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Abstract

Purpose: Little is known about the three-dimensional shape of breast cancer. Implicit to
approaches that localize the center of the tumor for breast conserving surgery (BCS) of non-
palpable cancers is the assumption that breast cancers are spherical about a central point, which
may not be accurate.

Methods: Pre-operative supine breast MRI images were obtained of 83 breast cancer patients
undergoing partial mastectomy using supine MRI guided resection techniques. Three-dimensional
(3D) tumor models were derived after radiologists outlined tumor edges on successive MRI slices.
Ideal resection volumes were determined by adding 1 cm in every dimension to the actual tumor
volume. Geometrically defined parameters were used to define tumor shapes and associations
between clinical variables and shapes were examined.
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Results: Seventy five patients had invasive cancer. Breast cancers were categorized into 4 tumor
shapes: 34% of tumors were discoidal, 29% segmental, 19% spherical and 18% irregular. If
hypothetical spherical excisions were performed, nonspherical cases would excise 143% more
tissue than the ideal resection volume. When the 3D shape of each tumor was provided to the
surgeon during MR-guided BCS, the percentage of tissue overexcised in non-spherical cases was
significantly less (143% vs. 66% , p < 0.001).

Conclusions: Information obtained from a supine MRI can be used to generate 3D tumor
models and rapidly classify breast tumor shapes. The vast majority of invasive cancers and DCIS
are not spherical. Knowledge of tumor shape may allow surgeons to excise breast cancer more

precisely.
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1.

Introduction

Successful breast-conserving surgery (BCS) of patients without palpable neoplasms relies on
image-guidance tools and the skills of surgeons and has the goal of completely removing the
tumor with appropriate surgical margins. Even with an influx of novel surgical guidance
technologies, the positive margin rate in BCS, which ranges from 15-30%,remains an issue
yet to be solved completely by any one technology [1-5]. If a positive margin is identified,
an additional re-excision surgery is necessary which increases the emotional burden and
financial cost to the patient and healthcare system.

The standard of care for localizing non-palpable breast cancer and DCIS is wire localization.
Point-based technologies that utilize radioactive or magnetic seeds or reflectors are
increasing in popularity because they may facilitate surgical scheduling [4]. Although
occasionally used to bracket extensive areas of neoplasia, in most cases both wire
localization and point-based technologies are intended to identify the center of the tumor for
the surgeon. These methods do not inform the surgeon about the volumetric shape or three-
dimensional extents of the cancer. Led by point-based guidance, surgeons may assume that
breast cancer is spherical and design their excision accordingly. Furthermore, presurgical
MR planning images offer only a limited number of 2D views which hinders a surgeon’s
ability to visualize the 3D shape of the target excision in each BCS case.

In comparison to breast MRI done in the prone position, breast MRI done in the supine
position gives the surgeon an image of the cancer and its position in the breast that
corresponds to the shape and relative position of the tumor when the patient is supine on the
operating room table. Herein, we characterize and explore trends in the 3D shapes of tumors
from a group of breast cancer patients who had supine MRIs and underwent BCS utilizing
technologies that relied on supine MRI data to guide BCS. We also evaluated the potential
effect of tumor shape on BCS excision volumes by: 1) comparing a hypothetical spherical
excision to the MRI-defined tumor volume and 2) comparing actual resection volumes
obtained using MRI-guided surgery with the MRI-defined tumor volume.
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Methods

Patients for this study were entered on one of two prospective experimental studies of
technologies used for supine MRI guided surgery (2,6). Both studies were approved by the
Dartmouth Committee for the Protection of Human Subjects. Sixty seven patients were
treated on “A Randomized Prospective Trial of Supine MRI Guided vs. Wire Localization
Lumpectomy for Breast Cancer”, ClinicalTrials.gov #NCT01929395 [2]. All of these
patients had non-palpable breast cancer. They underwent BCS by surgeons who had access
in the OR to a virtual 3D model of the cancer derived from supine MRI images and used an
intra-operative tracking system to outline the projected tumor edges on the skin surface. The
3D model of the cancer in the breast informed the surgeon of the shortest distance from the
tumor to the skin and from the tumor to the chest wall and allowed the surgeon to see which
part of the tumor was closest to the skin or chest wall. The surgeon used this information and
the tumor outline on the skin surface to do the lumpectomy; no wires were placed (as more
fully described elsewhere [2]).The remainder of the patients (16) had palpable breast cancer
that was excised by surgeons who had access in the OR to the same virtual 3D model of the
cancer derived from supine MRI and used a 3D printed bra-like form (the Breast Cancer
Locator, BCL) to identify projected tumor edges on the skin surface and mark the tumor
edges within the breast parenchyma (6). The surgeon placed the BCL on the patient’s breast
prior to surgery and used it to mark the projected tumor edges on the skin surface and to
inject blue dye into the breast to define the tumor edges. Surgery was done utilizing these
cues and no wires, as more fully described elsewhere (6). These patients were treated on The
Pilot BCL Study, ClinicalTrials.gov # NCT02550210 [6].

