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Abstract

Rationale: Environmental threats and poorly controlled asthma
disproportionately burden Black people. Some have attributed this
to socioeconomic or biologic factors; however, racism, specifically
historical redlining, a U.S. discriminatory mortgage lending practice
in existence between the 1930s and the 1970s, may have actuated
and then perpetuated poor asthma-related outcomes.

Objectives: To link historical redlining (institutional racism) to
contemporary environmental quality– and lung health–related
racial inequity.

Methods: Leveraging a broadly recruited asthma registry, we
geocoded 1,034 registry participants from Pittsburgh/Allegheny
County, Pennsylvania, to neighborhoods subjected to historical
redlining, as defined by a 1930s Home Owners’ Loan Corporation
(HOLC) map. Individual-level clinical/physiologic data, residential
air pollution, demographics, and socioeconomic factors provided
detailed characterization. We determined the prevalence of
uncontrolled and/or severe asthma and other asthma-related
outcomes by HOLC (neighborhood) grade (A–D). We performed a
stratified analysis by self-identified race to assess the distribution of
environmental and asthma risk within each HOLC grade.

Measurements and Main Results: The registry sampling
overall reflected Allegheny County neighborhood populations.

The emissions of carbon monoxide, filterable particulate matter
,2.5 μm, sulfur dioxide, and volatile organic compounds
increased across HOLC grades (all P< 0.004), with grade D
neighborhoods encumbered by the highest levels. The persistent,
dispersive socioenvironmental burden peripherally extending
from grade D neighborhoods, including racialized access to
healthy environments (structural racism), supported a long-term
impact of historical/HOLC redlining. The worst asthma-related
outcomes, including uncontrolled and/or severe asthma
(P, 0.001; Z = 3.81), and evidence for delivery of suboptimal
asthma care occurred among registry participants from grade D
neighborhoods. Furthermore, elevated exposure to filterable
particulate matter ,2.5 μm, sulfur dioxide, and volatile organic
compound emissions (all P, 0.050) and risk of uncontrolled
and/or severe asthma (relative risk [95% confidence interval],
2.30 [1.19, 4.43]; P= 0.009) demonstrated inequitable
distributions within grade D neighborhood boundaries,
disproportionately burdening Black registry participants.

Conclusions: The racist practice of historical/HOLC redlining
profoundly contributes to long-term environmental and asthma-
related inequities in Black adults. Acknowledging the role racism
has in these outcomes should empower more specific and novel
interventions targeted at reversing these structural issues.
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The distribution of asthma-relatedmortality
andmorbidity remains inequitable among
U.S. racial groups and is unacceptably high in
U.S. Black people (1). Although investigators

have positedmultiple explanations, consistent
geospatial coclustering of indicators of poor
environmental quality and lung health in
predominately Black neighborhoods strongly

suggests that disproportionate exposure to air
pollution contributes to asthma-related health
inequities (2–4). The convergence of
sociopolitical factors integrated over
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generations of racism contributes to the
imbalanced distribution of environmental
hazards and socioeconomic factors
influencing health inU.S. Black communities,
which could precipitate poor asthma
outcomes and related disparities (4–17).

Historical redlining, a discriminatory
mortgage lending practice and form of
institutional racism, helped to legitimize U.S.
racial segregation (8, 17). During the 1930s,
the Home Owners’ Loan Corporation
(HOLC) generated a four-tiered grading
system for appraising mortgage applications in
.200 U.S. metropolitan areas, including
Pittsburgh/Allegheny County, Pennsylvania
(Figure 1) (18). The HOLC deemed grade A/
green neighborhoods the “best” and grade D/
red neighborhoods as “hazardous” for
mortgage lending. The neighborhood
proportion of Black families inversely
correlated with HOLC-perceived appraisal
value such that, in many cities such as
Pittsburgh, Black applicants experienced
financial blacklisting, or redlining, over
decades (8, 10, 17).

Although evidence supports a long-term
effect of historical/HOLC redlining
(institutional racism) on toxic environments,
the lingering impact on individual health
remains unclear (7, 9, 11, 13–16). Some have
suggested relationships between historical
HOLC boundaries and a higher prevalence
of present-day indicators of poor health,
including asthma and other lung conditions
(13, 16, 19–23). Yet, individual-level
contextualization (demographic;

socioenvironmental; occupational; and
smoking, medical, and family history) with
detailed matching physiologic/clinical data is
specifically lacking in a majority of the
previous studies, which predominately used
ecological models.

We used an established asthma registry
to address these gaps and support a link
between historical/HOLC redlining
(institutional racism), the environment, and
lung health (asthma). We hypothesized that
historical HOLC grade D neighborhoods
contain modern areas characterized by the
worst environmental quality and asthma-
related outcomes. First, we determined if
imbalanced neighborhood distributions of
current environmental risks and worsened
asthma are associated with historical/HOLC
redlining. We then performed a stratified
analysis by self-identified race to evaluate the
distribution of worsened environmental risk
and asthma-related outcomes among registry
participants within each HOLC grade.

Methods

We first described the longitudinal impact of
historical/HOLC redlining (institutional
racism) on higher levels of pollution/emitters
in gradeDneighborhoods (beginning in the
1930s), and then addressed the current
associations and/or correlations with
asthma-related health outcomes in the past
15 years. A digitized, historical/HOLC
redliningmap of Pittsburgh/Allegheny
County, Pennsylvania, illustrates the study area
(see the online supplement and Figure 1) (18).

