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ABSTRACT

◥

Background: Manual qualitative and quantitative measures of
terminal duct lobular unit (TDLU) involution were previously
reported to be inversely associated with breast cancer risk. We
developed and applied a deep learning method to yield quantitative
measures of TDLU involution in normal breast tissue. We assessed
the associations of these automated measures with breast cancer risk
factors and risk.
Methods: We obtained eight quantitative measures from
whole slide images from a benign breast disease (BBD) nested
case–control study within the Nurses’ Health Studies (287 breast
cancer cases and 1,083 controls). Qualitative assessments of
TDLU involution were available for 177 cases and 857 controls.
The associations between risk factors and quantitative measures
among controls were assessed using analysis of covariance
adjusting for age. The relationship between each measure and
risk was evaluated using unconditional logistic regression,

Introduction
Terminal duct lobular units (TDLU) are the functional milkproducing structures of the breast that consist of an extralobular
terminal duct and a lobule composed of clusters of acini. TDLUs are
the origin of most breast cancer precursors and cancers (1–3). Puberty,
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adjusting for the matching factors, BBD subtypes, parity, and
menopausal status. Qualitative measures and breast cancer risk
were evaluated accounting for matching factors and BBD
subtypes.
Results: Menopausal status and parity were signiﬁcantly associated with all eight measures; select TDLU measures were associated with BBD histologic subtype, body mass index, and birth
index (P < 0.05). No measure was correlated with body size at ages
5–10 years, age at menarche, age at ﬁrst birth, or breastfeeding
history (P > 0.05). Neither quantitative nor qualitative measures
were associated with breast cancer risk.
Conclusions: Among Nurses’ Health Studies women diagnosed
with BBD, TDLU involution is not a biomarker of subsequent breast
cancer.
Impact: TDLU involution may not impact breast cancer risk as
previously thought.

pregnancy, lactation, and menopausal transition mark important
times of breast tissue alterations. TDLUs are traditionally assessed
qualitatively and classiﬁed into four lobule types: type 1 (least developed; <12 acini), type 2 (intermediate; 50 acini), type 3 (fully
developed; >80 acini), and type 4 (occurs during pregnancy and
lactation; ref. 4). TDLU involution is a natural phenomenon that
occurs with aging as lobules of types 2 and 3 regress to type 1. In
quantitative terms, TDLU involution is reﬂected by decreases in the
number and size of TDLUs, as well as the number of acini in the
breast (3).
Using qualitative assessment of TDLU involution, we and others
showed that among women with benign breast disease (BBD), those
with less TDLU involution had a higher risk of developing breast
cancer compared with those with increased involution (5, 6). The
manual assessment of TDLU involution is subjective and laborious,
and is a major bottleneck to studying TDLU involution in large
epidemiologic studies. Research groups subsequently developed more
quantitative and reliable measures (7–9).
In 2009, McKian and colleagues measured the number of acini per
lobule and lobular area in women diagnosed with BBD (85 patients
who developed breast cancer and 142 age-matched controls). The
number of acini per lobule and lobular area were inversely associated
with breast cancer risk, after adjusting for Gail model score, parity,
histology, and family history (8). In 2014, Figueroa and colleagues
developed three standardized measures of TDLU involution—number
of TDLUs per tissue area, median TDLU span, and the median number
of acini per TDLU (9). Their subsequent nested case–control study in
99 cases and 145 age-matched controls demonstrated that women in
the highest quartile of TDLU counts and TDLU span had higher breast
cancer risk compared with women in the lowest quartile, accounting
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for family history of breast cancer, menopausal hormone use, and
BBD severity (10). These semiquantitative measures were also associated with higher breast density in premenopausal Caucasian women (11) and postmenopausal Chinese women (12), and aggressive
breast cancer subtypes in Chinese (13) and Polish women (14).
Although these quantitative measures of TDLU involution developed
by Figueroa and colleagues were an improvement over qualitative
categories, they were considered semiquantitative as they still relied on
pathologists to conduct histologic assessment of the breast tissues and
acquire measurements.
In 2013, Rosebrock and colleagues pioneered a computational
method to quantify the number of acini in a TDLU using classical
medical imaging techniques (15). Their method was limited to images
that only contain one TDLU each, and not whole slide images (WSI)
with multiple TDLUs. In 2019, our group developed a fully automated
deep learning computational pathology method to segment TDLUs,
detect acini, and quantify TDLUs and acini on WSIs (7, 16). In this
article, we applied our automated method to the BBD nested case–
control study within the Nurses’ Health Study (NHS) and NHSII to
obtain quantitative TDLU involution measures for 287 cases and 1,083
controls. We then assessed the associations of these quantitative
measures with established breast cancer risk factors and subsequent
breast cancer risk. This study is one of the ﬁrst to apply an artiﬁcial
intelligence WSI analysis method to a large breast cancer epidemiologic study. The number of participants in this study is larger than
similar BBD nested case–control studies (8, 10).

