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Abstract

Objective: We evaluated the locations of cancer and benign masses in relation to the fat-gland
interface and anatomic quadrant locations with ultrasound tomography.

Methods: A total of 602 breast masses were evaluated from a clinical data set corresponding
to a pre-trial arm of a multicenter study evaluating UST. Anatomic breast quadrants also noted
for each tumor, and the fat-gland interface was considered the site of origin if at least 1/8 of
the mass circumference abutted fat. Ina subset of 298 masses, a hand-traced region-of-interest
allowed quantitative sound speed and percent density comparisons of tumor and peritumoral
margins.

Results: Cancers were located at the fat-gland interface in 93.4 % (169/181) of cases, and
were completely surrounded by fat in 5.5% (10/181) or parenchyma in 1.1 % (2/21)(p<0.001)
of cases. Moreover, 56.1% (97/173) of cysts and 25.0% (47/188) of fibroadenomas were
fully surrounded by dense tissue, significantly more than cancers (1.1%)(p<0.001). The upper
outer quadrant was the most common location of all masses, but no significant differences
between mass were noted (p=0.06). Quantitative sound speed values showed significantly
greater amount of fat surrounding cancers than fibroadenomas or cysts (p<0.001), while
percent density showed that most cysts were completely surrounded by dense tissue and
cancers were surrounded by both dense and fatty tissues.

Conclusion: Both the qualitative tumor location and quantitative peritumoral data corroborate
the preferential location of cancers at the FGI, compared to benign masses or anatomic
quadrants. This study supports possible integration into clinical practice with future dense
breast screening by UST.
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1 Introduction

1.1 Breast Imaging and the Fat-Glandular Interface (FGI)

Imaging of breast cancer development is limited to macroscopic findings (e.g., >5
mm) by each modality. 3D localizations of cancer origin according the dominant breast tissues
of denser fibroglandular parenchyma or fat are not commonly considered. Common
mammaographic teaching has emphasize greater visual attention to anatomic regions of
historically higher cancer incidence (1,2), such as the upper outer quadrants having its greater
parenchymal content, or epithelial distribution (2). The dominant signs of breast cancer by
mammography relate to a focal mass/asymmetry, a cluster of microcalcifications and/or
architectural distortion.

Cancers newly diagnosed by mammography were seen as a mass/asymmetry in over
2/3 of cases, by calcifications in 29% and architectural distortion in only 4% (3). Masses or
asymmetries seen by mammography are generally then evaluated by ultrasound, which
predominantly characterizes it as a cyst or solid mass for follow-up or biopsy, respectively.
Yet, in women with overall increased breast density, mammography can miss up to 50% of
cancers in the densest breasts and obscure both high contrast microcalcifications, as well as
the higher density of some cancers.

Breast magnetic resonance (MR) imaging shows high sensitivity to both ductal
carcinoma in situ (DCIS) and invasive cancers due to increased local blood flow and/or
permeability to paramagnetic
intravenous contrast agents. Limited
breast MR work has suggested that the
fat-glandular interface (FGI; figure 1)
represents a preferable location for up
to 94-99% of breast cancers (4,5).
Breast cancer localization at the FGI
appears to be a high sensitivity
parameter but has not been widely
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breast than dense tissue, which often leaves part of that coronal circumference without
parenchyma, leaving only telltale residual fibrous bands (e.g., Cooper‘s ligaments) after
involution.

1.2 The Well-Established Cancer Biology at the FGI

Breast cancer initiation and growth have strong associations with adjacent fat cells,
or adipocytes, and their fat-secreted hormones, adipokines (6-7). The FGI also helps define
the boundary with the breast‘s subcutaneous adipose layer which may comprise the largest
endocrine gland in the body (8). Adipokines help mediate blood pressure, reproductive
function, appetite, glucose homeostasis, angiogenesis and immune function (8). The link
between obesity and the rising incidence of multiple diseases appears to include breast cancer.

