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Abstract

In breast tumors, it is well established that intratumoral angiogenesis is crucial for malignant 

progression, but little is known about the vascular characteristics of extratumoral, cancer-adjacent 

breast. Genome-wide transcriptional data suggest that extratumoral microenvironments may 

influence breast cancer phenotypes; thus, histologic features of cancer-adjacent tissue may also 

have clinical implications. To this end, we developed a digital algorithm to quantitate vascular 

density in approximately 300 histologically benign tissue specimens from breast cancer patients 

enrolled in the UNC Normal Breast Study (NBS). Specimens were stained for CD31, and vascular 

content was compared to demographic variables, tissue composition metrics, and tumor molecular 

features. We observed that the vascular density of cancer-adjacent breast was significantly higher 

in older and obese women, and was strongly associated with breast adipose tissue content. 

Consistent with observations that older and heavier women experience higher frequencies of ER+ 

disease, higher extratumoral vessel density was also significantly associated with positive 

prognostic tumor features such as lower stage, negative nodal status, and smaller size (<2 cm). 

These results reveal biological relationships between extratumoral vascular content and body size, 

breast tissue composition, and tumor characteristics, and suggest biological plausibility for the 
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relationship between weight gain (and corresponding breast tissue changes) and breast cancer 

progression.
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1. Introduction

Solid tumors, including breast cancers, must initiate angiogenesis to grow beyond a size of 

1-2 mm3 [1]. While intratumoral vasculature has been relatively well-studied [reviewed in 

2], very little research has addressed the vascular characteristics of extratumoral 

microenvironments, nor those of the histologically benign tissue adjacent to breast cancers. 

A growing body of evidence indicates that extratumoral microenvironments may play a role 

in breast cancer progression. For example, the gene expression signatures of tumor-adjacent 

breast resemble those of the associated cancer [3, 4], and can predict outcomes in some 

patient groups such as ER+ cases [5-7]. Correlates of tissue composition, such as obesity, 

have also been shown to predict breast cancer patient outcomes, with inverse associations 

between body mass index (BMI) and survival having been reported across breast cancer 

subtypes, and particularly in the context of ER+ disease [8-10]. However, histologic studies 

of extratumoral and benign breast microenvironments, particularly with regard to vascular 

characteristics, have only been conducted using tissue specimens from a small or unspecified 

number of demographically homogenous women [11, 12], highlighting the importance of 

further study in this area.

In this study of approximately 300 specimens from 228 women, we employed a digital 

histologic approach to quantitate vascular density (number of vessels/mm2 of tissue) in 

histologically benign breast tissue from women with breast cancer. We hypothesized that 

cancer-adjacent breast vessel density may be associated with tumor features, either through 

relationships with patient characteristics, or because vasculature supports tumor growth or 

enables selection of more adaptive phenotypes.

2. Materials and methods

2.1. Study population

Biospecimens from the University of North Carolina Normal Breast Study (UNC NBS) [13, 

14] were used following a protocol approved by the University of North Carolina School of 

Medicine Institutional Review Board. Briefly, the UNC NBS is a hospital-based study of 

normal breast tissue and breast cancer microenvironments. Women undergoing breast 

surgeries (excisional biopsy, lumpectomy, mastectomy, reduction mammoplasty, or other 

cosmetic procedure) at UNC Hospitals between October 2009 and April 2013 were eligible 

to participate if they were at least 18 years of age, English-speaking, and consented to 

donate tissue during their surgery. As previously described [13, 14], all participants donated 

grossly normal-appearing tissue as assessed by pathology assistants at UNC; the distance of 

each cancer-adjacent specimen from the corresponding primary tumor was categorized as <1 
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cm, 1-4 cm, or >4 cm. Tissue was snap-frozen in liquid nitrogen. Patients also provided 

demographic, lifestyle, and breast cancer risk factor exposure data through a telephone 

interview, and medical records abstraction was performed to obtain anthropometric and 

medical history data. Medical records follow-up is continuing, to be conducted annually for 

10 years following a patient’s surgery.

Specimens from 235 women enrolled in the UNC NBS were selected for the current analysis 

(Figure S1). We analyzed one sample per woman, and included a second specimen for 

approximately 20% of these women (n = 51, 21.7%) to assess intra-individual variation. 

Slides were manually reviewed after IHC staining (see below), and 8 samples were excluded 

due to high levels of non-specific staining. Therefore, the final study population consisted of 

228 women and 279 unique tissue samples. Demographic characteristics of our population 

are presented in Table S1.