Materials and Methods
Study population
The NHS was established in 1976 with 121,700 U.S. female registered
nurses ages 30–55 years. NHSII was established in 1989 with 116,429
nurses ages 25–42 years. NHS and NHSII participants completed baseline questionnaires that provided a medical history as well as extensive
information about demographic, lifestyle, reproductive, and dietary risk
factors for breast cancer (17). Participants provide updated information
biennially via follow-up questionnaires, and also report new diagnoses
of BBD or breast cancer. Participants who reported a diagnosis of BBD
were contacted for consent to obtain pathology records and tissue
specimens pertaining to the BBD lesion from the diagnosing hospital.
Participants who reported breast cancer were conﬁrmed via medical
record review, verbally by the participant, or via the cancer registry.
A nested case–control study of women with biopsy-conﬁrmed BBD
was created within the NHS and NHSII (5, 18–25). Cases were women
who reported a diagnosis of invasive breast cancer after the cohort
baseline (through 1998 for NHS, through 1999 for NHSII) and had
previously reported a BBD diagnosis (either prior to study entry or
after study baseline). Cases were excluded if the time between BBD and
breast cancer diagnosis was less than 6 months or if there was evidence
of carcinoma (invasive or in situ) during centralized histopathologic
review of the BBD lesion. Tumor estrogen receptor (ER) status was ﬁrst
obtained from centralized review of breast tissue microarrays; missing
data were supplemented from pathology reports. Controls were
women diagnosed with BBD who did not develop breast cancer. Cases
and controls were matched 1:4 on year of BBD diagnosis, age at breast
cancer diagnosis (index date for controls), and years between BBD and
breast cancer diagnosis (or index date). The study protocol was
approved by the institutional review boards of the Brigham and
Women’s Hospital and Harvard T.H. Chan School of Public Health
(Boston, MA), and those of participating registries as required.
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WSI acquisition
Hematoxylin and eosin (H&E) breast tissue slides were retrieved for
biopsy-conﬁrmed patients with BBD who gave permission to review
their biopsy records (18, 20, 21). H&E slides were available for 488
cases and 2,124 controls (i.e., full nested case–control study group) for
centralized pathology review (5, 18, 19). Within this group, a total of
3,836 slides were digitized into WSIs at 20  (n ¼ 234) or 40  (n ¼
3,602) magniﬁcation using the Panoramic SCAN 150 (3DHISTECH
Ltd). For women with good-quality slides, up to six slides from
different tissue blocks were digitized. H&E slides that could not be
digitized were due to poor quality, slides too thick to ﬁt into scanner,
and plastic mounting covers. Attempts to create new H&E slides were
not always possible due to missing (or returned to hospital) blocks, oldstyle blocks not created using tissue cassettes, or poor-quality blocks.
Quantifying TDLUs and acini
We previously published our deep learning computational pathology method that detects and quantiﬁes normal acini, segments and
quantiﬁes normal TDLUs, and segments adipose tissue (Fig. 1A and B;
refs. 7, 16). Brieﬂy, each task was developed using a separate U-Net
convolutional neural network architecture, and the networks were
integrated into a single automated method. A total of 92 WSIs were
annotated for normal acini, TDLU, and adipose tissue to train the
networks. The training images were annotated in reference to the
pathologic assessment criteria as described by Figueroa and colleagues (7, 9, 10, 16)—TDLUs with proliferative or metaplastic changes
were not annotated but remained as background; acini with elongated shapes, epithelial proliferation, apocrine metaplasia, or without lumina were also not annotated. We validated and reported that
the three standardized quantitative measures [established by Figueroa and colleagues (9)] when derived using our automated
method were highly correlated with manually acquired data in an
independent set of 40 WSIs (7).
We applied our method to the WSIs in this study. For each WSI, our
method computed: (i) total, adipose, and nonadipose tissue areas
(mm2); (ii) TDLU counts; (iii) TDLU area (mm2); (iv) TDLU span
(mm); and (v) number of acini per TDLU. Of 3,836 WSIs, 129 WSIs
from women who did not satisfy study inclusion criteria were excluded, 12 WSIs could not be assessed by the automated method because of
blurriness or artifacts, and 205 WSIs with fewer than six TDLUs were
removed because previous work reported that at least six TDLUs
should be evaluated to obtain reliable TDLU involution measures (8, 10, 14). Therefore, TDLU involution measures were obtained
from 3,490 WSIs representing 287 cases and 1,083 controls (total n ¼
1,370). Among these participants with quantitative data, cases were
diagnosed with breast cancer a median of 7.75 years after BBD
diagnoses (interquartile range, 4.42–11.92 years). Each participant
contributed between one and ﬁve WSIs (median, WSIs n ¼ 3).
Multiple WSIs for each participant were combined to obtain eight
TDLU involution measures: three standardized measures established
by Figueroa and colleagues (median TDLU span, TDLU counts per
nonadipose tissue area, and median acini counts per TDLU; Fig. 1C–E;
ref. 9) and ﬁve novel measures [median TDLU area, TDLU area as a
percentage of total tissue area (% TDLU area (total)), TDLU area as a
percentage of nonadipose tissue area (% TDLU area (nonadipose)),
acini counts per nonadipose tissue area, and median acini
density; Fig. 1F–I; Supplementary Table S1]. Acini density was
calculated by dividing the number of acini within a TDLU by its
TDLU area. Because the amount of adipose tissue is inversely correlated with TDLU counts (9, 10), TDLU and acini counts were adjusted
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Figure 1.
A panel of a region of a WSI describing our method and how the eight quantitative TDLU measures are calculated. A, A region of a WSI. B, Our computational
pathology method segments TDLUs (purple areas), detects acini (blue dots), and segments adipose tissue (yellow areas). Quantitative TDLU involution measures
investigated in this study consisted of the three standardized measures [median TDLU span (C), TDLU counts per nonadipose tissue area (D), and median acini counts
per TDLU (E)], and ﬁve novel measures [median TDLU area (F), total TDLU area as a percentage of tissue area and nonadipose tissue area (G), total number of acini
(detected in TDLUs) per nonadipose tissue area (H), and median acini density (I)].

