
Ogony et al. Breast Cancer Research           (2022) 24:45  
https://doi.org/10.1186/s13058-022-01541-z

RESEARCH

Towards defining morphologic parameters 
of normal parous and nulliparous breast tissues 
by artificial intelligence
Joshua Ogony1†, Thomas de Bel2,3†, Derek C. Radisky4†, Jennifer Kachergus4, E. Aubrey Thompson4, 
Amy C. Degnim5, Kathryn J. Ruddy6, Tracy Hilton1, Melody Stallings‑Mann4, Celine Vachon7, Tanya L. Hoskin1, 
Michael G. Heckman1, Robert A. Vierkant1, Launia J. White1, Raymond M. Moore1, Jodi Carter8, 
Matthew Jensen1, Laura Pacheco‑Spann1, Jill E. Henry9, Anna Maria Storniolo9, Stacey J. Winham1, 
Jeroen van der Laak2,10† and Mark E. Sherman1,11*† 

Abstract 

Background:  Breast terminal duct lobular units (TDLUs), the source of most breast cancer (BC) precursors, are shaped 
by age-related involution, a gradual process, and postpartum involution (PPI), a dramatic inflammatory process that 
restores baseline microanatomy after weaning. Dysregulated PPI is implicated in the pathogenesis of postpartum BCs. 
We propose that assessment of TDLUs in the postpartum period may have value in risk estimation, but characteristics 
of these tissues in relation to epidemiological factors are incompletely described.

Methods:  Using validated Artificial Intelligence and morphometric methods, we analyzed digitized images of tissue 
sections of normal breast tissues stained with hematoxylin and eosin from donors ≤ 45 years from the Komen Tissue 
Bank (180 parous and 545 nulliparous). Metrics assessed by AI, included: TDLU count; adipose tissue fraction; mean 
acini count/TDLU; mean dilated acini; mean average acini area; mean “capillary” area; mean epithelial area; mean ratio 
of epithelial area versus intralobular stroma; mean mononuclear cell count (surrogate of immune cells); mean fat area 
proximate to TDLUs and TDLU area. We compared epidemiologic characteristics collected via questionnaire by parity 
status and race, using a Wilcoxon rank sum test or Fisher’s exact test. Histologic features were compared between 
nulliparous and parous women (overall and by time between last birth and donation [recent birth: ≤ 5 years versus 
remote birth: > 5 years]) using multivariable regression models.

Results:  Normal breast tissues of parous women contained significantly higher TDLU counts and acini counts, more 
frequent dilated acini, higher mononuclear cell counts in TDLUs and smaller acini area per TDLU than nulliparas (all 
multivariable analyses p < 0.001). Differences in TDLU counts and average acini size persisted for > 5 years postpartum, 
whereas increases in immune cells were most marked ≤ 5 years of a birth. Relationships were suggestively modified 
by several other factors, including demographic and reproductive characteristics, ethanol consumption and breast‑
feeding duration.
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Introduction
Breast terminal duct lobular units (TDLUs) are struc-
tures where breastmilk is produced and where most 
human breast cancer (BC) precursors arise (i.e., benign 
breast disease (BBD)) [1, 2]. TDLUs are comprised of 
acini and ducts lined by luminal epithelium and myoepi-
thelium, surrounded by stroma containing vessels and 
immune cells. Over the life course, TDLUs undergo 
dramatic alterations related to pregnancy, lactation, and 
postpartum involution (PPI) [3–7], a dramatic process 
that restores baseline morphology after weaning, and 
age-related involution, a gradual process that may begin 
as early as the fourth decade [8, 9]. PPI is associated with 
massive cell death and inflammation, which is superim-
posed on the proliferative changes of pregnancy, and is 
followed by wound healing and re-modeling to restore 
baseline breast architecture [3–7]. Preclinical, epidemio-
logical, and clinical studies implicate dysregulated PPI 
in the pathogenesis of clinically aggressive breast can-
cers developing in the postpartum period [3–7, 10–13]; 
consequently, defining morphologic characteristics of 
normal postpartum breast tissue and determining the 
associations of BC risk factors with these features may 
provide a useful reference for comparison with BBD 
biopsies performed for clinical diagnosis among young 
women. Previously, we have reported that higher levels 
of age-related involution of background TDLUs included 
in BBD biopsies is related to lower BC risk [14, 15]. We 
propose that by defining physiological changes in TDLUs 
during the postpartum period and comparing these fea-
tures with nulliparous women, we may be able to define 
features related to BC risk in future studies.