During both of these studies, patients underwent contrast-enhanced T1-weighted breast MRI
in the supine position on either a Phillips 3T MRI scanner (Philips Healthcare, Andover,
MA) with circular coils, or a Siemens 1.5 T scanner (MAGNETOM Area, Siemens
Healthineers, Malvern, PA ) with a rectangular flex coil. A soft pad was placed on the
sternum to support the rectangular flex coil. The pad was designed with cut-outs for each
breast, which minimized breast deformation. Patients were positioned in the scanner with
their ipsilateral arm parallel to their body. A pre-injection T1-weighted ultrafast gradient
echo sequence was acquired to define the breast volume and tissue structures while a post-
injection T1-weighted turbo gradient echo volume acquisition with fat saturation was used to
determine tumor location and shape. A radiologist outlined the tumor edges on contiguous
axial MRI slices acquired with the patient positioned in the surgical (supine) position. A 3D
virtual model of the tumor, breast surface and chest wall was constructed from the MRI data
based on segmented models obtained with 3D Slicer (Version 4.3.1, www.slicer.org)
software [7].1t takes a radiologist approximately 10 minutes to outline the tumor edges on
the supine MRI images and then approximately 1 minute for the 3D virtual tumor model to
be created. One centimeter margins were expanded in all directions about the segmented
tumor shape to generate ‘ideal’ tumor excision models.
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Geometric Definitions of Tumor Shapes

We defined four tumor shape categories based on their geometric characteristics- spherical,
segmental, discoidal and irregular. To describe the spherical or nonspherical nature of each
tumor shape, a sphericity metric (previously defined [8] was calculated (Eq. 1) as-

1 2
¥ = 73(6V 1umor) 3 /'S Arumor &)

where V represented the computed tumor model volume and SA denoted its corresponding
surface area. A secondary metric, isocentricity was also computed and utilized for shape
categorization. This measure (Eq. 2), compared the maximal (d;4,) and minimal (d;r)
tumor extents from the center of the tumor to evaluate tumor compactness (See Figure 1(a)).

1 2
¥ = 73(6V 1umor)3 /'S Arumor @

A perfect sphere has a sphericity value (W) of 1 and an isocentricity value of 0. We defined
tumors with sphericity values (V") above 0.75 or an isocentricity value below 1 to be
spherical.

Tumor diameters along three orthogonal principle axes were measured by fitting each tumor
shape to the smallest possible ellipsoid shape found through singular value decomposition.
As shown in Fig. 1(b), the three primary axes of the fitted ellipsoids, for each respective
shape, were used to differentiate between segmental, discoidal, and irregular shapes. Long
and tubular shapes were classified as segmental- defined by one axis of the fitted ellipsoid
being 50% longer than the other two ellipsoid axes. Flat and disk-like shapes were classified
as discoidal -defined by one axis being 50% shorter than the other two primary axes of the
fitted ellipsoid. Tumors that did not fit the geometric criteria for spherical, discoidal, or
segmental were defined as “irregular”. Post-classification, all shapes were visually surveyed
to ensure accuracy and credibility of the classification scheme.

We tested relationships between the shape of tumors and clinical variables. For discrete
clinical variables, such as cancer type and positive margin status, chi-squared tests were
performed to identify possible associations. Margins were considered positive based on the
Consensus definitions from the Society for Surgical Oncology (9,10). For clinical
measurements, such as tumor volume and age, ANOVA tests were performed to identify
significant differences in average measurements across shape categories. If a significant
difference was found amongst shape categories (p < 0.05) Tukey’s post hoc test was
performed to identify which two categories differed significantly.

To evaluate effects of tumor shape on the BCS target excision volume in each case, we fit
the smallest possible sphere to each tumor model with 1 cm margins and measured the
excess tissue volume excised by such a hypothetical spherical excision (See Fig. 1(c)). This
hypothetical excision was compared to ‘ideal’ resection volumes, which were determined by
expanding the tumor model surface 1 cm in each dimension. Lastly, actual/tumor resection
volumes were also measured by water displacement at the time of surgery for all cases.
Comparisons were made between the hypothetical spherical and ‘ideal’ excision volume and
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between the actual excision and ‘ideal” excision volumes for each patient in the trials using
paired T-tests. The percentage of volume overexcised was calculated as (actual or
hypothetical volume excised — ideal volume)/ideal volume X 100.

