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[bookmark: _9gm3ts6lm35j]S1 Summary of Evidence Linking Segregation with Exposure to Pollution, Disparities in Pollution, and Health Risks from Pollution 
Lopez (2002) estimated the exposure to air toxics in 44 metropolitan statistical areas (MSAs) in 1990 and found that more than half of the variation in pollution exposure between Black and white residents could be attributed to racial segregation levels, the Black-white poverty ratio, and the percentage of the population engaged in manufacturing.1 Woo et al. (2018) also noted that racial/ethnic disparities in exposure to NO2, PM2.5, and PM10 were higher in MSA areas with high segregation.2 Jones et al. (2014) reported higher PM2.5 and NO2 levels in more segregated neighborhoods.3 Kodros et al. (2022) reported that Americans living in white-Black segregated communities were exposed to fine particulate matter with over three times higher mass proportions of known toxic and carcinogenic metals. Liang et al. (2025) found that residential segregation was associated with higher PM2.5 and NO2 concentrations, which in turn were linked to variability in hippocampal features among a cohort of recent trauma survivors.5 Zewdie et al. (2025) also reported that multi-race residential segregation was associated with higher PM2.5 and NO2 levels based on the experience of individuals in eight large US-based cohorts.6  Ash et al. (2013) observed higher air toxics exposure in more segregated urban areas.7

Morello-Frosch and Lopez (2006) found significant associations between segregation and cancer-weighted and non-cancer-weighted air toxics.8 Morello-Frosch and Jesdale (2006) found that estimated cancer risks associated with air toxics and disparities between racial/ethnic groups were highest in census tracts located in highly-segregated MSAs, after controlling for poverty, material deprivation, population density, and MSA population size, and that the risks were highest for Hispanics.9 Poulson, Uvin, and Kenzik (2024) observed that lung cancer incidence was higher in more racially segregated census tracts and that air pollution was a mediating factor of lung cancer incidence in more segregated counties.10 Ard (2016) reported significant associations between segregation and the health risks from air toxics for 331 MSAs, and noted that the associations were robust to the segregation measure used.11 Yitshak-Sade (2020) reported that the association between PM2.5 and cardiovascular disease (CVD) in Massachusetts was higher in more segregated neighborhoods.12


[bookmark: _fkn6dk5d7gh1]S2 Maps of Supplementary Segregation Indices
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Figure S2.1: Maps of A) MSA-level Residential non-Hispanic and Hispanic segregation, B) MSA-level Workplace non-Hispanic and Hispanic segregation, C) Census tract-level Residential non-Hispanic and Hispanic segregation, D) Census tract-level Workplace non-Hispanic and Hispanic segregation categorized in quantiles
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Figure S2.2: Maps of A) MSA-level Residential College and Less than High School-educated segregation, B) MSA-level Workplace College and Less than High School-educated segregation, C) Census tract-level Residential College and Less than High School-educated segregation, and D) Census tract-level Workplace College and Less than High School-educated segregation categorized in quantiles.

[bookmark: _h9bh8jqgobr2]S2.1 Supplementary Segregation Indices Based on ACS Data
Residential segregation calculated based on ACS data is higher than that from the LODES data because the ACS includes a larger population (including children and non-workers). Unlike the LODES data, ACS displays very little differentiation between segregation in central cities and surrounding suburbs (Figure S2.1.1), likely because tract level-segregation measures from the ACS were derived from blockgroup (the most granular spatial unit- instead of block-level information as in the case of the LODES dataset, which is more coarse and thus more similar to the overall tract-level dataset. As in previous research,13 we use segregation metrics derived from the LODES data as the main measures in this analysis, and ACS data in supplementary analyses. 