by dividing by nonadipose tissue area. Acini counts per nonadipose
tissue area only included acini detected in TDLUs.
In Figueroa and colleagues, while the median TDLU spans and
median acini counts were restricted to WSIs with at least six TDLUS,
all WSIs were included when measuring TDLU counts (9, 10). We
found that the relationships between breast cancer risk factors or breast
cancer risk and TDLU counts/mm2 were highly similar regardless of
whether all WSIs were included or WSIs with less than six TDLUs were
excluded. For consistency, we computed all the TDLU measures in this
study by excluding WSIs with less than six TDLUs.
Qualitative assessment of TDLU involution by pathologists
In prior BBD analyses within the NHS and NHSII, breast lobules
were manually classiﬁed into type 1 (<12 acini), type 2 (50 acini), and
type 3 (80 acini; refs. 4, 5). The presence of any type 1 or any type 3
lobules in normal TDLUs as well as the predominant lobule type for
each participant were noted. Participants were grouped into three
qualitative categories: no type 1 lobules (i.e., minimal involution),
mixed lobule types (i.e., partial involution), and predominant type 1
and no type 3 lobules (i.e., complete involution; ref. 5). Among the
participants with automated quantitative data, 177 cases and 857
controls (total n ¼ 1,034) had accompanying qualitative TDLU
involution measurements.
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Breast cancer risk factors
The histologic type of the BBD lesion (nonproliferative, proliferative
without atypia, and atypical hyperplasia) was determined by central
pathology review. Participant body mass index (BMI), age at menarche, parity, age at ﬁrst birth, breastfeeding history, and menopausal
status were ascertained by the closest questionnaire prior to BBD
biopsy. Body sizes at ages 5 and 10 were reported by cohort participants
using a nine-level pictogram (Level 1 as leanest; ref. 23), and the mean
of the two reports was used to reﬂect childhood body size. Birth index, a
metric reﬂecting the timing and spacing of births, was calculated as
described previously (26). A higher birth index indicates a higher
number of births occurring at earlier ages.
Statistical analysis
Correlations between quantitative TDLU involution measures and
between involution measures and age at BBD biopsy were evaluated
among controls using Spearman rho. The relationships between
qualitative TDLU categories and age at BBD biopsy or quantitative
involution measures were evaluated among controls using the onesided Jonckheere–Terpstra test to determine an increasing or decreasing trend [PMCMR R package version 4.3 (27)]. The associations
between breast cancer risk factors and quantitative involution measures (natural log-transformed) among controls were assessed using
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analysis of covariance (ANCOVA) adjusting for age at BBD biopsy
[emmeans R package version 1.4.4 (28)].
Each quantitative measure was categorized into quartiles as deﬁned
by the distribution among the controls. The relationship between each
quantitative measure (in quartiles) and breast cancer risk was evaluated using unconditional logistic regression models accounting for the
matching factors to estimate ORs and 95% conﬁdence intervals (CI).
Unconditional logistic regression models were used because there were
incomplete matched case–control sets due to the inability to obtain
pathology records and/or slides for all selected cases and controls.
Model 1 adjusted for matching factors. Model 2 adjusted for matching
factors and BBD histologic subtypes. Model 3 adjusted for matching
factors, BBD histologic subtypes, parity, and menopausal status.
Analyses were also conducted by stratifying the participants according
to parity, menopausal status, or BBD histologic subtype.
Qualitative TDLU involution measures and breast cancer risk were
also evaluated using unconditional logistic regression models accounting for the matching factors (Model 1) and for matching factors and
BBD histologic subtypes (Model 2). The level of signiﬁcance used for
all statistical tests was P < 0.05. We did not adjust for multiple
comparisons. All statistical analyses were performed using R.

Results
Study population
The matching factors and BBD histopathologic subtypes of the 287
breast cancer cases and 1,083 controls with WSIs are shown in Table 1.
The majority of the participants were diagnosed with proliferative
breast disease without atypia. Cases were more likely to be diagnosed
with atypical hyperplasia than controls (27.5% vs. 14.3%). The mean
Table 1. Participants’ characteristics in this study.

N
Age at BBD biopsy
<40 years
40–49 years
50–59 years
≥60 years
Year of BBD biopsy
Before 1970
1970–1979
1980–1989
After 1989
Age at breast cancer
diagnosis/index date
<45 years
45–54 years
≥55 years
Years between BBD biopsy
and breast cancer
diagnosis/index date
0.5–4.9 years
5.0–9.9 years
10.0–14.9 years
≥15.0 years
BBD histologic subtype
Nonproliferative
Proliferative without atypia
Atypical hyperplasia

Cases, n (%)

Controls, n (%)

287

1,083

76 (26.5)
131 (45.6)
56 (19.5)
24 (8.4)

244 (22.5)
431 (39.8)
272 (25.1)
136 (12.6)

30 (10.4)
78 (27.2)
128 (44.6)
51 (17.8)

55 (5.1)
224 (20.7)
475 (43.9)
329 (30.4)

41 (14.3)
111 (38.7)
135 (47.0)

197 (18.2)
361 (33.3)
525 (48.5)

85 (29.6)
101 (35.2)
54 (18.8)
47 (16.4)

501 (46.3)
274 (25.3)
169 (15.6)
139 (12.8)

59 (20.6)
149 (51.9)
79 (27.5)

303 (28.0)
625 (57.7)
155 (14.3)

Abbreviation: BBD, benign breast disease.

