from 6 to 12 pg/m?.

We ran the regression models in the subpopulations of race and ethnicity (Black vs White),
household income (<$50 000 vs=$50 000 per year), and contextual deprivation (less deprived vs
more deprived). For race and ethnicity, we present the comparison between the Black and White
cohorts. The exposure-response results for the Hispanic population are available in eFigure 4 in
Supplement 1.

To statistically compare the exposure-estimate curves between subpopulations, we calculated
the pointwise ratio of HRs (RHR) and corresponding 95% Cl for each socioeconomic characteristic
(ie, race and ethnicity, household income, and contextual deprivation). The RHR was calculated as
the HR in disadvantaged groups divided by the HR in advantaged groups. The 95% Cl was generated
using bootstrapping.

We conducted several sensitivity analyses to examine the robustness of our results: (1) using
exposure 3 years preceding the end of follow-up, (2) excluding patients with a history of Ml or stroke,
(3) excluding individuals living at the current address for less than 3 years, and (4) specifying the
degree of freedom as 3 and placing knots at the tertiles for the penalized splines for PM, 5. The
statistical analysis was performed using the survival package in R, version 4.4.0 (R Foundation for
Statistical Computing).
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Results

Study Population Characteristics

The study population included 210 554 participants across the US and 690 311 person-years through
December 31, 2022 (Table; eFigure 1in Supplement 1). Among them, 40% were older than 60 years,
59.4% female, 38.4% male, 19.4% Black, 16.7% Hispanic, and 56.1% White. A total of 954 incident
Mls (incidence rate, 0.14) and 1407 incident strokes (incidence rate, 0.20) were identified from the
EHRs. The incidence rates of Ml and stroke were higher in the less-deprived group than the more-
deprived group (MI: 0.16 vs 0.12 per 100 person-years; stroke: 0.23 vs 0.18 per 100 person-years). In
comparison, the incidence rates were higher in the disadvantaged groups of race and ethnicity and
household income.

The mean (SD) 5-year PM, s exposure level during the study period was 7.7 (1.4) ug/m?> across
the overall study population (Figure 1; eTable 1in Supplement 1). White participants were exposed to
lower PM, s levels than Black participants (mean [SD1, 7.5 [1.3] vs 8.2 [1.1] pg/m®). The exposure levels
were similar between household income and contextual deprivation groups. Crude Kaplan-Meier
analysis showed that the group of both higher PM, 5 exposure (higher than the median) and
socioeconomic disadvantages had the greatest risk for Ml and stroke (eFigure 2 in Supplement 1).

Risk Associated With PM,

When the PM, 5 exposure level increased from 6 to 12 pg/m?, we observed increasing risks of
incident Ml and stroke along the continuum (eFigure 3 in Supplement 1). When stratified by
socioeconomic characteristics, we observed differing exposure-response curves between the
subpopulations. Overall, disadvantaged groups (ie, more deprived, household income<$50 000 per
year, and Black) showed steeper exposure-response curves compared with advantaged groups,
suggesting that the disadvantaged groups were more vulnerable to the detrimental association of
high PM, 5 exposures (Figure 2 and Figure 3; original values are presented in eTable 2 and eTable 3 in
Supplement 1).

For Ml (Figure 2), increasing exposure levels from 6 to 10 pg/m> was associated with an HR of
1.20 (95% Cl, 0.90-1.60) in the less-deprived group vs 3.39 (95% Cl, 2.51-4.56) in the more-deprived
group, corresponding to an RHR of 2.83 (95% Cl, 1.93-4.13) (Figure 4; original values are presented
in eTable 4 in Supplement 1). When the exposure level was further increased, the RHR for contextual
deprivation was strengthened to 4.75 (95% Cl, 2.69-8.39) for 12 ug/m?>. A similar pattern was
observed in subpopulations defined by household income and racial and ethnic groups. Specifically,
the RHR for 12 pg/m?> was 4.18 (95% Cl, 2.20-7.92) for household income groups and 3.33 (95% Cl,
1.36-8.12) for racial and ethnic groups.