Correlations between the LODES-based estimates and ACS-based estimates were moderate to high, ranging from 0.53, 0.65, and 0.79 for white-Black, not-Hispanic-Hispanic segregation, and College - Less than High School-educated segregation at the MSA-level, respectively. No correlation was observed between the LODES and ACS-based estimates, and they were 0.06, 0.08, and -0.02 for white-Black, not-Hispanic-Hispanic segregation, and College-Less than High School-educated segregation at the census tract-level, respectively, due to differences in the fundamental building block of census tract-level residential segregation (block for the LODES data set and blockgroup for the ACS dataset), as well as differences in the population in the LODES and ACS datasets (Figure 2).
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Figure S2.1.1: Maps derived from ACS data of A) MSA-level Residential White-Black segregation, B) Census tract-level Residential White-Black segregation, C) MSA-level Residential non-Hispanic and Hispanic segregation, D) Census tract-level Residential non-Hispanic and Hispanic segregation, E) MSA-level Residential College and Less than High School-educated segregation, F) Census tract-level Residential College and Less than High School-educated segregation categorized in quantiles.
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Figure S2.1.2: Scatterplots between segregation measures derived from the LODES and ACS datasets A) White-Black at the MSA level, B) Non-Hispanic - Hispanic at the MSA level, C) College - Less than High School-educated at the MSA level, D) Multigroup Race (White, Black, Asian, Others) at the MSA level, E) White-Black at the census tract level, F) non-Hispanic - Hispanic at the census tract level, G) College - Less than High School-educated at the census tract level, H) Multigroup Race at the census tract level.

Table 2.1.1: Descriptive statistics of segregation exposures, covariates, and environmental pollution concentrations considered in this study
	
	1st quartile
	Median
	Mean (sd)
	3rd quartile

	Residential Segregation
	
	
	
	

	ACS
	
	
	
	

	   MSA-level
	
	
	
	

	       Ds of White - Black
	0.47
	0.53
	0.53
(0.09)
	0.59

	       Ds of Non-Hispanic - Hispanic
	0.32
	0.38
	0.38
(0.07)
	0.42

	       Ds of College - Less than High School-educated
	0.37
	0.43
	0.43
(0.08)
	0.48

	   Census tract-level
	
	
	
	