3. Results

Breast cancers were categorized into 4 tumor shapes: 34% of tumors were discoidal, 29%
segmental, 19% spherical and 18% irregular. Examples of 5 tumors from each of the shape
categories are shown in Figure 2. Examples of the 3D reconstructed tumor shapes compared
to the 2D images of these tumors on prone and supine MRI are shown in Figure 3. These
comparisons highlight the additional information provided to the surgeon by the 3D tumor
shape when compared to one cross-sectional slice of MRI data.

Table 1 displays the relationship between pathologic findings and tumor shape. None of 8
DCIS tumors were spherical; half were discoidal and half were segmental. Of 64 invasive
ductal cancers, 31% were discoidal, 25% segmental, 23% spherical and 20% irregular. Only
1 of 11 (9%) infiltrating lobular cancers was spherical; 36% were discoidal, 25% segmental
and 13% irregular. No significant difference was evident in the shape of infiltrating ductal
vs. infiltrating lobular carcinomas.

As shown in Table 2, the mean patient age was 64 years. Most of the cancers were non-
palpable (67/83, 81%); 16/83 (19%) were palpable. The mean pathologic tumor diameter
was 1.94 cm. Seventy five percent of the tumors were estrogen receptor positive. Ten of 75
invasive cancers (13%) were node positive. No significant correlation was found between
cancer shape and patient age, estrogen receptor positivity, Her-2 status, mean pathologic
tumor diameter or the presence of nodal metastases (Table 2). Of note, there was an
association between largest tumor diameter on MRI and tumor shape, with discoid tumors
having the largest diameter (dj;2x = 2.56 cm) and spherical tumors having the smallest
diameter (@ = 1.59 cm) (p=0.01).

Breast conserving surgery performed with knowledge of the 3D tumor location and shape
and supine MRI guidance resulted in positive margins in 7/83 (8%) of cases (5/75 patients
with invasive cancer and 2/8 patients with DCIS had positive margins). No significant
difference was found in the positive margin rate according to tumor shape: spherical 2/16
(12%), discoidal 0/28 (0%), segmental 4/24 (17%), irregular 1/15 (7%), p = 0.17.

We evaluated the potential effect of tumor shape on BCS excision volume by fitting the
smallest possible sphere to the ideal resection tumor shape and measuring the excess tissue
volume excised by a hypothetical spherical excision when compared to the ideal resection
volume. As seen in Figure 4(a), the overexcised volume in hypothetical spherical excisions
was significantly higher for the discoidal (172%), segmental (114%), and irregular (139%)
tumors than for the sphere-shaped tumors (50%) (sphere vs. disk, p < 0.001 ; sphere vs.
segmental, p < 0.001; sphere vs. irregular, p = 0.003). When surgeons performed MR-guided
BCS, the percent excess volume of tissue actually removed was markedly less than the
hypothetical spherical excision volume in the discoidal (66% vs. 172%), segmental (62% vs.
113%), and irregular tumors (75% vs. 139%)(Fig. 4b). This difference was statistically
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significant for discoidal tumors (p < 0.001) and marginally significant for segmental (p =
0.06) and irregular tumors (p = 0.08). When all non-spherical cases were considered
together, the over-excised volume was significantly less when the actual volume excised in
MR guided BCS cases was compared to the hypothetical spherical excision volume (66% vs.
143%, p < 0.001).

We also compared the maximal tumor diameter (MTD), as computed from the 3D MRI
models, with the MTD described in the prone MRI radiology report. The mean MTD of the
3D tumor models (3.9 cm, SD = 1.7 cm) was significantly greater than the mean MTDs
reported by the Radiologists (2.5 cm, SD = 1.4) (p < 0.0001). The MTD computed from the
3D model was greater than the MTD in the prone MRI report in 80% of patients, and was at
least 1 cm greater than the MTD in the MRI report in 61% of cases.

4. Discussion

This paper is the first, to our knowledge, to describe breast cancer shapes based on supine
MRI data. By applying geometric formulas to 3D tumor reconstructions, we classified 83
breast cancers into 4 distinct shapes: spherical, discoidal, segmental and irregular. Overall,
only 19% of breast cancers were spherical; the most common shapes were discoidal (34%)
and segmental (29%). Spherical tumors were particularly uncommon in the subsets of
patients with DCIS (0/8) and infiltrating lobular cancer (1/11).