Most studies comparing the morphology of parous 
and nulliparous breast tissues have evaluated normal 
appearing TDLUs within clinical biopsies performed 
for indications (e.g., abnormal mammograms or BC), 
included limited epidemiological data and used visual 
assessment and/or basic morphometry to characterize 
tissues [6, 8, 14, 15]. To address this potential limitation, 
we applied two strategies: 1) we analyzed normal breast 
tissues donated for research (i.e., not removed to diag-
nose pathology) to the Komen Tissue Bank (KTB) [16], 
which collects extensive BC risk factor data from par-
ticipants and 2) we analyzed tissue histology using three 
independent methods: a validated automated pathology 

Artificial Intelligence (AI) method [17], visual assess-
ment, and morphometry [8, 15], thus providing a rig-
orous approach. Although diagnostic pathology relies 
mainly on visual qualitative assessments, rapid imple-
mentation of digital pathology into clinical practice offers 
opportunities to apply computational pathology meth-
ods to enhance diagnosis [18]. Accordingly, developing 
quantitative reference ranges for morphologic features, 
analogous to blood-based clinical tests, may have future 
importance [19].

Methods
Study population
KTB was established in 2007 to acquire questionnaires, 
blood, and normal breast tissues from consented volun-
teers [16]. Donors provide multiple breast tissue cores 
that are snap-frozen or fixed and paraffin-embedded. 
The KTB uses standardized tissue sampling and our 
previous analysis of samples (n = 50) demonstrated that 
adjusting for tissue area in images of hematoxylin and 
eosin (H&E)-stained sections does not impact conclu-
sions (unpublished). The KTB protocol was approved by 
the Institutional Review Board at Indiana University. The 
current project was also approved by the Mayo Clinic 
Institutional Review Board.

To compare histologic features of breast tissues of 
younger parous and nulliparous women, we obtained 
data for all 1,082 KTB donors enrolled from 2009 to 
2018 and aged ≤ 45  years at enrollment, including 801 
nulliparas and 281 parous women who had given birth 
within 10 years of tissue acquisition. We excluded women 
who did not self-identify as white or African American 
(29 parous, 96 nulliparous), women who were found to 
be above age 45 years at donation on further review (17 
parous, 52 nulliparous), women whose samples did not 
contain evaluable TDLUs (36 parous, 63 nulliparous), 
women with a history of cancer (9 parous, 11 nullipa-
rous), and women who had undergone an oophorec-
tomy (7 parous, 5 nulliparous). For 32 repeat donors (3 
parous and 29 nulliparous), only the first tissue dona-
tion was analyzed. The final sample set analyzed by AI 
and visual morphometry included 725 women, of whom 
180 were parous (149 white, 31 African American; mean 
age = 35 years) and 545 were nulliparous (479 Caucasian, 
66 African American; mean age = 25 years.

Conclusions:  Our study identified sustained expansion of TDLU numbers and reduced average acini area among 
parous versus nulliparous women and notable increases in immune responses within five years following childbirth. 
Further, we show that quantitative characteristics of normal breast samples vary with demographic features and BC 
risk factors.

Keywords:  Breast cancer, Involution, Postpartum, Risk, Epidemiology, Terminal duct lobular units
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Exposure assessment
Women completed self-administered BC risk factor 
questionnaires assessing age at donation, race, ethnic-
ity, age at first period, menopausal status, age at first 
birth, number of live births, any relatives with a history 
of breast/ovarian cancer, medical conditions, weight and 
height (assessed as body mass index (BMI) (Kg/m2)), 
smoking and ethanol consumption. A supplementary 
early life questionnaire assessing onset of puberty, dates 
of live births, and breastfeeding history (total months 
across all pregnancies) was collected https://​komen​tissu​
ebank.​iu.​edu/​donate-​tissue/​docs/​early-​life-​quest​ionna​
ire-​letter-​a071.​pdf.

Tissue analysis by AI and by visual review 
with morphometry
We applied previously validated automated AI meth-
ods to quantitate features related to scanned whole slide 
images (Aperio ScanScope XT Slide Scanner, Leica Bio-
systems) at 20X with resolution of 0.495 × 0.495   μm2 
per pixel or specific to TDLUs (Additional file 1: Fig. 1). 
Whole slide metrics assessed, included: TDLU count and 
adipose tissue fraction; TDLU-specific features, included: 
mean acini count/TDLU; mean dilated acini; mean aver-
age acini area; mean “capillary” area; mean epithelial area; 
mean ratio of epithelial area versus intralobular stroma; 
mean mononuclear cell count; mean fat area proximate 
to TDLUs and TDLU area. Mononuclear cell counts refer 
to all cells with small round nuclei, which may represent 
lymphocytes, plasma cells, macrophages, and less com-
mon immune cell types (e.g., mast cells). Previously, we 
found that our AI measurements agreed well with results 
of a four-member panel using a 6-tier classification of 
TDLU involution (unweighted kappa = 0.747 ± 0.01) 
(Additional file 1: Fig. 1) [17].

