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Abstract

Purpose The goal of breast cancer surgery is to remove all of the cancer with a minimum of normal tissue, but absence of
full 3-dimensional information on the specimen makes this difficult to achieve.

Method Micro-CT is a high resolution, X-ray, 3D imaging method, widely used in industry but rarely in medicine.

Results We imaged and analyzed 173 partial mastectomies (129 ductal carcinomas, 14 lobular carcinomas, 28 DCIS). Imag-
ing was simple and rapid. The size and shape of the cancers seen on Micro-CT closely matched the size and shape of the
cancers seen at specimen dissection. Micro-CT images of multicentric/multifocal cancers revealed multiple non-contiguous
masses. Micro-CT revealed cancer touching the specimen edge for 93% of the 114 cases judged margin positive by the
pathologist, and 28 of the cases not seen as margin positive on pathological analysis; cancer occupied 1.55% of surface
area when both the pathologist and Micro-CT suggested cancer at the edge, but only 0.45% of surface area for the “Micro-
CT-Only-Positive Cases”. Thus, Micro-CT detects cancers that touch a very small region of the specimen surface, which is
likely to be missed on sectioning.

Conclusions Micro-CT provides full 3D images of breast cancer specimens, allowing one to identify, in minutes rather than
hours, while the patient is in OR, margin-positive cancers together with information on where the cancer touches the edge,
in a fashion more accurate than possible from the histology slides alone.
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Introduction

The goal of breast cancer surgery is to remove of all the
cancer and a minimum of the normal tissue [1]. Unneces-
sary removal of normal tissue is disfiguring, with no health
benefit, while leaving cancer behind can result in additional
surgery, radiation therapy [2], local recurrence [3-8], and
risk of death by spread of cells from the residual mass [9,
10]. For many patients, examination of the microscope slides
reveals cancer at the specimen edge (‘“margin positive”),
suggesting cancer remaining behind. While the rate of posi-
tive margins has decreased since the consensus on margins
published in 2013, re-excision remains a significant problem,
and much thoughtful consideration has focused on how best
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to use such information to guide treatment, especially re-
excision [11, 12]. Because a 5-micron microscope section
captures only ~ 1/2000th of a 1 cc mass, many studies have
considered alternative methods for examining cancer speci-
mens [13-33], as well as alternative surgical procedures
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[34-38] such as shaved margins [39, 40]. (For reviews and
references, see [14-16] and [41-46]).

Micro-Focus X-ray Computed Tomography, or Micro-
CT, is a 3D imaging method developed principally for indus-
try and materials science, but little used in medicine. For
a number of reasons, we have explored its use in assess-
ment of surgical specimens, especially partial mastecto-
mies: [47-51] First, decades of clinical breast imaging have
shown that X-rays can reveal cancer [24, 31-33]; Second,
Micro-CT visualizes the full 3D anatomy of each specimen;
Third, Micro-CT scans are fairly rapid, requiring minutes
rather than hours to carry out, without interfering with sub-
sequent specimen processing; Fourth, since most cells are
5- to 20-microns in size [52], and commercially available
desktop Micro-CT machines can image specimens in the
tens of microns range, Micro-CT has the capacity to pro-
vide high-resolution 3D images almost to the scale of cells.
Furthermore, as the theoretical limits of X-ray imaging far
exceed that of optical imaging, and as the technology of
Micro-CT imaging has been continuously improving, [53,
54] it seems likely that cellular level resolution may soon
be available. In our preliminary studies, we have found that
Micro-CT can generate full 3D images of tissue specimens,
which are informative and actionable [47-51, 55]. However,
the relatively small numbers of partial mastectomy breast
cancer specimens that have been examined motivated study
of a larger number and more diverse variety of cases, whose
margin status, tumor size, and shape, are assessed systemati-
cally, as we describe here.

Methods
Micro-CT imaging of specimens

173 partial mastectomy specimens (Table 1) were exam-
ined in at least one Micro-CT machine: SkyScan1173,
SkyScan1275, or NikonXTH225. All imaging was carried
out at 60 kV, with an exposure time of about 8 to 10 min,
depending on which Micro-CT machine was used. These
parameters were identified by multiple studies of animal
tissue, typically Prosciutto ham, which we found to be the
ideal biological phantom with X-ray absorption characteris-
tics most like human breast. All work was carried out under
IRB approved study #P001572 (JM PI).