AACRJournals.org

( SD) age at breast cancer diagnosis among cases was 53.9  8.6.
Among the 287 cases, 179 tumors were ERþ, 51 were ER, and 57 were
unknown.
Conﬁrming the inverse relationship between quantitative or
qualitative involution measures and age
We observed an inverse relationship between age at BBD biopsy and
TDLU involution among the 1,083 controls (Supplementary Fig. S1).
All eight quantitative measures were inversely correlated with age with
Spearman rho ranging from 0.42 for median TDLU area to 0.07 for
median acini density. The quantitative measures were signiﬁcantly
positively correlated with each other apart from median acini density,
which was inversely associated with median TDLU area (rho ¼ 0.17)
and median TDLU span (rho ¼ 0.31; Supplementary Fig. S1).
Qualitative assessment of TDLU involution by central pathology
review was available for 857 of 1,083 controls. One hundred and
fourteen participants were categorized as no type 1 lobules (i.e.,
minimal involution), 409 had mixed lobule types (i.e., partial
involution), and 334 had predominant type 1 and no type 3 lobules
(i.e., complete involution). Median age at BBD biopsy was higher
among women with no type 3 lobules than among women with no
type 1 lobules (Ptrend < 0.001; Fig. 2A). Medians of all eight
quantitative measures signiﬁcantly decreased across qualitative
categories of TDLU involution (all Ptrend < 0.001; Fig. 2B–I),
indicating good concordance between the automated method with
pathologists’ manual assessment.
Association of breast cancer risk factors and quantitative
measures among controls
Table 2 displays the age-adjusted means (95% CI) and the
ANCOVA P values of the associations between BBD histologic subtypes, body size, and reproductive breast cancer risk factors and the
quantitative measures of TDLU involution among the controls.
Women with proliferative BBD subtypes (with or without atypia)
appear to have less TDLU involution compared with controls with
nonproliferative subtypes as their breast tissues consisted of a greater
percentage of TDLUs (i.e., higher % TDLU area) and higher acini
counts/mm2 (P < 0.05); the remaining measures did not differ by BBD
subtype.
Breast tissue of women who reported a larger childhood body size
(Levels 1.5–2 and ≥2.5) had suggestively lower median acini counts
per TDLU (P ¼ 0.07), smaller median TDLU area (P ¼ 0.10), and a
lower percentage of TDLU area in total tissue (P ¼ 0.10) compared
with women with body sizes of 1 or 1.5 to 2 at ages 5–10 years. Women
with BMI ≥30 at the time of BBD biopsy had lower median acini
counts per TDLU compared with women with lower BMI (P ¼ 0.04).
BMI was not associated with the other seven measures (Table 2).
Parous women had less TDLU involution compared with nulliparous women. Parous women had higher TDLU counts/mm2, acini
counts/TDLU, median TDLU area, % TDLU area in total and nonadipose tissue, acini counts/mm2, and median acini density (all P <
0.05; Table 2). Results were similar when parous women were further
subdivided into women who had one birth (primiparous) and women
who had ≥2 births (multiparous). Both primiparous and multiparous
women had less TDLU involution compared with nulliparous women,
with multiparous women displaying the least amount of TDLU
involution (Supplementary Table S2). Parous women were also subdivided into women whose last birth was <20 years or ≥20 years prior
to BBD diagnosis. The observation of less TDLU involution in parous
women was mostly driven by women who had their last birth <20 years
prior to BBD diagnosis. The degree of TDLU involution in women who
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Figure 2.
TDLU involution was evaluated among 827 controls using qualitative categories: no type 1 lobules (n ¼ 114), mixed lobule types (n ¼ 409), and predominant type 1
and no type 3 lobules (n ¼ 334). TDLU involution was signiﬁcantly correlated with age at BBD biopsy (Ptrend < 0.001; A) and signiﬁcantly inversely correlated
with the eight quantitative measures derived from our automated method (Ptrend < 0.001; B–I).

had their last birth ≥20 years prior to BBD diagnosis still remained
higher than nulliparous women (Supplementary Table S2).
Women with a birth index ≤30 (i.e., fewer births at later ages) had
lower median acini counts (P ¼ 0.04) and acini density (P ¼ 0.01)
relative to women with higher birth indices; birth index was not
associated with the other measures (Table 2). Menopausal status
was associated with all eight measures after adjusting for age (P <
0.01). As expected, postmenopausal women had fewer TDLUs,
smaller TDLUs, and fewer acini in their breast tissues (i.e., more
involution) compared with premenopausal women (Table 2). These
eight measures were also selectively associated with age at menopause and/or elapsed time from menarche to menopause in post-
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menopausal women (Supplementary Table S3). No measures were
signiﬁcantly correlated with age of menarche, age at ﬁrst birth, or
breastfeeding.
TDLU involution measures and breast cancer risk
No quantitative TDLU involution metric was associated with
subsequent breast cancer risk in crude, BBD subtype–adjusted, or
BBD subtype, parity, and menopausal status–adjusted models (all
Ptrend > 0.05; Table 3; Supplementary Table S4). Results remained null
when stratiﬁed by parity (Supplementary Table S5), menopausal
status (Supplementary Table S6), or BBD histologic subtype (Supplementary Table S7). Polytomous logistic regression models assessed the
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Table 2. Quantitative TDLU measures and breast cancer risk factors among 1,083 controls.
n
Age at BBD biopsy
<40 years
244
40–49 years
431
50–59 years
272
≥60 years
136
P
BBD histologic subtype
Nonproliferative
303
Proliferative without atypia
625
Atypical hyperplasia
155
P
Body size at ages 5–10 years
Level 1
308
Level 1.5 to 2
276
Level ≥2.5
353
P
BMI (kg/m2)
<25
612
25 to <30
288
≥30
169
P
Age of menarche
≤12 years
515
13 years
317
≥14 years
246
P
Parity
Nulliparous
101
Parous
978
P
Age at ﬁrst birth among parous women
<25 years
535
25–29 years
347
≥30 years
99
P
Birth index among parous women
≤30
226
31–59
275
≥60
218
P
Breastfeeding among parous women
Never
390
<6 months
203
≥6 months
292
P
Menopausal status
Pre
667
Post
332
P

Age at BBD biopsy
<40 years
40–49 years
50–59 years
≥60 years
P

Median TDLU
span (mm)

TDLU
counts/mm2

Median acini
counts/TDLU

Median TDLU
area (mm2)

