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Abstract

Background: Scant research has analyzed contemporary US cancer incidence rates in relation to historical redlining (ie, 1930s
US federally imposed residential segregation), implemented via the color-coded federal Home Owners’ Loan Corporation
(HOLC) maps. Methods: We analyzed Massachusetts Cancer Registry data for all patients with primary invasive breast cancer
(BC) diagnosed in 2005-2015 among women in the 28 Massachusetts municipalities with digitized 1930s HOLC maps.
Multilevel Poisson regression estimated BC incidence rate ratios (IRR), overall and by tumor estrogen receptor (ER-positive,
ER-negative) and progesterone receptor (PR-positive, PR-negative) status, in relation to HOLC grade and contemporary census
tract (CT) social characteristics. Results: Net of age and racialized group, the extremes of BC incidence were detected by
combinations of HOLC grade and contemporary CT racialized economic segregation. Compared with CTs with the best HOLC
grade (AþB) and most privileged contemporary characteristics (T1), for all, ER-positive and PR-positive BC, incidence was
highest in T1 and mixed HOLC grade CTs (eg, IRRERþ; Mixed-T1¼1.10, 95% confidence interval [CI]¼1.01 to 1.21) and lowest in
CTs with most concentrated racialized economic deprivation (T3) and no HOLC grade (eg, IRRERþ; No Grade-T3¼0.85, 95% CI ¼
0.75 to 0.95). For ER-negative and PR-negative BC, incidence was highest in CTs with the most contemporary deprivation,
but the best HOLC grade (eg, IRRER-; AþB-T3¼1.27, 95% CI ¼ 0.93 to 1.75) and lowest in T1 and worst HOLC-graded CTs (eg,
IRRER-; D-T1¼0.84, 95% CI ¼ 0.56 to 1.25). Conclusion: Breast cancer risk may be shaped by combined histories of redlining and
present-day CT characteristics.

Despite growing interest in the social determinants of cancer (1,2),
including contemporary residential segregation, scant research has
explored how cancer risk is shaped by historical redlining (ie, 1930s
US federally imposed residential segregation), implemented via the
color-coded federal Home Owners’ Loan Corporation (HOLC) maps.
These maps, produced for more than 200 cities, graded areas by
assessors’ evaluations of their mortgage credit worthiness, using 4
categories: A (HOLC designation “best”¼ green), B (HOLC designa-
tion “still desirable”¼blue), C (HOLC designation “definitely decli-
ning”¼yellow), and D (HOLC designation “hazardous”¼ red) (3,4).
These maps nationalized US residential segregation, simulta-
neously encouraging mortgage lending in predominantly White
and affluent neighborhoods (A, B) and discouraging investment in

neighborhoods whose residents were disproportionately low in-
come, foreign born, or people of color (C, D) (3,4).

Although considerable social science research has docu-
mented the long-lasting social impacts of redlining, a practice
not outlawed until the late 1960s (3-7), fewer than 15 studies
have investigated the contemporary health impacts of historical
redlining (8-15) of which only one has focused on cancer (12).
Two considerations suggest such research is warranted. First,
historical redlining has been shown to shape contemporary pat-
terns of racial segregation (3-7), which, in turn, is a well-
documented determinant of health, including cancer risk,
across the life course (2,16,17). Second, conceptually clarifying
and modeling these related, yet distinct, forms of structural
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racism—explicitly unjust policies (ie, redlining) and area-based
measures of their legacies (ie, contemporary residential segre-
gation)—and how they are interactively embodied is crucial for
understanding etiology, agency, and accountability related to
contemporary health inequities (18). For example, our recent
multicity study in Massachusetts, the first to examine HOLC
maps in relation to cancer, documented increased risk of late-
stage (vs early) breast cancer (BC) for women living in previously
redlined and yellow areas, overall and partially mediated by
present-day residential census tract (CT) segregation at the time
of diagnosis (12).

In this study, we examined the implications of historical red-
lining for contemporary inequities in breast cancer incidence,
overall and by hormone receptor status, using population-based
cancer registry data. We examined tumor estrogen receptor (ER)
and progesterone receptor (PR) status separately because the
expression of these biomarkers is relevant to BC treatment, pre-
dictive of prognosis, and varies by racialized group and socio-
economic position (19-22). Informed by ecosocial theory
(18,23,24), we hypothesized that potential pathways linking his-
torical redlining, contemporary CT characteristics, and BC inci-
dence by hormone receptor status could include social
exposures relevant to etiology and access to and quality of med-
ical treatment (25-31).