A trained reviewer (JO) independently assessed mor-
phometric features of TDLUs using a validated method 
[8, 15, 17]. We limited morphometric analysis to normal 
appearing TDLUs and excluded TDLUs showing subtle 
features of benign breast disease, represented mainly by 
dilatation of acini two- to three-fold or focal metaplastic 
or proliferative changes. Total normal TDLUs per section 
were counted and ≤ 10 TDLUs first encountered per sec-
tion in scanning were evaluated for acini number/TDLU 
scored categorically (1 = 1–9, 2 = 10–19, 3 = 20–29, 
4 = 30–39, 5 = 40–49, 6 =  > 50), and TDLU span in um 
[8, 15, 17]. Data were analyzed per participant as the 
mean acini counts/TDLU and median TDLU span. A 
pathologist (MES) masked to other data, assessed images 
that contained ≥ 5 TDLUs (147 parous and 381 nul-
liparous donors) for “TDLU inflammation”, subjectively 
assessed as hypercellularity versus surrounding TDLUs, 

plasma cells (present if ≥ 3 per section), and dilated acini. 
AI and morphometric features were highly correlated: 
TDLU counts (r = 0.84; p < 0.0001); acini counts (p = 0.80; 
p < 0.0001). AI mononuclear cell counts were associated 
with visual assessment of inflammation (mean/maxi-
mum counts per TDLU for inflamed:118.2/444.0 versus 
not inflamed: 82.0/233.5, respectively; both comparisons 
p < 0.001). Our AI method was not trained to identify 
plasma cells.

Statistical analysis
We compared epidemiologic characteristics between 
parous and nulliparous women, and between white and 
African American women, using a Wilcoxon rank sum 
test (continuous and ordinal variables) or Fisher’s exact 
test (categorical variables). Histologic features (assessed 
by AI or visually) were compared between nulliparous 
and parous women (overall and by time between last 
birth and donation [ recent birth: ≤ 5 years versus remote 
birth: > 5  years]) using multivariable regression models 
(linear regression, negative binomial regression, propor-
tional odds logistic regression, and binary logistic regres-
sion) appropriate to the nature of the specific histologic 
feature (continuous, count, ordinal or dichotomous, 
respectively; see table footnotes). Dichotomization at 
5  years was chosen to reflect peak postpartum BC risk 
[13]. We performed exploratory analysis to assess vari-
ability among women who donated ≤ 5 years of last birth. 
For linear regression models, data transformations were 
applied to account for distributional skewness as needed 
(see table footnotes), and additive effects on the mean 
value of the histologic feature (i.e., parous minus nul-
liparous) were estimated with 95% confidence intervals 
(CIs). For negative binomial regression models, multipli-
cative effects on mean values of histologic features were 
estimated with 95% CIs. For proportional odds logis-
tic regression models, odds ratios (ORs) and 95% CIs 
were estimated and are interpreted as the multiplicative 
increase in the odds of a higher category for parous ver-
sus nulliparous women. For logistic regression models, 
ORs and 95% CIs were estimated and are interpreted as 
the multiplicative increase in the odds of histologic fea-
tures among parous versus nulliparous women. Multivar-
iable models were initially adjusted for age at donation, 
and then further adjusted for any characteristic that dif-
fered between groups (p value < 0.15). Comparisons of AI 
features between white and African American women 
were made following this same multivariable regression 
analysis strategy. A Bonferroni correction for multiple 
testing was applied separately to AI analyses (11 tests, 
p values < 0.0045 considered as statistically significant) 
and for visual/morphometric assessments (6 tests, p val-
ues < 0.0083 considered as statistically significant).

https://komentissuebank.iu.edu/donate-tissue/docs/early-life-questionnaire-letter-a071.pdf
https://komentissuebank.iu.edu/donate-tissue/docs/early-life-questionnaire-letter-a071.pdf
https://komentissuebank.iu.edu/donate-tissue/docs/early-life-questionnaire-letter-a071.pdf
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We also performed exploratory analyses of deter-
minants of TDLU number, dilated acini and mononu-
clear cells count (AI) or inflammation (morphometry) 
separately among parous and nulliparous women using 
regression models and compared AI histologic features 
by race. For reference, analyses among parous women 
after Bonferroni correction would require p ≤ 0.0036 and 
among nulliparas, p ≤ 0.0056 to achieve statistical signifi-
cance. All statistical tests were two-sided and were per-
formed using SAS (version 9.4; SAS Institute, Inc., Cary, 
North Carolina).

Results
Characteristics of KTB breast tissue donors
Participants included 545 nulliparous and 180 parous 
women, of whom 103 had their most recent birth within 
5 years and 77 more than 5 years previously (median time 
since birth of 4  years). Characteristics are presented in 
Table 1. Compared with nulliparas, parous women were 
older (median 35 years versus 25 years; p < 0.001), more 

frequently reported any family history of breast/ovar-
ian cancer (61.9% vs 49.3%, p = 0.006) and were margin-
ally heavier (median BMI of 27.0 versus 25.4; p = 0.062). 
Compared with white women, African American donors 
were older (median age of 33 versus 27 years (p < 0.001)), 
heavier (median BMI = 31.6 versus 25.1 kg/m2; p < 0.001), 
reported less frequent ethanol use (59.8% versus 73.9%; 
p = 0.005); earlier age at menarche (p < 0.001), and, 
among parous women, longer interval from birth to 
donation (median 6.0 versus 3.7 years; p = 0.012) (Addi-
tional file 1: Table 1).