Reconstruction of the Micro-CT images

Micro-CT captured large numbers of X-ray projection images
as the surgical specimen was slowly rotated. Software pro-
vided by the manufacturers generated 3-dimensional stacks
of data-points, known as voxels (3D Pixels), each with an
X-ray absorption value. Equipment was typically configured
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for generating planes in a stack of 45 microns in thickness,
yielding about 1100 slices for the specimen as a whole. Recon-
struction and processing of images occurred after acquisi-
tion. SkyScan datasets were processed with their proprietary
nRecon reconstruction software, and Nikon datasets with their
proprietary CT-Pro 3D software. Final reconstructions were
outputted as image stacks in DICOM and TIFF.

While the imaging scanning time and specimen processing
times were relatively short (see "Results" section), image anal-
ysis of each case took many hours, and was repeated by multi-
ple workers (see "Results" section). This reflects the research-
oriented nature of the work described here and is probably
not informative for what could be expected should Micro-CT
be transformed into a clinical tool. Both the equipments we
used, and the image analysis software required to manage this
equipment, and analyze the images were designed for use by
engineers, and to be maximally adaptable, thus requiring a
fairly high level of engineering and software expertise to man-
age. Our general impression is that the visual examination of
the location of the cancer in the specimen would take only a
few minutes in a Micro-CT designed for hospital use, as can
be seen by an examination of the video we have included with
this communication, but this would remain to be tested rigor-
ously in the future.

Viewing the Micro-CT images

Most imaging of the partial mastectomies, including assess-
ment of margin status, was carried out with the Bruker Data-
Viewer image visualization tool, which presents trans-axial,
coronal, and sagittal views in two dimensions, allowing for
smooth scrolling and viewing the entire specimen at any angle.
Three-dimensional content of the Micro-CT images was also
made by Bruker image reconstruction software (See attached
Video File).

Extraction of pathology data

One member (DD) extracted data from pathology reports as
categorical qualities, compiled into an excel file. This content
was isolated and only employed after the blind Micro-CT reads
were completed.

For analysis of bread-loaffed specimens, a board-certified
breast pathologist (TG) identified areas where cancer was
located by microscopic analysis of the slides and annotated
on printed images.
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Table 1 Margin status assessments

#  Path+ Path- Path + Path- % of Pathologically % of Pathologically Judged
Micro-CT+ Micro-CT— Micro-CT— Micro-CT+ Judged Margin-Negative Speci-
Margin-Positive Speci-  mens Seen to be Margin
mens Seen to be Margin  Positive on Micro-CT (%)
Positive on Micro-CT
(%)
Concordant Discordant
Study Set as a Whole 173 106 (61%) 31 (18%) 8 (5%) 28 (16%) 93 47
DCIS 28 13 (46%) 6 (21%) 2 (7%) 7 (25%) 87 54
Invasive Carcinoma 143 77 (54%) 37 (26%) 4 (3%) 25 (17%) 95 40
(Ductal and Lobular)
Invasive Ductal Carci- 129 66 (51%) 37 (29%) 3(2%) 23 (18%) 96 38
noma
Non-Multifocal Invasive 108 51 (47%) 34 31%) 3(3%) 20 (19%) 94 37
Ductal Carcinoma
1 and 2 Focus Invasive 118 58 (49%) 37 31%) 3 (3%) 20 (17%) 95 35
Ductal Carcinoma
Multifocal Invasive 21 15 (71%) 3 (14%) 0 (0%) 3 (14%) 100 50
Ductal Carcinoma
Lobular Carcinoma 14 11 (79%) 1(7%) 1 (7%) 1 (7%) 92 50
Invasive Ductal Carci- 14 12 (86%) - 2 (14%) - 86
noma + for DCIS