Asthma Registry
The University of Pittsburgh Asthma
and Environmental Lung Health
Institute@UPMC established an
asthma-focused research registry in 2007
(database accessed on February 9, 2021).
The registry used broad strategies to recruit
participants (see the online supplement).
Enrollment included the collection of
standardized cross-sectional asthma-related
health questionnaires and spirometric data,
including FEV1, FVC, FEV1/FVC ratio,
and reversibility (percentage). Registry
participants with a.20–pack-year smoking
history were excluded to minimize inclusion
of patients with primary chronic obstructive
pulmonary disease. Asthma cases were
defined by research registry enrollment and
either physician-diagnosed asthma or
current asthmamedication use.

Environmental Indicators and
Community Characteristics
Geocoded data on stationary or point
emission sources of industrial/commercial
air pollutants (located in U.S. Environmental
Protection Agency region 3) reported over
the registry enrollment period by the
National Emissions Inventory (NEI) every
third year (2008, 2011, 2014, 2017) were
accessed online (24). A 1-km buffer
circumscribing historical HOLC
polygons/neighborhood boundaries, derived
from the digitized historical/HOLC redlining
map of Pittsburgh/Allegheny County, was
applied to select industrial/commercial
(stationary or point) emitters of carbon
monoxide (CO), filterable particulate matter
,2.5 μm (PM2.5), nitrogen oxide, sulfur
dioxide (SO2), and volatile organic
compounds (VOCs) within/nearby historical
HOLC boundaries in Allegheny County
(Figure 1, Table 1) (18). Selected
industrial/commercial (stationary or point)
emitters were allocated to the nearest
historical HOLC neighborhood-associated
polyline using proximity analysis. To
generate HOLC grade emission estimates,
the emissions assigned to each historical
HOLC neighborhood were summed by
respective HOLC grade for each NEI year to
generate 4 points per pollutant. In addition,
historical environmental quality
(semiquantitative analyses of appraisal text
associated with the historical/HOLC
redlining map from 1935 and land-use data
based on satellite imagery from 1992);
contemporary neighborhood-level
socioenvironmental factors (centroid-based
analyses of community data derived from the
2010 American Census Survey, filterable
PM2.5 emissions from 2011/all NEI years,
andmodeled ambient PM2.5 levels from
2011); and proxies for transportation-related
pollution exposure, specifically
nonresidential (primary and secondary) road
density, railroad density, and active waterway
proximity (based on 2010 Topologically
Integrated Geographic Encoding and
Referencing centerlines) were evaluated
(see the online supplement) (Table 1).

Registry Participants and
Contemporary Asthma-related
Outcomes
The same buffered polygon-based approach
with proximity analysis as described above
was applied to identify 1,034 of the 1,668
adult registry participants eligible for
geocoding who lived within/nearby one of

At a Glance Commentary

Scientific Knowledge on the
Subject: The impact of historical
redlining on individual metrics of lung
health—asthma (including related
healthcare use and comorbid
conditions), pulmonary function, and
medication use—is unclear, with
previous studies primarily based on
ecological models that lack
contextualization.

What This Study Adds to the Field:
Historical redlining perpetuates poor
environmental quality and may
contribute to worsening asthma through
the impact of long-standing institutional
racism on neighborhoods.
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the historical HOLC neighborhoods
studied (enrolled between 2007 and 2020)
(see Figure E1 in the online supplement).
To generate HOLC grade asthma-related

outcome estimates, the relevant data from
registry participants were aggregated from all
historical HOLC neighborhoods for a given
HOLC grade. Uncontrolled and/or severe

asthma, a composite variable based on
symptoms, exacerbations, and pulmonary
function as defined by Global Initiative for
Asthma guidelines, was selected as the primary
asthma-related outcome (Table 2) (25).
In addition, secondary asthma-related
outcomes were selected and binned into
categories: clinical, asthmamedication,
comorbid conditions, nonasthma
pharmacologic management, and physiologic/
spirometry (Table 2). Using linear regression
and study population parameters, FEV1 and
FVC (in liters) were both adjusted for age
(centered), height (centered), and sex assigned
at birth to generate quintiles and study
population–normalized predicted values
(percent). FEV1/FVCwas adjusted for age
(centered). There were no race normalizations
applied. For comparison, predicted FEV1 and
FVC (percent) were also calculated using
Global Lung Function Initiative (GLI)
equations for other/mixed race (a composite
equation based onWhite, African American,
andNorth and South East Asian individuals)

Figure 1. Historical/Home Owners’ Loan Corporation redlining map of Pittsburgh/Allegheny County, Pennsylvania, from 1935 (18). Reprinted by
permission from Reference 18.

Table 1. Environmental Indicators

Indicator Definition/Description (Data Coverage Year)

Industrial/commercial
pollution emissions
(stationary or
point sources)

1. Total filterable PM2.5 emissions (2008, 2011, 2014, 2017)
2. Total NOX emissions (2008, 2011, 2014, 2017)
3. Total SO2 emissions (2008, 2011, 2014, 2017)
4. Total CO emissions (2008, 2011, 2014, 2017)
5. Total VOCs emissions (2008, 2011, 2014, 2017)

Transportation-related
pollution proxy

1. Primary road density (2010)
2. Secondary road density (2010)
3. Railroad density (2010)
4. Proximity (0.5 km) to active waterway (2010)

Other 1. Environmental quality terms in historical/HOLC redlining map
appraisal text (1935)

2. Land use data by satellite imagery (1992)
3. Ambient PM2.5 (annual average) by combination of modeled air

quality and air monitor data (2011)

Definition of abbreviations: CO=carbon monoxide; HOLC=Home Owners’ Loan Corporation;
NOx=nitrogen oxide; PM2.5 =particulate matter ,2.5 mm; SO2= sulfur dioxide; VOCs=volatile
organic compounds.