Methods

Study Population

The study base comprised all residents of Massachusetts living
in the 28 municipalities with HOLC maps who were diagnosed
with incident primary invasive BC (32) between January 1, 2005,
and December 31, 2015, and categorized by the cancer registry
as “female” (n¼ 60 173) (33) and the corresponding total popula-
tion of female residents of Massachusetts. We linearly interpo-
lated population denominators for 2005-2009 using 2000 (34)
and 2010 decennial census data (35) and additionally used 2010
decennial data and annual American Community Survey (ACS)
5-year estimates for 2011 to 2015 (eg, 2009-2013 centered in
2011) (36). This study was approved as exempt by the institu-
tional review boards of the Massachusetts Cancer Registry
(MCR), Harvard T.H. Chan School of Public Health (Protocol
IRB16-1325), and Massachusetts Institute of Technology
(Protocol 946302-3).

Individual Covariates

We obtained MCR data on patients’ age at diagnosis, racialized
group, tumor characteristics, country of birth, and residential
address at the time of diagnosis. Because CT-level, census-de-
fined, age-specific population denominator data on racialized
groups needed for estimating incidence rates (IRs) are available
only for selected, nonmutually exclusive groups (American
Indian or Alaska Native; Asian or Pacific Islander; Black;
Hispanic; White; White non-Hispanic; and a group the census
categorized as “Other”), we constructed matching categories
among patients and used White non-Hispanic as the referent
group (34,35). “Other” racialized group was defined in the MCR
as “some other known race” (information regarding a patient’s
racialized group could be abstracted from their medical records
but could not be assigned to one of the other available codes)
and in the census data as “some other race alone” (individuals
selected this category and none of the other available racial

categories). We categorized ductal or lobular (International
Classification of Diseases for Oncology 3 codes 8500-8543) vs other
histology (32); early (localized) vs late (regional or distant) stage
at diagnosis; and grade I, II, or III-IV. We employed data on
country of birth, by subregion (36), only in the descriptive tables,
because of its high missingness (45.0%). Per our data use agree-
ment with MCR, one author (PDW) geocoded residential
addresses using ArcGIS (version 10.4.1) while on-site at the MCR
(37) and appended solely the 2010 CT geocodes to our dataset,
which we used to link to HOLC grade and CT characteristics.
Only 1472 patients (2.4%) could not be geocoded to this level.

HOLC Grade

As described in detail in our recent article (12), we assigned
each of the 474 CTs in the 28 Massachusetts municipalities in-
cluded in 1930s HOLC maps (4) a HOLC grade (A, B, C, D, mixed,
no grade) based on the percentage of the CT’s land area in-
cluded in the 4 HOLC areas: A, B, C, or D for 297 CTs with at least
50% and less than or equal to 100% land area contained in that
HOLC area; mixed for 39 CTs with no HOLC area accounting for
at least 50% land area; no grade for 138 CTs with less than 50%
land area in HOLC-graded areas. Because only 5 CTs had an A
HOLC grade, we used the combination of the 2 most credit-
worthy grades (A and B; n¼ 43 CTs) as the referent group, re-
ferred to as AþB. Reflecting the racialized and particularly anti-
Black content of HOLC grades, HOLC notes for D-rated areas in
Massachusetts included such derogatory statements as
“Section south of the railroad is a slum area. Negro is concen-
trated around the West St. Station. The bulk of the two-family
houses are converted singles” (Everett, D3) (4).

CT Characteristics

To construct CT-level covariates for the 2005-2015 period (2010
normalized boundaries), we used 2000 decennial census data
(34) and ACS 5-year estimates centered in 2008-2015 to interpo-
late values for the years 2005-2007 (35). 2000 census data were
analyzed in SAS, version 9.4 (38). We constructed variables
reflecting the percentage of persons below the US federal pov-
erty line, percentage born outside the United States, and Index
of Concentration at the Extremes (ICE) measures for 1) eco-
nomic, 2) racial, 3) racialized economic, and 4) home ownership
polarization (39,40). ICE quantifies spatial social polarization
and ranges from -1 (everyone in the most deprived group) to 1
(everyone in the most privileged group) (Supplementary Table 1,
available online). The groups selected to reflect extreme privi-
lege and deprivation for these 4 measures, which we have used
in previous studies for cancer and other health outcomes
(11,12,28,40,41), were, respectively, 1) high- vs low-income
households, 2) persons categorized as White non-Hispanic vs
Black non-Hispanic, 3) White non-Hispanic persons in high-
income households vs Black persons (any ethnicity) in low-
income households, and 4) owner- vs renter-occupied housing.