Comparison of breast tissues of parous versus nulliparous 
women
AI analyses revealed that tissues of parous women 
contained significantly higher TDLU counts and 
acini counts, more frequent dilated acini, higher 
mononuclear cell counts in TDLUs and smaller 
acini area per TDLU than nulliparas (all multivari-
able analyses p < 0.001; significant after multiple 

Table 1  Comparisons of characteristics between parous and nulliparous women

The sample median (minimum, maximum) is given for continuous variables. p values result from a Wilcoxon rank sum test (continuous variables) or Fisher’s exact test 
(categorical variables)

Variable N Parous women (N = 180) N Nulliparous women 
(N = 545)

p value

Age of donation (years) 180 35 (22, 45) 545 25 (18, 45)  < 0.001

Ethnicity (Hispanic/Latino) 180 13 (7.2%) 544 39 (7.2%) 1.00

Race 180 545 0.10

 Caucasian 149 (82.8%) 479 (87.9%)

 African American 31 (17.2%) 66 (12.1%)

BMI 180 27.0 (14.3, 62.9) 545 25.4 (13.3, 63.2) 0.062

Current smoking 166 5 (3.0%) 530 31 (5.8%) 0.17

Current drinking 179 125 (69.8%) 542 394 (72.7%) 0.50

Age at first period (years) 180 12.5 (8, 19) 545 12 (8, 18) 0.44

Menstrual status 180 544 0.82

 Pre-menopausal 173 (96.1%) 525 (96.5%)

 Post-menopausal 4 (2.2%) 11 (2.0%)

 Uterine ablation 3 (1.7%) 8 (1.5%)

Number of live births 180 N/A N/A N/A

 1 61 (33.9%)

 2 83 (46.1%)

 3 31 (17.2%)

 4 4 (2.2%)

 5 1 (0.6%)

Time since last birth (years) 180 4.0 (0.1, 11.0) N/A N/A N/A

Age at first birth (years) 180 28 (16, 41) N/A N/A N/A

History of breastfeeding 180 156 (86.7%) N/A N/A N/A

 Total months breastfeeding 156 9 (1, 90) N/A N/A N/A

Total months breastfeeding (with no breastfeed‑
ing considered to be 0 months)

180 6 (0, 90) N/A N/A N/A

Relative with breast/ovarian cancer 168 104 (61.9%) 511 252 (49.3%) 0.006
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comparison adjustment) (Table  2). Using visual mor-
phometric assessment, parous women had significantly 
higher TDLU counts (p < 0.001), and suggestively, but 
non-significantly increased plasma cells (p = 0.20) and 
inflammation (p = 0.14) (Additional file  1: Table  2). 
Associations remained after adjusting for age and other 
potential confounding variables.

We performed additional analysis stratifying data 
for parous women as ≤ 5 versus > 5  years postpartum. 
Irrespective of postpartum interval (i.e., time from 
most recent birth to donation), AI analysis showed 
that TDLU counts were higher and acinar area smaller 
among parous women compared to nulliparous 
women. In contrast, only specimens obtained within 
5 years of childbirth showed higher mean acini counts 

(multiplicative effect on mean: 1.91, 95% CI = 1.60–
2.28; p < 0.001), more frequent dilated acini (multiplica-
tive effect on mean: 2.07, 95% CI = 1.59–2.70; p < 0.001) 
and increased mononuclear cells in TDLUs (multiplica-
tive effect on mean: 1.82, 95% CI = 1.54–2.14; p < 0.001) 
compared with those from nulliparas (Fig.  1; Table  3). 
Similarly, visual analysis confirmed the AI findings 
above regarding a statistically significant increase in 
TDLU counts among parous versus nulliparous women, 
irrespective of the interval from birth to donation, and 
increased mononuclear cells in TDLUS only in sam-
ples obtained within 5  years of a birth (surrogate for 
all types of immune cells) (Additional file  1: Fig.  2). 
To assess AI changes evolving over the first 5  years 

Table 2  AI data for parous versus nulliparous women

CI = confidence interval; adp = adipose; avg = average; cap = capillary; epi = epithelial; TDLU = terminal duct lobular unit
a Negative binomial regression models were used for comparisons between parous and nulliparous women; multiplicative effects on the mean and 95% CIs were 
estimated and are interpreted as the multiplicative effect on the mean outcome value
b Linear regression models were used for comparisons between parous and nulliparous women; additive effects on the mean and 95% CIs were estimated and are 
interpreted as the additive effect on the mean outcome value (on the natural logarithm scale for mean avg acini, mean cap size, mean epi size, and mean TDLU size, 
and on the cube root scale for mean nearby fat)
c Multivariable models were adjusted for age as well as any variable that differed between parous and nulliparous women with a p value < 0.15. p values < 0.0045 are 
considered as statistically significant after applying a Bonferroni correction for multiple testing
d P-values < 0.0045 are considered as statistically significant after applying a Bonferroni correction for multiple testing