0.56 (0.55–0.58)
0.52 (0.51–0.53)
0.47 (0.45–0.48)
0.46 (0.44–0.47)
<0.001

0.48 (0.44–0.52)
0.49 (0.46–0.51)
0.43 (0.40–0.46)
0.38 (0.34–0.42)
<0.001

7.56 (7.11–8.04)
7.52 (7.18–7.87)
5.32 (5.02–5.64)
4.33 (3.99–4.71)
<0.001

0.11 (0.10–0.11)
0.09 (0.09–0.10)
0.07 (0.07–0.07)
0.07 (0.06–0.07)
<0.001

0.49 (0.48–0.51)
0.51 (0.50–0.52)
0.51 (0.50–0.53)
0.06

0.43 (0.40–0.46)
0.46 (0.44–0.48)
0.48 (0.44–0.53)
0.14

6.40 (6.05–6.78)
6.36 (6.12–6.62)
6.86 (6.33–7.43)
0.25

0.08 (0.08–0.09)
0.09 (0.08–0.09)
0.09 (0.08–0.10)
0.04

0.51 (0.50–0.53)
0.51 (0.50–0.52)
0.50 (0.49–0.51)
0.44

0.46 (0.43–0.49)
0.45 (0.42–0.48)
0.46 (0.44–0.49)
0.84

6.58 (6.22–6.97)
6.66 (6.27–7.07)
6.12 (5.80–6.45)
0.07

0.09 (0.08–0.09)
0.09 (0.08–0.09)
0.08 (0.08–0.09)
0.10

0.51 (0.50–0.52)
0.50 (0.49–0.52)
0.51 (0.49–0.52)
0.88

0.45 (0.43–0.47)
0.45 (0.42–0.48)
0.48 (0.44–0.52)
0.44

6.52 (6.26–6.78)
6.62 (6.24–7.01)
5.90 (5.47–6.36)
0.04

0.09 (0.08–0.09)
0.08 (0.08–0.09)
0.08 (0.08–0.09)
0.34

0.50 (0.49–0.51)
0.51 (0.50–0.52)
0.51 (0.50–0.53)
0.55

0.46 (0.44–0.49)
0.45 (0.42–0.48)
0.45 (0.42–0.49)
0.79

6.46 (6.19–6.75)
6.51 (6.16–6.88)
6.29 (5.91–6.70)
0.70

0.08 (0.08–0.09)
0.09 (0.08–0.09)
0.09 (0.08–0.09)
0.84

0.48 (0.46–0.51)
0.51 (0.50–0.52)
0.03

0.33 (0.30–0.38)
0.47 (0.45–0.49)
<0.001

5.20 (4.71–5.73)
6.58 (6.38–6.79)
<0.001

0.08 (0.07–0.08)
0.09 (0.08–0.09)
0.03

0.50 (0.49–0.51)
0.51 (0.50–0.52)
0.52 (0.50–0.54)
0.22

0.46 (0.44–0.49)
0.49 (0.46–0.52)
0.44 (0.39–0.50)
0.28

6.55 (6.28–6.83)
6.42 (6.10–6.76)
6.77 (6.14–7.46)
0.63

0.08 (0.08–0.09)
0.09 (0.08–0.09)
0.09 (0.08–0.10)
0.20

0.52 (0.50–0.53)
0.52 (0.50–0.53)
0.52 (0.50–0.53)
0.97

0.47 (0.43–0.51)
0.48 (0.45–0.52)
0.51 (0.47–0.56)
0.35

6.43 (5.99–6.91)
7.29 (6.86–7.74)
7.05 (6.56–7.58)
0.04

0.09 (0.08–0.10)
0.09 (0.09–0.10)
0.09 (0.08–0.09)
0.82

0.50 (0.49–0.51)
0.50 (0.49–0.52)
0.51 (0.50–0.53)
0.43

0.46 (0.43–0.49)
0.48 (0.44–0.52)
0.47 (0.44–0.51)
0.70

6.39 (6.09–6.70)
6.85 (6.41–7.32)
6.50 (6.15–6.88)
0.25

0.08 (0.08–0.09)
0.09 (0.08–0.09)
0.09 (0.08–0.09)
0.65

0.52 (0.51–0.53)
0.49 (0.47–0.50)
<0.01

0.49 (0.46–0.52)
0.39 (0.36–0.43)
<0.01

7.35 (7.03–7.68)
4.93 (4.59–5.29)
<0.001

0.09 (0.09–0.09)
0.08 (0.07–0.08)
<0.001

% TDLU area
(total)

% TDLU area
(nonadipose)

Acini counts/
mm2

Median acini
density

11.15 (9.95–12.50)
7.87 (7.22–8.57)
4.90 (4.39–5.45)
3.39 (2.91–3.95)
<0.001

13.08 (11.69–14.64)
9.64 (8.86–10.49)
6.19 (5.56–6.88)
4.45 (3.83–5.17)
<0.001

9.27 (8.21–10.46)
7.64 (6.97–8.37)
4.41 (3.93–4.95)
2.80 (2.38–3.29)
<0.001

80.88 (76.82–85.16)
90.92 (87.46–94.51)
83.00 (79.05–87.15)
73.01 (68.14–78.23)
<0.001

(Continued on the following page)
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Table 2. Quantitative TDLU measures and breast cancer risk factors among 1,083 controls. (Cont'd )
% TDLU area
(total)
BBD histologic subtype
Nonproliferative
4.99 (4.52–5.52)
Proliferative without atypia
7.59 (7.09–8.14)
Atypical hyperplasia
7.94 (6.90–9.15)
P
<0.001
Body size at ages 5–10 years
Level 1
7.45 (6.73–8.25)
Level 1.5–2
6.97 (6.26–7.75)
Level ≥2.5
6.41 (5.83–7.05)
P
0.10
BMI (kg/m2)
<25
6.84 (6.36–7.35)
25 to <30
6.85 (6.17–7.61)
≥30
6.49 (5.66–7.43)
P
0.78
Age of menarche
≤12 years
6.74 (6.24–7.29)
13 years
6.90 (6.25–7.63)
≥14 years
6.78 (6.06–7.59)
P
0.94
Parity
Nulliparous
4.41 (3.70–5.26)
Parous
7.10 (6.71–7.51)
P
<0.001
Age at ﬁrst birth among parous women
<25 years
6.64 (6.15–7.16)
25–29 years
7.51 (6.83–8.24)
≥30 years
6.89 (5.78–8.22)
P
0.13
Birth index among parous women
≤30
7.48 (6.60–8.48)
31–59
7.77 (7.00–8.63)
≥60
7.95 (7.01–9.02)
P
0.82
Breastfeeding among parous women
Never
6.71 (6.14–7.33)
<6 months
6.88 (6.09–7.78)
≥6 months
7.38 (6.67–8.18)
P
0.37
Menopausal Status
Pre
7.76 (7.16–8.42)
Post
5.40 (4.73–6.15)
P
<0.001