Outcomes

We obtained data on patients’ hormone receptor status, coded
as ER- or PR-positive, ER or PR-negative, or borderline (42). Since
2010, tumors were coded as positive if at least 1% of cells
stained and negative if less than 1% of cells stained, with no al-
lowance for a borderline result. Before 2010, uniform cut points
were not employed, and tumors could be coded as borderline
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(eg, <5%: negative; 5%-19%: borderline; �20%: positive) (42,43).
We opted not to analyze data on human epidermal growth fac-
tor receptor 2 (HER2) because it was only available since 2010
(44). No data were available on molecular subtypes (45-47).

Statistical Analyses

We used R version 4.0.4 (48) to conduct all analyses, with all
tests of statistical significance being 2-sided. We descriptively
quantified the distribution of all variables, for patients and resi-
dents, including regarding missingness. Given evidence of col-
linearity between the contemporary CT measures
(Supplementary Methods, Supplementary Table 2, available on-
line), as expected, we included these variables in separate re-
gression models. We used multiple imputation using chained
equations to create 10 imputed cancer case datasets under the
missing-at-random assumption, including in the imputation
model of all variables in Table 1 except birthplace (49). We
grouped patients categorized as ER or PR borderline as missing
for imputation. Because results indicated nonlinear, nonmono-
tonic associations between the continuous CT variables and in-
cidence of each outcome, we employed 1) terciles for the ICE
measures (T1¼most concentrated privilege, T3¼most concen-
trated deprivation), based on the overall distribution (all
Massachusetts CTs, 2005-2015) for each measure; 2) cut points
closely mirroring quartiles of the overall distribution of the per-
cent foreign-born measure (<10%, 10%-19.9%, 20%-29.9%,
�30%); and 3) established poverty cut points (<5%, 5%-9.9%,
10%-19.9%, �20%) (50-52).

We computed directly age-standardized incidence rates (IR)
(per 100 000), using the US 2000 standard million population to
ensure comparability with other cancer registry data (53), with
analyses singly stratified by individual and CT characteristics.
We constructed 95% confidence intervals (CI) using the Dobson
method (54,55). We then used multilevel Poisson regression
models (random intercept for municipality) to estimate indi-
rectly age-standardized incidence rate ratios (IRR) and corre-
sponding 95% confidence intervals, using Massachusetts-wide,
age-specific reference IRs of each outcome (Supplementary
Table 3, available online).

We first fit univariate models. We then fit models including
racialized group membership and, singly, HOLC grade or ICE for
racialized economic polarization (terciles), as this CT variable
showed the steepest univariate BC incidence gradients. Finally,
we fit models with interaction terms for HOLC grade by ICE ter-
cile. We presented IRRs for all combinations of HOLC grade and
ICE tercile in relation to a common referent group: best HOLC
grade (AþB) and most privileged ICE tercile (T1). We examined
interaction on multiplicative and additive scales, using the rela-
tive excess risk because of interaction for the latter (56,57). All
analytic results were pooled using Rubin’s rules (58). We ran 3
sensitivity analyses using “ER-positive or PR-positive” vs “ER-
negative and PR-negative” as an outcome, excluding small
groups (aged younger than 15 years, American Indian or Alaska
Native), and subdividing no vs any A or B land area mixed CTs.
Results were similar to those reported here (available on
request).

Results

The 28 Massachusetts municipalities with digitized HOLC maps
contained 44.4% of Massachusetts total population in 1940 and
29.6% in 2005-2015 (Supplementary Table 4, available online)

and were clustered around the Greater Boston area (Figure 1).
The 474 CTs in these 28 municipalities comprised 32% of
Massachusetts’ 1478 CTs (2010 boundaries) and had more ad-
verse contemporary characteristics than Massachusetts CTs in
areas without HOLC maps (Supplementary Table 4, available
online). Among these 474 CTs, contemporary characteristics
exhibited a HOLC gradient with mixed and ungraded CTs in the
middle range (Figure 2).