ORIGINAL ARTICLE

826 American Journal of Respiratory and Critical Care Medicine Volume 206 Number 7 | October 1 2022



(26). Asthma specialist care was evaluated
as an exploratory outcome (Table 2).
See the online supplement for additional
details regardingmissing data, other
variables/outcomes, and
related calculations.

Stratified Analyses
For self-identified racial categories
exhibiting an imbalanced distribution
across HOLC grades, stratified analyses
by self-identified race were preplanned
to investigate the distribution of
historical/HOLC redlining-associated,
asthma-related outcomes within each
HOLC grade. Accordingly, registry
participants were localized to a single
historical HOLC neighborhood. Stratified
analyses by self-identified race for

demographic/characteristic and
environmental indicators provided
contextualization. For stratified
comparisons of environmental indicators
by self-identified race, emitters of relevant
industrial/commercial air pollutant
components (reported by NEI) were linked
to a single historical HOLC neighborhood,
and then the total emission were summed
by historical HOLC neighborhood for each
NEI year (unit is metric tons per NEI year).
The emission rate (both nonnormalized
and normalized to the average emission
rate over the NEI period) for the historical
HOLC neighborhood and the NEI year
corresponding to the registry participant’s
residential address and year of enrollment,
respectively, were used to estimate
individual exposures.

Statistics
Registry participants’ demographics/
characteristics were compared using
Kruskal-Wallis tests (x2 approximation)
with post hocDunn tests, Mann-Whitney
tests, Pearson’s x2 tests, or nominal logistic
regression. Spearman’s rho correlations
with post hocDunn tests or Cochran-
Armitage tests for trend were used to assess
monotonicity/asymmetry across HOLC
grades with respect to environmental
indicators, specifically if the ordinal structure
grades A to D correlated with scaling
environmental quality. This ordinal structure
was applied to asthma-related outcome
assessment using Spearman’s rho
correlations or Cochran-Armitage tests for
trend, specifically to detect any asthma-
related outcomes displaying monotonic

Table 2. Asthma-related Outcomes with Summary of Definitions/Descriptions and Missing Data

Outcome
Type Outcome Bin Outcome Description/Definition

Not
Missing Missing

Primary Uncontrolled and/or
severe asthma

1. Exacerbation-prone asthma and at least one of the following:
a. Bottom quintile of age-, sex-, and height-normalized FEV1

values
b. Bottom quintile of age-normalized FEV1/FVC values
c. Symptomatic asthma and at least one daily puff of SABA
d. Symptomatic asthma and at least one missed day(s) because

of asthma

990 44

Secondary Clinical 1. Exacerbation-prone asthma 988 46
2. Symptomatic asthma 989 45
3. Asthma medication boosts 1,030 4
4. At least one missed day(s) because of asthma 957 77

Asthma medication 1. Daily SABA use (puffs) 1,003 31
2. Current high-dose ICS 1,013 21
3. Current ICS/long-acting b-agonist inhaler use 1,013 21
4. Current leukotriene receptor antagonist use 1,010 24
5. Current oral steroid use 1,013 21
6. Current anti-IgE therapy 1,007 27

Comorbid conditions 1. Current anxiety 1,014 20
2. Current depression 1,014 20
3. Current diabetes 1,014 20
4. Current GERD 1,014 20
5. Current hypertension 1,013 21
6. Current obstructive sleep apnea 1,014 20

Nonasthma
pharmacologic
management

1. Current anxiety and current anxiety medication use 1,012 22
2. Current depression and current depression medication use 1,011 23
3. Current diabetes and current diabetes medication use 1,015 19
4. Current GERD and current GERD medication use 1,008 26
5. Current hypertension and current hypertension medication use 1,011 23
6. Current nasal allergies and current nasal steroid use 1,008 26

Physiologic/
spirometry

1. FEV1 (% predicted value) 937 97
2. FVC (% predicted value) 937 97
3. FEV1/FVC 937 97
4. Reversibility (%) 931 103

Exploratory Asthma specialist
care

1. Current nasal allergies 1,012 22
2. Current eczema 1,007 27
3. History of AIT and/or anti-IgE therapy 1,006 28
4. Identification of asthma specialist care 1,034 0

Definition of abbreviations: AIT= allergen immunotherapy; GERD=gastroesophageal reflux disease; ICS= inhaled corticosteroids;
SABA=short-acting b-agonist.
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HOLC grade distribution and correlation
with environmental quality. After initial
analyses by HOLC grade, P values for
asthma-related outcomes were adjusted for
all covariates, except race, that displayed
imbalance across HOLC grades using
stepwise ordinal logistic regression
(physiologic covariates were loaded in the
model before nonphysiologic covariates)
(Table 3). For the preplanned stratified
analysis, environmental indicators and
asthma-related outcomes were compared
usingMann-Whitney tests or calculating
relative risk (RR) with 95% confidence
interval (95% CI). Bootstrapping with
replacement (2,500 iterations) was
performed to estimate the 95% CI for
Spearman’s rho correlations. Exact tests were
performed as appropriate. Median tests were
substituted for nonparametric tests
(Kruskal-Wallis or Mann-Whitney tests) if
.33% of ranks were tied and due to a single
value/zero. Unless Bonferroni corrections
were applied, P , 0.050 indicated statistical
significance (see the online supplement).