% TDLU area
(nonadipose)

Acini counts/
mm2

Median acini
density

6.26 (5.67–6.92)
9.31 (8.69–9.97)
9.71 (8.45–11.17)
<0.001

5.01 (4.49–5.58)
6.52 (6.04–7.03)
7.10 (6.09–8.28)
<0.001

87.47 (83.44–91.70)
82.51 (79.86–85.25)
84.80 (79.34–90.64)
0.13

9.16 (8.29–10.13)
8.49 (7.64–9.44)
7.98 (7.27–8.76)
0.14

6.66 (5.97–7.43)
6.15 (5.48–6.91)
5.82 (5.26–6.45)
0.21

84.80 (80.90–88.88)
83.78 (79.72–88.03)
83.00 (79.44–86.72)
0.81

8.34 (7.77–8.96)
8.46 (7.62–9.39)
8.28 (7.24–9.48)
0.96

6.10 (5.64–6.59)
6.36 (5.68–7.13)
5.73 (4.95–6.64)
0.54

83.86 (81.12–86.69)
87.02 (82.89–91.35)
80.77 (75.84–86.02)
0.18

8.33 (7.71–9.00)
8.53 (7.73–9.41)
8.31 (7.43–9.29)
0.92

6.13 (5.64–6.67)
6.24 (5.61–6.95)
5.94 (5.26–6.71)
0.83

85.23 (82.21–88.36)
84.30 (80.51–88.26)
81.53 (77.39–85.90)
0.39

5.44 (4.57–6.47)
8.75 (8.28–9.25)
<0.001

3.52 (2.92–4.25)
6.48 (6.10–6.88)
<0.001

73.92 (68.11–80.21)
85.33 (83.14–87.58)
<0.01

8.21 (7.62–8.85)
9.31 (8.48–10.21)
8.36 (7.03–9.94)
0.11

6.15 (5.67–6.66)
6.73 (6.09–7.45)
6.27 (5.19–7.56)
0.38

86.92 (83.92–90.04)
84.03 (80.44–87.79)
81.34 (74.95–88.28)
0.24

9.20 (8.14–10.41)
9.57 (8.63–10.61)
9.74 (8.61–11.03)
0.83

6.64 (5.79–7.61)
7.24 (6.46–8.12)
7.70 (6.71–8.84)
0.37

80.05 (75.45–84.92)
88.67 (84.38–93.18)
90.27 (85.04–95.81)
0.01

8.33 (7.64–9.09)
8.48 (7.51–9.57)
9.11 (8.23–10.07)
0.41

6.06 (5.51–6.66)
6.54 (5.74–7.46)
6.70 (6.01–7.48)
0.35

84.89 (81.52–88.41)
89.52 (84.62–94.69)
84.58 (80.70–88.64)
0.25

9.52 (8.78–10.31)
6.70 (5.89–7.63)
<0.001

7.49 (6.86–8.17)
4.13 (3.59–4.75)
<0.001

89.94 (86.64–93.35)
72.15 (67.93–76.63)
<0.001

Note: Data presented for age are means (95% CI). Data for other variables are presented as age-adjusted means (95% CI); age was adjusted as a continuous variable.
Bold text represents values of statistical signiﬁcance (P < 0.05).
Abbreviation: BBD, benign breast disease.

association between the quantitative TDLU involution measures and
risk of breast cancer deﬁned by tumor ER expression, and demonstrated no heterogeneity (Supplementary Table S8).
Qualitative categories of TDLU involution were also not associated
with breast cancer risk among the subset of women with both
quantitative and qualitative data (177 cases and 857 controls) or in
the full BBD nested case–control study (288 cases and 1,374
controls; Table 4). However, women with predominant lobule type
1 no type 3 had lower breast cancer risk than the combined categories
of women in the mixed type and no type 1 in the full BBD nested case–
control study (crude OR ¼ 0.72; 95% CI, 0.54–0.96). This association
attenuated after adjusting for BBD histologic subtypes (adjusted OR ¼
0.80; 95% CI, 0.59–1.07; Table 4).
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Discussion
In our nested case–control study within the NHS/NHSII, we applied
our automated method to WSIs and captured eight quantitative
measures of TDLU involution in normal tissue areas from BBD
biopsies. We veriﬁed our data by conﬁrming the inverse relationships
between automated quantitative measures and age at BBD biopsy, as
well as with qualitative categories of TDLU involution. We then
evaluated the association of these quantitative TDLU involution
measures with breast cancer risk factors and breast cancer risk. All
eight quantitative measures were signiﬁcantly higher (i.e., less involution) in parous women and premenopausal women; select measures
were associated with BBD histopathologic subtypes, BMI, and birth
index. Neither quantitative nor qualitative measures of TDLU
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Table 3. The association between automated TDLU measures and breast cancer risk was evaluated using unconditional logistic
regression models to estimate ORs and 95% CIs.

