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Abstract

Purpose: Breast terminal duct lobular units (TDLUS) are the main source of breast cancer (BC)
precursors. Higher serum concentrations of hormones and growth factors have been linked to
increased TDLU numbers and elevated BC risk, with variable effects by menopausal status. We
assessed associations of circulating factors with breast histology among premenopausal women
using artificial intelligence (Al) and preliminarily tested whether parity modifies associations.

Methods: Pathology Al analysis was performed on 316 digital images of H&E-stained sections
of normal breast tissues from Komen Tissue Bank donors ages <45 years to assess 11 quantitative
metrics. Associations of circulating factors with Al metrics were assessed using regression
analyses, with inclusion of interaction terms to assess effect modification.

Results: Higher prolactin levels were related to larger TDLU area (p<0.001) and increased
presence of adipose tissue proximate to TDLUs (p<0.001), with less significant positive
associations for acini counts (p=0.012), dilated acini (p=0.043), capillary area (p=0.014), epithelial
area (p=0.007), and mononuclear cell counts (p=0.017). Testosterone levels were associated with
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increased TDLU counts (p<0.001), irrespective of parity, but associations differed by adipose
tissue content. Al data for TDLU counts generally agreed with prior visual assessments.

Conclusion: Among premenopausal women, serum hormone levels linked to BC risk were also
associated with quantitative features of normal breast tissue. These relationships were suggestively
modified by parity status and tissue composition. We conclude that the microanatomic features of
normal breast tissue may represent a marker of BC risk.
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Introduction

Breast terminal duct lobular units (TDLUS) are the site of milk production and the structures
from which most breast cancer (BC) precursors develop [1]. Among young women,

TDLU characteristics are strongly influenced by two involution processes: 1) postpartum
involution, a relatively rapid process characterized by cell death, inflammation and wound
healing, which occurs after weaning, and may increase BC risk [2-7] and 2) age-related
lobular involution, a gradual process, which may begin as early as the fourth decade of

life and is linked to lower BC risk [8-10]. Breast tissues of parous women contain greater
numbers of TDLUSs per unit area than nulliparas [10-12], but are comprised of epithelial
cells that express greater degrees of differentiation based on RNA expression [13]. The
sequential pattern of increase in numbers of lobules, postpartum involution and epithelial
differentiation associated with the pregnancy-lactation cycle may be linked to the dualistic
impact of childbirth on BC risk: transient increase, followed by later protection [13, 14].
Accordingly, we hypothesize that the association of circulating levels of hormones and
growth factors with normal breast histology may vary between recently parous women, who
have experienced postpartum involution, versus young nulliparous women, who have not.
Given that delayed age-related TDLU involution in benign breast disease (BBD) biopsies
has been associated with increased BC risk [8, 9], establishing associations of circulating
marker concentrations and TDLU involution levels may suggest that the latter provide
intermediate biomarkers of BC risk that reflect the integrated effects of numerous influences
over time [10]. Improving risk prediction among young women is a priority, given that
incidence rates of premenopausal BCs are rising and that delays in childbearing may
magnify transient increases in BC risk after a birth [14].

Circulating hormones and growth factors are among the best studied markers of
premenopausal BC risk. A pooled multivariate analysis of premenopausal women (767

BC cases diagnosed at ages < 50 years and 1699 controls) found modest associations of
increased circulating estrogens and androgens with increased BC risk of < 30%, whereas
luteal phase progesterone, sex-hormone binding globulin (SHBG) and calculated free
testosterone concentrations were not significant predictors of overall BC risk [15]. However,
luteal phase progesterone levels were associated with BC risk among nulliparas [15]. In

the largest study to date conducted within the UK Biobank, Tin et al. found that among
premenopausal women elevated IGF-1 was associated with minimally increased BC risk,
but results for testosterone and SHBG were null, whereas among postmenopausal women,
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positive risk relationships were found for testosterone and IGF-1 (estradiol was not assessed)
[16]. Prior pooled studies have found associations of increased estradiol and BC risk in
selected analyses of premenopausal women [15] and consistently among postmenopausal
women [17]. Studies also link prolactin levels to BC [18-20], but it is uncertain whether
associations vary by menopausal status and whether prolactin is an etiological factor or

a biomarker of undetected BC [20, 21]. Finally, a pooled analysis (4,790 BC cases and

9,428 controls) found that elevated IGF-1 was associated with higher premenopausal (and
postmenopausal) BC risk, albeit modestly [22].