2.2. Immunohistochemical CD31 staining

Snap-frozen tissue was cut over dry ice and 20-μm sections were cut and mounted on 

positively charged glass slides. Slides were then randomized to batches of 24 for IHC 

staining. Briefly, slides were fixed in zinc formalin for 10 minutes, and heat-induced epitope 

retrieval was performed using Lab Vision HIER Buffer (Thermo Fisher Scientific, Waltham, 

MA). Slides were then incubated with 3% hydrogen peroxide to block endogenous 

peroxidases, blocked with 10% normal goat serum for 1 hour at room temperature, and 

incubated with pre-titrated mouse anti-CD31 antibodies (0.25 μg/mL; #3528, lot #4; Cell 

Signaling Technologies, Danvers, MA) overnight at 4°C. Slides were then incubated with 

biotinylated goat anti-mouse IgG secondary antibodies (#115-065-166, lot #89998; Jackson 

ImmunoResearch, West Grove, PA) for 1 hour at room temperature, and staining was 

visualized using ABC Elite (#PK-6100; Vector Laboratories, Burlingame, CA) and 

diaminobenzidine (DAB; #TA-125-QHDX; Thermo Fisher Scientific) reagents. Antibodies 

were diluted in Thermo Antibody diluent (#TA-125-ADQ), and all washes were performed 

with 0.05M Tris + 0.05% TWEEN-20. Sections were counterstained with hematoxylin.

A negative control (no-primary antibody) slide consisting of human umbilical vein 

endothelial cells (HUVECs; ATCC, Manassas, VA) grown on chamber slides was included 

in each batch of stained breast tissue for assessment of secondary antibody non-specific 

binding. HUVECs maintained in EGM-2 culture medium supplemented with BulletKit 

reagents (Lonza, Walkersville, MD) were seeded at a density of 50,000 cells/well in 1 well 

of a 4-well chamber slide (BD Falcon, Franklin Lakes, NJ). Slides were then fixed with 4% 

paraformaldehyde after 3 days of culture, and stained (1 slide per batch of breast tissue) 

according to the protocol described above.

2.3. Digital algorithm development and validation

Stained slides were scanned into high-resolution digital images using the Aperio ScanScope 

XT system (Aperio Technologies, Vista, CA) at a magnification of 20x. Tissue aberrations 

(e.g., large folds, surgical ink) and areas of extensive non-specific staining were excluded via 

annotation with Aperio ImageScope software. All annotations were made by an investigator 

blinded to patient demographic information and other tissue characteristics. Annotated 
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images were then imported into Definiens Architect XD version 2.7.0 for analysis with 

Definiens Tissue Studio version 4.4.2 (Cambridge, MA) (Figure S2A). Briefly, a training set 

consisting of 30 randomly selected slides was constructed, and the tissue and glass 

components of each specimen were segmented (Figure S2B). A Tissue Studio Cellular 

Analysis Solution capable of detecting and classifying IHC-stained vasculature was then 

tuned to identify DAB+ (i.e., CD31+) regions. In consideration of previous reports of average 

capillary diameter [15], and in order to reduce the influence of non-specific staining and 

other staining artifacts, we set a vascular detection threshold excluding stained objects with 

cross-sectional areas of <50 μm2. A high-magnification view of the tissue area outlined in 

Figure S2A is shown in Figure S2C, and the vascular detection algorithm output of this 

region is depicted in Figure S2D. After the trained algorithm was applied to the entire slide 

set, digital images were manually reviewed for gross irregularities. Visual inspection 

suggested high accuracy in identifying vascular areas. However, we identified 75 slides for 

which the tissue and glass components were not reliably partitioned. Thus, the tissue vs. 

glass parameter was re-tuned for this subset of slides, leaving all vascular parameters 

unchanged.

We evaluated the performance of the trained vessel algorithm using a validation set of 33 

randomly selected slides. IHC staining levels for each slide were visually classified as low, 

medium, or high (n = 11 slides/group) by a researcher blinded to patient clinicopathologic 

characteristics and other tissue features. Automated vessel density measurements for this 

slide set were then divided into tertiles to evaluate concordance with manual assessment.