Two complete Micro-CT reads were carried out for assessment of the margin status of all the 173 partial mastectomies in the study set. These
reads were carried out blind to the results of the pathology reports, so as to avoid biasing the assessment. Two co-authors (DD, PB) made these
reads, and the results from the two blind read studies were remarkably similar; the precise number from the DD read will be used here for clar-
ity. Most reads took about a half an hour. Reads for margin status were carried out with the Bruker Data-Viewer, with contrast adjusted so as to
show the air surrounding the specimen as dark (black), reflecting air’s low X-Ray density absorption, and lighter (white) areas corresponding
to areas of high X-ray density absorption, recapitulating the familiar image of a film X-ray, with the cancer typically appeared as a light a gray
spot over a field of tissue that is darker gray. The readers scrolled through the entire specimen in the Z-dimension, imaging one computer gener-
ated Section (20-70 microns) at a time. Using a sample X-ray guide image (called SPR) each dataset was explored around key areas marked by
the biopsy clips and the Kopans’ loops that had been placed in the patient before surgery; these localization features were almost always found
to coincide with the region of invasive and in situ carcinomas. The extent in each direction (x, y, z) of the suspected malignant features was
established and the margins of the specimen were carefully viewed by orienting the dataset along the tumor/margin axis. Any suspected spot of
positivity was investigated further to confirm that it was continuous with the tumor region and not a deceptively located benign density. Volumes
not contiguous with the primary mass were not considered in the final assessment of margin judgment, and the case was accepted as Micro-CT
margin negative. Each spot of margin positivity identified was assessed for the appearance of invasive ductal carcinoma, DCIS, or invasive lobu-
lar carcinoma in all three-dimensional planes. Results were recorded in an excel document, and only at the end of the study did the readers refer
to the pathology reports

Results
The dataset

Features of the 173 partial mastectomies examined are sum-
marized in Table 1. Of these 173 cases, 28 (16%) were DCIS
and 145 (84%) were invasive cancers. Of the 129 invasive
carcinomas, 14 were lobular carcinomas (10%), 129 were
ductal carcinomas (90%), 112 (87%) of the invasive can-
cers were noted by the pathologist to contain DCIS, while
17 (13%) contained no DCIS, 108 (84%) were judged by
the pathologist to have only a single focus of cancer, while
21 (16%) were judged multifocal, 10 of which (8%) were
judged to have exactly 2 foci.

The pathologist judged 114 of the 173 partial mastectomy
specimens to be margin positive (66%, “ink on tumor””) and 59

as margin negative (34%). A very large fraction of breast can-
cer patients at our hospital are afforded shaved margins, and
these shaved margins excise residual cancer in a large number
of cases. Thus, a much larger number of patients were ulti-
mately rendered margin negative by this additional removal of
tissue than is indicated by the margin status of the partial mas-
tectomy specimens themselves. This afforded the opportunity
to capture Micro-CT images of an unusually large number of
specimens in which the cancer was seen by the pathologist to
touch the edge on at least one slide.

@ Springer
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Acquiring a Micro-CT image is simple and rapid
and can be carried out with the specimen
in the container

We did not systematically collect information on the work-
flow of these studies, carried out over a multiyear period,
however, our retrospective, if imprecise, recollection of the
time course of the imaging is that the time it took to scan
the specimen when it was placed in the Micro-CT machine
was 8 to 10 min (determined by the technical requirement of
which Micro-CT machine were using). The total time, start-
ing from the collection of the specimen from the OR, carry-
ing the specimen to the room where the Micro-CT machine
was located, imaging the specimen in the machine, and then
carrying the specimen to the pathology lab, was approxi-
mately 30 min. The Micro-CT machine was located in a
room that could be reached in a several minute walk from
both OR and the pathology lab. Each partial mastectomy
specimen was imaged in the Micro-CT machine, while still
in the plastic container into which it had been placed by
the surgeon, scanned, and then sent on to the pathology lab
for processing, the container remaining unopened through-
out. Analysis of the Micro-CT images was carried out later,
although there is no reason why one couldn’t examine them
immediately. Indeed, our overall impression was that Micro-
CT image collection and reading could readily be carried out
in real time for practical use in clinical care, but this should
be regarded as a working hypothesis.

Appearance of the Micro-CT images of the partial
mastectomy specimens

Micro-CT scans of all 173 partial mastectomy specimens,
when viewed with the Bruker Data-Viewer image visualiza-
tion tool, revealed an image of a light-colored mass, suggest-
ing the cancer, surrounded by somewhat darker areas, appar-
ently the normal tissue (Fig. 1). Other objects that came with
the specimen were also apparent, including the plastic bag
into which the surgeon placed the specimen, the plastic jar
in which the surgeon placed the bagged specimen, with the
wall of the jar appearing as a circle surrounding the speci-
men, along with the Kopans loop and clips inserted earlier,
appearing as bright white objects, often giving off distor-
tions, but having little practical impact on the interpretation
of the image (Figs. 1-3 in reference [47]). The resolution
of the Micro-CT images was remarkable; for example, one
could read the writing on the jar’s label.