Median TDLU span
Cases/Controls, n
Model 1
Model 2
TDLU counts/mm2
Cases/Controls, n
Model 1
Model 2
Median acini counts/TDLU
Cases/Controls, n
Model 1
Model 2
Median TDLU area
Cases/Controls, n
Model 1
Model 2
% TDLU area (total)
Cases/Controls, n
Model 1
Model 2
% TDLU area (nonadipose)
Cases/Controls, n
Model 1
Model 2
Acini counts/mm2
Cases/Controls, n
Model 1
Model 2
Median acini density
Cases/Controls, n
Model 1
Model 2

Quartile 1

Quartile 2

Quartile 3

Quartile 4

Ptrend

65/271
Ref
Ref

72/270
1.07 (0.73–1.57)
0.94 (0.64–1.39)

73/271
0.98 (0.67–1.45)
0.92 (0.62–1.37)

77/271
0.96 (0.65–1.43)
0.89 (0.59–1.33)

0.75
0.56

67/271
Ref
Ref

73/270
1.10 (0.75–1.60)
1.04 (0.71–1.53)

71/271
1.06 (0.73–1.55)
0.96 (0.65–1.41)

76/271
1.17 (0.80–1.71)
1.15 (0.79–1.69)

0.45
0.49

26/121
Ref
Ref

79/348
1.02 (0.63–1.71)
0.94 (0.57–1.57)

89/311
1.21 (0.75–2.02)
1.00 (0.61–1.69)

93/303
1.19 (0.73–1.99)
1.05 (0.64–1.77)

0.40
0.59

58/271
Ref
Ref

78/270
1.29 (0.88–1.91)
1.15 (0.78–1.71)

66/271
0.99 (0.66–1.49)
0.87 (0.57–1.31)

85/271
1.19 (0.79–1.78)
1.10 (0.73–1.66)

0.72
0.90

58/271
Ref
Ref

82/270
1.34 (0.92–1.98)
1.15 (0.78–1.71)

63/271
0.99 (0.66–1.48)
0.86 (0.57–1.30)

84/271
1.18 (0.79–1.78)
1.04 (0.69–1.58)

0.82
0.90

58/271
Ref
Ref

87/270
1.42 (0.97–2.08)
1.23 (0.84–1.82)

57/271
0.89 (0.59–1.34)
0.80 (0.52–1.21)

85/271
1.22 (0.82–1.82)
1.10 (0.73–1.66)

0.81
0.98

64/271
Ref
Ref

71/270
1.09 (0.74–1.61)
0.98 (0.67–1.45)

69/271
0.99 (0.67–1.47)
0.86 (0.58–1.29)

83/271
1.10 (0.75–1.63)
1.03 (0.69–1.53)

0.72
0.83

57/271
Ref
Ref

89/270
1.59 (1.09–2.33)
1.54 (1.05–2.27)

61/271
1.08 (0.72–1.62)
1.05 (0.70–1.58)

80/271
1.33 (0.91–1.96)
1.36 (0.92–2.01)

0.49
0.41

Note: Each quantitative TDLU measure was categorized into quartiles as deﬁned by the distribution among the controls. Model 1 adjusted for matching factors. Model
2 adjusted for matching factors and BBD histologic subtypes. The median value for each quartile was included as a continuous variable in the unconditional logistic
regression for Model 1 and 2 to obtain the Ptrend value (Wald test).

Table 4. The association between manual qualitative TDLU categories and breast cancer risk was evaluated using unconditional logistic
regression models to estimate ORs and 95% CIs.
Cases/Controls n

Model 1

Model 2

Ref
1.25 (0.76–2.14)
0.95 (0.54–1.70)

Ref
1.15 (0.69–1.98)
0.95 (0.54–1.71)

116/523
61/334

Ref
0.79 (0.54–1.13)

Ref
0.84 (0.58–1.22)

Women in full BBD nested case–control study with qualitative data
No type 1 lobules
41/192
Mixed lobule types
151/640
Predominant type 1 and no type 3 lobules
96/542

Ref
1.17 (0.79–1.74)
0.82 (0.53–1.28)

Ref
1.09 (0.74–1.65)
0.86 (0.56–1.35)

Ref
0.72 (0.54–0.96)

Ref
0.80 (0.59–1.07)

Among women with both quantitative and qualitative data
No type 1 lobules
23/114
Mixed lobule types
93/409
Predominant type 1 and no type 3 lobules
61/334
No type 1 lobules or mixed lobule types
Predominant type 1 and no type 3 lobules