2.4. Assessment of breast tissue composition

Epithelial nuclear density, percent adipose, and percent stroma were calculated as metrics of 

H&E-based tissue composition. These metrics were obtained from the dataset first reported 

in Sandhu et al. [13]. Briefly, to generate this dataset, a validated, previously published 

Aperio Genie Classifier algorithm [13, 14, 16, 17] was used to partition H&E-stained slides 

for each NBS participant into regions of adipose, epithelium, and stroma. A validated 

nuclear detection algorithm included with the Genie Classifier was also used to calculate 

epithelial nuclear density (nuclei/mm2 of epithelium). To evaluate associations between 

tissue composition and vessel density, adipose, epithelial, and stromal content were modeled 

categorically. For participants with multiple tissue sections, tissue composition values were 

collapsed prior to categorization by calculating an average estimate weighted by the area of 

each tissue section. Cubic spline models and boxplots were used to visualize the tissue 

composition variables to determine appropriate cut-points for categorization. Epithelial 

nuclear density was classified as <5,000, 5,000-9,000, or >9,000 nuclei/mm2 of epithelium, 

whereas percent adipose was categorized into quintiles. Percent stroma was modeled as a 

binary variable dichotomized at 10%: in accordance with findings reported in Chollet-

Hinton et al. [14], wherein associations between involution (i.e., epithelial nuclear density) 

and breast cancer risk factors were dependent upon stromal context, specimens with ≥10% 

stromal area were considered “tissue-dense”, whereas those with <10% stromal area were 

considered “tissue non-dense”.
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2.5. Statistical methods

Multiple linear regression was used to model the associations between vessel density and 

patient characteristics, tissue composition, and tumor features of unique participants in the 

NBS. Vessel density was modeled as a log-transformed continuous variable in order to 

approximate a normal distribution. Patient characteristics included age (categorized by 

decade), BMI (underweight/normal [<25.0 kg/m2], overweight [≥25.0 - <30.0 kg/m2], obese 

[≥30 kg/m2]), mammographic density (fatty, scattered fibroglandular, heterogeneously 

dense, and extremely or not-otherwise-specified dense), and menopausal status (pre-

menopausal, post-menopausal). Finally, tumor features included stage (0/1/2, 3/4), grade (1, 

2, 3), size (≤2cm, >2cm), nodal status (positive, negative), and tumor subtype (hormone 

receptor [HR]-positive/HER2-negative, HR-negative/HER2-negative, or HER2-positive 

regardless of HR status). Univariate linear models were used to calculate the crude mean 

vessel density for each level within explanatory variables. Multivariate analyses (adjusted for 

either age only or both age and BMI) were used to estimate ratio measures of the vessel 

density in each level of the explanatory variables relative to the referent level. Linear tests of 

trend were conducted assuming a linear dose-response relationship with vessel density for 

continuous and ordinal variables. Associations for participant and tissue-level characteristics 

were assessed among all eligible participants (n = 228). Associations for tumor-level 

characteristics except subtype were assessed among participants with either in situ or 

invasive breast tumors (n = 209). Associations between vessel density and tumor subtype 

were assessed only among participants with invasive tumors (n = 180). All statistical 

analyses were performed using R, version 3.5.1.

3. Results

3.1. Algorithm validation and intra-individual variability in breast tissue vessel density

Data from the vascular density algorithm correlated with manual slide classification and 

revealed modest intra-individual variability. The vessel density metric exhibited a left-

skewed distribution in this study, with nearly half (47.3%) of specimens having <30 

vessels/mm2 of tissue (Figure 1A), and therefore was modeled on a log scale. The 

performance of the vascular density algorithm was then assessed with a validation set of 33 

slides. Categorical automated and manual slide classification (i.e., low, medium, and high 

vessel density) exhibited 75.8% agreement (Figure S3) and “almost perfect” concordance 

according to accepted benchmarks [18] for interpretation of the Cohen’s κ statistic 

(quadratic-weighted κ: 0.8182; 95% confidence interval [CI]: 0.6946-0.9418). Among 51 

women for whom two specimens from different sampling locations were selected, intra-

individual heterogeneity in vascular density ranging from 1.00- to 16.3-fold was observed 

for each sample pair (Figure 1B). However, for the majority of women, vessel density 

heterogeneity between the two slides was modest (Figure 1B). Figure 1C depicts an example 

of the median level of observed variation between samples (2.20-fold). Intra-individual 

heterogeneity (fold-change in vessel density between samples from the same woman) was 

not associated with tumor characteristics or patient age.
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3.2. Associations between vessel density, patient characteristics, and tissue composition

Among patient characteristics, vessel density was most strongly associated with age and 

BMI (Table 1). Vessel density significantly increased with age (p-trend = 0.0256); therefore, 

all further analyses were adjusted for decadal age. Vessel density also appeared to increase 

with increasing BMI (p-trend = 0.0842). Although this relationship was only statistically 

significant among obese women, we conservatively adjusted all further analyses for BMI 

given reported relationships between obesity and breast cancer [reviewed in 19]. 