Regarding the individual characteristics of women residents
and BC patients in the HOLC catchment area, 11.0% (14.1% of
residents) were categorized as Black (any ethnicity), 5.1% of
patients (13.2% of residents) as Hispanic, and 79.4% of patients
(64.2% of residents) as White non-Hispanic (Table 1). Of the
patients, 16.2% and 26.2% were categorized as ER-negative or
PR-negative, respectively. The proportion categorized as ER-
negative or PR-negative was highest among Black (27.6% ER-
negative; 37.7% PR-negative), followed by Hispanic patients
(20.0% ER-negative; 29.6% PR-negative), with 14.3% and 24.2% of
White non-Hispanic patients categorized as ER-negative and
PR-negative, respectively.

Patients and residents were unevenly distributed across CT
contexts (Table 1). Of the patients, 10.9% (14.2% of residents)
lived, at the time of diagnosis, in historically redlined areas;
21.5% of Black, 23.0% of Hispanic, and 8.6% of White non-
Hispanic patients resided in redlined areas; and 34.6% of
patients (42.9% of residents) lived in CTs with the most concen-
trated present-day racialized economic deprivation (ICE T3),
with 79.0% of Black, 70.6% of Hispanic, and 26.1% of White non-
Hispanic patients living in these T3 CTs. Compared with
patients living in CTs without HOLC maps, patients in HOLC-
graded areas were more often people of color and living in CTs
with more adverse characteristics (Table 2).

When analyzed singly in relation to BC incidence, directly
age-standardized IRs for all, ER-positive, and PR-positive BC
exhibited expected contemporary CT characteristic gradients:
highest IRs in most privileged CTs, lowest in most deprived CTs
(Table 3). IRs for PR-negative and ER-negative BC exhibited
weaker gradients and, in some cases for ER-negative BC, gra-
dients weakly in the opposite direction (eg, for ICE for racialized
economic polarization, IRERþ; T1¼ 128.40, 95% CI ¼ 124.69 to
132.19, and IRERþ; T3¼ 96.26, 95% CI ¼ 93.40 to 99.19; IRER-;

T1¼ 21.15, 95% CI ¼ 19.63 to 22.76, and IRER-; T3¼ 22.68, 95% CI ¼
21.28 to 24.14). When stratified singly by HOLC grade, the high-
est IRs for all BC outcomes occurred in mixed-grade CTs and the
lowest occurred in D-grade (redlined) CTs (eg, IRall BC;

mixed¼ 147.23, 95% CI ¼ 140.34 to 154.36; IRall BC; D¼ 118.48, 95%
CI ¼ 112.89 to 124.27) (Table 3). In indirectly age-standardized
multilevel Poisson models that newly adjusted for racialized
group membership, similar results were observed, with the
highest IRs for all outcomes occurring in mixed CTs and the
lowest IRs occurring in D-grade (all, ER-negative, PR-negative
BC) or C- and D-grade CTs (ER-positive, PR-positive BC) (Table 4).

In models including HOLC by ICE interactions (Table 4 and
Figures 3 and 4), the extremes of BC incidence were newly
detected by combinations of ICE tercile and HOLC grade, rather
than by ICE or HOLC singly. For all BC, ER-positive, and PR-posi-
tive BC, the highest IRs occurred in CTs with T1 ICE and mixed
HOLC grade (eg, IRRERþ; mixed-T1¼ 1.10, 95% CI ¼ 1.01 to 1.21)
(Figure 3) and the lowest (or similarly low, for all BC) occurred in
CTs with T3 ICE and no HOLC grade (eg, IRRERþ; no grade-T3¼ 0.85,
95% CI ¼ 0.75 to 0.95). For ER-negative and PR-negative BC, IRs
were highest (and similar) in CTs with more contemporary dep-
rivation, but the highest HOLC grade (AþB-T3, AþB-T2 for ER-
negative and AþB-T3 for PR-negative; eg, IRRER-; AþB-T3¼ 1.27,
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95% CI ¼ 0.93 to 1.75), as well as in mixed and no grade CTs, in
ways that varied by contemporary CT characteristics (mixed-T1,
no grade-T2, no grade-T3 for ER-negative and mixed-T1, no
grade-T2 for PR-negative BC). The lowest IRs were in CTs with
T1 ICE and the lowest HOLC grade (D-T1 for ER-negative and PR-
negative BC; eg, IRRER-; D-T1¼ 0.84, 95% CI ¼ 0.56 to 1.25) and sim-
ilarly low in D-T3 CTs for PR-negative BC.