Results

Pittsburgh/Allegheny County
Historical HOLC Neighborhoods
The study area included only the 111 out of
114 historical HOLC neighborhoods (grade A,
n=11/11; grade B, n=27/27; grade C,
n=41/42; grade D, n=32/34) confined
to/included within Allegheny County (see the
online supplement and Figure 1) (18).
Grade A neighborhoods showed the smallest
areal representation (21 km2) on the historical/
HOLC redlining map of Allegheny County/
Pittsburgh, followed by grades D (89 km2),
B (103 km2), and then C (115 km2)
neighborhoods. Grade A neighborhoods did
not share any borders with grade D
neighborhoods, whereas grade D
neighborhoods most commonly bordered
grade C neighborhoods. Grades B and C
neighborhoods shared borders with all HOLC
grades (Figure E2). Thus, A and D HOLC
grades were considered neighborhood
extremes for analysis.

Longitudinal Relationship of
Historical/HOLC Redlining with
Environmental Quality
Beginning with 1935 appraisal texts from the
historical/HOLC redlining map of Allegheny
County/Pittsburgh, abundant use of terms to
describe grade D neighborhoods, such as

“mills,” “smoke,” “flood,” “industry,” “dust,”
and others, strongly indicated poor
environmental quality as historical/HOLC
redlining practices commenced (Table E1,
Figure E3). Nearly 60 years later,
disproportionately high percentages of
industrial/commercial- and transportation-
related land use coverage persisted in grade D
neighborhoods relative to other historical
HOLC neighborhoods in 1992 (Figure E4).
Thus, poor environmental quality, specifically
toxic/industrial rather than residential
zoning, continued years later within grade D
neighborhoods, even after deindustrialization
(steel industry collapse). These effects
continued�30 years forward within/nearby
grade D neighborhoods with the highest total
emissions of CO, filterable PM2.5, SO2, and
VOCs (but not nitrogen oxide, grades A to D
monotonicity, r= 0.82; P, 0.001; grade A
vs. grade D, P=0.034. a; Z=2.17) from
stationary or point industrial/commercial
sources observed over most of the enrollment
period from 2008 to 2019 (Figure 2A).
Ambient PM2.5 (in 2011) similarly increased
monotonically across HOLC grades, with
A to D grade directionality (r = 0.21
[0.01, 0.39]; P=0.029). Despite similar
nonresidential road densities (primary,
P=0.244, x2 =5.28; secondary, P=0.137,
x2 =5.49) across HOLC grades, grade D
neighborhoods had the highest railroad
density and active waterway proximity
(shipping pollution proxy) (Figure 2B).

Racialization and Diffusion of Grade D
Neighborhood-associated Factors
Text from the historical/HOLC redlining
map of Pittsburgh/Allegheny County
suggested the exclusion of Black people from
non–grade D neighborhoods in 1935, with
persistent segregation to 2010 as supported by
grade D neighborhood–based census tract
centroid analysis (Figures E5 and E6).
Supporting a broader impact of historical/
HOLC redlining, increased distance from
grade D neighborhood boundaries not only
correlated with decreased ambient PM2.5

levels but also increased mortgage housing
tenure and decreased neighborhood
deprivation, an index for estimating structural
racism generated from 10 highly correlated
indicators of socioeconomic status (SES) with
good internal reliability (Cronbach’s
a = 0.88) (see the online supplement and
Figure E6). Filterable PM2.5 emissions also
decreased with distance from grade D
neighborhood boundaries, in parallel with
ambient PM2.5 levels (Table E2). Mortgage

tenure, neighborhood deprivation, and both
emitted (filterable) and ambient PM2.5 levels
displayed spatial correlation with the
percentage Black population by census tract,
consistent with racialized access to wealth
acquisition and healthy environments
(structural racism) (Table E2).

Demographics/Characteristics of
Registry Participants Living in
Historical HOLC Neighborhoods
The 1,034 registry participants represented the
geographic regions of Pittsburgh/Allegheny
County well, and their distribution was similar
to that of the overall population composition
within historical HOLC neighborhoods
(Figure 3, Table 3, Table E3). The differences
are consistent with the epidemiologic
prevalence of adult asthma (overall older, more
female individuals, andmore Black people).
Most registry participants resided in grade C
neighborhoods, consistent with the overall
population distribution (Table 3). Registry
participants from grade A neighborhoods had
a slightly earlier median year of enrollment
than others, and registry participants recruited
via public transit/bus advertisements (n=19/
1,034) almost exclusively resided in grade B
(42%) or grade D (47%) neighborhoods
(Table 3, Table E4). Otherwise, no further
differences at the enrollment or recruitment
level existed. Registry participants had a similar
age range across HOLC grades, although those
from grade D neighborhoods were slightly
older than those from grade C neighborhoods
(Table 3). Black registry participants showed
increasing representation from grades A toD
neighborhoods, consistent with historical
(1935) and contemporary population estimates
of areas corresponding to historical HOLC
boundaries (Figure 3, Figure E5, Table 3).
Differences in SES-related indicators,
specifically the distribution of income-
restrictive health insurance, reflected increased
access to opportunity and capital in grade A
neighborhoods (Table 3). No other
demographic/characteristic differences,
including history of smoking or vaping
(P=0.266, x2=3.96), existed (see the online
supplement) (Table 3).