Mammographic density and menopausal status were not significantly associated with vessel 

density in univariate or adjusted models.

The associations between vascular density and age or BMI appear to be strongly dependent 

on tissue composition. The composition of histologically benign human breast tissue varies 

with age and other breast cancer risk factor exposures [13, 14], and even in age-adjusted and 

age- and BMI-adjusted models, vessel density monotonically decreased with increasing 

epithelial nuclear density (p<0.0001; Table 1). Vessel density also exhibited strong positive 

associations with percent adipose (p<0.0001; Figure 2A), and strong inverse associations 

with percent stroma (p<0.0001; Figure 2B). Figure 2C depicts images of adipose-rich 

(7.99% of sample) and stroma-rich (82.51% of sample) areas from the same specimen, 

highlighting that vascular density tends to be much lower in areas of high stromal content.

3.3. Associations between vessel density and tumor characteristics

Given the importance of angiogenesis in tumor progression, we evaluated associations 

between cancer-adjacent vascular density and tumor clinicopathologic features (Table 2). 

After adjusting for age, vessel density was significantly reduced in high-stage (stage 3/4; p-

trend = 0.0044), node-negative (p-trend = 0.0061) tumors, as well as in tumors measuring >2 

cm in diameter (p-trend = 0.0228). These associations were further strengthened in models 

adjusted for both age and BMI. In contrast, neither tumor grade nor IHC-based tumor 

subtype exhibited significant associations with vessel density in either adjusted model.

Due to strong associations between vessel density and tissue morphometry metrics, we 

considered that relationships between tumor features and extratumoral vascularity may also 

depend on other tissue composition variables. Indeed, after adjusting for stromal content, 

associations between vascular density, tumor stage, and tumor size reverted toward the null 

(Table 2). Inverse associations between vascular density and node status were also 

attenuated, but retained statistical significance (p-trend = 0.0213).

4. Discussion

In this study, we used a digital histologic algorithm to evaluate CD31+ vascular density in 

histologically benign, cancer-adjacent breast tissue from women with breast cancer. We 

evaluated 279 specimens from 228 women, increasing the sample size relative to previous 

studies of normal breast vascular content [11, 12] by at least 25-30-fold. Our data indicate 

that the vascular density of cancer-adjacent breast is related to key demographic variables 

(e.g., age, obesity) and metrics of tissue composition. We further observed that increasing 

vessel density was associated with positive prognostic tumor features such as lower stage, 
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negative nodal status, and smaller size (<2 cm), although these relationships appear to be 

largely dependent upon tissue composition.

Prior histologic studies of breast vasculature have predominantly focused on intratumoral 
angiogenesis, showing that high tumor microvessel density is a negative prognostic factor 

for breast cancer [20]. With respect to extratumoral vasculature, one prior study of high-

stage colon cancer cases [21], a murine model of subcutaneously transplanted mammary 

adenocarcinoma [22], and a rat model of prostate cancer [23] suggested higher extratumoral 

vessel density or endothelial proliferation in association with increased tumor size. In 

contrast, findings herein suggest that cancer-adjacent breast vasculature seems to reflect host 

characteristics rather than tumor biology. However, these studies [21-23] have important 

differences from the present study of extratumoral benign breast (namely, species and tissue-

type), limiting the value of comparison and highlighting the need for further investigation.

In future research evaluating cancer-adjacent breast vascularity, other tissue composition 

parameters represent important covariates. In the present study, vessel density significantly 

decreased with increasing epithelial nuclear density and percent stromal area, suggesting 

that relationships between extratumoral vascularity and cancer behavior may depend upon 

these other compositional features. Surprisingly, mammographic density and vessel content 

were not correlated, potentially reflecting the nature of mammographic density as a 

composite metric of fibroglandular (epithelial and stromal) breast tissue content. 