Discussion

Results from our novel, exploratory study suggest that research
on breast cancer inequities, including by hormone receptor sta-
tus, would be strengthened by considering the impact of com-
bined histories of redlining and contemporary residential CT
characteristics. For all, ER-positive, and PR-positive BC, observed
IR extremes (highest in CTs with the most contemporary privi-
lege and mixed HOLC grade; lowest in CTs with most contempo-
rary deprivation and no HOLC grade) suggest contemporary

conditions may matter most, albeit modified by living in mixed
HOLC areas or areas that were primarily industrial, commercial,
or undeveloped and, thus, not assigned a HOLC grade in the
1930s (4). For ER-negative and PR-negative BC, evidence sug-
gests that areas with the highest IRs (CTs with most contempo-
rary deprivation and best HOLC grade) experienced a downward
trajectory in their socioeconomic privilege, whereas areas with
the lowest IRs (CTs with most contemporary privilege and worst
HOLC grade) experienced an upward trajectory. We likewise
found higher ER-negative and PR-negative BC incidence among
those in the mixed and ungraded HOLC areas, in ways that var-
ied by contemporary CT characteristics, again suggesting com-
bined histories matter.

The strengths and limitations of our study must be consid-
ered. Although we accounted for age and racialized group, we
lacked data on patients’ household- or individual-level socio-
economic position or lifetime residential history. Thus, we can-
not offer interpretations about the causal or mechanistic

Figure 1. HOLC grade (1937-1938) by ICE for racialized economic segregation tercile (2005-2015) trajectories for Massachusetts CTs (n¼ 474), 2010 boundaries, in munici-

palities (n¼28) with 1930s HOLC maps. HOLC grade operational definition: A/Green¼CTs whose land area is [(100% A) OR (�50% A and <100% A)]; B/Blue¼CTs whose

land area is [(100% B) OR (�50% B and <100% B)]; C/Yellow¼CTs whose land area is [(100% C) OR (�50% C and <100% C)]; D/Red ¼ CTs whose land area is [(100% D) OR

(�50% D and <100% D)]; Mixed ¼ no category with �50%; No grade assigned ¼ �50% of land area is unknown. CT ICE measures were calculated for each year in the

study period: 2005-2015. CT ICE measures are based on ACS 5-year annual estimates centered in the years 2008 (2006-2010), 2009 (2007-2011), 2010 (2008-2012), 2011

(2009-2013), 2012 (2010-2014), 2013 (2011-2015), 2014 (2012-2016), and 2015 (2013-2017). CT ICE measures for the years 2005-2007 are based on linear interpolation using

decennial census data for the year 2000 and the ACS 5-year estimate for 2008 (2006-2010) as anchors. For these maps, CTs were assigned to the ICE tercile they most

commonly (mode) were categorized as during the years in the study period. All decennial census and ACS data are normalized to 2010 CT boundaries. ACS ¼ American

Community Survey; CT ¼ census tract; HOLC ¼ Home Owners’ Loan Corporation; ICE ¼ Index of Concentration at the Extremes; M¼mixed; NG¼no grade; T1¼ tercile

1 (highest concentration non-Hispanic White high-income households); T2¼ tercile 2; T3¼ tercile 3.
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interaction of HOLC grade and ICE in relation to BC incidence
(56,57). Combined histories of redlining and segregation shape
selection processes into and out of neighborhoods (eg, in rela-
tion to socioeconomic position) as well as other complex, dy-
namic trajectories of people and areas (59,60) and,
consequently, cumulative exposure to contexts relevant to
breast cancer etiology. Furthermore, our estimates of additive
interaction are not readily interpretable because HOLC grade
and ICE tercile were variously protective across the BC types

(61). Results should be interpreted as suggestive of effect hetero-
geneity and, more broadly, as a starting point for analyzing how
HOLC grade and CT characteristics jointly shape present-day
health inequities. Our definition of HOLC grades (ie, �50% land
area) may dilute estimates for all, ER-positive, and PR-positive
BC—compared with what would have been observed using a
less stringent HOLC definition—if the excess risk associated
with living in mixed-T1 CTs was attributed to AþB-T1 CTs and
the reduced risk associated with no grade-T3 CTs was attributed

Figure 2. Boxplots of current CT characteristics (2005-2015; 2010 boundaries) by HOLC grade (1937-1938): 28 Massachusetts municipalities with HOLC maps (n¼474