Relationship of Historical/HOLC
Redlining to Asthma-related
Outcomes
Primary Outcome. Registry participants from
grade D neighborhoods reported a higher
prevalence of uncontrolled and/or severe
asthma, which overall fitted a monotonic
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Table 3. Registry Participant Demographics/Characteristics

Characteristics
Grade A Grade B Grade C Grade D P Value,

Test Statistic(n= 81) (n= 377) (n= 400) (n= 176)

Year of enrollment, median [IQR]*† 2014 2016 2016 2016 P= 0.009, x2 = 11.5
[2012, 2017] [2012, 2018] [2013, 2018] [2012, 2017]

Age, yr, median [IQR]*‡ 39 35 34 42 P= 0.014, x2 = 10.6
[26.5, 59] [26, 52] [26, 50.8] [30, 55]

Height, cm, median [IQR]* 168.3 165.1 167.3 167.1 P=0.179, x2 = 4.91
[160.1, 177.3] [160.0, 172.0] [160.0, 175.0] [160.6, 173.7]

Assigned female sex at birth, n/N (%)§ 55/81 293/377 291/400 132/176 P=0.205, x2 = 4.59
(68%) (78%) (73%) (75%)

Self-identified race|| P<0.001, x2 = 83.9

Asian or Indigenous peoples of Oceania, n/N (%)¶ 3/81 17/377 5/400 3/176 P= 0.027, x2= 8.85
(4%) (5%) (1%) (2%)

Black, n/N (%)§ 7/81 82/377 123/400 87/176 P<0.001, x2 = 62.3
(9%) (22%) (31%) (49%)

Indigenous peoples of North America, n/N (%)¶ 0/81 0/377 1/400 2/176 P=0.186, x2 = 5.71
(0%) (0%) (,1%) (1%)

White, n/N (%)§ 62/81 250/377 250/400 76/176 P<0.001, x2 = 36.3
(77%) (66%) (61%) (43%)

Some other race or no self-identification, n/N (%)¶ 4/81 9/377 11/400 2/176 P=0.317, x2 = 3.42
(5%) (2%) (3%) (1%)

Multiracial, n/N (%)§ 5/81 19/377 15/400 6/176 P=0.615, x2 = 1.80
(6%) (5%) (4%) (3%)

Hispanic or Latino ethnicity, n/N (%)¶ 4/81 16/377 18/400 4/176 P=0.591, x2 = 1.84
(5%) (4%) (5%) (2%)

Access to opportunity and capital, n/N (%)§ 49/74 189/362 188/391 73/173 P=0.004, x2 = 13.3
(66%) (52%) (48%) (42%)

Health insurance type, n/N (%)|| P<0.001, x2 = 37.7

Private 61/81 231/377 237/400 82/176
(75%) (61%) (59%) (47%)

Medicaid 6/81 72/377 93/400 63/176
(7%) (19%) (23%) (36%)

Medicare 3/81 19/377 16/400 12/176
(4%) (5%) (4%) (7%)

Uninsured 5/81 31/377 31/400 10/176
(6%) (8%) (8%) (6%)

Self-pay or other 6/81 25/377 23/400 9/176
(7%) (7%) (6%) (5%)

Educational attainment (some college or higher), n/N (%)§ 70/75 313/365 316/392 146/173 P= 0.028, x2= 9.10
(93%) (86%) (81%) (84%)

Current employment outside the home, n/N (%)§ 59/76 269/365 252/393 100/175 P= 0.018, x2= 10.0
(78%) (74%) (64%) (57%)

Known occupational risk, n/N (%)§ 8/76 19/365 15/393 12/175 P=0.084, x2 = 6.64
(11%) (5%) (4%) (7%)

10–20 pack-years smoking history, n/N (%)¶ 2/74 13/356 15/380 13/171 P=0.191, x2 = 5.35
(3%) (4%) (4%) (8%)

Early-onset asthma, n/N (%)§ 35/76 188/364 201/387 79/171 P=0.447, x2 = 2.66
(46%) (52%) (52%) (46%)

History of chronic rhinosinusitis with nasal polyps,
n/N (%)§

9/77 32/369 30/393 10/175 P=0.397, x2 = 2.97
(12%) (9%) (8%) (6%)

History of chronic rhinosinusitis without nasal polyps,
n/N (%)§

41/77 221/368 226/393 101/175 P=0.708, x2 = 1.39
(53%) (60%) (58%) (58%)

Family history of asthma, n/N (%)§ 42/77 220/364 216/384 100/170 P=0.616, x2 = 1.79
(55%) (60%) (56%) (59%)

Family history of allergies or hay fever, n/N (%)§ 57/77 245/361 263/384 115/171 P=0.734, x2 = 1.28
(74%) (68%) (68%) (67%)

Definition of abbreviation: IQR= interquartile range.
Bold font indicates statistical significance (after Bonferroni correction, if applicable). Italicized font indicates loss of statistical significance after
Bonferroni correction.
*P value (overall) calculated using the Kruskal-Wallis test.
†Grade A versus Grade C post hoc Dunn test: P=0.005, Z=23.34; grade A versus grade D post hoc Dunn test: P=0.045, Z=22.69.
‡Grade D versus grade C post hoc Dunn test: P=0.015, Z=3.03.
§P value (overall) calculated using the Pearson’s x2 test.
||P value (overall) calculated using nominal logistic regression.
¶P value (overall) calculated using Fisher’s exact test.
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trend increasing in prevalence from grades A
to D neighborhoods (Figure 4A).

Secondary Outcomes. CLINICAL. Registry
participants from grade D neighborhoods
reported the highest rates of exacerbation-
prone asthma and symptomatic asthma,
which demonstrated monotonic increasing
trends from grades A to D neighborhoods

(Figure 4B). Not surprisingly, the frequency
of missed (school or work) days because of
asthma (but not multiple asthma medication
boosts; P=0.017 . a; Z=2.40)
demonstrated a similar relationship
(Figure 4B).

ASTHMA MEDICATION. Despite this
evidence of increasing presence of poorly

controlled asthma andmore frequent daily
short-acting b-agonist use from grades A to
D, registry participants reported no parallel
trends for increasing use of add-on therapy
(Table E5).