Defining the relationships of premenopausal hormone levels to TDLU involution and to BC
risk is complex because of difficulties in accounting for the dramatic changes that occur
during pregnancy, lactation, and the postpartum period [2-5, 7] and challenges related to
accurately adjusting circulating hormone levels for menstrual dates. Specifically, menstrual
dates at blood donation are projected from the self-reported date of the last menstrual period
based on an idealized 28-day cycle. Given that irregular cycles are common among young
women and that hormone levels fluctuate dramatically from day to day of the cycle (i.e.,
peri-ovulatory estrogen spike and fluctuation in levels of luteal progesterone), even small
errors may impact analyses (challenges reviewed [16]). Further, whereas pregnancy mediates
TDLU expansion, postpartum involution and age-related involution reduce TDLU content
and re-shape the breast through different mechanisms.

Data related to measured circulating factors and TDLU involution are sparse, and based
largely on visual assessment, morphometry or broad categorical classifications [3, 23,

24]. Previously, we evaluated associations between the circulating factors above and

three visually assessed validated features of BC risk in normal breast tissues of 238
premenopausal donors to the Komen Tissue Bank (KTB): TDLU numbers, TDLU span,

and acini per TDLU, assessed visually as a categorical variable [23, 24]. Our results differed
by menopausal status for sex-steroid hormone levels. Among premenopausal women, we
observed that levels of estradiol, free estradiol, free testosterone and progesterone were
inversely associated with TDLU counts, whereas among postmenopausal women, estradiol
and testosterone were positively associated with TDLU counts [23]. Prolactin was positively
associated with TDLU counts among both premenopausal and postmenopausal women [23].
We also reported that higher IGF-1: IGFBP-3 ratios among premenopausal white women
were linked to increased TDLU counts and that higher postmenopausal IGFBP-3 was related
to lower TDLU counts among women of both races [24]. These data are consistent with
associations of hormone levels and premenopausal BC risk as reported in some, but not in
all studies [15, 20-22, 25-28].

Given that our prior analysis was limited by imprecision inherent in visual assessment

and categorization rather than continuous quantitation of features [24, 29], we re-evaluated
relationships of hormones and premenopausal breast histology using a newly developed
and validated pathology Atrtificial Intelligence (Al) method, which provide automated,
quantitative analysis of multiple breast morphologic features [29]. Herein, we assess
relationships of previously measured serum hormone and growth factor measurements with
11 quantitative pathology Al features to assess relationships overall, and preliminarily with
respect to modification by parity and other factors.
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The KTB is a unique resource that enrolls and acquires blood and normal breast tissue
samples from healthy volunteer subjects [30]. We analyzed breast tissues from 316
premenopausal KTB donors (44 parous and 272 nulliparous) enrolled from 2009-2018
with previously measured serum levels of estrogen, progesterone, testosterone, sex-steroid
hormone binding globulin (SHBG), IGF-1 and related IGFBP-3, as described in detail
elsewhere and available through the KTB [23]. The current analysis employed different
inclusion and exclusion criteria than in the earlier publication, hence sample sizes differ.
Herein, we excluded 28 women whose serum and tissue donations were >90 days after
the first day of their last period. Data from previously completed self-administered
questionnaires were evaluated, including age at donation, parity, ethnicity, race, body mass
index (BMI, expressed as Kg/m?), current smoking, current drinking, age at first period,
relative with breast/ovarian cancer, and number of days that have passed since first day of
last period. Among parous women, we also assessed: number of live births, time since last
birth, age at first birth, history of breastfeeding, and total months breastfeeding.