Outcome Parous women 
(N = 180)

Nulliparous women 
(N = 545)

Association 
measure

Comparison between parous women and nulliparous 
women (reference group)

Age-adjusted analysis Adjusting for age, race, 
BMI, percent fat, and 
relative with breast or 
ovarian cancerd

N Mean (min, max) N Mean (min, max) Estimate (95% 
CI)

p value Estimate (95% 
CI)

p value

TDLU counta 180 17 (0, 186) 545 15 (0, 121) Multiplicative 
effect on mean

1.58 (1.30, 1.92)  < 0.001 1.38 (1.15, 1.67)  < 0.001

Adp tissue fracb 180 0.53 (0.03, 0.95) 545 0.46 (0.02, 0.95) Additive effect on 
mean

− 0.01 (− 0.06, 
0.04)

0.66 0.01 (− 0.01, 0.04) 0.27

Mean acini counta 177 35 (4, 301) 522 26 (3, 195) Multiplicative 
effect on mean

1.66 (1.43, 1.93)  < 0.001 1.60 (1.38, 1.86)  < 0.001

Dilated acini 177 2 (0, 69) 522 1 (0, 10) Multiplicative 
effect on mean

1.78 (1.43, 2.23)  < 0.001 1.70 (1.35, 2.15)  < 0.001

Mean avg acinib 177 1965 (523, 8455) 522 2718 (544, 12,737) Additive effect on 
mean

− 0.40 (− 0.50, 
− 0.30)

 < 0.001 − 0.40 (− 0.50, 
− 0.30)

 < 0.001

Mean cap sizeb 177 9741 (151, 75,885) 522 9009 (37, 73,952) Additive effect on 
mean

0.07 (− 0.07, 0.23) 0.34 0.08 (− 0.08, 0.24) 0.32

Mean epi sizeb 177 56,318 (2283, 
504,707)

522 52,720 (2457, 
327,186)

Additive effect on 
mean

0.03 (− 0.12, 0.17) 0.73 0.02 (− 0.13, 0.17) 0.80

Mean epi stroma 
ratiob

177 0.37 (0.12, 0.62) 522 0.41 (0.10, 0.95) Additive effect on 
mean

− 0.02 (− 0.04, 
0.00)

0.13 − 0.01 (− 0.03, 
0.01)

0.20

Mononuclear cell 
counta

177 141 (5, 1544) 522 98 (0, 685) Multiplicative 
effect on mean

1.54 (1.34, 1.77)  < 0.001 1.51 (1.31, 1.74)  < 0.001

Mean nearby fatb 177 161,457 (0, 
4,695,569)

522 106,157 (0, 
2,920,220)

Additive effect on 
mean

0.45 (− 3.40, 4.29) 0.82 1.20 (− 2.31, 4.71) 0.50

Mean TDLU sizeb 177 196,285 (25,955, 
1,960,288)

522 159,555 (20,508, 
1,312,554)

Additive effect on 
mean

0.11 (− 0.02, 0.25) 0.10 0.10 (− 0.04, 0.24) 0.17



Page 6 of 11Ogony et al. Breast Cancer Research           (2022) 24:45 

postpartum, we performed an exploratory analysis 
of AI data for 101 parous women who donated tissue 
within 5  years of a last birth (per one-year intervals), 
which revealed suggestive declines in mean acini count 
(p = 0.015), number of dilated acini (p = 0.70) and mon-
onuclear cells over the course of the early postpartum 
period (Additional file  1: table  3: changes per year for 
years 1–5).

Exploratory analyses of PPI features stratified by parity 
status and by race
We performed separate multivariable analyses of 
AI-derived histologic features in nulliparous and in 
parous tissues. In both groups, higher BMI (and per-
centage fat in tissue) was associated with statistically 
significantly lower TDLU counts and older age was 
related to increased detection of dilated acini (Addi-
tional file 1: Tables 4–5). Among parous women, higher 

numbers of births were related to reduced detection of 
dilated acini (OR = 0.19; 95%CI: 0.08–0.47; p < 0.001) 
and breastfeeding was related to increased detec-
tion of dilated acini (OR = 2.22; 95% CI: 1.30–3.80; 
p < 0.004; Additional file  1: Table  5). Also, among nul-
liparas, later age at menarche was associated with 
lower mononuclear cell counts (OR = 0.73, 95% CI: 
0.58–0.92; p = 0.008; Additional file  1: Table  6). Addi-
tional associations that were statistically significant 
in multivariate analyses but did not reach significance 
when considering multiple comparisons, included: 1) 
current ethanol use and increased TDLU numbers in 
both parous and nulliparous women; increased detec-
tion of dilated acini among nulliparas of Hispanic 
ethnicity and higher mononuclear cell counts among 
women with a family history of breast/ovarian cancer. 
To assess effects of breastfeeding after last birth prior 
to donation (data were collected as total months across 

