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Abstract

Complete age-related regression of mammary epithelium, often termed post-menopausal
involution, is associated with decreased breast cancer risk. However, most studies have
qualitatively assessed involution. We quantitatively analyzed epithelium, stroma, and adipose
tissue from histologically normal breast tissue of 454 patients in the Normal Breast Study (NBS).
High-resolution digital images of normal breast Hematoxylin & Eosin stained slides were
partitioned into epithelium, adipose tissue, and non-fatty stroma. Percentage area and nuclei per
unit area (nuclear density) were calculated for each component. Quantitative data were evaluated
in association with age using linear regression and cubic spline models Stromal area decreased
(p=0.0002) and adipose tissue area increased (p<0.0001), with an approximate 0.7% change in
area for each component, until age 55 when these area measures reached a steady state. While
epithelial area did not show linear changes with age, epithelial nuclear density decreased linearly
beginning in the third decade of life. No significant age-related trends were observed for stromal
or adipose nuclear density. Digital image analysis offers a high-throughput method for
quantitatively measuring tissue morphometry and for objectively assessing age-related changes in
adipose tissue, stroma, and epithelium. Epithelial nuclear density is a quantitative measure of age-
related breast involution that begins to decline in the early premenopausal period.
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1. Introduction

The human breast undergoes age-related involution, often defined as decreased acinar
diameter and decreasing number of acini per terminal ductal lobular unit (TDLU), with
concomitant decreases in mammographic density(1). Both epithelial involution and
decreased mammographic density have been associated with lower breast cancer risk(1-3).
In epidemiologic studies of breast cancer risk, mammographic density has been more widely
studied than histologic measures of involution. Studies of age-related involution have been
impeded by lack of objective and high throughput histologic measures, and by lack of
biospecimens for understanding normal breast dynamics with aging(3). Increasingly, normal
breast tissue is available for epidemiologic research(1, 4-6), and therefore reproducible and
objective histologic assessment methods are of increasing importance.

We sought to identify morphometric features of mammary gland that vary with age and that
could be used as quantitative, objective surrogates for acinar diameter or acini per TDLU.
We applied novel digital imaging algorithms to breast tissue specimens from over 450
women, including more than 1000 distinct hematoxylin and eosin (H&E) slides. We
quantified multiple histological features, and did not restrict our analysis to epithelial
features, seeking to also understand how epithelial features relate to other stromal and
adipose tissue features. Therefore, our findings identify correlations between morphometric
features of stroma and epithelium and illustrate that breast tissue ages as a continuous
process beginning in the third decade of life, with epithelium, stroma, and adipose tissue
each possessing a unique trajectory of change. Our analysis suggests that the density of
nuclei within epithelial regions may function as an objective, high throughput and
quantitative measure of epithelial involution.

2. Materials and Methods

2.1. Study population

The UNC Normal Breast Study (NBS) is a study of breast cancer microenvironment and
normal breast tissue conducted at UNC Hospitals in Chapel Hill, NC. Women were eligible
for inclusion if they were English-speaking, at least 18 years of age, undergoing breast
surgery at UNC Hospitals, and consented to donate breast tissue during their surgery.
Patients with breast surgeries (mastectomy, lumpectomy, excisional biopsy, reduction
mammoplasty, or other cosmetic breast surgery) scheduled between October 2009 and April
2013 were contacted for participation by study personnel during a pre-surgery appointment
with their surgeon. Of 526 patients, 19 (3.6%) declined participation prior to study consent,
and written informed consent was obtained for the remaining 507 patients. A total of 33
patients did not have sufficient available breast tissue at the time of surgery and were
ineligible after consent. Thus, the original NBS study population included 399 women with
breast cancer and 75 women with benign breast histology for a total of 474 participants.

All participants donated grossly normal-appearing breast tissue (as assessed by pathology
assistants at UNC Hospitals) and two tubes of blood for lymphocytes, red blood cells,
plasma, and serum at the time of surgery. Tissues were shap frozen and/or paraffin
embedded, and each patient donated at least one tissue sample, or multiple specimens, if
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available. For breast cancer patients, tissue specimens were collected at specified distances
from the tumor: <1cm from tumor for patients receiving lumpectomies and <lcm, >1-2cm,
>2-4 cm, and >4cm from tumor for patients receiving mastectomies. Patients with benign
breast histology donated tissue from one or two distinct breast sites as available. When
possible, bilateral breast tissue was collected.