Pathology Al Analysis of Histology

Previously, we developed and validated automated pathology Al methods for analysis of
benign breast tissues, with particular attention to assessment of lobules [29]. We applied
this method to premenopausal KTB samples included herein. Features collected across the
entire tissue section included TDLU count and adipose tissue fraction; features assessed per
lobule were specified as: acini count, dilated acini, acini area, capillary area, epithelial area,
epithelial-stromal ratio, mononuclear cell count, proximal adipose tissue area, and TDLU
area. For TDLU level Al outcomes where there were multiple values for each subject, the
mean value was calculated for each subject and used in statistical analysis.

Continuous variables were summarized as median (or mean), minimum, and maximum.
Categorical variables were summarized as numbers and percentages. Associations of
hormone measures and IGF-1, IGF-1/IGFBP-3 molar ratio with Al outcomes were
examined using negative binomial regression models for count Al outcome variables (TDLU
count, acini count, dilated acini, mononuclear cell count) and linear regression models

for continuous Al outcome variables (adipose tissue fraction, acini area, capillary area,
epithelial area, epithelial-stromal ratio, proximal adipose tissue area, and TDLU area). For
negative binomial regression models, multiplicative effects on mean values of Al outcomes
were estimated along with 95% confidence intervals. For linear regression models, natural
logarithm and cube root data transformations of Al outcomes were applied to account for
distributional skewness as needed (see table footnotes), and additive effects on the mean
value of the given Al outcome were estimated along with 95% confidence intervals (CIs).
Hormone measures, IGF-1, and IGF-1/IGGBP-3 molar ratios were considered on the natural
logarithm scale in all regression analyses due to their skewed distributions.

Regression models were adjusted for pre-defined potential confounding variables as follows.
Models were first adjusted for age at donation and parity alone, and then were subsequently
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additionally adjusted for BMI, percent fat in the tissue section, race, and days since the
first day of last period (as both a linear and quadratic term). We assessed whether there
were interactions between parity and measured serum analytes versus Al outcomes using
multivariable linear regression models, adjusted for all of the aforementioned pre-defined
potential confounding variables. We also tested interactions of testosterone with percent
fat, BMI, and proximal adipose tissue area regarding associations with Al outcomes in
multivariable linear regression analysis adjusting for these same potential confounding
variables. We applied a Bonferroni correction for multiple testing separately for each group
of similar statistical tests, after which p-values <0.0045 were considered as statistically
significant given the 11 different Al outcomes that were evaluated. All statistical tests were
two-sided and were performed using SAS (version 9.4; SAS Institute, Inc., Cary, North
Carolina).

Characteristics of parous and nulliparous participants and donated breast tissues

Association

In descriptive analysis (Table 1), parous women were older (35 versus 23 years) and heavier
(BMLI: 27.4 versus 24.5) than nulliparas and more often had a positive family history of
breast or ovarian cancer (63.4% versus 48.2%). Compared with nulliparas, parous women
had higher circulating median levels of estrogen and lower levels of progesterone, prolactin,
SHBG and testosterone.

In further descriptive analyses (Table 2), parous women had higher TDLU counts and
capillary area, and greater proximity of TDLUSs to adipose tissue, but lower acini area and
smaller TDLU and epithelial areas. The ratio of epithelial to stromal area was lower in
parous women.

of hormone levels and Al pathology features

Compared with other circulating factors analyzed, prolactin showed the greatest number of
significant associations with Al features. In full multivariable analyses (adjusted for age,
parity, BMI, percentage fat in the tissue section, race, and days since the first day of the
last period), higher prolactin levels were related to increased proximity of adipose tissue

to TDLUs (p<0.001) and greater TDLU area (p<0.001), with similar nominally significant
(P<0.05) associations noted for TDLU counts (p=0.007), acini counts (p=0.012), dilated
acini (p=0.047), capillary area (p=0.015), epithelial area (p=0.007), and mononuclear cell
count (p=0.017) (Table 3). SHBG levels showed marginally significant associations with
TDLU counts (p=0.035) and capillary area (p=0.052) in full multivariable analyses, but
these findings were not statistically significant when correcting for multiple comparisons
(Supplemental Table 1). Levels of testosterone were associated with increased TDLU counts
in full multivariable analyses adjusting for confounding variables (p<0.001, Supplemental
Table 2). Levels of estrogen, progesterone, IGF-1/IGFBP-3 molar ratio, and IGF-1 did

not show statistically significant associations with histologic features in full multivariable
analysis (Supplemental Tables 3-6). We performed sensitivity analyses in which we
excluded 56 women who reported using oral contraceptives but associations between
hormone levels and pathology Al features remained similar.
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Exploratory interaction analyses of relationships of hormones and Al pathology features
by parity and other features

In exploratory multivariable interaction analyses, we first assessed whether associations
between hormone levels and pathology Al features were modified by parity status.