Fig. 1  Heat map of p values for pathology Artificial Intelligence analysis data comparing parous women overall, and stratified by ≤ 5 years since 
birth (n = 103) and > 5 years since birth (n = 77) versus nulliparas (n = 545; referent). p values result from negative binomial or linear regression 
models that were adjusted for age as well as any variable that differed between parous and nulliparous women with a p value < 0.15 (race, BMI, 
percent fat, and relative with breast or ovarian cancer). p values < 0.0045 are considered as statistically significant after applying a Bonferroni 
correction for multiple testing. “ + Parous” means the given outcome measure was higher for parous compared to nulliparous women. “−Parous” 
means that the given outcome measure was lower for parous compared to nulliparous women
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all pregnancies), we restricted analyses to uniparous 
women, which revealed that breastfeeding was asso-
ciated with reduced TDLU counts (multiplicative 
effect 0.72, 95%CI = 0.53–0.98; p = 0.037); increased 
frequency of dilated acini (multiplicative effect 2.01, 
95%CI = 1.37–2.93; p < 0.001), higher mean acini area 
(additive effect 0.16, 95%CI = 0.01–0.31; p = 0.032); 
increased mean capillary counts (multiplicative effect 
1.21, 95%CI = 1.03–1.42; p = 0.023) and increased mon-
onuclear cells (multiplicative effect 1.30, 95%CI = 1.08–
1.57; p = 0.006) (data not shown).

In multivariable analyses, African American women’s 
tissues showed lower TDLU counts and increased acini 

counts, capillary area and mononuclear cell counts and 
TDLU area; however, none of these results were signifi-
cant after considering multiple comparisons (Additional 
file 1: Table 7).

Sensitivity analyses
Given that obesity and percentage of fat on slides are cor-
related, and that poor correlation may sometimes reflect 
chance non-representative sampling [8], we re-analyzed 
data stratified by obesity status, percentage of fat on the 
slide (≤ 50%; 60–80% and ≥ 90%) and cross-classified by 
these factors. Results were generally consistent with the 
analysis presented above (data not shown). Results were 

Table 3  Comparison of AI data for parous women by time since last birth versus nulliparous women

CI = confidence interval; adp = adipose; avg = average; cap = capillary; epi = epithelial; TDLU = terminal duct lobular unit
a Negative binomial regression models were used for comparisons between parous and nulliparous women; multiplicative effects on the mean and 95% CIs were 
estimated and are interpreted as the multiplicative effect on the mean outcome value.
b Linear regression models were used for comparisons between parous and nulliparous women; additive effects on the mean and 95% CIs were estimated and are 
interpreted as the additive effect on the mean outcome value (on the natural logarithm scale for mean avg acini, mean cap size, mean epi size, and mean TDLU size, 
and on the cube root scale for mean nearby fat).
c Multivariable models were adjusted for age as well as any variable that differed between parous and nulliparous women with a P value < 0.15. P values < 0.0045 are 
considered as statistically significant after applying a Bonferroni correction for multiple testing

Outcome Association 
measure

Comparison between N = 103 parous women 
with a time since last birth ≤ 5 years and N = 545 
nulliparous women (reference group)

Comparison between N = 77 parous women 
with a time since last birth > 5 years and N = 545 
nulliparous women (reference group)

Age-adjusted analysis Adjusting for age, race, 
BMI, percent fat, and 
relative with breast or 
ovarian cancerc

Age-adjusted analysis Adjusting for age, race, 
BMI, percent fat, and 
relative with breast or 
ovarian cancerc

Estimate (95% 
CI)

P value Estimate (95% 
CI)

p value Estimate (95% 
CI)

p value Estimate (95% 
CI)

p value

TDLU counta Multiplicative 
effect on mean

1.40 (1.12, 1.76) 0.003 1.27 (1.02, 1.57) 0.031 1.90 (1.45, 2.48)  < 0.001 1.66 (1.28, 2.15)  < 0.001

Adipose tissue 
fracb

Additive effect 
on mean

− 0.02 (− 0.07, 
0.04)

0.52 0.02 (− 0.01, 
0.04)

0.27 − 0.00 (− 0.07, 
0.06)

0.94 0.01 (− 0.03, 
0.04)

0.71

Mean acini 
counta

Multiplicative 
effect on mean

1.98 (1.67, 2.36)  < 0.001 1.91 (1.60, 2.28)  < 0.001 1.16 (0.95, 1.42) 0.14 1.14 (0.93, 1.41) 0.21

Dilated acini Multiplicative 
effect on mean

2.18 (1.70, 2.80)  < 0.001 2.07 (1.59, 2.70)  < 0.001 1.14 (0.87, 1.50) 0.34 1.11 (0.84, 1.48) 0.46