Participants completed a telephone interview to provide demographic, lifestyle, and breast
cancer risk factor exposure data, and medical records abstraction was performed to obtain
patients' medical history, mammographic screening, breast cancer-related treatment, tumor
pathology, and breast surgery data. Follow-up of medical records is currently ongoing and
conducted annually for 10 years after surgery to obtain patient vital status and updated
breast cancer recurrence, metastasis, new cancer primaries, and cancer-related treatment
data. All study protocols were approved by the UNC School of Medicine's Institutional
Review Board.

2.2. Tissue processing and slide preparation

Frozen tissue specimens of approximately 100 mg were cut over dry ice, and sections were
collected at both ends of the specimen to construct two 20 micron slides per tissue specimen.
The 20 micron section width was selected to maintain tissue integrity from non-fixed tissues
and to ensure histologically-representative samples as very few samples were unable to
produce viable sections at 20 micron width. The central portion of the tissue specimen was
used for nucleic acid extraction as described elsewhere(7). If frozen specimens were not
available (2.0% of patients), paraffin-embedded tissues were used for sectioning and digital
annotation. We compared frozen and paraffin-embedded sections from a set of patients
(n=90) and found no significant differences in tissue composition according to sectioning
protocol (data not shown). All slides were hematoxylin and eosin (H&E) stained and
histological slides (1-8 per patient) were scanned into high-resolution digital images using
the Aperio Scan-Scope XT Slide Scanner (Aperio Technologies) in the UNC Translational
Pathology Laboratory. The slides were scanned at x20 magnification (0.5 pum/pixel
resolution) using line-scan camera technology capturing 1 mm stripes across the entire slide;
the stripes are aligned, stored, and accessed as an entire digital slide (U.S. Patent 6,711,283).
http://www.archpatent.com/patents/6711283. The image bit depth for the slides was 8 bits.
The ScanScope XT employs a linear-array scanning technique that generates digital slide
images that have no tiling artifacts and that are essentially free from optical aberrations
along the scanning axis. The scanned slides had quality factor of over 90 indicating good
focusing. Slides with poor resolution or significant folded tissue (n=16) were manually
identified and excluded from analysis.

2.3. Breast tissue percent area and nuclear density by stroma, adipose tissue, and
epithelial region

A previously published algorithm was utilized to partition slides into epithelium, stroma,
and adipose tissue regions(4, 5, 7). Briefly, slides were first manually annotated at high
magnification using Aperio Imagescope V11.0.2.725, with different annotation layers
representing the epithelium, adipose tissue, stromal tissue as well as the total tissue area
outline. Aperio's Genie Classifier was then trained to perform automated analyses to
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partition epithelium, adipose tissue, nonfatty stroma, and glass. Glass was excluded from the
total area. Test set digital slides were evaluated by two pathologists who provided semi
quantitative estimates of the percentages of adipose tissue (10% bin width), epithelium (1%
bin width), and nonfatty stroma (10% bin width). The results of these three methods (Genie,
manual-annotation of digital slides, and pathologist semi-quantitative visual review of H&E
slides) showed excellent concordance between manual annotation and algorithm annotation,
with a final accuracy of 99.4% (Pearson correlation coefficient ranged 0.96-0.98) compared
to manual images(4, 5, 7). Correlations between pathologist visual, semi-quantitative review
and algorithm results were also very high (= 95%), except for epithelium where semi-
quantitative estimates by pathologists used a bin width of 5% and Genie was much more
precise and accurate. Thus, the algorithm out-performs semi-quantitative visual assessment
by a pathologist and matches almost perfectly with manually annotated, pathologist
reviewed images(4, 5). To identify the number of nuclei per unit area in stroma, epithelium
and adipose tissue, a standard, validated nuclear detection algorithm included with Genie
was utilized. The nuclear counts along with the area for each component (epithelium, stroma
and adipose tissue) were used to calculate epithelial, stromal, and adipose tissue nuclear
density in cells per mm2. No exclusions were made based on cell type (because such
exclusions would require IHC staining and validation), however the minimum nuclear size
(um2) was set to 15, and the max nuclear size (um2) was set to 150 for this algorithm which
should minimize larger cell contributions.