When the balance of adipokines tip toward an excessive pro-inflammatory state at the
FGI, multiple adipokines, such as leptin, have been implicated in breast cancer initiation via
aromatase expression (9-10). Cancer cell lines and tumor growth become markedly
accelerated in the presence of adipocytes (9). Bidirectional crosstalk between cancer cells and
adipocytes, moreover lead to the formation of cancer-associated adipocytes (CAA). These
CAA‘s stimulate a phenotypic change to generate fibroblast-like cells known as adipocyte-
derived fibroblasts through the secretion of the adipokine, fibronectin, and collagen. Tumor
cells cultured with these fibroblasts then demonstrate increased invasive ability. CAA‘s also
display overexpression of collagen VI while ECM-related molecules contribute to breast
cancer progression. This FGI sequence may also lead to the presence of a dense collagenous
stroma, or desmoplastic reaction around breast cancers (i.e., peritumoral region), particularly
in estrogen receptor/progesterone receptor (ER/PR) positive tumors.

1.3 UST and the FGI

Ultrasound tomography (UST) development over 40 years (11-36) has accelerated
with recent rapid progress of computing capacity and appears well-suited to evaluate the
circumferential nature of the FGI in its native coronal plane. A ring array transducer has
provided whole breast and focal mass evaluation by combining reflection signal acquisition
with quantitative transmission properties of sound speed (SS) and attenuation (ATT). UST
offers quantitative multi-parametric evaluation of breast tissues that are scanned and displayed
in its highest resolution, coronal plane. Correlation of mammographic breast density to SS
distributions of parenchymal tissues throughout the breast have been thoroughly explored (26-
36), including improvements in SS resolution (34). The excellent SS contrast between low SS
fat and denser parenchyma/stromal tissues produced even better correlation with MR
parenchymal patterns, as well as the volumetric assessment of the entire breast (37). SS has
also been shown to be a stronger BC risk factor than mammaographic density (32).
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Given the strong biological background for cancer initiation near the FGI, we sought
to clarify tissue localization for cancers, solid benign masses and cysts, in relation to their
standard anatomic quadrants and tissue components using UST and its innate coronal imaging
plane. In a smaller subset, mass evaluations by UST was also able to compare and assess
quantitative peritumoral measurements.

2 Methods

For qualitative anatomic and FGI locations, a total of 602 clinical breast masses were
noted within 467 individual breasts from 408 patients, as part of a related study of UST for
women with dense breasts (SoftVue, Delphinus Medical Technologies Inc., Novi, Michigan;
Clinicaltrials.gov — NCT#02977247). This data set included a subset with quantitative region-
of-interest (ROI) analyses for the tumor and peri-tumoral regions noted below. Some women
had more than one mass in each or both breasts. All masses were biopsy-confirmed by
subsequent or prior histology, unless considered as a characteristic cyst by standard HHUS
evaluation.

Mass location in coronal UST images was determined by a MQSA certified
radiologist with extensive UST imaging experience. The relationship of a mass to the FGI was
noted for a all 602 breast masses (181 cancers, 188 fibroadenomas, 173 cysts and 60 other
benign findings), confirmed by biopsy, or by hand-held ultrasound for a simple cyst. The 60
other benign findings were excluded from the figures due to their smaller numbers and
contained non-mass findings, such as focal fibrosis, micro-cystic changes and/or
granulomatous mastitis.