	       Ds of White - Black
	0.15
	0.32
	0.33
(0.22)
	0.49

	       Ds of Non-Hispanic - Hispanic
	0.13
	0.25
	0.27
(0.19)
	0.40

	       Ds of College - Less than High School-educated
	0.13
	0.26
	0.28
(0.19)
	0.40



[bookmark: _xm7dpfy3beqp]S3 Maps of Covariates
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Figure S3.1: MSA level covariates:  A) Log MSA worker population, B) % Black Workers MSA level, C)  % Manufacturing Workers, and D) Census Divisions.
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Figure S3.2: Census tract-level covariates:  A) Log Resident Worker Population Density, B) Log Worker Population Density, C) % Black workers resident, D) % Black workers, E) % Low-income workers resident, F) % Low-income workers, categorized into quantiles for all 380 MSAs in the contiguous United States.
[bookmark: _ew8j7e4lt20t]S4 Main Forest Plots
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Figure S4.1: Associations between MSA-level White-Black residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between MSA-level White-Black workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between MSA-level White-Black residential and workplace-based segregation metrics and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the census tract, county, and MSA levels.
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Figure S4.2: Associations between census tract-level White-Black residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between census tract-level White-Black workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between census tract-level White-Black residential and workplace-based segregation metrics and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the census tract and county levels and fixed effects at the MSA level.
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Figure S4.3: Associations between census tract-level White-Black residential segregation metrics and NO2 exposure (ppb) of a given census tract after controlling for different residential covariates in A) partially adjusted and B) fully-adjusted models. Associations between census tract-level White-Black workplace-based segregation metrics and NO2 exposure (ppb) of a given census tract in C) partially adjusted and D) fully-adjusted models. Associations between census tract-level White-Black residential and workplace-based segregation metrics and NO2 exposure (ppb) of a given census-tract in E) partially adjusted and F) fully-adjusted models. All associations were derived from linear regression models with fixed effects at the county-level.
[image: ]
Figure S4.4: Associations between census tract-level White-Black residential segregation metrics and NO2 exposure (ppb) of a given census tract after controlling for different residential covariates in A) partially adjusted and B) fully-adjusted models. Associations between census tract-level White-Black workplace-based segregation metrics and NO2 exposure (ppb) of a given census tract in C) partially adjusted and D) fully-adjusted models. Associations between census tract-level White-Black residential and workplace-based segregation metrics and NO2 exposure (ppb) of a given census tract in E) partially adjusted and F) fully-adjusted models. All associations were derived from linear regression models with fixed effects at the county level.
[bookmark: _xqosv7ff0u42]S5 Supplementary Segregation Measures
[image: ]
Figure S5.1: Associations between MSA-level non-Hispanic-Hispanic residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between MSA-level non-Hispanic-Hispanic workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between MSA-level non-Hispanic-Hispanic residential and workplace-based segregation metrics and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the county- and MSA-level.
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Figure S5.2: Associations between census tract-level non-Hispanic-Hispanic residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between census tract-level non-Hispanic-Hispanic workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between census tract-level non-Hispanic-Hispanic residential and workplace-based segregation metrics and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the census tract and county levels and fixed effects at the MSA level.
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Figure S5.3: Associations between MSA-level College - Less than High School-educated residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between MSA-level College - Less than High School-educated workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between MSA-level College - Less than High School-educated residential and workplace-based segregation metrics and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the census tract, county, and MSA levels.
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Figure S5.4: Associations between census tract (CT)-level College - Less than High School-educated residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different residential covariates. Associations between census tract (CT)-level College - Less than High School-educated workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census-tract and census tract (CT)-level College - Less than High School-educated residential and workplace-based segregation metrics after controlling for different residential and workplace-based covariates using multilevel models with random effects at the census tract and county-level and fixed effects at the MSA level.
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Figure S5.4: Associations between MSA-level White-Black residential segregation metrics derived from ACS data and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different residential covariates. Associations between MSA-level and census-tract level White-Black residential segregation metrics derived from ACS data and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census-tract and after controlling for different residential covariates. Associations between C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census-tract and MSA- and census tract (CT)-level White-Black residential and workplace-based segregation metrics after controlling different residential and workplace-based covariates using multilevel models with random effects at the census tract, county, and MSA-levels.

[image: ]
Figure S5.5: Associations between MSA-level White-Black residential segregation metrics derived from ACS data and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between MSA-level White-Black workplace-based segregation metrics derived from LODES data and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between MSA-level White-Black residential segregation derived from ACS data and workplace-based segregation derived from LODES data and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the census tract, county, and MSA levels.
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Figure S5.6: Associations between census tract-level White-Black residential segregation metrics derived from ACS and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential covariates. Associations between census tract-level White-Black workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between census tract-level White-Black residential segregation derived from ACS data and workplace-based segregation and C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census tract after controlling for different residential and workplace-based covariates. All associations were derived from multilevel models with random effects at the census tract and county levels and fixed effects at the MSA level.
[bookmark: _w0cepfux2y0h]S6 Sensitivity Analyses
We explored associations between environmental exposures and segregation measures using linear mixed models that controlled for covariates and included nested random effects at the census tract, county, and MSA levels to account for similarities between census tracts within the same county and MSA.
[bookmark: _xyp1utlzy5st]Evaluating Associations between Residential Segregation and Environmental Exposures
We used Equation S6.1 to evaluate the associations between residential segregation and the various environmental exposures considered in this study, following the approach employed in other research.


(S6.1)

Where CT Exposurej= Census tract level exposure to PM2.5, and NO2 in tract j.  is the constant. CT Residential Dsj = Census tract level residential segregation experienced by residents in tract j, MSA Residential Dsl = Residential segregation estimated at the MSA-level experienced by residents in MSA l.  , and  represents the association between the environmental exposure and the census tract-level and MSA-level segregation metrics, respectively. Covariates = Census tract-level percentage of Black residents, log population density of Black worker residents, Income, Income2; MSA-level percentage of resident workers in manufacturing, percentage of Black worker residents, log resident worker population, and Division. represents associations between each covariate and the environmental exposure. , , and  are the residuals at the census tract (j), county (k), and MSA (l) levels. 
[bookmark: _36agiyma84r1]Evaluating Associations between Workplace Segregation and Environmental Exposures
We next used Equation S6.2 to evaluate associations between workplace segregation and the different environmental exposures considered experienced at the workplace.