No type 1 lobules or mixed lobule types
Predominant type 1 and no type 3 lobules

192/832
96/542

Note: Model 1 adjusted for matching factors. Model 2 adjusted for matching factors and BBD histologic subtypes.
Abbreviation: BBD, benign breast disease.
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involution were associated with breast cancer risk in our study,
suggesting that among NHS/NHSII women diagnosed with BBD,
alterations in TDLU morphology is not a biomarker of subsequent
breast cancer.
TDLUs are the sites of origin for breast cancer (1–3). TDLU
involution was inversely associated with breast cancer risk in prior
studies (6, 8, 10). This reduction of risk is related to decreased breast
tissue cellularity that occurs with involution: decreased numbers and
size of TDLUs that can be measured using TDLU counts/mm2, median
TDLU span, median TDLU area, or TDLU area as a percentage of total
or nonadipose tissue, and the number of acini in the breast that can
be measured using median acini counts/TDLU, acini counts/mm2, or
median acini density. We did not observe a signiﬁcant association
between TDLU involution and breast cancer risk in this study. The
method of involution measurement (automated vs. manual) and the
type of measurement (quantitative vs. qualitative) may explain our
discordant ﬁndings from prior studies (6, 8, 10). Although our
automated method captured identical quantitative measures as
reported by McKian and colleagues (8) and Figuoera and colleagues (10), our method analyzed entire tissue sections with a median
of 76 TDLUs per WSI while the methods by McKian and colleagues (8)
and Figuoera and colleagues (10) involved manually selecting a ﬁxedsized region on the tissue that contained up to 10 normal TDLUs for
assessment. Data derived using our automated method were dependent on the ground truth images used to train our deep learning
networks and thus the pathologic assessment and annotation for our
training dataset may differ from the assessment conducted by McKain
and colleagues (8) and Figueroa and colleagues (10), even though when
establishing our automated method, our training images were annotated in reference to the pathologic assessment criteria as described by
Figueroa and colleagues (7, 9, 10, 16). Future collaborations are needed
to further evaluate the TDLU involution measures captured using our
automated method and breast cancer risk in normal, healthy women
without BBD as well as in ethnically diverse epidemiologic cohorts.
Two studies assessed qualitative measures of TDLU involution in
relation to breast cancer risk, including a prior study in the NHS/
NHSII (5, 6). Milanese and colleagues assessed TDLU involution as
none, partial, or complete involution in 8,736 women and observed
increased lobular involution to be associated with lower breast cancer
risk (6). Although the authors observed that ﬁve to six lobules were
adequate to assess the extent of involution and that one slide typically
had at least 12 lobules, it is unclear how many slides per woman were
assessed. Thus, the differences in the extent of assessment of involution
between Milanese and colleagues and this study may be contributing to
the discordant ﬁnding between our current study and theirs. Our prior
NHS/NHSII work assessed qualitative categories of TDLU involution
for 200 cases and 915 controls, and found a suggestive inverse
association with breast cancer risk in BBD subtype–adjusted models
(predominant type 1 vs. mixed or no type 1; adjusted OR ¼ 0.71; 95%
CI, 0.49–1.02; ref. 5). Our current analysis for the full BBD nested case–
control study included an additional 88 cases and 459 controls and
found a comparable suggestive but nonsigniﬁcant inverse association
with breast cancer (adjusted OR ¼ 0.80; 95% CI, 0.59–1.07). Collectively, the ﬁndings from our current and prior studies using both
quantitative and qualitative measures suggest that TDLU involution is,
at best, weakly associated with breast cancer risk within the NHS/
NHSII participants.
The association of TDLU involution with risk factors but not breast
cancer risk warrants caution when interpreting data with regards to
risk factors. In general, our data provided histopathologic evidence to
support epidemiologic ﬁndings. Figueroa and colleagues reported
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higher TDLU counts (i.e., less involution) in women with lower BMI,
parity, and younger age at ﬁrst birth (10). We observed similar ﬁndings
as Figueroa and colleagues albeit using different quantitative measurements. Most of the women in our control group consisted of younger
women of <50 years old (62.3%) and premenopausal women (61.6%).
Thus, our observation of higher acini counts (i.e., less TDLU involution) in women with lower BMI compared with women with higher
BMI is in line with higher premenopausal breast cancer risk in women
with BMI <25 compared with women with BMI ≥30 (29–31). Childbirth within the last 20 years had a pronounced effect on lobule
morphology, as it was signiﬁcantly inversely associated with TDLU
involution for all eight quantitative measures. Birth index which
summarizes age at ﬁrst childbirth, number of childbirths, and the
spacing between childbirths was also inversely associated with TDLU
involution. Together, these results may partly explain why parous
women who gave birth within 5 and 24 years prior have higher breast
cancer risk compared with nulliparous women (32).
We observed less TDLU involution in normal breast tissues of
women with proliferative lesions (with or without atypia) while
Figueroa and colleagues did not (10). The study by Figueroa and
colleagues may be underpowered to observe this phenomenon (without atypia n ¼ 90 and atypical hyperplasia n ¼ 19 in Figueroa and
colleagues vs. n ¼ 625 and n ¼ 155 in this study). However, our
additional analyses suggested that lesser degrees of TDLU involution
in women with proliferative lesions did not appear to inﬂuence their
breast cancer risk. As such, we speculate that in women diagnosed with
BBD, the molecular mechanisms associated with BBD or other underlying risk factors may have a greater inﬂuence on subsequent breast
cancer risk than alterations in lobule morphology.
The strengths of our study include the application of an innovative
automated method to assess TDLU involution in a large, wellestablished nested case–control study with detailed information on
breast cancer risk factors (5, 18, 20–23). This study’s sample size was
much larger than the two prior nested case–control studies from the
Mayo BBD Cohort (8, 10). Breast cancer cases were conﬁrmed through
review of medical records, and centralized pathology review of breast
specimens was conducted to conﬁrm and classify BBD. Our automated
method eliminated the need for manual microscopic evaluation of the
tissue, and captured TDLU measures for the entire tissue section
instead of a ﬁxed portion of the tissue. We corrected our quantitative
measures for adipose tissue, as TDLU counts are inversely correlated
with the amount of adipose tissue in the breast (9, 10). The null
association between quantitative TDLU involution measures and
breast cancer risk correlated with traditional qualitative assessment.
Our study had some limitations. Our ﬁndings were limited to White
women diagnosed with BBD. Women with ER breast cancers have
less TDLU involution compared with tumors that express hormone
receptors (14). The null association between TDLU involution and
breast cancer risk stratiﬁed by ER status in our study may be underpowered to observe that phenomenon. We were also underpowered to
evaluate the association of TDLU involution and breast cancer subtypes (13, 14), as well as mammographic density (11, 12), as mammogram data were only available for 105 women (7.5%) in this study.
In conclusion, our study showed some association between breast
cancer risk factors and quantitative TDLU involution measures.
Automated and manual assessments of TDLU involution in normal
tissue were not associated with breast cancer risk, suggesting that
molecular mechanisms of BBD or risk factors may have more inﬂuence
on subsequent breast cancer risk than TDLU morphology among
women diagnosed with BBD. Future work can include evaluating
automated TDLU involution measures and breast cancer risk in
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normal women without BBD or ethnically diverse epidemiologic
cohorts, and investigating the relationship between TDLU involution
and mammographic density or breast cancer subtypes.
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