COMORBID CONDITIONS AND

NONASTHMA PHARMACOLOGIC MANAGEMENT.
The prevalence of current diabetes trended
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higher from grades A to D neighborhoods
but not any other comorbid condition or the
pharmacologic management of any of
the comorbid conditions (Figure 4C,
Tables E6 and E7).

PHYSIOLOGIC/SPIROMETRY. Adjusting
spirometric values resulted in no departure
from regression assumptions. Study
population–normalized FEV1 and FVC
(but not FEV1/FVC; r = 0.03; P=0.339)
demonstrated significant monotonic trends,
decreasing with grade A to D directionality
(Figure 4D). Study population–normalized
FEV1 (r = 0.91 [0.90, 0.93]; P, 0.001) and
FVC (r = 0.89 [0.87, 0.91]; P, 0.001)
strongly correlated with predicted values
using the GLI equations for other/mixed race
individuals. Consequently, FEV1 and FVC

normalized using GLI equations for other/
mixed race resulted in the same decreasing
monotonic trend across HOLC grades
(Figure E7). Variation in reversibility, not
traditionally race normalized, also fitted a
monotonic trend, increasing from grades A
to D neighborhoods (Figure 4D).

Exploratory Outcomes. The prevalence
of current eczema (but not early-onset
asthma or current nasal allergies) trended
higher from grades A to D neighborhoods
(Figure 4E, Table 3, Table E6). There was no
increasing trend in identification of asthma
specialist care from grades A to D
neighborhoods (P=0.062; Z=21.87),
despite accumulating evidence for worsening
asthma control in the same grade A to D
direction. There was also a lower history of

allergen immunotherapy and/or anti-IgE
therapy (the only asthma biologic available
for the full enrollment period) in grade D
neighborhoods, which reflected either less
exposure to asthma specialist care (required
to implement both therapies) or less optimal
asthma care once referred (Figure 4E).

Covariate Adjustment. The described
relationships between HOLC grade and all
asthma-related outcomes persisted after
stepwise adjustment for age, then year of
enrollment, and finally access to opportunity
and capital (Table E8). P values for
spirometric volumes by HOLC grade were
not readjusted for age, because there was
initial population-based adjustment for age,
height, and sex assigned at birth.
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Figure 3. Comparison of area estimates of population size and percentage Black race based on asthma registry sampling (upper graph) and
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Stratified Analyses by
Self-identified Race
Primary Outcome within Each HOLC
Grade. No Black registry participant living in
a grade A neighborhood had uncontrolled
and/or severe asthma (n=0/7). In grade B
neighborhoods, Black andWhite (referent)
registry participants were not differentially at
risk for uncontrolled asthma (RR [95% CI],
1.41 [0.71, 2.79]; P= 0.323). However, Black
relative toWhite registry participants were at
a higher risk of uncontrolled and/or severe
asthma living in both grade C (RR [95% CI],
3.71 [2.11, 6.52]; P, 0.001) and grade D
neighborhoods (Figure 5A).

Environmental Indicators and Demo-
graphics/Characteristics in Grades C and D
Neighborhoods. Black comparedwithWhite
registry participants living in gradeD

neighborhoods experienced significantly
higher emission rates of filterable PM2.5, SO2,
andVOCs but not higher emitted COor
exposure to transportation-related pollution
proxies (active waterways, P=0.057; x2 =3.63;
railroad track density, P=0.003; Z=23.02)
(Table 4). Differences in neighborhood-level
pollution emissions were not observed
between Black andWhite registry participants
living in grade C neighborhoods (Table E9).
Although few demographic/characteristic
differences existed between Black andWhite
registry participants living in gradeD
neighborhoods, Black comparedwithWhite
registry participants living in grade C
neighborhoods were older and differed by
characteristics not addressed through covariate
adjustment (known occupational risk, family
history of allergies or hay fever) (Tables E10

and E11). Accordingly, subsequent analyses
focused exclusively on registry participants
living in gradeDneighborhoods.

Secondary and Exploratory Outcomes
in Grade D Neighborhoods. Supporting
clinically worse asthma, Black comparedwith
White registry participants in gradeD
neighborhoods reportedmore exacerbation-
prone asthma and greater daily short-acting
b-agonist use, but notmore symptomatic
asthma, and also exhibited lower study
population–normalized FEV1 and FVCwith
no difference in reversibility (or FEV1/FVC,
P=0.498; Z=0.68) (Figures 5A–5E). These
differences in FEV1 (GLI, P, 0.001;
Z=25.37) and FVC (GLI, P, 0.001;
Z=26.51) weremaintained usingGLI
equations for other/mixed race. Black
comparedwithWhite registry participants
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also reported a higher prevalence of current
eczema (Figure 5A). Despite similar rates of
identification of asthma specialist care (White,
16%; Black, 24%;P=0.212; x2 =1.56), Black
comparedwithWhite registry participants less
commonly reported receiving allergen
immunotherapy and/or anti-IgE therapy
(Figure 5A).