We observed similar increasing risks for stroke that the disparities increased in subpopulations
along with PM, < exposure increase (Figure 3). Briefly, with increasing PM, 5 from 6 to 10 pg/m?, the
HR for stroke was 113 (95% Cl, 0.85-1.51) in the less-deprived vs 2.57 (95% Cl, 2.06-3.21) in the
more-deprived cohort; 1.46 (95% Cl, 1.07-2.01) in the $50 000 or more per year vs 2.27 (95% Cl,
1.73-2.97) in the less than $50 000 per year cohort; and 1.70 (95% Cl, 1.35-2.16) in White individuals
vs 2.76 (95% Cl, 1.89-4.02) in Black individuals. The RHR was highest for contextual deprivation
(2.27; 95% Cl, 1.59-3.24), compared with income (1.55; 95% Cl, 1.05-2.29) and race and ethnicity
(1.62; 95% Cl, 1.02-2.58). Increasing the exposure level from 6 to 12 ug/m? corresponded to RHRs of
3.42 (95% Cl, 2.00-5.83) for contextual deprivation groups, 1.93 (95% Cl, 1.07-3.46) for household
income groups, and 2.06 (95% Cl, 1.02-4.14) for racial and ethnic groups. Results for Hispanic people
can be found in eFigure 4 in Supplement 1.

In summary, we observed disparities in risks associated with PM,, 5 exposure in all
subpopulations defined by the 3 socioeconomic characteristics for both Ml and stroke. The
difference was most evident between subpopulations characterized by contextual deprivation
instead of race and ethnicity or household income. All sensitivity analyses corroborated that the
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Table. Distributions of Selected Characteristics in the Overall Study Population and Stratified Populations in the All of Us Research Program

No. (%)
Contextual deprivation Annual household income, $ Race and ethnicity
Non-Hispanic Non-Hispanic
Total Less deprived More deprived 250000 <50000 Black White
Characteristic (N = 210554) (n=108438) (n=102116) (n=84840) (n=81327) (n = 40767) (n = 118049)
Incident MI
Incident No. 954 604 350 309 432 288 521
Incidence rate, per 100 person-years 0.14 0.16 0.12 0.12 0.15 0.20 0.14
Incident stroke
Incident No. 1407 853 554 426 634 426 732
Incidence rate, per 100 person-years 0.20 0.23 0.18 0.16 0.23 0.30 0.19

Atherosclerotic CVD history
No
Yes
Hypertension
No
Yes
Type 2 diabetes
No
Yes
Sex
Female
Male
Other
Missing
Age, y
36-50
51-65
>65
BMI?
Underweight
Normal
Overweight
Obese
Missing
Smoking status
Never
Former
Current
Missing
Health insurance
Uninsured
Insured
Missing
Contextual deprivation
Less deprived
More deprived
Household income, $ per year
<35000
35000-<50000
50000-<75 000
275000-<150000
2150000
Missing

185918 (88.3)
24636 (11.7)

115250 (54.7)
95304 (45.3)

187 067 (88.8)
23487 (11.2)

125101 (59.4)
80945 (38.4)
2329 (1.1)
2179 (1.0)

52391 (24.9)
73935(35.1)
84228 (40.0)

2321 (1.1)
47 465 (22.5)
62941 (29.9)
89192 (42.4)
8635 (4.1)

113858 (54.1)
56217 (26.7)
34694 (16.5)
5785 (2.7)

10182 (4.8)
193191 (91.8)
7181 (3.4)
115594 (54.9)
94960 (45.1)
115594 (54.9)

65776 (31.2)
15551 (7.4)

21588 (10.3)
38834 (18.4)
24418 (11.6)
44387 (21.1)

94871 (87.5)
13567 (12.5)

59872 (55.2)
48566 (44.8)

96172 (88.7)
12266 (11.3)

64500 (59.5)
41646 (38.4)
1210 (1.1)
1082 (1.0)

24882 (23.0)
35250(32.5)
48306 (44.5)

1095 (1.0)
25806 (23.8)
33988 (31.3)
43318 (39.9)
4231(3.9)

60196 (55.5)
31684 (29.2)
13763 (12.7)
2795 (2.6)

2818 (2.6)
102 549 (94.6)
3071 (2.8)

NA
NA

27481 (25.3)
8164 (7.5)

12150 (11.2)
24380 (22.5)
16973 (15.7)
19290 (17.8)

91047 (89.2)
11069 (10.8)

55378 (54.2)
46738 (45.8)

90895 (89.0)
11221(11.0)

60601 (59.3)
39299 (38.5)
969 (0.9)
1247 (1.2)

27509 (26.9)
38685 (37.9)
35922 (35.2)

1226 (1.2)
21659 (21.2)
28953 (28.4)
45874 (44.9)
4404 (4.3)

53662 (52.6)
24533 (24.0)
20931 (20.5)
2990 (2.9)

7364 (7.2)
90642 (88.8)
4110 (4.0)

NA
NA

38295 (37.5)
7387 (7.2)
9438 (9.2)
14454 (14.2)
7445 (7.3)
25097 (24.6)

75672 (89.2)
9168 (10.8)

52132 (61.4)
32708 (38.6)

77804 (91.7)
7036 (8.3)

50051 (59.0)
34209 (40.3)
530 (0.6)