(S6.2)
Where CT Exposurej= Census tract level exposure to PM2.5, and NO2 in tract j.  is the constant. CT Workplace Dsj = Census tract level workplace segregation experienced by workers working in tract j, MSA Workplace Dsl = Workplace segregation estimated at the MSA-level experienced by workers in MSA l.  , and  represents the association between the environmental exposure and the census tract-level and MSA-level segregation metrics, respectively. Covariatesj = Census tract-level % of Low-income workers, % Black workers, log of worker density, MSA-level % of Black workers, log worker population, and Division. represents associations between each covariate and the environmental exposure.  , , and  are the residuals at the census tract (j), county (k), and MSA (l) levels. 
[bookmark: _d7gbxvm9zu0]Evaluating Associations between Workplace Segregation and Environmental Exposures after Controlling for Residential Segregation
We then ran a model with CT Exposurej as the dependent variable, and all independent variables in Equations S6.1 and S6.2, to assess if workplace segregation at the census tract and MSA levels mattered after controlling for residential segregation. 
[bookmark: _jpohnx1qaklv]S6.1 Results
We first present results from conducting a conventional assessment evaluating associations between residential segregation and pollution exposures. Associations between environmental exposures: NO2, and PM2.5, and standardized residential segregation metrics as well as covariates, derived from multilevel linear regression models depicted in Equation S6.1
are displayed in Figure S6.1A and S6.1D, respectively. Associations can be interpreted as a unit change in environmental exposures for every increase in the independent variable under consideration by one standard deviation.

MSA-level White-Black residential segregation was significantly associated with census tract-level PM2.5 concentrations: 0.24 (95% CI: 0.14, 0.34), but not NO2 concentrations: -0.02 (95% CI: -0.16, 0.12). Census tract-level residential segregation, on the other hand, was significantly associated with census tract-level NO2 concentrations: 0.13 (95% CI: 0.12, 0.15), but not PM2.5 concentrations: 0.00 (95% CI: -0.01, 0.01).

Next, we treat each census tract as a workhood. Associations between environmental exposures: NO2 and PM2.5, and standardized workplace-based segregation metrics and covariates are displayed in Figures S6.1B and S6.1E, respectively.  MSA-level workplace-based segregation was not significantly associated with NO2: 0.04 (95% CI: -0.07, 0.16), or PM2.5: -0.02 (-0.10, 0.07). However, census-tract level workplace segregation was significantly associated with NO2: 0.06 (95% CI: 0.05, 0.08), but not PM2.5: 0.00 (-0.01, 0.01). 

We now present results from our analysis, where we evaluated associations between workplace segregation and the environmental exposures after controlling for residential segregation and residential-based characteristics (Figures S6.1C and S6.1F). For NO2, the coefficients observed remained similar to those observed in the previous residential segregation and workplace segregation-only analyses. Specifically, MSA-level residential and workplace segregation were not significantly associated with NO2 concentrations: -0.05 (95% CI: -0.20, 0.09) and 0.06 (95% CI: -0.05, 0.18), respectively. Census-tract level residential and workplace segregation, however, were both significantly associated with NO2 concentrations: 0.16 (95% CI: 0.14, 0.17) and 0.10 (95% CI: 0.09, 0.11), respectively.

However, for PM2.5, unlike in the previous analyses, MSA-level workplace segregation was significantly negatively associated with PM2.5 concentrations: -0.11 (95% CI: -0.20, -0.02). MSA-level residential segregation was still significantly associated with PM2.5 concentrations: 0.30 (95% CI: 0.19, 0.41), and more strongly than in Figure S6.1D. Census tract-level workplace segregation was also significantly positively associated with PM2.5 concentrations: 0.01 (95% CI: 0.00, 0.01), although the magnitude of the association did not change very much. Census-tract level residential segregation continued to not be significantly associated with PM2.5 concentrations: 0.01 (95% CI: -0.00, 0.01).