2.4. Statistical analysis

Histologic metrics evaluated in association with age included percentage area and nuclear
density for three components (epithelium, stroma, adipose tissue). Data were available for
two H&E-stained slides per tissue specimen (one section from each end of the sample). Prior
to analysis, intraclass correlation coefficients (ICCs) were calculated to assess consistency
between replicate sections(8). Duplicate slides were averaged to create one percentage area
and one nuclear density estimate per stromal, adipose tissue, and epithelial compartment per
specimen. To be consistent across all the NBS patients, the tissue specimen closest to tumor
(for breast cancer patients) or the first sampled tissue site (for patients without breast cancer)
was selected for inclusion for patients with specimens taken from multiple sites. After
manual review of these slides, four breast cancer patients were found to have tissue with
high epithelial content (>50%) that did not appear histologically normal and thus were
excluded. Following all exclusions, the final analysis population included 454 participants
(387 patients with ipsilateral breast cancer and 67 with benign breast histology).

Linear regression models were used to estimate the association between age at surgery and
percentage area and nuclear density. Age was modeled categorically by decades (<40,
40-49, 50-59, 60-69, =70 years) with a linear test for trend, and as a binary variable
dichotomized at age 50 years. To assess modification of the age-histology relationship by
disease status (presence/absence of breast cancer), sensitivity analyses were conducted
excluding patients without breast cancer. To visualize the relationship between age and each
stromal, adipose, and epithelial measure, cubic spline models were used with a knot
specified at 55 years, selected by visual inspection of the data, which suggested that stromal
and adipose tissue composition measures appeared to have an inflection point at
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approximately 55 years of age. Pearson correlations were calculated to assess the strength of
pairwise relationships between stromal, adipose tissue, and epithelial percentage area and
nuclear density measures. Statistical significance was defined as p<0.05, and statistical
analyses were performed using SAS software, version 9.3 (SAS Institute, Inc., Cary, North
Carolina) or R, version 3.0.1 (for spline models).

3.1. Patient and Histologic Characteristics

The majority of participants (85.2%) had breast cancer at the time of their surgery, and the
remaining participants had either benign breast conditions (e.g., hyperplasia, simple cysts, or
fibroadenomas; 5.1%), normal breast tissue from a reduction mammoplasty or prophylactic
mastectomy (6.6%), or a previous history of a treated breast cancer at least one year prior to
the consented surgery (3.1%; Table 1). Average age at time of surgery was highest among
breast cancer patients (55.3 years) and lowest among women receiving reductions or
prophylactic surgeries (42.0 years). Patients with breast cancer were significantly older
(p<0.01) and slightly more likely to be non-white. Given the large number of cancer
patients, clinical characteristics are presented in Table 2. Among breast cancer patients,
tumors tended to be small (2.0 cm) and early stage, with 85.1% of women having stage 0-2
disease. The tumors were also predominantly ER and PR positive as well as HER2 negative,
reflecting expected distributions among breast cancer patients.

Figure 1A shows a representative tissue, together with the classification of stroma, adipose
tissue and epithelial regions (Figure 1B). Nuclear density was calculated based on the
number of nuclei per mm? in particular regions, segmented as shown in Figure 1C-E
(epithelium, adipose tissue and stroma, respectively). On average, adipose tissue represented
the largest tissue fraction for percentage area (mean 51.6%), followed by stroma (35.2%)
and epithelium (13.2%; Table 3). The percentage area estimates were most variable (greatest
range on an absolute scale) for stromal and adipose tissue area. Sensitivity analyses
examining average percentage area and nuclear density according to disease status
(participants with breast cancer vs. study as a whole) were not substantially altered when
excluding reduction mammoplasty patients (Table 3). Similarly, we compared normal breast
tissue from 14 patients who were treated before surgery to all other patients in the Normal
Breast Study and observed no differences (data not shown). Table 3 also shows that
estimates were highly correlated (high intraclass correlation) between replicate measures in
the same patient.