CTs). Results for (A) percentage of persons living below the US federal poverty line, (B) percentage of persons foreign-born, (C) ICE for racialized segregation, (D) ICE for

economic segregation, (E) ICE for racialized economic segregation, and (F) ICE for home ownership. Each boxplot within each panel visualizes—in order of the features

arranged from the minimum to the maximum of the y-axis—the smallest value greater than the lower quartile minus 1.5 times the interquartile range, the lower quar-

tile, the median value (bold line), the mean value (asterisk), the upper quartile, and the largest value less than the upper quartile plus 1.5 times the interquartile range

for each variable. For each ICE variable, 1¼highest concentration of the most privileged group (100% of population); -1¼highest concentration of the most deprived

group (100% of population). HOLC grade operational definition: A/Green¼CTs whose land area is [(100% A) OR (�50% A and <100% A)]; B/Blue¼CTs whose land area is

[(100% B) OR (�50% B and <100% B)]; C/Yellow¼CTs whose land area is [(100% C) OR (�50% C and <100% C)]; D/Red ¼ CTs whose land area is [(100% D) OR (�50% D and

<100% D)]; Mixed ¼ no category with �50%; No grade assigned ¼ �50% of land area is unknown. CT ICE, poverty, and foreign-born measures were calculated for each

year in the study period: 2005-2015. CT measures are based on ACS 5-year annual estimates centered in the years 2008 (2006-2010), 2009 (2007-2011), 2010 (2008-2012),

2011 (2009-2013), 2012 (2010-2014), 2013 (2011-2015), 2014 (2012-2016), and 2015 (2013-2017). CT ICE measures for the years 2005-2007 are based on linear interpolation

using decennial census data for the year 2000 and the ACS 5-year estimate for 2008 (2006-2010) as anchors. All decennial census and ACS data are normalized to 2010

CT boundaries. ACS ¼ American Community Survey; CT ¼ census tract; HOLC¼Home Owners’ Loan Corporation; ICE¼ Index of Concentration at the Extremes.
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Figure 3. Incidence rate ratios and 95% confidence intervals, 2005-2015, of primary invasive breast cancer, overall and by tumor hormone receptor status, for combina-

tions of historical HOLC grade and contemporary ICE for racialized economic segregation tercile: imputed Massachusetts Cancer Registry (n¼ 15 689 patients) and de-

cennial Census and ACS data (n¼ 10 765 212 residents). Results for (A) all breast cancer combined, (B) ER-positive breast cancer, (C) PR-positive breast cancer, (D) ER-

negative breast cancer, and (E) PR-negative breast cancer. HOLC grade operational definition: A/Green¼CTs whose land area is [(100% A) OR (�50% A and <100% A)]; B/

Blue¼CTs whose land area is [(100% B) OR (�50% B and <100% B)]; C/Yellow¼CTs whose land area is [(100% C) OR (�50% C and <100% C)]; D/Red ¼ CTs whose land

area is [(100% D) OR (�50% D and <100% D)]; Mixed ¼ no category with �50%; No grade assigned ¼ �50% of land area is unknown. CT ICE measures were calculated for

each year in the study period: 2005-2015. CT measures are based on ACS 5-year annual estimates centered in the years 2008 (2006-2010), 2009 (2007-2011), 2010 (2008-

2012), 2011 (2009-2013), 2012 (2010-2014), 2013 (2011-2015), 2014 (2012-2016), and 2015 (2013-2017). CT ICE measures for the years 2005-2007 are based on linear interpo-

lation using decennial census data for the year 2000 and the ACS 5-year estimate for 2008 (2006-2010) as anchors. All decennial census and ACS data are normalized to

2010 CT boundaries. ACS ¼ American Community Survey; CI ¼ confidence interval; CT ¼ census tract; ER-¼estrogen receptor–negative breast cancer; ERþ¼estrogen

receptor–positive breast cancer; HOLC¼Home Owners’ Loan Corporation; ICE¼ Index of Concentration at the Extremes; M¼mixed; NG¼no grade; PR-¼progesterone

receptor–negative breast cancer; PRþ¼progesterone receptor–positive breast cancer; T1¼ tercile 1 (highest concentration non-Hispanic White high-income house-

holds); T2¼ tercile 2; T3¼ tercile 3.