50 (0.1)

20338 (24.0)
26230 (30.9)
38272 (45.1)

731(0.9)
22120 (26.1)
27872 (32.9)
30944 (36.5)
3173 (3.7)

52722 (62.1)
26265 (31.0)
4020 (4.7)
1833 (2.2)

633(0.7)
83693 (98.6)
514 (0.6)

56231 (66.3)
28609 (33.7)

NA
NA
NA
NA
NA
NA

71507 (87.9)
9820 (12.1)

40636 (50.0)
40691 (50.0)

70615 (86.8)
10712 (13.2)

49196 (60.5)
30896 (38.0)
1091 (1.3)
144 (0.2)

21813 (26.8)
31210(38.4)
28304 (34.8)

1015 (1.2)
15718 (19.3)
21904 (26.9)
39850 (49.0)
2840 (3.5)

36233 (44.6)
19744 (24.3)
23018 (28.3)
2332(2.9)

6048 (7.4)
72998 (89.8)
2281(2.8)

38587 (47.4)
42740 (52.6)

NA
NA
NA
NA
NA
NA

36571(89.7)
4196 (10.3)

18434 (45.2)
22333 (54.8)

33849 (83.0)
6918 (17.0)

23802 (58.4)
16239 (39.8)
638 (1.6)
88(0.2)

10090 (24.8)
19373 (47.5)
11304 (27.7)

624 (1.5)
7868 (19.3)
10380 (25.5)
21186 (52.0)
709 (1.7)

18853 (46.2)
6693 (16.4)
13644 (33.5)
1577 (3.9)

3718 (9.1)
35449 (87.0)
1600 (3.9)

12277 (30.1)
28490 (69.9)

22507 (55.2)
2544 (6.2)
2434 (6.0)
2274 (5.6)
741 (1.8)
10267 (25.2)

102395 (86.7)
15654 (13.3)

66632 (56.4)
51417 (43.6)

107 589 (91.1)
10460 (8.9)

69513 (58.9)
47474 (40.2)
964 (0.8)

98 (0.1)

24011 (20.3)
35413 (30.0)
58625 (49.7)

1240 (1.1)
29160 (24.7)
36658 (31.1)
45350 (38.4)
5641 (4.8)

62588 (53.0)
39156 (33.2)
13647 (11.6)
2658 (2.3)

2534(2.1)
114213 (96.8)
1302 (1.1)

78214 (66.3)
39835 (33.7)

25649 (21.7)
9811 (8.3)

15667 (13.3)
31080 (26.3)
20305 (17.2)
15537 (13.2)

(continued)
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Table. Distributions of Selected Characteristics in the Overall Study Population and Stratified Populations in the All of Us Research Program (continued)

No. (%)
Contextual deprivation Annual household income, $ Race and ethnicity
Non-Hispanic Non-Hispanic
Total Less deprived More deprived 250000 <50000 Black White
Characteristic (N = 210554) (n=108438) (n=102116) (n=84840) (n=81327) (n = 40767) (n = 118049)
Race and ethnicity
Hispanic 35091 (16.7) 13951(12.9) 21140(20.7) 6003 (7.1) 15979 (19.6)  NA NA
Non-Hispanic Black 40767 (19.4) 11742 (10.8) 29025 (28.4) 5449 (6.4) 25051(30.8) NA NA
Non-Hispanic White 118049 (56.1)  73483(67.8) 44566(43.6) 67052(79.0) 35460(43.6) NA NA
Other® 16 647 (7.9) 9262 (8.5) 7385 (7.2) 6336 (7.5) 4837 (5.9) NA NA

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; MI, myocardial infarction; NA, not applicable.

@ Body mass index (calculated as weight in kilograms divided by height in meters squared): underweight, less than 18.5; normal weight, 18.5 to 25; overweight, 25 to 30; and obese,

greater than 30.

b This category includes respondents who identified their race and ethnicity as American Indian, Asian, more than 1race and ethnicity, and any other of those listed.

Figure 1. Distributions of 5-Year Mean Fine Particulate Matter (PM, ;) Exposure Levels in All of Us Participants
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difference in Ml and stroke risks was most pronounced between subpopulations characterized by
contextual deprivation (eFigures 5-9 in Supplement 1).