We observed a nominally significant interaction (p=0.032) between prolactin and parity
regarding the association with acini area, with a stronger positive correlation for parous
versus nulliparous women. We also noted a significant interaction (p=0.003, Figure

1) between progesterone and parity regarding association with TDLU area; although
associations between progesterone and TDLU area in the separate parous and nulliparous
groups themselves were not statistically significant, there was a stronger positive correlation
for the parous compared to nulliparous women.

We next evaluated interactions of testosterone with percent fat, BMI, and proximal
adipose tissue area regarding associations with Al features, and observed nominally
significant interactions between testosterone and both acini counts (p=0.038; stronger
positive correlation for women with a higher percent fat) and acini area (p=0.006; stronger
negative correlation for women with a higher percent fat).

Discussion

Our analysis demonstrates significant inverse relationships between prolactin levels and
several quantitative metrics of TDLU involution derived with Al methods in normal
breast tissues of premenopausal women. Higher testosterone concentrations were related
to higher TDLU counts, irrespective of parity, and SHBG showed marginally significant
positive associations with TDLU counts. Further, preliminary explorations of limited
statistical power suggest that relationships of hormone levels and breast histology may
differ by parity status or fat content of the breast. These results confirm previously
reported positive associations of prolactin with TDLU counts, as assessed visually among
premenopausal women, providing additional confirmation of our Al methods and findings
[23]; however, we did not confirm our prior finding that increased premenopausal estradiol
and progesterone levels were linked to reduced TDLU counts (discussed below). These
results extend our prior work by providing quantitation of additional histologic features

in relation to hormone levels. Further, these data raise the hypothesis that the effect of
circulating factors on BC risk may vary by parity and/or baseline breast histology.

In this analysis, increased prolactin levels were associated with higher levels of TDLU
counts and acini counts, TDLU area, dilated acini, capillary area, epithelial area, and
proximity to adipose tissue. Associations of prolactin levels with Al metrics were unaffected
by adjustment for multiple covariates, including percentage of fat in tissues, a surrogate

of mammographic density. Consistent with this result, a recent analysis found that
circulating prolactin levels were not associated with premenopausal percent mammographic
density, and also that prolactin and mammographic density measurements were related
independently to increased premenopausal BC risk [20]. In another report, prolactin levels
were linked to increased risk of postmenopausal BC, but unrelated to risk of premenopausal
BC [21], although an earlier analysis in this cohort had suggested an association [19]. A
meta-analysis of seven studies found an association of highest versus lowest circulating
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prolactin concentrations and increased BC risk for postmenopausal BC but not for
premenopausal BC and for hormone receptor positive BC, but not for hormone receptor
negative BC [31]. The positive association of prolactin levels and acini area in this analysis
was stronger among parous versus nulliparous women, albeit based on a small sample size.
Notably, women in this analysis were younger (median age 35 years), and parous women
were more recently pregnant (median time since birth 3.7 years) than in published analyses
of cohorts studying associations of circulating factors and BC risk.

The potential importance of prolactin in breast carcinogenesis remains controversial, despite
the importance of this hormone in breast development and lactation (reviewed [32, 33]).
Prolactin receptor is expressed in normal breast cells and BCs and prolactin signaling
cooperates with several oncogenic protein kinases. In cell lines, prolactin contributes to
increased proliferation and decreased apoptosis, suggesting the potential role of autocrine
and paracrine signaling in the development of BC, and in preclinical models, sustained
prolactin signaling is linked to BC development. Given that prolactin may be produced

by breast cells and adipocytes, concentrations in breast tissues could exceed those in the
blood. However, hyperprolactinemia (i.e., supraphysiological levels) has not been implicated
in increased BC risk nor are mutations in prolactin or its receptors linked to BC, although

a functional genetic variant in the receptor that mediates constitutive signaling has been
identified.