Mean avg acinib Additive effect 
on mean

− 0.44 (− 0.55, 
− 0.32)

 < 0.001 − 0.46 (− 0.57, 
− 0.34)

 < 0.001 − 0.33 (− 0.47, 
− 0.19)

 < 0.001 − 0.30 (− 0.45, 
− 0.16)

 < 0.001

Mean cap sizeb Additive effect 
on mean

0.16 (− 0.02, 
0.34)

0.081 0.17 (− 0.02, 
0.36)

0.078 − 0.05 (− 0.26, 
0.16)

0.62 − 0.04 (− 0.26, 
0.18)

0.70

Mean epi sizeb Additive effect 
on mean

0.12 (− 0.05, 
0.29)

0.16 0.11 (− 0.06, 
0.29)

0.21 − 0.12 (− 0.31, 
0.07)

0.22 − 0.12 (− 0.32, 
0.08)

0.24

Mean epi stroma 
ratiob

Additive effect 
on mean

− 0.01 (− 0.03, 
0.01)

0.41 − 0.01 (− 0.03, 
0.01)

0.40 − 0.02 (− 0.05, 
0.00)

0.097 − 0.02 (− 0.05, 
0.01)

0.25

Mononuclear cell 
counta

Multiplicative 
effect on mean

1.85 (1.58, 2.18)  < 0.001 1.82 (1.54, 2.14)  < 0.001 1.06 (0.89, 1.27) 0.51 1.05 (0.87, 1.27) 0.61

Mean nearby fatb Additive effect 
on mean

0.68 (− 3.80, 
5.15)

0.77 1.70 (− 2.40, 
5.80)

0.42 0.01 (− 5.18, 
5.19)

1.00 0.30 (− 4.54, 
5.15)

0.90

Mean TDLU sizeb Additive effect 
on mean

0.17 (0.01, 0.32) 0.038 0.16 (− 0.00, 
0.32)

0.055 0.03 (− 0.15, 
0.22)

0.70 0.02 (− 0.17, 
0.21)

0.83
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substantially unchanged after excluding postmenopausal 
women.

Discussion
We report a detailed analysis of the morphologic features 
of normal nulliparous and parous breast tissues donated 
for research to the KTB. Important strengths of this anal-
ysis include use of AI methods to provide quantitation of 
morphologic features and inclusion of young women for 
whom clinical biopsies of normal tissues are rarely availa-
ble, and among whom effects of PPI are prominent [8]. By 
defining morphologic characteristics of healthy donated 
tissues of nulliparous and parous women, we seek to 
develop a reference for comparison in future studies of 
BC risk among patients diagnosed with BBD in the post-
partum period whose biopsies contain background nor-
mal tissue. Future refinement, validation, and testing of 
AI methods in clinical biopsies may enable development 
of quantitative reference ranges, which can complement 
assessment of BBD severity in predicting BC risk.

Our analysis demonstrates that some features that 
distinguish parous versus nulliparous breast tissues are 
durable, whereas others are transient. Specifically, we 
found that sustained higher TDLU counts, as previously 
shown [8] and reduced acini area per TDLU are features 
of tissues from parous versus nulliparous women. In con-
trast, compared with nulliparas, only recently parous 
women showed higher mean acini counts, mean number 
of dilated acini and mononuclear cells in TDLUs (includ-
ing plasma cells) and marginally larger TDLU area. 
Exploratory analyses of AI data for 101 parous women 
who donated samples within ≤ 5  years of a birth, sug-
gested that mean acini count, number of dilated acini and 
number of mononuclear cells declines during this early 
postpartum interval. These results were generally con-
firmed by independent visual assessment, although quan-
titation by AI extends the findings.

Our detection of higher mononuclear cell counts 
among parous women is consistent with data indicating 
that RNA expression of inflammation and immune genes 
is increased after recent childbirth [20–22]. It is hypoth-
esized that the pregnancy-lactation-PPI cycle is linked 
to distinctive early and late effects; specifically, inflam-
mation immediately postpartum may be associated with 
higher risk of early onset BCs, whereas differentiation 
effects that occur later may afford protection against late 
onset BCs [3–7, 23].

Inflammation is linked to risk of early BC precur-
sors (i.e., BBD) and progression of BBD to BC. BBD risk 
has been linked to higher circulating pro-inflammatory 
marker levels [24], and higher urine levels of the metab-
olites of pro-inflammatory prostaglandins are related 
to elevated BC risk [25, 26], independent of circulating 

estrogen levels [27]. Use of anti-inflammatory agents 
is linked to lower BC risk among BBD patients [28, 29]. 
In aggregate, these data suggest the hypothesis that dys-
regulated PPI may result in deleterious inflammation that 
increases risks of BBD and its progression to BC.