3.2. Associations between age and tissue morphometry

Linear regression models showed significant associations between age and epithelial
characteristics (Table 4). Namely, there were strong associations between age and
decreasing density of nuclei in epithelial regions (linear trend p <0.0001). Sensitivity
analyses repeating all linear regression models after excluding reduction mammoplasty
cases did not alter these findings (Supplemental Table 1). Epithelial nuclear density was also
associated with increased stromal percentage area and decreasing adipose tissue area (Table
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5). Epithelial nuclear density appeared to be a stronger measure of age-related involution
than epithelial percentage area, which showed no significant age-associations.

Stromal characteristics also changed significantly with age. Stromal percentage area was
significantly lower among women over 50 years of age (9% lower) compared to younger
women. Adipose tissue mirrored age-related changes in stroma (9% higher in women over
50). The symmetry of stromal and adipose tissue change is underscored by a strong inverse
association between stromal and adipose tissue percentage area (Table 5). Stromal nuclear
density was not significantly associated with age (linear trend p = 0.08), but did increase
slightly with increasing age. Changes in adipose tissue nuclear density were modest and did
not vary with age.

While we used nominal categorical coding by decade to model age due to nonlinearity of the
decade-histology associations, we also visualized temporal changes using boxplots
(Supplemental Figure 1) and cubic spline models. These models visually confirmed
associations between age and breast tissue composition (Figure 2). Stromal and adipose
tissue area showed contrasting associations with age: stromal area decreased by an
increment of 0.7% per year up to age 55 years (p = 0.0002) after which the trend stabilized
at approximately 30.0% stromal area for older ages (Figure 2A). In contrast, adipose tissue
area increased by 0.7% per year before age 55 years (p < 0.0001) and plateaued at
approximately 60% adipose tissue area at ages over 55 years. Epithelial nuclear density
decreased significantly and monotonically at a rate of 35.3 cells per mm? prior to age 55 (p
= 0.05), after which the rate increased (for ages over 55 years, -65.9 cells per mm2, p =
0.0007; Figure 2B). Modeling the association between age and stromal nuclear density,
adipose tissue nuclear density, and epithelial percentage area with cubic splines revealed no
significant age-related changes in these measures (Supplemental Figure 2).

4. Discussion

Our findings suggest that the density of nuclei within epithelial regions represents a robust,
automated method for assessing age-related involution. Furthermore, several features of
breast tissue morphometry (as represented by stromal percentage area, adipose tissue
percentage area, and epithelial nuclear density) change dynamically and continuously with
age, as stromal and epithelial tissue fractions appear to be replaced by adipose tissue. This
mirrors the age-related decline in fibroglandular tissue measurable as mammographic
density, but interestingly, suggests that stroma-rich tissues are also more likely to have more
nuclei/cellularity in epithelial regions. Increased epithelial cellularity may be a critical factor
mediating risk. In fact, investigators have hypothesized that age-dependent mammary gland
involution may function in a manner that is analogous to a prophylactic mastectomy(9, 10).
As involution progresses, epithelial proliferation and susceptible cell populations are
reduced, leading to a partial mastectomy-like phenotype. Further evidence for the
importance of involution comes from the efficacy of chemopreventive drugs such as
tamoxifen, which effectively induces chemically-induced involution(11-13).

Most histologic studies of age-related involution have focused on understanding changes in
epithelium(9, 14-17). Our results confirm dramatic epithelial changes in epithelial nuclear
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density with aging, but also illustrate that aging produces important changes in all the
histological components of breast(10, 18-21). Decreasing stromal area appears to be a key
feature of stromal involution. The observation that stromal nuclear density increases with
age, suggests that an early feature of stromal involution is decreased deposition of
extracellular matrix. At later ages, stromal nuclear density plateaus, perhaps because stromal
cellularity begins to parallel declining extracellular matrix. Meanwhile, steady age-
dependent increases in adipose tissue area reflect the involution of fibroglandular tissue as a
whole. Taken together, these observations show a dynamically evolving breast tissue, with
no ‘steady state’, even after menopause.