Elegant preclinical studies suggest that during pregnancy and lactation epithelial cells
bearing activated oncogenes may demonstrate aberrant persistent expression of prolactin
receptor, which inhibits physiologic apoptosis during postpartum involution, and increases
BC risk [34]. Thus, accumulation of mutant cells prior to pregnancy, levels of prolactin,
derived from endocrine and intramammary tissues, and expression of prolactin receptor may
interact to shape TDLU involution and potentially affect BC risk. The positive association
of prolactin with BC risk is supported by experimental studies demonstrating that prolactin
is related to increases in stem/progenitor cells and that crosstalk between prolactin and
sex-steroid hormone signaling may contribute to cancer development in model systems
[18]. We propose that evaluating the structure and function of normal breast tissues and
BC precursors in conjunction with measurement of serum factors might improve BC risk
assessment.

In our study, we found that testosterone levels were positively associated with number

of TDLUSs, regardless of parity; however, the mechanisms mediating this association

are unclear. Increased testosterone blood levels have been linked to increased BC risk

in some, but not all studies of premenopausal women, and more convincingly among
postmenopausal women [15, 26]. /n vitro, androgens reduce proliferation of ER-positive
BC cells, but androgens also represent starting materials for estrogen synthesis, which
increases postmenopausal BC risk [35]. Data suggest that necrotic adipocytes surrounded by
macrophages, referred to as crown-like structures, may be linked to increased aromatization
[36, 37] and elevated risk of incident BC [38]. Thus, the stronger positive association

of testosterone with TDLU counts and stronger negative association with acini area may
represent an effect of intracrinology (i.e., hormone metabolism within the breast). Androgen
receptor is expressed in normal breast (except during late pregnancy and lactation) and in all
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BC molecular subtypes, with variably reported impact on prognosis and treatment responses
[39].

The impact of progesterone on normal breast tissues and BC risk also remains controversial,
with inconsistencies between mechanistic studies, which suggest an increase in BC risk,
and epidemiological studies, which are generally null [27]. Further, both estrogen and
progesterone are converted to numerous metabolites, with potentially different effects on
risk and varying correlations of breast tissue and blood levels [28, 40, 41]. Our data suggest
the potential value of examining these associations further, stratified by parity status, and
possibly time since last birth, a factor which is not always collected and analyzed in
etiological studies.

Although estrogen, progesterone and IGF levels were not linked to Al histology features

in this study, these analyses were limited by statistical power and potential limitations in
extrapolating menstrual cycle dates from dates of last menstrual period, particularly among
women who do not have regular 28-day cycles (see above). In contrast to our prior analysis
using visual review and a different set of KTB samples, we did not find inverse associations
with estradiol and progesterone levels and TDLU counts, nor did we confirm marginally
significant positive associations of IGF-1:IGFBP-3 with TDLU counts. Herein, we found
strongest associations for prolactin and testosterone levels, factors which do not vary
substantially with menstrual dates, raising the possibility that adjusting for last menstrual
period is problematic when assessing hormone levels among cycling premenopausal women.
Further, a small breast sample may not always represent the status of normal breast tissue.
Given that histologic features likely integrate effects of multiple factors produced within the
breast or at other organ sites over prolonged periods, breast histology may offer a useful
biomarker of BC risk, especially among the more than one million women biopsied in the
U.S. annually. Further, as use of digital pathology expands, the ability to apply Al methods
in routine diagnostic practice will increase [42].

In conclusion, our analysis of normal breast tissues of premenopausal women provides
strong evidence that prolactin alters features of TDLUSs, with additional potential effects
of testosterone. Larger studies are needed to understand the hormonal etiology of early
onset BCs, particularly the role of prolactin, and to develop improved risk prediction and
prevention strategies.
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Refer to Web version on PubMed Central for supplementary material.
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