The 108 monofocal/monocentric invasive ductal carci-
nomas (as defined by the pathologist) usually appeared as
solid masses, with little voxel-to-voxel variation in gray val-
ues and no gray spaces or holes, forming satisfying compact
masses without “tendrils” or “off-shoots”. In the adjacent
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normal-appearing tissues, blood vessels were readily evident,
and Cooper’s ligaments could be seen as sheets, as expected.

The 14 invasive lobular carcinomas usually appeared as
very large regions They were even more uniform and strikingly
dense than the ductal carcinomas.

The 28 DCIS specimens appeared wispier in texture than
invasive cancers, giving cloud-like appearance of gray values
varying from dense to less dense areas. These images gave the
impression of cancerous tissue spread over a wider area often
reaching out into off-shoots from the main mass.

The 21 multicentric/multifocal cancers (as defined by the
pathologist at examination of the specimen and slides) usu-
ally give striking images of separate, clearly non-contiguous,
masses of cancer.

Additional image realization was carried out with image
analysis software, with which we created a variety of three-
dimensional image visualizations seen by manipulation with
Bruker image reconstruction software image analysis software,
which allows image rotation, slicing, and the introduction of
various degrees of transparency, achieved by volume rendering
with adjustment of opacity and maximum intensity projection
imaging modified by the transfer function, making viewing
through the 3D mass possible (See attached Video File, and
images from videos can be seen in Figs. 2, 3).

Relationship of the Micro-CT image to the cancer

Each of the 173 partial mastectomy specimens yielded a com-
pelling Micro-CT image suggestive of the cancer mass, which
was confirmed by the following observations.

The size of the spot seen on the Micro-CT is very similar
to the size of the cancer seen at the time of dissection
of the gross specimen

Comparison of the size of the mass on the Micro-CT to the
size of the actual cancer measured by the technologist from
the gross specimen with a ruler at the time of sample prepara-
tion revealed the correlation between the two modalities to be
quite good (Fig. 4, Pearson Correlation Coefficient 0.7932,
p<0.0001). These size data were available for 80 patients with
invasive cancer, with Micro-CT sizes values ranging from 0.29
to 5.58 cm (average 1.13 cm) with the gross specimen sizes
ranging from 0.1 to 3.03 cm (average 1.16 cm). The average
difference between the Micro-CT size the gross specimen size
was 0.26 cm (0.00-1.23 cm).
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Fig.1 Micro-CT images of breast cancer specimens. Specimens
imaged Bruker Data-Viewer image visualization tool, which presents
trans-axial, coronal, and sagittal views in two dimensions, allowing
for smooth scrolling and viewing the entire specimen at any angle. a
A margin-negative cancer. A search through the z dimension revealed

The size and shape of the spot seen on the Micro-CT are
very similar to the size and shape of the cancer seen

on the slide, as determined by analysis of the specimen
after it had been cut into thick slices (“breadloafed”)
and placed in cassettes

For 11 invasive ductal carcinomas, we carried out Micro-CT
imaging not only of the intact specimen, but also of the spec-
imen after it had been cut into thick slices (“breadloaffed’)
and placed into cassettes before they were immersed in
formalin and then made into slides (Fig. 5). The bread-
loaffed slices in cassettes were provided by the pathology

normal issue on all sides of the cancer; b A margin-positive case, for
which the patient later returned for a mastectomy. ¢, d A margin-pos-
itive case, for which the patient later returned for a re-excision opera-
tion. The mass was surrounded by normal tissue, but in one region,
seen in (c), the mass clearly touched the edge

lab in a sealed plastic container, imaged, and returned to
the lab, without opening the container. The large size of the
container slightly reduced the sharpness of the Micro-CT
images. Nonetheless, with these bread-loaffed specimens,
we were able to make direct comparisons between the digi-
tal images of the cancer, as it appeared with the Micro-CT,
and the corresponding optical images of the cancer, as it
appeared through the microscope after processing. Assess-
ments of the locations of the cancer on the slides were made
by microscope examination of the slides and drawing the
locations of the cancer on prints of the microscope images,
made blind to the Micro-CT images, so as to avoid bias.
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Fig.2 3D Color visualization of a margin-negative specimen, rotated
so as to show the specimen and its cancer from various angles.
Images of Videos. Higher regions of X-ray absorption were rendered
in red, while the surface of the specimen, which displayed a lower

Comparisons between the Micro-CT images and the slide
images revealed a remarkable correspondence in the size
(Fig. 6, Person Correlation Coefficient 0.95, p <0.0001) and
shape (Fig. 7) of the areas judged to be cancer.