The FGI was defined as the circumferential interface between the peripheral fat and
parenchyma (4,5) as determined by examining sound speed (SS) images, which reliably
differentiate the much lower SS (i.e., density) of fat (26-36) from the higher SS of
fibroglandular tissues. Mass location was determined from its best visualized coronal level and
placed into 3 groups: (i) completely surrounded by dense high SS fibroglandular tissue, (ii)
completely surrounded by low SS fat or (iii) partially surrounded by both (i.e., the FGI) (4).
Typically, if a mass showed ~1/8 of its circumference abutting fat in its greatest visualized
coronal level, it was considered to be at the FGI (figure 2-Fibroadenoma). Conversely, a mass
could be considered to abut parenchyma while being surrounded by fat and also labeled at the
FGI (figure 2-Cancers). Masses were evaluated only on the coronal plane and therefore not
fully evaluated in 3D for FGI location at this time due to lower out of plane resolution of
SoftVue imaging (below). Mass location was only augmented by the lower resolution
reconstructions in the axial/sagittal reconstructions as needed for additional confirmation of
anterior/posterior aspects of the FGI. Masses were also categorized according to standard
quadrant positions within the breast based on distance from the nipple and clock position of
the finding. Differences in lesion locations were assessed using the chi-squared test.
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Figure 1 - Cancers, cyst and fibroadenoma: (Left) Sound speed (SS) images from 2 patients
with scattered fibroglandular breast density and high SS cancers at the FGI. Both cancers have
irregular margins on the magnified views, being nearly surrounded by fat along the residual
fibrous bands of the FGI (arrowheads). Top right SS and magnified reflection view show
dominant replacement by extremely dense breast parenchyma (white) with an embedded simple
cyst. The well circumscribed 2.0 x 1.3 cm simple cyst has intermediate sound speed, similar to
the gray water surrounding the breast. Bottom right images show a patient with heterogeneously
dense breast parenchyma and a 1.6 x 1.2 cm fibroadenoma with a lucent halo of lower SS,
sometimes also noted with mammography. While mostly embedded in parenchymal tissue, a
smooth portion of the fibroadenoma bulges the FGI into the surrounding subcutaneous fat.

For a subset of 296 masses (78 cancers, 105 fibroadenomas, 91 cysts and 24 other
benign findings), their boundaries were hand-traced by a radiologist with over 20 years
experience as a certified breast imager using MIM software to generate regions of interest
(ROI) encompassing the detected masses by UST. Mass margins were defined on the single
best visualized/representative image upon a combination of sound speed and reflection image
stacks to trace their contours, generating a surface area. Once tumor margins were defined, a
peritumoral region was then digitally created to extend 20% of the tumor‘s diameter beyond
all tumor margins, making it proportionate for every tumor. The quantitative parameters of
SS and the peritumoral surface area could then be compared with the boundaries inside the
traced mass ROI. The SS image was also segmented into two regions corresponding to dense
and fatty tissues by using a k-means segmentation method. Combining the segmented SS
image with the ROI masks allowed for calculations of the percent density (PD) [the area of
dense tissue compared to the total area] for each region as well. Comparisons of mean values
between the mass types were performed using an ANOVA analysis. Chi-squared test was used
to assess significance of frequency differences.
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3 Results

Coronal imaging by UST provided reliable circumferential evaluation of the FGI,
allowing a consistent peripheral visual search pattern. Cancers were classified at the FGI in
93.3% (169/181) of the cases, were surrounded by fat in 5.5% (10/181) or parenchyma in 1.1%

(2/181)(chi-squared, p<0.001) of cases (Figure 3).

Even when surrounded by fat, cancers

were still associated with residual fibrous bands (i.e., Cooper’s ligaments) of the atrophied

% Tumor Type by Tissue Location

BAt FGI Oln Dense ®In Fat
100% 93%
80%
69%
60% 56%
40% 40%
25%
20%
196 6% 6% 2%
0% [ | | —
Cancer Fibroadenoma Cyst

Figure 3: Relative distribution of 3 tissue locations for
each tumor type (i.e., 3 locations = 100%). Significant
opposing trends are noted for location incidence of
Cancer, Fibroadenoma and Cyst at the FGI (shaded
bars) versus being surrounded by dense breast
parenchyma (white bars). A low percentage of all
tumors are surrounded only by fat (black bars).
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Figure 4: Relative distribution of 4 anatomic breast
quadrants for each tumor type (i.e., 4 locations =
100%). All tumors were more commonly located in the
upper outer quadrant and have their lowest incidence
in the lower inner quadrant, but otherwise showed no
mass-specific intra-quadrant differentiation.

parenchyma at the FGI. For
fibroadenomas, 68.6% (129/188)
were classified at the FGI while
39.8% (69/173) of cysts were
found at the FGI. Moreover,
56.1% (97/173) of cysts and
25.0% (47/188) of fibroadenomas
were fully surrounded by dense
tissue, significantly more than
cancers (1.1%) (chi-squared,
p<0.001). Few  cancers,
fibroadenomas or cysts were
completely surrounded by fat
(i.e., 55%, 6.4% and 4.0%,
respectively).