The continuing evolution of breast tissue after menopause is important in light of the
common conceptualization of menopause as a dichotomous (before/after) event in
epidemiologic studies. Our data agrees with findings of others(1), showing that a dichotomy
may not be useful in characterizing mammary gland change over time. Hormonal changes,
and thus age-related histologic changes, begin in the third decade of life(10, 22) and persist
after menopause. In fact, our recent gene expression analyses showed no significant changes
in human breast tissue by menopausal status, but found dramatic gene expression changes
with aging among premenopausal women(23). The current study also showed that while
stromal changes reach a stable state near the time of menopause (~50-55 years of age),
epithelial nuclear density continues to change.

Our observations are in line with several previous investigations using qualitative or semi-
quantitative measures of age-related involution. With respect to epithelium, Gertig et al.
observed that epithelial proportion decreased with age(18), a pattern that was not replicated
in our study (employing the percent area as a metric for epithelial proportion). However,
patients in Gertig et al. had biopsies with no evidence of breast cancer, and women above 50
years of age constituted just 32% (above 60 years constituted only 7%) of the study
population. In contrast, our study population was much older, with women above 50 years of
age constituting 62% (above 60 years constituted 33%) of the study population. The
nonmonotonic relationship between age and epithelial area observed in our study was
particularly pronounced in the oldest women, where area tended to level off and then
increase slightly. In the Polish Women Breast Cancer Study, Sun et al. also observed
patterns of age-associated changes in epithelium similar to our observations in the current
study(5). These findings suggest that while epithelial area may predict gene expression
patterns(5), it is not a robust measure of age-dependent involution. Moreover, the epithelial
percent area is dependent on other components (stromal percent area and adipose tissue
percent area) whereas epithelial nuclear density has an advantage being less susceptible to
the bias based on these other components.

Considering stromal changes in age, Gertig et al. observed that stromal proportion in breast
was inversely related to age at biopsy and that declines in stromal proportion were greater
after 50 years of age(18). Among participants in the Polish Women Breast Cancer Study,
Sun et al. observed stromal proportion decreased with age and adipose tissue proportion
increased with age, but leveled off after age 50(5). Despite these slight differences, the
general patterns across studies are relatively consistent. However, stromal changes with age
and involution have received little study, despite their theoretical importance(24). While the
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current study and those described above have used automated computer algorithms, age-
related involution has been most commonly assessed by a pathologist. An important study
was recently published that evaluated age-related changes in epithelial content of healthy
volunteers. In this large study including more than 1000 participants, Figueroa et al. showed
that the epithelial content quantified by the terminal ductal lobular unit measures (terminal
ductal lobular unit counts, terminal ductal lobular unit span and acini counts/terminal ductal
lobular unit) declined with advancing age(1). These authors also observed that the declines
began in the third decade of life and continued well into menopause, in line with our
findings for epithelial nuclear density. Further comparisons between healthy volunteers and
patients at higher risk (i.e. biopsy patients or cancer patients) are needed to evaluate whether
age-related involution patterns are generalizable across studies of women with different
disease status.

While few studies have quantified changes in histology, many have studied composition
using mammographic density as a surrogate. Li et al observed that the increasing age is
associated with a decrease in percent mammographic density that reflects variation in
fibroglandular content(25). Several studies have shown that higher percent mammographic
density is associated with increased amounts of stroma and epithelium(26) and have shown
that mammographically dense tissue decreases with age(19, 27, 28). While mammaographic
density is typically considered to measure “fibroglandular’ components, lumping stromal
and epithelial components(18), an advantage of high-throughput, histologic quantification is
separation of epithelial and stromal components. Here we observed that stromal percentage
is associated with epithelial content, consistent with the associations for mammographic
density.

Previous studies have suggested that involution and involution-associated measures such as
mammographic density may represent an intermediate or surrogate endpoint for breast
cancer risk(20, 28, 29). It has been hypothesized that exposures that delay age-related
involution may increase breast cancer risk(9, 29). Interesting support for this hypothesis
comes from animal studies that have demonstrated histological responses to carcinogenic
environmental exposures(30, 31). Morphometric analysis such as that presented here may
facilitate integration of human observational findings and experimental findings in animals.