Like our main analyses displayed in Table 1, our results imply that for census tracts with similar levels of residential segregation, an increase in MSA-level workplace White-Black segregation is associated with a decrease in PM2.5 concentrations, while an increase in census-tract level workplace White-Black segregation is associated with an increase in both NO2 and PM2.5 concentrations.
[image: ]
Figure S6.1: Associations between MSA- and census tract (CT)-level White-Black residential segregation metrics and A) NO2 exposure (ppb), and D) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different residential covariates. Associations between MSA- and census tract (CT)-level White-Black workplace-based segregation metrics and B) NO2 exposure (ppb), and E) PM2.5 exposure (μg/m3) of a given census tract, and after controlling for different workplace-based covariates. Associations between C) NO2 exposure (ppb), and F) PM2.5 exposure (μg/m3) of a given census-tract and MSA-level White-Black residential and workplace-based segregation metrics after controlling for different residential and workplace-based covariates using multilevel models with random effects at the county- and MSA-level.



[bookmark: _6m46ibraln]S7 Sensitivity Analyses: Bayesian Analysis
There are two main approaches to incorporating a spatial component into a model: a “lag” and/or an “error” term. To ensure the interpretability of the coefficients in the model, we opted to model the data structure using a spatial error term. Specifically, we employed a Bayesian modeling technique that utilizes the Integrated Nested Laplace Approximation (INLA) to incorporate a spatial model component, in addition to nested random intercepts, into a multilevel model. INLA is a computationally efficient alternative to Markov Chain Monte Carlo (MCMC) approximations, which has been widely used in epidemiologic studies. We implemented the model in R using the INLA package.

In line with previous work, we modeled the county and MSA-level nested random effects as independent and identically distributed (i.i.d.), and the spatial error term according to the Besag model. Similar to the main multilevel model, we assumed linear associations between workplace segregation and the different covariates and county and MSA-level random effects, with an additional error term composed of a spatially structured and spatially unstructured component. The specification of the BYM model is provided in the Appendix of Haskell-Craig et al.14 

Table S7.1: Associations derived from multilevel models between MSA-level White-Black segregation measures based on A) residential location, alone, B) workplace location alone, and C) residential and workplace location and census tract-level NO2 and PM2.5 after controlling for different covariates and including random intercepts at the county and MSA level.
Associations between census-tract-level White-Black segregation measures based on D) residential location, alone, E) workplace location alone, and F) residential and workplace location and census tract-level NO2 and PM2.5 after controlling for different covariates with fixed effects at the MSA-level with county-level random intercepts. 
	
	MSA-level Segregation Analyses
	Census Tract-Level Segregation Analyses

	
	A) Residential
	B) Workplace
	C) Residential and Workplace
	D) Residential
	E) Workplace
	F) Residential and Workplace

	
	NO2
	PM2.5
	NO2
	PM2.5
	NO2
	PM2.5
	NO2
	PM2.5
	NO2
	PM2.5
	NO2
	PM2.5

	Residential White-Black 
	0.21*
(0.18, 0.24)
	0.27*
(0.25, 0.29)
	-
	-
	-0.02
(-0.04, 0.01)
	0.30*
(0.28, 0.32)
	0.23*
(0.21, 0.25)
	-0.01
(-0.02, -0.00)
	-
	-
	0.08*
(0.07, 0.05)
	-0.00
(-0.01, 0.01)

	Workplace White-Black
	-
	
	0.03*
(0.02, 0.05)
	0.06*
(0.04, 0.07)
	0.02
(-0.00, 0.04)
	-0.06*
(-0.08, -0.04)
	-
	-
	0.02*
(0.01, 0.03)
	-0.01
(-0.01, -0.00)
	0.04*
(0.04, 0.05)
	0.00
(-0.01, 0.01)
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