Relationships between cancer phenotypes and extratumoral vascularity may also depend 

upon breast adipose tissue content, as vascular density significantly increased with both 

obesity (BMI ≥30 kg/m2) and percent breast adiposity. Interestingly, work by Condeelis and 

colleagues has demonstrated that an increased frequency of tumor microenvironments of 

metastasis (TMEMs), or histologic structures in which a Mena-overexpressing cancer cell, 

an endothelial cell, and a macrophage are in direct contact, predicts risk of distant metastasis 

among ER+ breast cancer patients independently of classical tumor clinicopathologic 

features [24, 25]. Thus, together with these observations, reports that obese and older 

women experience higher frequencies of ER+ tumors [reviewed in 26], and previous findings 

that macrophage content is increased in normal breast tissue from obese compared to 

normal-weight women [27], our results provide biological plausibility for previously 

described associations [8-10] between obesity and reduced survivorship among ER+ breast 

cancer patients.

Few previous studies have evaluated vascular density in association with age, though, to our 

knowledge, none have focused on breast tissue. Gunin et al. reported that the density of 

CD31+ dermal blood vessels significantly declined with age [28], and an in vivo imaging 

study by Li and colleagues revealed that the density of capillary loops in the superficial 

vascular plexus of the hand negatively correlated with age [29]. Reduced tissue perfusion 

and associated visceral functional deficits have also been attributed to impaired angiogenesis 

in models of the aging kidney [30], liver [31], and retina [32]. Differences between these 

reports and the present study may be due to tissue site-specificity, as well as with age-

associated differences in breast tissue composition [13]. These findings further underscore 

the complex dynamic interplay between various tissue components.
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Our study should be interpreted in light of certain limitations. First, although CD31 is 

generally considered to be the single best indicator of endothelial differentiation status [33], 

this marker can also be expressed on hematopoietic lineage cells such as neutrophils and 

macrophages [34]. However, based upon extensive visual inspection of our slide set, we 

anticipate that this phenomenon exerts little impact on our results. Second, the H&E-based 

tissue morphometry dataset leveraged herein was generated from separate sections from the 

same tissue block as the CD31-stained sections. Thus, some variation may exist in the 

proportions of stroma, adipose, and epithelium between the corresponding CD31- and H&E-

stained slides. However, a previous study of tissue morphometry in the NBS indicated that 

estimates of each tissue component were highly correlated between replicate measurements 

in a given patient [13]. Furthermore, our results may be influenced by the high prevalence of 

overweight and obesity among women in our sample (BMI ≥25.0 kg/m2; 67.1% of women), 

highlighting the need to evaluate vascular density in a greater number of breast samples from 

normal-weight women. Finally, our work could be strengthened by the inclusion of a greater 

number of specimens from women with no invasive breast cancer history. However, with the 

exception of reduction mammoplasty (RM) samples, which display a high prevalence of 

benign disease and/or proliferative change relative to non-RM tissue [35], specimens of this 

nature are not readily available. Nevertheless, in spite of these limitations, few previous 

studies of normal human breast vasculature have been reported, and those that have relied on 

tissue from a small or unspecified number of women with relatively homogeneous 

demographic characteristics [11, 12]. Thus, the present study is an important first step in 

understanding how tumor-adjacent vasculature varies in association with tumor 

characteristics and associated breast cancer risk factors in more heterogeneous samples.

In conclusion, this study highlighted the importance of breast composition in determining 

extratumoral vascularity, and highlighted an inverse association between extratumoral 

vascular density and aggressive tumor characteristics. We were not able to evaluate the 

association between vascularity and adiposity within strata of tumor subtypes; however, 

adiposity is associated with reduced survivorship among ER+ breast cancer patients [8-10], 

and higher vascular content in histologically benign tissue from obese women may be a 

plausible biological explanation for these observations. Continued research to understand the 

vascular features of normal-appearing, cancer-adjacent tissue may have important 

implications for assessing patterns of disease metastasis and recurrence among cancer 

patients.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution and intra-individual heterogeneity of the vessel density metric.
A) Histogram depicting the relative frequencies of vessel density values across the study 

population. B) Vessel density intra-individual heterogeneity of 51 women for whom two 

slides from different tissue sampling locations were available. For each woman, the vessel 

density fold-difference between both specimens in a given slide pair is shown. C) 
Representative images from each specimen in slide pair 26 demonstrating the median 

observed level of vascular density intra-individual heterogeneity (2.20-fold).
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Figure 2. Associations between vessel density and tissue composition in cancer-adjacent breast.
A) Vessel density distribution by adipose quintiles among unique individuals. B) Vessel 

density distribution by stromal categories among unique individuals. C) Images of an 

adipose-rich (left) and stroma-rich (right) area from the same specimen, highlighting 

reductions in vascular density in areas of high stromal content.
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