Discussion

Neighborhood context influences human
health and underpins many U.S. racial health
inequities (6). Investigators previously
reported relationships between historical/
HOLC redlining and worsening health,
including increased asthma-related

emergency department visits using broad
public health database studies (13, 16, 19–23).
Our well-characterized asthma
registry–derived study goes beyond
population-based approaches to demonstrate
that racism (rather than race), acting as an
overarching socioenvironmental risk factor,
appears to worsen asthmamorbidity
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Figure 5. Forest plot (relative risk [RR], 95% confidence interval [CI]) of categorical asthma-related outcomes (A) and Tukey plots of daily short-
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Table 4. Stratified Analysis: Comparison of Neighborhood Emissions among Black and White Registry Participants Living in
Grade D Neighborhoods

Nonnormalized Normalized to Average Emission Rate (over Study Period)

Black White
P Value,

Test Statistic Black White
P Value,

Test Statistic

CO* 1.46 0.02 P= 0.102, 0.91 ,0.01 P=0.134,
[0, 38.88] [0, 31.58] x2 = 2.67 [0, 0.98] [0, 0.91] x2 = 2.24

Filterable PM2.5* 1.01 ,0.01 P= 0.072, 0.75 <0.01 P=0.002,
[0, 1.65] [0, 1.64] x2 = 3.23 [0, 1.28] [0, 1.02] x2 = 9.26

SO2* 0.42 ,0.01 P= 0.262, 0.89 0.01 P=0.017,
[0, 2.44] [0, 0.58] x2 = 1.26 [0, 1.37] [0, 0.88] x2 = 5.72

VOCs* 9.51 0.47 P= 0.004, 0.94 0.06 P=0.047,
[0, 18.94] [0, 12.84] x2 = 8.31 [0, 1.09] [0, 0.98] x2 = 3.96

Definition of abbreviations: CO=carbon monoxide; PM2.5 =particulate matter ,2.5 mm; SO2= sulfur dioxide; VOCs= volatile organic
compounds.
Bold font indicates statistical significance. Data are presented as median [interquartile range] neighborhood emission rates (metric tons per
National Emissions Inventory year) of CO, filterable PM2.5, SO2, and VOCs.
*P value calculated with the median test.
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(andmortality) in Black people. Importantly,
drawing on our representative asthma
population resident in all four grades of
historical HOLC neighborhoods of a typical
postindustrial, Rust Belt county (Allegheny
County, Pennsylvania), we directly linked the
racist lending practices detailed.80 years
ago to the maintenance of poor
environmental quality present in the most
redlined/grade D neighborhoods today. This
link between these neighborhood
environmental inequities and institutional
racism further associated with the worst
asthma-related outcomes.

Previous studies predominately used
ecological modeling and/or providedminimal
matching clinical/physiologic data and patient
contextualization, preventing extrapolation to
the individual (13, 16, 19–23). In addition,
studies using poorly operationalized
outcomes (emergency department visits
without knowledge of steroid bursts) may
simply capture healthcare access or insurance
type rather than truly measure more severe
disease (27, 28). Analysis of data from a
broadly based yet comprehensive asthma
registry, unobtainable using a random-dialing
approach, in a population-stable Rust Belt city
such as Pittsburgh afforded a unique
opportunity to evaluate the long-term impact
of the racist policy of redlining on a common
disease (asthma). In fact, more than 90% of
registry participants underwent pre- and post-
bronchodilator pulmonary function testing at
the enrollment visit, contributing to the
detailed patient characterization. Thus, the
present study blends the best of convenience
methods and random community sampling
with the enhanced granularity of individual-
level matching registry data with extensive
contextualization, greatly extending the
scant literature describing the impact of
institutional racism on lung health.

Historical/HOLC redlining (institutional
racism) likely worsens health in many ways,
including producing and reinforcing
pollution inequity (7, 9, 11, 13–16).
Investigators have linked high PM2.5

exposure in particular to racial pollution
inequity, as reflected here in grade D
neighborhoods having the highest proportion
of Black registry participants coupled with
the disproportionate burden of pollution
exposure borne by Black registry participants
within grade D neighborhoods (2, 4). Air
pollution augments asthmatic structural
changes and type 2 inflammation,
reinforces IgE sensitization, disrupts skin
barriers to enhance allergen reactivity, and/

or dampens antiviral immunity, potentially
worsening asthma exacerbations (29–33).
Air pollution components can also
oxidatively damage airway epithelial cell
membranes (34). We linked greater
numbers of asthma exacerbations and
uncontrolled and/or severe asthma cases
within grade D neighborhood boundaries
to multiple indicators of poor
environmental quality, including the
highest emitted (filterable) and ambient
PM2.5 and waterway/shipping pollution
exposure. Correspondingly, investigators
have reported an association between
residential exposure to shipping pollution
and self-reported eczema among adults
with asthma (35). In our study, Black
registry participants from grade D
neighborhoods reported a higher
prevalence of current eczema, typically
associated with high serum IgE levels (36).
Whether this environmentally linked
increase in eczema contributes to the
higher serum IgE levels in Black compared
with White adults with asthma remains to
be determined (37).

Unsurprisingly, but consistent with a
persistent effect of redlining/institutional
racism, historical HOLC neighborhood
borders circumscribed communities in
modern-day Allegheny County pervaded by
racialized access to healthy environments
and wealth accumulation (7–10, 15).
Specifically, centroid-based neighborhood
analysis demonstrated a diffusion of
historical/HOLC redlining-associated
socioenvironmental effects as the distance
from grade D neighborhoods borders
increased (Figure E6, Table E2). Our data
suggest that preventing loans to people in
grade D neighborhoods limited residential
and nontoxic development and instead
promoted continued or increased industrial/
commercial development. Considering the
age of the study population, historical/HOLC
redlining could have both inter- and
transgenerational epigenetic consequences
that could have differentially increased severe
asthma risk of the current registry
participants (38, 39). Mechanisms could
include increasing in utero/early-life
environmental toxicant exposure during
critical pregnancy windows of the original/
subsequent generation subjected to HOLC
mortgage discrimination and/or influencing
personal SES and wealth acquisition for three
or four preceding generations (40, 41).
Although SES does not robustly contribute to
regional differences in pulmonary function,

low SES could constrain neighborhood
choice, creating barriers to pollution
avoidance over several generations (42).
Alternatively, racist covenants could have
similarly posed residential restrictions for
families (8, 17). Local sociopolitical factors
could further create contemporary pollution
hotspots within historically redlined
neighborhoods, reinforcing racial pollution
inequity (4, 5, 7–9, 11–13).