Figure 4 shows the four-
quadrant distribution of cancers,
fibroadenomas and cysts.
Significantly  greater  cancer
distribution of 42% (76/181) (chi-
squared, p = 0.008) was noted in
the upper outer quadrant
compared to cancer rates in the
other quadrants, yet a similar
greater relative percentage of 34%
(63/188) for fibroadenomas and
39.3% (68/173) of cysts were also
more common in the upper outer
quadrant than the other locations
(Chi square p<0.01). All tumors
were also least commonly located
in the lower inner quadrant
(p<0.05).
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Quantitative SS results for surface areas generated for the traced ROIs of the mass
showed overlap between masses, but still a significant difference in mean SS (m/sec) for the
actual mass ROIs between cancers (1527 m/s, 1521-1533 95%CIl) fibroadenomas (1536 m/s,
1531-1540 95% CI) and cysts (1535 m/s, 1529-1540 95% CI)(p = 0.046). Surrounding
peritumoral regions showed significantly lower mean peritumoral SS for cancers (1477 m/s,
1470-1482 95% CIl) than fibroadenomas (1496 m/s, 1490-1502 95% ClI) as well as lower mean
peritumoral SS for fibroadenomas than cysts (1518 m/s, 1512-1523 95% CI)(ANOVA
p<0.001). The percent density (PD) of the peritumoral region for the different mass types also
showed a progressive increase in the mean values when going from cancer to fibroadenoma to
cyst (47% to 65% to 84% respectively, ANOVA p<0.001). Furthermore, the median
peritumoral PD for cysts and cancers are 98.5% and 44.7%, quantitatively indicating that
roughly half of all cysts are almost entirely surrounded by dense tissue, while significantly
more fat surrounds cancers.

4 Discussion

Our results confirm the common breast imaging dictum of cancers being more
common in the upper outer quadrant, but also showed a similar incidence for fibroadenomas
and cysts. Similar to prior MRI findings (4,5), UST tissue localization also confirmed cancers
had a very strong tendency to be located at the FGI and extend these findings by demonstrating
that benign masses have a weaker tendency in that regard. Moreover, quantitative peritumoral
SS characteristics of the tumor microenvironment with cancers provides insights to their
greater likelihood of being partially surrounded by fat compared to benign masses and support
the qualitative findings.

UST is a novel breast imaging technology being explored for its potential for
improving breast cancer detection in women with dense breasts (NCT#02977247). The native
coronal imaging plane by SoftVue UST may facilitate simpler qualitative detection and
localization of cancers, which were much more likely to be found at the FGI (figures 1, 2).
Conversely, it appears rare that cancers are entirely surrounded by fibroglandular tissues, or
cysts surrounded by fat (i.e., 1.1% and 4.0%, respectively). Even though overall benign
masses were significantly more likely to be surrounded by fibroglandular tissue than cancers,
only cysts were predominantly surrounded by parenchyma (i.e., 56.1%). These findings are
further corroborated by insights provided by the mean peritumoral analyses.

UST separation of breast parenchyma from fat by SS, using segmentation K-means
segmentation techniques, have been well established and correlated with breast density by
mammogram and parenchymal distribution by MR (26-36). The mean SS results for mass
ROIls and peritumoral regions are better understood when we note that the mean SS for the
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surrounding water bath is approximately 1500 m/s. Considering that simple cysts contain
similar water-like SS or density, smaller cysts appear more often to contain thicker
proteinaceous fluid or inspissated debris that can markedly elevate SS.