Our study should be interpreted in light of some limitations. First, inclusion of participants
already undergoing breast surgery limits risk to participants, but may bias our findings or
limit their generalizability to low risk women. Previous studies have shown that patients
undergoing surgical procedures may be more likely than normal donors to have proliferative
disease with or without atypia(32). Nonetheless, the age-related patterns we observed in
epithelium are similar in magnitude to quantitative measures of epithelial involution in
previous studies with healthy volunteers(1). It is also noteworthy that some hormonal effects
on mammographic density have only been observed among high risk women(33),
suggesting that studies among higher risk women may provide important information even
when results differ from those among a lower risk population.

Future studies should evaluate whether histologic features of cancer-adjacent normal tissue
differ from those of healthy volunteers and should also consider how histologic features are
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affected by adjacent tumor, including tumor subtype or clinical characteristics(34).
However, larger sample sizes may be needed; while this study included more than 400
women and more than 1000 histologic images, we found substantial variation between
women, suggesting that statistical power for more subtle associations requires substantially
larger studies. It is also important to consider sources of intraindividual variation. Women
may have both mammaographically dense and non-dense regions in their breast tissue(35).
These regions may experience age and/or age-related involution differently.

In conclusion, our study provides a novel approach for assessing age-related involution and
describes age-related patterns in percentage area and nuclear density of breast tissue within a
population of women with histologically normal-appearing breast tissue. It is important to
understand how normal tissue responds to breast cancer risk factor exposures as these
dynamics may mediate breast cancer risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantitative histological data obtained with novel morphometric methods
Panels A-E represent the images of the H&E slides taken at 10x resolution. A) Image of

H&E slide with no annotations B) Image from panel A with annotation overlay of epithelial
area in yellow, adipose tissue area in green and stromal area in pink as demonstrated in the
key in the figure C) Image from panel A with annotation overlay of epithelial nuclei in blue
D) Image from panel A with annotation overlay of adipose tissue nuclei in blue E) Image
from panel A with annotation overlay of stromal nuclei in blue. C)-E) Areas shown in gray
are excluded from analysis.
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Figure 2. Cubic spline curves for stromal area, adipose area, and epithelial nuclear density by
age

Spline curves were generated from cubic spline models with a knot specified at 55 years of
age to visualize the relationship between age and breast tissue composition. Stromal area
and adipose tissue area (A) are shown as percent of total area. Epithelial nuclear density (B)

is in nuclei per mm? of epithelium.
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Table 1
Distribution of patients in the Normal Breast Study (N=454).

Breast cancer diagnosis No cancer history

Patient group ~ Active disease  Previous history* Reduction/Prophylactic ~ Benign condition

Total N (%) 387 (85.2) 14 (3.1) 30 (6.6) 23 (5.1)
Mean age + SD 55.3+12.5 50.1+9.6 420+ 134 48.2+14.2
Race
White 240 (62.0) 10 (71.4) 21 (70.0) 14 (60.9)
Other 147 (38.0) 4(28.6) 9 (30.0) 9(39.1)

*
Patients with a previous history of breast cancer were diagnosed and treated for a breast cancer with full response at least one year prior to the
consented surgery and had no active disease at surgery.
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Table 2

Distribution of tumor characteristics among breast cancer patients in the Normal Breast Study (N=387).

N %

Tumor characteristics

Stage
0 67 174
1 166 43.2
2 94 245
3 48 125
4 9 23
Missing 3

Grade
1 65 17.1
2 150 394
3 166 43.6

Missing 6
ER status

Negative 93 245
Positive 287 755
Missing 7

PR status
Negative 131 34.6
Positive 248 65.4
Missing 8

HER? status*
Negative 246 80.4
Positive 60 196

Missing 14
Tumor size
<2cm 212 55.1

>2-5cm 127 33.0
>5cm 46 119
Missing 2

Lymph node status
Negative 226 64.2
Positive 126 3538
Missing 35

t -
Among invasive breast cancer cases only
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