We performed exploratory analyses to define addi-
tional BC risk factors that are associated with features of 
parous and nulliparous breast tissues. Higher BMI (and 
increased fat in breast tissues) was linked to reduced 
TDLU numbers, consistent with the inverse associations 
of premenopausal obesity with both mammographic 
density (an established BC risk factor) and BC risk. 
TDLUs are uncommon in breast fat, and when present 
are highly involuted, providing a plausible explanation 
for this association. However, associations of BMI and 
BC risk are complex. Obesity has been linked to elevated 
risk of triple negative BCs [30], although weight gain was 
not clearly linked to risk of these BCs in a pooled analysis 
[31]. Postmenopausal obesity is associated with elevated 
risk of ER-positive postmenopausal BCs [32]. Ethanol, a 
risk factor for ER-positive BC [33], was associated with 
increased TDLU numbers in this analysis. We also noted 
that number of dilated acini was inversely related to 
number of livebirths but directly related to breastfeed-
ing, which could have implications for normal TDLU 
involution or development of non-proliferative BBD with 
microcalcifications, a frequent target for mammograph-
ically-guided biopsy. Analysis of data for last pregnancy 
preceding tissue donation revealed that breastfeeding 
was associated with reduced TDLU counts, increased 
frequency of dilated acini, higher mean acini area, 
increased mean capillary counts and increased mononu-
clear cells. Thus, parity and breastfeeding shape normal 
breast microanatomy, with incompletely defined implica-
tions for BC risk.

Based on a limited sample, we found that African 
American nulliparas have increased TDLU counts, 
shorter TDLU spans and fewer dilated acini than white 
nulliparas. Although limited by small sample size, these 
results are intriguing given that young African Ameri-
can women have a higher incidence of ER-negative BCs 
and overall higher rates of basal BCs than white women 
[34]. In accord with other studies (reviewed [35]), we 
found that African Americans had earlier onset of 
puberty and a higher BMI than white women, and while 
we adjusted for these and other factors related to race, 
residual confounding cannot be excluded. Increases in 
BMI have temporally paralleled early onset of breast 
development and menarche, but the interval between 
these events has widened, which is speculated as con-
tributory to elevated BC risk [35]. Previous studies 
in KTB reported that African American women had 
higher circulating levels of insulin-like growth factor 
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binding protein-3 (IGFBP-3) than white women, and 
that among postmenopausal women of both races, 
IGFBP-3 was inversely related to TDLU counts [36]. 
We propose that future studies of normal breast tissues 
may provide insights into why rates of early onset BCs 
differ by race.

A meta-analysis of 65 studies found that breastfeed-
ing is associated with reduced BC risk, particularly if 
exclusive (RR = 0.72, 95%CI: 0.58–0.90) [37]. Data from 
studies of African American women suggest that lim-
ited initiation and duration of breastfeeding may con-
tribute to the high rates of aggressive basal BCs in this 
group [38, 39]. Although the mechanisms that underlie 
the protective effect of breastfeeding are unknown, pre-
clinical models suggest that abrupt weaning is associated 
with increased inflammation, epithelial proliferation, and 
development of BC [23]. Among singletons in the cur-
rent analysis, breastfeeding duration was associated with 
multiple morphologic changes, suggesting that molecular 
analyses to define protective mechanisms associated with 
breastfeeding may suggest prevention approaches. How-
ever, a notable limitation of human studies is that the 
effects of pregnancy, lactation and PPI are largely insepa-
rable. For example, we hypothesize that identification of 
dilated acini after childbirth may reflect milk stasis after 
weaning; the natural history of such changes is unclear, 
but development of microcalcifications in dilated “ducts” 
often leads to biopsies of mammographically detected 
lesions to rule out BC.

Strengths of our analysis include use of the unique, 
annotated KTB samples and confirmation of AI data by 
masked visual assessment. Although sampling is a par-
ticular concern in fatty breasts, our sensitivity analy-
ses stratifying by BMI and percent fat in tissues was 
consistent with our overall results. Our sample sizes 
were limited for some comparisons, especially for Afri-
can Americans. Further, a high percentage of women 
reported a family history of breast or ovarian cancer, 
which could limit generalizability, although family his-
tory was not strongly linked to features of PPI in this 
analysis or to age-related involution previously [8]. A 
future study that includes details of each pregnancy and 
breastfeeding duration may provide additional insights 
into the pregnancy-lactation cycle and BC risk.

In summary, we report a detailed analysis of normal 
breast morphology, with a focus on contrasting data for 
parous versus nulliparous women. Our study identified 
sustained expansion of TDLU numbers and increased 
immune responses as characteristic of parous samples, 
with notable increases in immune responses within five 
years following childbirth. Further, we show that quan-
titative characteristics of PPI vary with demographic 
features and BC risk factors. In future work, we hope 

to compare data for normal background breast tissues 
included within BBD biopsies of postpartum women, 
stratified by BC risk, to the physiological changes 
described herein to understand the relationship of dys-
regulated PPI to postpartum BC.
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