Figure 4. Measures of multiplicative and additive interaction and 95% confidence intervals, 2005-2015, for interactions between historical HOLC grade and contempo-

rary ICE for racialized economic segregation tercile in relation to incidence rates of primary invasive breast cancer, overall and by tumor hormone receptor status: im-

puted Massachusetts Cancer Registry (n¼ 15 689 patients) and decennial Census and American Community Survey data (n¼10 765 212 residents). Results regarding (A)

multiplicative interaction and (B) additive interaction. HOLC grade operational definition: A/Green¼CTs whose land area is [(100% A) OR (�50% A and <100% A)]; B/

Blue¼CTs whose land area is [(100% B) OR (�50% B and <100% B)]; C/Yellow¼CTs whose land area is [(100% C) OR (�50% C and <100% C)]; D/Red ¼ CTs whose land

area is [(100% D) OR (�50% D and <100% D)]; Mixed ¼ no category with �50%; No grade assigned ¼ �50% of land area is unknown. CT ICE measures were calculated for

each year in the study period: 2005-2015. CT measures are based on ACS 5-year annual estimates centered in the years 2008 (2006-2010), 2009 (2007-2011), 2010 (2008-

2012), 2011 (2009-2013), 2012 (2010-2014), 2013 (2011-2015), 2014 (2012-2016), and 2015 (2013-2017). CT ICE measures for the years 2005-2007 are based on linear interpo-

lation using decennial census data for the year 2000 and the ACS 5-year estimate for 2008 (2006-2010) as anchors. All decennial census and ACS data are normalized to

2010 CT boundaries. ACS ¼ American Community Survey; CI ¼ confidence interval; CT ¼ census tract; ER¼estrogen receptor; HOLC¼Home Owners’ Loan Corporation;

ICE¼ Index of Concentration at the Extremes; M¼mixed; NG¼no grade; PR¼progesterone receptor RERI ¼ relative excess risk due to interaction; T1¼ tercile 1 (highest

concentration non-Hispanic White high-income households); T2¼ tercile 2; T3¼ tercile 3.
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to the C- and D-T3 CTs. Despite the strength of our multicity
analysis of HOLC maps, results cannot be generalized to the rest
of Massachusetts as these cities were geographically clustered
around Massachusetts’ largest city. Small numbers precluded
conducting analyses simultaneously stratified by racialized
group and hormone receptor status. Our study also did not ac-
count for spatial correlation among CTs or the available mar-
gins of error for ACS estimates. This is a focus of our ongoing
work (62).

Two lines of evidence lend credibility to our findings that the
combination of HOLC and current CT characteristics may shape
risk. First, research on subtype-specific BC incidence has
reported that for all BC, ER-positive, and PR-positive BC, the
highest IRs are most commonly linked to individual and con-
temporary area-based measures of racialized and/or economic
affluence (30,31,41,44,63-65). Moreover, for ER-negative and PR-
negative BC, IRs are highest among women with low educa-
tional attainment or income and US-born Black women (44,64-
66), but few have analyzed IR gradients by area-level character-
istics (30,31). Second, new studies provide suggestive evidence
regarding associations between historical redlining and in-
creased health risk, across a range of outcomes, including birth
outcomes, firearm injury, and our group’s study on cancer stage
at diagnosis (8-15). Still others show associations of historical
redlining with adverse contextual exposures (eg, urban heat
islands, alcohol retailers) that may shape health, including po-
tentially BC risk (67-72).

Our findings support calls for research investigating the con-
tinued health implications of historical redlining and, by exten-
sion, other historical, explicitly unjust policies, singly and
jointly with measures of present-day legacies of these policies
(18). Our novel results add impetus for analyses in other con-
texts and, ideally, that combine multiple cities to provide suffi-
cient sample sizes to do meaningful analyses by BC hormone
receptor status and stratified by racialized group. Evidence from
such research is highly relevant to ongoing policy debates re-
garding fair housing, economic development, and health equity
(eg, disparate impact remedies under the Fair Housing Act, Low-
Income Housing Tax Credits) (3,4,73) and civic discourse about
historical redlining and societal accountability for its harmful
impacts (eg, public exhibits, news articles, videos) (74-77).
Analysis of the intertwined histories of redlining, neighborhood
characteristics, and health indicates how theoretically and
methodologically rigorous epidemiologic research on structural
racism can produce needed evidence for understanding, rectify-
ing, and preventing health inequities.
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