Data from our peritumoral analyses lend insights to the average tissue composition
surrounding masses. Progressively increasing mean SS in the peritumoral tissues of cancers,
fibroadenomas and cysts [i.e., 1470-1482 m/s, 1490-1502 m/s and 1512-1523 m/s respectively
(ANOVA p<0.001)], suggest a similar physiologic progression, from a mix of fatty tissues to
dense fibroglandular tissue. For cancers, the 25™ percentile to 75" percentile range of mean
peritumor SS is 1455 — 1499 m/s, indicating a progression of tissue composition from
predominantly fatty to fairly dense, features compatible with tissues found at the FGI.
Conversely, the quantitative peritumoral SS range for cysts of 1503 - 1542 m/sec is also
compatible with the qualitative assessment of cysts being entirely surrounded by parenchyma
a majority of the time. Using the peritumoral PD measurements also supports the qualitative
analysis. The 25-75" percentile range for cancer peritumor PD goes from 14% to 75% dense,
while for cysts, the same percentile range is 75% to 100% dense. Once again, this shows that
the regions surrounding cancers is much more likely to be a mix of dense and fatty tissue while
cysts are far more likely to be almost entirely surrounded by only dense tissue.

The preferential tumor location for cancers at, or near, the FGI thus appears to be a
highly sensitive finding for cancer origin and growth, but not necessarily specific in this
clinical case selection. However, the knowledge of nearly all cancers being near the FGI
suggests a reasonable circumferential search pattern that will also require the use of common
BI-RADS criteria. In other words, mass margin irregularity noted near the FGI is highly
suspicious. Conversely, a smoothly marginated mass near the FGI still requires consideration
of fibroadenoma versus more uncommon but well-marginated cancers (e.g., mucinous,
medullary, etc.).

Future use as a search tool near the FGI requires comparison with an actual screening
series, but the quantitative aspects of UST mass and peritumoral analyses suggest future
development with computer-aided diagnosis and detection. Finally, the quantitative
tumoral:peritumoral information can be further utilized to better understand the complex
biology of adipocytes, adipokines and cancers cells near the FGI.

Numerous weaknesses are inherent in an analysis of a subjective criteria, such as the
location of whether a breast tumor resides at the FGI. Rather than a more graded approach
(4), we therefore chose a simpler assessment whereby of the extremes of being entirely
surrounded by fat or fibroglandular tissue was more straightforward. While the coronal plane
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Figure 5: Graphic representation of a
pendulus breast (pink background) in
what could be postulated as an
extremely dense breast with the FGI
represented by an inverted architectural
dome having a  multi-pointed
hemispherical mesh (black and gray).

is convenient for the circumferential assessment of
the FGI, we also acknowledge that further work is
needed on the 3D assessment of both anterior and
posterior tumor margins near the FGI. As a 3D
structure, figure 5 is offered as a graphic rendering
to show that the FGI is dispersed throughout the
breast volume , but a search can be simplified to an
irregularity along the FGI margin .

The FGI criteria was qualitative but
produced significant mass differentiation that prior
anatomic quadrant location did not. The peritumoral
analyses was also incomplete for all 602 masses,
being available for only 298. However, these
quantitative analyses of mean SS values required no
subjective component and were highly significant

The irregularity of a cancer is | ang sypported the qualitative assessments of the
represented by a burr at one of these | £ Eyrher work is also needed for further

confirmation with biological and/or molecular
correlates.

In summary, both the qualitative and subjective opinion of a radiologist noting
cancers’ preferential location at the FGI corroborates similar MR findings but emphasizes the
coronal UST location as a circumferential view of the FGI. Moreover, quantitative SS results
for individual masses and peritumoral regions also corroborates the well-known biological
significance of fat being adjacent to cancers and their associated rate of growth. These FGI
analyses showed significantly better mass differentiation than anatomic location, which
confirmed that all masses are more common in the upper outer quadrant. This study supports
its possible integration into clinical practice and future dense breast screening.

5 Conclusions

The coronal view by UST confirmed that cancers are much more likely to be found at the FGI
(p<0.01) compared to fibroadenomas and cysts. UST is a novel new technology that has the
potential for improved breast cancer detection. This study supports increased accuracy of UST
imaging as it becomes integrated into clinical practice.
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