Similar results were reported by Uematsu et al., who reported the shape of breast cancers in
134 patients who underwent prone MRI [11]. Their analysis of serial MRI images showed
that breast cancers could be categorized into 4 shapes: 32% were oval, 26% lobulated, 26%
irregular and 16% were round. Although their methodology was less quantitative than ours
(for example, the authors did not create 3D models of the breast cancers, nor did they fit
geometric models to segmented shapes), they also found that less than 20% of their patients
had spherical (round) tumors.

Observations from a limited number of pathologic analyses also support our findings. In
1996, Wapnir et. al. evaluated breast cancer shapes by measuring three perpendicular
diameters of breast cancer pathology specimens [12]. They studied 165 cancers, all of which
were < 2.5 cm in greatest diameter. These authors also described 4 different tumor shapes:
spheres, “oblate” tumors, “prolate” tumors and irregular tumors (which had diameters with 3
different dimensions). Their “oblate” category corresponds with our discoidal shape (with
two large and one smaller diameter). Their “prolate” shape corresponds with our segmental
shape (with two small and one large diameter). Interestingly, only 6 of their 165 patients
(4%) had cancers categorized as true spheres. Eighteen percent of patients had “oblate”
(discoidal) tumors, 32% had “prolate” (segmental) tumors and 46% had irregularly shaped
cancers.

In another study, Merrill et al evaluated the shape of eight breast cancers in patients who had
not received neoadjuvant therapy [13]. They performed serial sectioning of tissue blocks at
100 micrometer intervals, scanned the sections and generated 3D reconstructions. They then
visually picked a shape that best corresponded to the 3D reconstructions. The study
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included5 infiltrating ductal cancers, 2 infiltrating lobular carcinomas and 1 DCIS. The
majority of tumors were either linear or ellipsoid in shape; only 3/8 (37%)were considered
to be approximately spherical. Thus, the preponderance of evidence from studies that
evaluated breast tumor shape pathologically or from MRI data indicates that the vast
majority of breast cancers do not have a spherical shape.

Knowledge of the shape of breast cancer is important for performing precise breast
conserving surgery. Current localization methods for non-palpable cancers attempt to
identify the approximate tumor center using various techniques (eg. a wire, a radioactive
seed, a magnetic chip). These localizing systems provide no further guidance regarding the
location of the tumor edges; the surgeon must estimate the distance from the approximate
tumor center to the tumor edge using the image defined tumor diameters in combination
with assumptions about tumor shape. Even if two wires or detectors are deployed to bracket
a tumor, visualizing the tumor shape from static CC and MLO mammography images is
difficult. As shown in Fig 3,understanding tumor shape from a few axial and coronal MRI
cross-sections is challenging, and may not capture the true extent of the disease in many
instances. Therefore, in many cases, the surgeon may just assume that the tumor is spherical.
This has some biologic credence; we can imagine that the cancer started as a single cell and
then continued to divide and expand in all directions. However, this simplistic model ignores
studies of tumor growth,a complex phenomenon influenced by the nature of the surrounding
breast tissue (eg. fat vs fibrous stroma vs lobules) [14, 15].

We have now demonstrated that basing a breast conserving resection on an assumption that
the tumor is spherical will result in marked overexcision of normal breast tissue. The
overexcised volume was 172% of the actual tumor volume for discoidal tumors, 114% for
segmental tumors and 139% for irregular tumors. In contrast, when surgery is based on a
knowledge of breast cancer shape, we have shown that significantly less breast tissue was
actually overexcised for non-spherical tumors (overexcised volume 66% vs 143%, p
<0.001). Given the well established relationship between the amount of breast tissue excised
and cosmesis [16, 17] improved cosmetic outcomes are likely in patients treated with more
precise BCS.

Another advantage of generating a 3D tumor model that includes tumor shape is a more
accurate understanding of the maximal tumor diameter. Pathologic studies based on
digitalized whole mount serial sections have shown that assessment of the entire tumor
results in a significantly larger maximal tumor diameter than reported by conventional
pathology in 62% of cases [18].We have now shown that 3D modelling of tumors based on
supine MRI data results in significantly greater maximal diameters, relative to values
routinely described in MRI radiology reports. In fact, the maximal tumor diameter computed
from the 3D model was greater than the MRI report in 80% of patients, and was at least 1
cm greater than the MRI report in 61% of cases. The concept is that by creating a 3D model,
using digitalized pathologic serial sections or serial MRI images, one can identify and
measure distances from one tumor edge to another that are simply not visible and able to be
measured when one looks at just a small number of pathologic or MRI slices through a
tumor. This finding is clinically significant, since we have shown recently that
underestimation of tumor size is strongly associated with positive margins when performing
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breast conserving surgery [2].Both serial sectioning of pathology specimens and 3D
modelling of consecutive supine MRI images may more accurately determine tumor size
than conventional methods.