Discussion

Findings from this study add evidence that lower PM, 5 exposure levels would benefit all US
residents, as well as across subpopulations defined by different socioeconomic characteristics.
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Moreover, the results align with prior studies'>™®

concluding that socioeconomically disadvantaged
groups are more vulnerable to high PM, 5 exposure in the US. The present study further illustrates
that contextual deprivation, rather than individual race and ethnicity or household income, shows
the strongest potential for modifying the association of PM, 5 exposure, as disparities in CVD risks are
most pronounced between subpopulations defined by contextual deprivation. Our findings suggest
a paradigm shift may be warranted, one that pivots from an emphasis on individual-level factors to

the wider lens of contextual deprivation. This shift would involve designing policies that not only

Figure 2. Exposure-Response Curves for the Association Between Fine Particulate Matter (PM, ;) Exposure and Incident Myocardial Infarction
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Figure 3. Exposure-Response Curves for the Association Between Fine Particulate Matter (PM,, ;) Exposure and Incident Stroke
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Figure 4. Ratio of Hazard Ratios for Myocardial Infarction or Stroke Between Different Subpopulations
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regulate emissions and reduce ambient pollution levels, but also enhance community resilience and
access to clean environments, particularly in underprivileged areas, rather than a focus on
individuals.

Based on studies from different disciplines over decades, it has been widely accepted that social
structural factors, rather than innate biologic differences, are the primary factor for greater
susceptibility to PM, 5 exposure.'*3# As structural racism stands out as a major cause of health
disparities in the US,3>3® a large research effort has been devoted to dissecting the nuances of how
individual race and ethnicity is associated with environmental health disparities. This focus on
individual factors, while yielding critical insights into disparities, may inadvertently overshadow the
broader and potentially more impactful role of contextual deprivation. While individual race and
ethnicity and income are undeniably crucial factors, to unearth and tackle inequalities more
effectively, it is essential to consider the broader concept of contextual deprivation, which indicates
the state of disadvantage that arises from the broader social and environmental conditions in which
individuals live.?” But we should also be reminded that contextual deprivation and individual
characteristics are closely interlinked, creating a feedback loop where race and ethnicity can
influence the level of contextual deprivation a person experiences, which in turn can affect their
health outcomes. This association highlights the need for public health interventions to tackle the
broader systemic issues more comprehensively.>®

Strengths and Limitations

This study is the one of the first environmental studies from the All of Us Research Program. The
present study reflects the latest changes and exposures, providing a more current snapshot of the
association between PM, 5 exposure and CVD risks and how socioeconomic factors modify the
association. Moreover, our research was strengthened by the rich longitudinal nature of the All of Us
Research Program, capturing a diverse, population-wide spectrum of participants with ongoing
EHRs. This allows a more detailed examination of incident CVD. Another strength of this study is that
we are able to include adult participants of all ages. Previous studies have often been constrained by
the reliance on ecologic data™ or datasets limited to populations aged 65 years or older.™ Such
constraints potentially skew the understanding of PM,  impact to reflect predominantly the health
outcomes of older adults or render studies prone to ecologic fallacy.

This study has limitations. First, the incidence rates of Ml and stroke were 0.14 and 0.20 per 100
person-years in this study. In comparison, the incidence rate reported by the US Centers for Disease
Control and Prevention was roughly 0.24 per 100 person-years for both Ml and stroke in the general
population.3*#° However, underdiagnosis appears to be nondifferential across the subpopulations
defined by different socioeconomic characteristics. For example, studies reported that the risk of
stroke was approximately 1.5 times as high for non-Hispanic Black people as for non-Hispanic White

people, 9142

while our data also reported a 1.5 times risk of stroke for Black compared with White
individuals. Because the present study focuses on the disparities between subpopulations, it is
reasonable to conclude that the nondifferential overestimate of Ml and stroke should have minimal
influence on the observed disparities. Second, the All of Us Research Program has not been linked to
the National Death Index yet. Mortality status in All of Us is currently reported by each health
provider organization. Therefore, it is possible that some deaths, either from CVD or other causes,
were not recorded. However, loss of this information should be nondifferential, because missing
information on mortality is not a result of PM, 5 exposure. The nondifferential factor would bias the
estimates toward the null. Third, the PM, 5 exposure was assigned at the 3-digit zip code level, which
may not precisely reflect individuals’ exposure levels and thus cause bias. However, using a less fine
spatial resolution typically leads to an underestimation of the true effect.*® In practice, findings from
epidemiologic studies are relatively robust against the exposure error.** Therefore, the exposure at
the 3-digit zip code level in this study, although not optimal, still provided crucial evidence for the
disparities between subpopulations. Fourth, data on some crucial covariates, including blood
cholesterol level, medication prescriptions, physical activity, and other air pollutants during the study
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period, were not available or only available for a subset of the participants in the recent release. The
shorter follow-up in All of Us may also underestimate the risk for Ml and stroke in this study. However,
our sensitivity analyses suggested that the results are robust in different scenarios.