On the one hand, SES could modify
healthcare access through barriers related to
geographic accessibility, affordability, and
work absences/sick leave (among other
factors), subsequently contributing to poor
asthma control (6, 27). Our data, on the
other hand, suggest that registry participants
in grade D neighborhoods, especially Black
registry participants, receive lower asthma-
related healthcare quality after accessing
health care. This is demonstrated by less
evidence for severity-related up-titration of
medications and also less opportunity for
advanced care after referral, which may
reflect interpersonal bias between asthma
providers and patients (43, 44). Considering
the high proportion of grade D
neighborhood registry participants with
Medicaid coverage, which traditionally
confers easy access to specialty health care,
the differences in the experienced asthma-
related care in grade D neighborhoods raise
alarm.

Although biological and psychosocial/
psychological stressors could lead to the
worsened asthma-related outcomes through
poorly understood mechanisms among Black
adults, one must distinguish stress resulting
from racism, including generations of racial
housing/mortgage discrimination, from
traditionally pathologized forms of stress
(45). Conflating these promotes racial
gaslighting, normalizes racism, and likens
racism to a challenge that one should be able
to overcome in an empowering or positive
way, rather than attempting to reverse the
actual structural cause of the stress, as one
would with other environmental sources.

Our data support a substantial
contribution from higher exposures to
pollution to worsened asthma-related
outcomes, which could drive inter- or
transgenerational epigenetic effects (related
to racism-associated environmental
inequities) rather than genetic effects on
pulmonary function (38, 46). Reversibility, a
marker of asthma not traditionally subjected
to race normalization, also increased
according to HOLC grade for mortgage
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discrimination in association with poor air
quality. This supports environmental effects
on pulmonary function due to institutional
racism as compared with race-based effects.
Importantly, social norms and contexts
inform racial categories, which exhibit
dynamism and lack true biological meaning
(47, 48).

Current guidelines encourage using
GLI equations for spirometric
normalization by race or “race norming”
(26, 49). However, there is increasing
realization that race norming is
inappropriate. For example, the equations
used for Black individuals are derived
exclusively from U.S. Black/African
American individuals and poorly model
expected pulmonary function in non-U.S.
African populations (26, 50, 51).
Furthermore, these equations are based on
the assumption that Black people have
pulmonary function different from that of
age-, height-, and sex-matched White
people. Thus, using population-based race-
norming spirometric volumes continues to
uphold medical racism. When applied to
interpretation of threshold values, these
equations still accentuate racial health
inequity due to underdiagnosis and
undertreatment, potentially restricting
access to medical resources amongst Black
but not White patients and perhaps
partially explaining the lack of up-titration
of treatment/specialist care observed in this
study (47, 48). Finally, race norming
continues to ascribe biological value to race
using pseudoscientific and nonoperational
criteria, obfuscating the contribution of
racism and related environmental inequities
to lung health. In fact, nonnormalized data

are now reported to better represent clinical
disease than race-normalized values,
supporting the use of age, height, and sex
alone for spirometric normalization
(52–54). Asthma investigators, clinicians,
and health officials should consider
alternative methodologies, such as a lower
limit of normal obtained from population/
race-unadjusted quintiles or eliminating
race-based normalization.

Additional implementable action items
emerge from these data, which link both
environmental and health inequities to
overarching generations of institutional
racism. Micro-level interventions to address
these inequities, which ignore the macro-
level etiology, are not likely to improve
outcomes. Societal reparations to Black
communities, which close wealth gaps,
reallocate environmental autonomy, and
remediate pollution sources, could have
greater impact, improving lung volumes
through rising living standards over multiple
generations, as has been reported previously
(55, 56). Clinical efforts to enhance and
diversify referrals to asthma specialists,
prioritize community needs, engage in
antiracism, and eliminate race-based inequity
in asthma treatment could further improve
outcomes.

Limitations
Our study has some limitations, including
the lack of residential history and
information on social capital, transportation
andmobility challenges, and exposure to
violence (interpersonal, state sanctioned/
police) (27, 57–59). However, Allegheny
County, uniquely compared with other
metropolitan areas, has had low population

mobility and a regional topography
rendering neighborhoods geographically
distinct (10, 60). In addition, despite the Rust
Belt nature of Pittsburgh, the majority of the
people in the registry reported no additional
exposure to occupational threats,
strengthening the general environmental
impact of residential pollution exposure on
asthma that we observed. Despite small
sample sizes for Black registry participants in
grade A neighborhoods as well as the total
number of participants included in the
preplanned stratified analysis, our sampling
has a distribution similar to the
corresponding area in Allegheny County. Air
pollution travels across distance, and
emission measurements may not reflect
individual exposures. Finally, as with any
observational study, we cannot draw causal
conclusions. However, our study design
allowedmatching of geographic/residential
information with individual-level matching
clinical/physiologic data, generally superior
to previous, contextually limited ecological
studies.

Conclusion
In conclusion, we provide strong evidence
that historical HOLC grade D neighborhood
boundaries demarcate communities scarred
by institutional racism, including persistently
poor air quality and the worst asthma.
Recognizing the overarching impact of these
racism-based effects on worsening health
outcomes should lead to better ways to
improve them.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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