The purpose of this paper was to describe the shape of breast cancer as defined by supine
MRI images and to suggest potential reasons why a better understanding of tumor shape
might be clinically useful. Further research would need to be done to provide clinical and
economic justification for the routine use of supine MRI in BCS. We are currently accruing
patients to a multi-center randomized prospective trial comparing wire localized partial
mastectomy to supine MRI guided BCS using the Breast Cancer Locator system. A cost
analysis is one of the endpoints of this trial.

5. Conclusions

In summary, a gap in knowledge currently exists in understanding the 3D shape and
orientation of the tumor volume within the surgical field. This study is the first to establish
multi-dimensional parameters for the characterization of the shape of breast cancer based on
supine MRI data. Information obtained from a supine MRI can be used to generate 3D
tumor models that characterize breast tumor shapes rapidly in the surgical position. Most
breast cancers and DCIS are not spherical. Knowledge of breast cancer shape may allow
surgeons to excise breast cancer more precisely.
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Fig. 1.

(a) Maximum (dmax) and minimum (dmax)tumor extents calculated from central point of
tumor. (b) Spherical excision volume with 1 cm margin on all sides. (c) Ellipsoid fit of
tumor with three primary axes to characterize tumor shape
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Fig. 2.
Examples of each tumor shape category: spherical (a), segmental (b), discoidal (c), and

irregular (d)
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a) Spherical b)  Segmental

Prone MRI * Supine MRI Prone MRI Supine MRI
_—

c¢) Discoidal

Prone MRI Supine MRI

Fig. 3.

Segmented shape of categorized tumors compared with prone and supine MRI images. For
each of the four tumor shapes there is an example of one patient’s prone MRI, supine MRI
and 3D tumor model (in red)
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Fig. 4.

Sphere Disk Segmental

Il Overexcised Volume (%) from hypothetical spherical excision
I Overexcised Volume (%) from actual excision

Irregular

(a) Excess volume excised with a spherical excision compared to an ideal excision volume
for each shape category (sphere vs. disk, p < 0.001 ; sphere vs. segmental, p < 0.001; sphere
vs. irregular, p = 0.003). (b) Excess volume excised using hypothetical spherical excision vs.
actual excess volume excised with supine MRI guided surgery (sphere, p = 0.05; disk, p <
0.001 ; segmental, p = 0.06 ; irregular, p = 0.08)
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Table 1.
1
Frequency of breast cancer shapes

Parameter | N | Sphere Disk Segmental | Irregular | p
All cases 83 | 16 (19%) | 28 (34%) | 24 (29%) | 15 (18%)
bis? 8 0 4(50%) | 4 (50%) 0 0.15
Invasive 75 | 16 (21%) | 24 (32%) | 20 (27%) | 15 (20%)
-IDC 64 | 15(23%) | 20 (31%) | 16 (25%) | 13(20%) | 0.81
.ILC 11| 109%) | 4(36%) 4 (25%) 2 (13%)

Page 14

Table partially contains data previously published in prior publication materials (Barth, 2019, Ann Surg Oncol). Full permission to utilize the
previously published dataset was obtained.

Abbrevations: DCIS, ductal carcinoma in situ ; IDC, invasive ductal carcinoma ; ILC, invasive lobular carcinoma ; ER(+), estrogen receptor
positive; HER2(+), human epidermal growth factor receptor 2 positive
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Table 2.

Associations between tumor and clinical variable and tumor shapel

Parameter All cases | Sphere Disk Segmental | Irregular | p
Number of patients 83 16 28 24 15

Patient Age (years) 63.5 62.3 64.7 66.0 58.5 0.08
Pathologic Tumor Diameter (cm) 1.94 1.96 2.03 2.02 1.63 0.80
Maximal Tumor Diameter Prone MRI (cm) 2.45 2.04 2.49 2.65 2.55 0.61
Maximal Tumor Diameter, 3D model (cm) 3.95 2.97 4.65 3.83 3.88 0.002
Avg. Tumor Segmented Volume (cm”3) 8.6 13.6 9.2 7.0 45 0.57
ER(+) (%) 75 15 (94%) | 25(89%) | 21(88%) | 14 (93%) | 0.89

(90%)

HER2(+) (%) 3(4%) 1 6%) 0(0%) 1 (4%) 1(7%) | 0.62
Positive Nodes (%) 10 (12%) | 2(13%) | 4 (14%) 4 (17%) 0 (0%) 0.44
Positive Margin (%) 7 (8%) 2 (13%) 0 (0%) 4 (17%) 1 (7%) 0.17
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