Conclusions

While individual race and ethnicity and income remain important socioeconomic factors modifying
the association of PM,, 5 with CVD risks, the findings of this cohort study advocate for a broader
approach that emphasizes the influence of contextual deprivation. Future research should
incorporate contextual deprivation to develop a more comprehensive understanding of disparities in
environmental exposure and health.

ARTICLE INFORMATION
Accepted for Publication: June 26, 2024.

Published: August 19, 2024. doi:10.1001/jamanetworkopen.2024.29137

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2024 Luo J et al.
JAMA Network Open.

Corresponding Author: Briseis Aschebrook-Kilfoy, PhD, MPH, Institute for Population and Precision Health, The
University of Chicago, 5841S Maryland Ave, MC 6100, Room TC-620, Chicago, IL 60637 (brisa@uchicago.edu).

Author Affiliations: Department of Public Health Sciences, Biological Science Division, The University of Chicago,
Chicago, Illinois (Luo, Ahsan, Aschebrook-Kilfoy); Institute for Population and Precision Health, Biological Science
Division, The University of Chicago, Chicago, lllinois (Luo, Craver, Ahsan, Aschebrook-Kilfoy); Gangarosa
Department of Environmental Health, Rollins School of Public Health, Emory University, Atlanta, Georgia (Jin);
Department of Thyroid Surgery, the First Hospital Affiliated with Sun Yat-Sen University, Guangzhou, China
(Zheng); Department of Medicine, Pennsylvania State College of Medicine, Hershey (Kim); Department of
Medicine, Biological Science Division, The University of Chicago, Chicago, lllinois (Polonsky, Olopade); Department
of Family Medicine, Biological Science Division, The University of Chicago, Chicago, lllinois (Olopade, Ahsan);
Department of Surgery, Biological Science Division, The University of Chicago, Chicago, lllinois (Pinto).

Author Contributions: Dr Luo had full access to all of the data in the study and takes responsibility for the integrity
of the data and the accuracy of the data analysis.

Concept and design: Luo, Zheng, Olopade, Ahsan, Aschebrook-KlIfoy.

Acquisition, analysis, or interpretation of data: Luo, Craver, Jin, Kim, Polonsky, Olopade, Pinto, Ahsan,
Aschebrook-KllIfoy.

Drafting of the manuscript: Luo, Craver, Zheng, Olopade, Aschebrook-KlIfoy.

Critical review of the manuscript for important intellectual content: Craver, Jin, Zheng, Kim, Polonsky, Olopade,
Pinto, Ahsan, Aschebrook-KlIfoy.

Statistical analysis: Luo, Jin, Aschebrook-KlIfoy.

Obtained funding: Ahsan, Aschebrook-Kilfoy.

Administrative, technical, or material support: Craver, Olopade, Pinto, Ahsan.
Supervision: Kim, Polonsky, Olopade, Pinto, Aschebrook-KllIfoy.

Conflict of Interest Disclosures: Dr Pinto reported receiving personal fees from Sanofi, Regeneron, and Optinose
and grants from the National Institute on Aging outside the submitted work. No other disclosures were reported.

Funding/Support: This research was supported by funding from US National Institutes of Health grants
P30ES027792 (Drs Ahsan and Aschebrook-Kilfoy), RO3HL172114 (Dr Aschebrook-Kilfoy), and 10T20D036445
(Drs Ahsan and Aschebrook-Kilfoy).

Role of the Funder/Sponsor: The National Institutes of Health had no role in the design and conduct of the study;
collection, management, analysis, and interpretation of the data; preparation, review, or approval of the
manuscript; and decision to submit the manuscript for publication.

Data Sharing Statement: See Supplement 2.

[5 JAMA Network Open. 2024,7(8):e2429137. doi:10.1001/jamanetworkopen.2024.29137 August 19,2024 10/13

Downloaded from jamanetwork.com by University of Chicago Libraries user on 10/17/2024


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.29137&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.29137
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.29137
mailto:brisa@uchicago.edu
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.29137&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2024.29137

JAMA Network Open | Public Health Contextual Deprivation, Race, and Income in Air Pollution and Cardiovascular Disease

REFERENCES
1. Landrigan PJ, Fuller R, Acosta NJR, et al. The Lancet Commission on pollution and health. Lancet. 2018;391
(10119):462-512. doi:10.1016/S0140-6736(17)32345-0

2. Al-Kindi SG, Brook RD, Biswal S, Rajagopalan S. Environmental determinants of cardiovascular disease: lessons
learned from air pollution. Nat Rev Cardiol. 2020;17(10):656-672. doi:10.1038/s41569-020-0371-2

3. Rajagopalan S, Al-Kindi SG, Brook RD. Air pollution and cardiovascular disease: JACC state-of-the-art review.
JAm Coll Cardiol. 2018;72(17):2054-2070. doi:10.1016/j.jacc.2018.07.099

4. Krittanawong C, Qadeer YK, Hayes RB, et al. PM, - and cardiovascular diseases: state-of-the-art review. Int J
Cardiol Cardiovasc Risk Prev. 2023;19:200217. doi:10.1016/j.ijcrp.2023.200217

5. Esworthy R, McCarthy JE. The National Ambient Air Quality Standards (NAAQS) for Particulate Matter (PM):
EPA's 2006 Revisions and Associated Issues. Library of Congress, Congressional Research Service; 2013.

6. World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM2. 5 and PM10), Ozone,
Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. World Health Organization; 2021.

7. Colmer J, Hardman I, Shimshack J, Voorheis J. Disparities in PM, ¢ air pollution in the United States. Science.
2020;369(6503):575-578. doi:10.1126/science.aaz9353

8. DiQ, Amini H, Shi L, et al. An ensemble-based model of PM, ; concentration across the contiguous United
States with high spatiotemporal resolution. Environ Int. 2019;130:104909. doi:10.1016/j.envint.2019.104909

9. Bravo MA, Warren JL, Leong MC, et al. Where is air quality improving, and who benefits? a study of PM, s and
ozone over 15 years. Am J Epidemiol. 2022;191(7):1258-1269. doi:10.1093/aje/kwac059

10. Jbaily A, Zhou X, Liu J, et al. Air pollution exposure disparities across US population and income groups.
Nature. 2022;601(7892):228-233. doi:10.1038/541586-021-04190-y

11. Tessum CW, Paolella DA, Chambliss SE, Apte JS, Hill JD, Marshall JD. PM, 5 polluters disproportionately and
systemically affect people of color in the United States. Sci Adv. 2021;7(18):eabf4491. doi:10.1126/sciadv.abf4491

12. MaY, ZangE, Oparal, LuY, Krumholz HM, Chen K. Racial/ethnic disparities in PM, s-attributable cardiovascular
mortality burden in the United States. Nat Hum Behav. 2023;7(12):2074-2083. doi:10.1038/541562-023-01694-7

13. Josey KP, Delaney SW, Wu X, et al. Air pollution and mortality at the intersection of race and social class. N Eng/
JMed. 2023;388(15):1396-1404. doi:10.1056/NEJMsa2300523

14. Payne-Sturges DC, Puett R, Cory-Slechta DA. Both parents matter: a national-scale analysis of parental race/
ethnicity, disparities in prenatal PM, ¢ exposures and related impacts on birth outcomes. Environ Health. 2022;
21(1):47. doi:10.1186/512940-022-00856-w

15. Hicken MT, Payne-Sturges D, McCoy E. Evaluating race in air pollution and health research: race, PM, ¢ air
pollution exposure, and mortality as a case study. Curr Environ Health Rep. 2023;10(1):1-11. doi:10.1007/s40572-
023-00390-y

16. Macintyre S, Ellaway A, Cummins S. Place effects on health: how can we conceptualise, operationalise and
measure them? Soc Sci Med. 2002;55(1):125-139. doi:10.1016/S0277-9536(01)00214-3

17. Diez Roux AV. Investigating neighborhood and area effects on health. Am J Public Health. 2001;91(11):
1783-1789. doi:10.2105/AJPH.91.11.1783

18. Warnecke RB, Oh A, Breen N, et al. Approaching health disparities from a population perspective: the National
Institutes of Health Centers for Population Health and Health Disparities. Am J Public Health. 2008;98(9):
1608-1615. doi:10.2105/AJPH.2006.102525

19. Luo J, Kibriya MG, Shah S, et al. The impact of neighborhood disadvantage on asthma prevalence in a
predominantly African-American, Chicago-based cohort. Am J Epidemiol. 2023;192(4):549-559. doi:10.1093/aje/
kwadO15

20. Taylor SE, Repetti RL, Seeman T. Health psychology: what is an unhealthy environment and how does it get
under the skin? Annu Rev Psychol. 1997;48(1):411-447. doi:10.1146/annurev.psych.48.1.411

21. Berkman LF, Glass T, Brissette |, Seeman TE. From social integration to health: Durkheim in the new
millennium. Soc Sci Med. 2000;51(6):843-857. doi:10.1016/S0277-9536(00)00065-4

22. Glass TA, McAtee MJ. Behavioral science at the crossroads in public health: extending horizons, envisioning
the future. Soc Sci Med. 2006;62(7):1650-1671. doi:10.1016/j.socscimed.2005.08.044

23. Denny JC, Rutter JL, Goldstein DB, et al; All of Us Research Program Investigators. The “All of Us" Research
Program. N Engl J Med. 2019;381(7):668-676. doi:10.1056/NEJMsr1809937

24. Burrows NR, Li Y, Gregg EW, Geiss LS. Declining rates of hospitalization for selected cardiovascular disease
conditions among adults aged=35 years with diagnosed diabetes, US, 1998-2014. Diabetes Care. 2018;41(2):
293-302. doi:10.2337/dc17-1259

[5 JAMA Network Open. 2024,7(8):e2429137. doi:10.1001/jamanetworkopen.2024.29137 August 19, 2024 1/13

Downloaded from jamanetwork.com by University of Chicago Libraries user on 10/17/2024


https://dx.doi.org/10.1016/S0140-6736(17)32345-0
https://dx.doi.org/10.1038/s41569-020-0371-2
https://dx.doi.org/10.1016/j.jacc.2018.07.099
https://dx.doi.org/10.1016/j.ijcrp.2023.200217
https://dx.doi.org/10.1126/science.aaz9353
https://dx.doi.org/10.1016/j.envint.2019.104909
https://dx.doi.org/10.1093/aje/kwac059
https://dx.doi.org/10.1038/s41586-021-04190-y
https://dx.doi.org/10.1126/sciadv.abf4491
https://dx.doi.org/10.1038/s41562-023-01694-7
https://dx.doi.org/10.1056/NEJMsa2300523
https://dx.doi.org/10.1186/s12940-022-00856-w
https://dx.doi.org/10.1007/s40572-023-00390-y
https://dx.doi.org/10.1007/s40572-023-00390-y
https://dx.doi.org/10.1016/S0277-9536(01)00214-3
https://dx.doi.org/10.2105/AJPH.91.11.1783
https://dx.doi.org/10.2105/AJPH.2006.102525
https://dx.doi.org/10.1093/aje/kwad015
https://dx.doi.org/10.1093/aje/kwad015
https://dx.doi.org/10.1146/annurev.psych.48.1.411
https://dx.doi.org/10.1016/S0277-9536(00)00065-4
https://dx.doi.org/10.1016/j.socscimed.2005.08.044
https://dx.doi.org/10.1056/NEJMsr1809937
https://dx.doi.org/10.2337/dc17-1259

JAMA Network Open | Public Health Contextual Deprivation, Race, and Income in Air Pollution and Cardiovascular Disease

25. Chandler PD, Clark CR, Zhou G, et al; All of Us Research Program Investigators. Hypertension prevalence in the
All of Us Research Program among groups traditionally underrepresented in medical research. Sci Rep. 2021;11
(1):12849. doi:10.1038/541598-021-92143-w

26. National Institutes of Health. All of Us Research Hub. Accessed November 3, 2023. https://www.
researchallofus.org/

27. van Donkelaar A, Hammer MS, Bindle L, et al. Monthly global estimates of fine particulate matter and their
uncertainty. Environ Sci Technol. 2021;55(22):15287-15300. doi:10.1021/acs.est.1c05309

28. Hammer MS, van Donkelaar A, Li C, et al. Global estimates and long-term trends of fine particulate matter
concentrations (1998-2018). Environ Sci Technol. 2020;54(13):7879-7890. doi:10.1021/acs.est.0c01764

29. van Donkelaar A, Martin RV, Li C, Burnett RT. Regional estimates of chemical composition of fine particulate
matter using a combined geoscience-statistical method with information from satellites, models, and monitors.
Environ Sci Technol. 2019;53(5):2595-2611. doi:10.1021/acs.est.8b06392

30. Brokamp C, Beck AF, Goyal NK, Ryan P, Greenberg JM, Hall ES. Material community deprivation and hospital
utilization during the first year of life: an urban population-based cohort study. Ann Epidemiol. 2019;30:37-43. doi:
10.1016/j.annepidem.2018.11.008

31. PRISM Climate Group. PRISM climate data. Oregon State University. Accessed February 26, 2024. https://prism.
oregonstate.edu/

32. Cooper MJ, Martin RV, McLinden CA, Brook JR. Inferring ground-level nitrogen dioxide concentrations at fine
spatial resolution applied to the TROPOMI satellite instrument. Environ Res Lett. 2020;15(10):104013. doi:10.1088/
1748-9326/aba3a5

33. Shah AD, Bartlett JW, Carpenter J, Nicholas O, Hemingway H. Comparison of random forest and parametric
imputation models for imputing missing data using MICE: a CALIBER study. Am J Epidemiol. 2014;179(6):764-774.
doi:10.1093/aje/kwt312

34. Jarrin OF, Nyandege AN, Grafova IB, Dong X, Lin H. Validity of race and ethnicity codes in Medicare
administrative data compared to gold-standard self-reported race collected during routine home health care visits.
Med Care. 2020;58(1):e1-e8. doi:10.1097/MLR.0000000000001216

35. Bailey ZD, Feldman JM, Bassett MT. How Structural Racism Works—Racist Policies as a Root Cause of US Racial
Health Inequities. Mass Medical Soc; 2021:768-773.

36. Williams DR, Lawrence JA, Davis BA, Vu C. Understanding how discrimination can affect health. Health Serv
Res. 2019;54(suppl 2)(suppl 2):1374-1388. doi:10.1111/1475-6773.13222

37. Coles E, Wells M, Maxwell M, et al. The influence of contextual factors on healthcare quality improvement
initiatives: what works, for whom and in what setting? protocol for a realist review. Syst Rev. 2017;6(1):168. doi:10.
1186/s13643-017-0566-8

38. Sampson RJ, Wilson WJ, Katz H. Reassessing “toward a theory of race, crime, and urban inequality”: enduring
and new challenges in 21st century America. Du Bois Rev. 2018;15(1):13-34. doi:10.1017/S1742058X18000140

39. Centers for Disease Control and Prevention. Heart disease facts. Accessed February 26, 2024. https://www.
cdc.gov/heartdisease/facts.htm

40. Centers for Disease Control and Prevention. Stroke facts. Accessed February 26, 2024. https://www.cdc.gov/
stroke/facts.htm

41. Gardener H, Sacco RL, Rundek T, Battistella V, Cheung YK, Elkind MSV. Race and ethnic disparities in stroke
incidence in the Northern Manhattan Study. Stroke. 2020;51(4):1064-1069. doi:10.1161/STROKEAHA.119.028806

42. Tsao CW, Aday AW, Almarzooq ZI, et al; American Heart Association Council on Epidemiology and Prevention
Statistics Committee and Stroke Statistics Subcommittee. Heart disease and stroke statistics—2023 update:
areport from the American Heart Association. Circulation. 2023;147(8):€93-e621. doi:10.1161/CIR.
000000000000T1123

43. WeiY, Qiu X, Yazdi MD, et al. The impact of exposure measurement error on the estimated concentration-
response relationship between long-term exposure to PM 2.5 and mortality. Environ Health Perspect. 2022;130
(7):77006. doi:10.1289/EHP10389

SUPPLEMENT 1.

eMethods 1. Full Observational Health and Medicines Outcomes Partnership (OMOP) Concept List for Heart
Attack

eMethods 2. Full Observational Health and Medicines Outcomes Partnership (OMOP) Concept List for Stroke
eMethods 3. Full Description of the Statistical Model

eTable 1. Descriptive Statistics of PM, ¢ Exposure Level in the Study Population

[5 JAMA Network Open. 2024,7(8):e2429137. doi:10.1001/jamanetworkopen.2024.29137 August 19, 2024 12/13

Downloaded from jamanetwork.com by University of Chicago Libraries user on 10/17/2024


https://dx.doi.org/10.1038/s41598-021-92143-w
https://www.researchallofus.org/
https://www.researchallofus.org/
https://dx.doi.org/10.1021/acs.est.1c05309
https://dx.doi.org/10.1021/acs.est.0c01764
https://dx.doi.org/10.1021/acs.est.8b06392
https://dx.doi.org/10.1016/j.annepidem.2018.11.008
https://prism.oregonstate.edu/
https://prism.oregonstate.edu/
https://dx.doi.org/10.1088/1748-9326/aba3a5
https://dx.doi.org/10.1088/1748-9326/aba3a5
https://dx.doi.org/10.1093/aje/kwt312
https://dx.doi.org/10.1097/MLR.0000000000001216
https://dx.doi.org/10.1111/1475-6773.13222
https://dx.doi.org/10.1186/s13643-017-0566-8
https://dx.doi.org/10.1186/s13643-017-0566-8
https://dx.doi.org/10.1017/S1742058X18000140
https://www.cdc.gov/heartdisease/facts.htm
https://www.cdc.gov/heartdisease/facts.htm
https://www.cdc.gov/stroke/facts.htm
https://www.cdc.gov/stroke/facts.htm
https://dx.doi.org/10.1161/STROKEAHA.119.028806
https://dx.doi.org/10.1161/CIR.0000000000001123
https://dx.doi.org/10.1161/CIR.0000000000001123
https://dx.doi.org/10.1289/EHP10389

JAMA Network Open | Public Health Contextual Deprivation, Race, and Income in Air Pollution and Cardiovascular Disease
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