Comparison of the tumor size measurement made
from the gross specimen by ruler and from the Micro-CT
image digitally

Which method provides the better measure of the actual size
of the cancer: the manually executed ruler measurement or
the Micro-CT measurement? By constructing cumulative
distributions of these size measurements, visualized from
the smallest specimen to the largest, it became apparent that
sizes measured from gross specimens tended to be rounded
in half centimeter increments (0.5 cm, 1.0 cm, 1.5 cm, etc.),
while sizes measured from Micro-CT images appeared more
continuous (Fig. 8 Bottom). On a log graph (Fig. 8 Top)
these cumulative distributions revealed Micro-CT size meas-
urements to be more log-linear (reflected in r? values), a
feature previously demonstrated mathematically to be the
size distribution more likely to be present in a population
of patients [56].
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amount of X-ray absorption, was rendered in a translucent blue, and
regions of intermediate X-ray absorption were rendered with low
opacity, made the non-cancer areas transparent. The cancer thus
appeared a red objected floating within the specimen

Margin assessments by Micro-CT
Reads for margin status

Micro-CT images of all 173 specimens were read to assess
margin status, as defined by the image of cancer touching
the edge of the specimen (Table 1). Reads were carried
out with the Bruker Data-Viewer image visualization tool,
scrolling through the entire specimen in the Z-dimension.
Most reads took about half an hour, and all were carried
out blind to the margin assessment of the pathologist to
avoid bias.

Among the 173 specimens, the pathologists judged 114
(66%) to be margin positive. As noted above, most patients
at our hospital are rendered margin free by shaved margin,
thus making available an unusually large number of speci-
mens for which the pathologists reported cancer at the
edge. Among the 173 specimens in our dataset, Micro-CT
identified an area where the image of the cancer touched
the edge in 134 (77%) of the cases.
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Margin

Cancer

Margin

Cancer

Fig.3 Micro-CT image of a margin-positive specimen (Top), and a while images on the right rendered by electronically slicing through
margin-negative specimen (Bottom). Images of Videos. Images on the specimens, to reveal the interiors of the specimens, with the can-
the left rendered by software to reveal the surface of the specimens, cers made visible in red

Fig.4 Comparison of the sizes o

of the spots seen on the Micro-

CT and the sizes of the cancers

seen at the time of dissection of
the gross specimen

Correlation: 0.79
p=<0.0001

(o]

Tumor Size at MicroCT Examination Square cm

0 1 2 3

Tumor Size at Pathology Examination Square cm

Fit O 95% Confidence Limits 95% Prediction Limits
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Fig.5 Micro-CT images of the broad-loafed specimen in its cassettes

Micro-CT margin assessments of cases which
the pathologist judged to be margin positive

For those cases judged by the pathologist to be margin posi-
tive, the Micro-CT also showed an image of cancer that
appeared to touch the edge of the specimen 93% of the time
(Table 1). This was the case for 87% of DCIS cases, 92%
of lobular carcinoma cases, 94% of non-multifocal invasive
ductal carcinoma cases, 95% of invasive carcinoma cases
(ductal and lobular together), 96% of invasive ductal carci-
noma cases, and 100% of multifocal invasive ductal carci-
noma cases.
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Micro-CT margin assessments of cases that the pathologist
judged to be margin negative

Remarkably, 47% of the cases judged by the pathologist to
be margin negative yielded a Micro-CT image of cancer that
appeared to be touching the edge of the specimen (Table 1).
Such “Micro-CT-Only-Positive Cases” were found for 37%
of non-multifocal invasive ductal carcinoma cases, 38% of
invasive ductal carcinomas as a whole, 40% of invasive car-
cinomas (ductal and lobular together), 50% of multifocal
invasive ductal carcinoma cases, 50% of lobular carcinoma
cases, and 54% of DCIS cases.
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Fig. 6 Comparison of the ‘
sizes of the spots seen on the 0.6
Micro-CT of the bread-loafed
specimens and the sizes of the
cancers seen on the microscope
slide from which the bread-
loafed specimens were made

Relative Area of Tumaor on Slide

Correlation: 0.95
p<0.0001

The cancer in “Micro-CT-Only-Positive Cases” only occupies
a very small spot on the surface of the specimen

Do the “Micro-CT-Only-Positive Cases” truly identify surgical
specimens for which cancer touches the edge? To gain insight
into this question, we used 3D image analysis software to
quantify how much of the edge of the specimen was occupied
by the image of cancer (Table 2). Remarkably, for “Micro-
CT-Only-Positive Cases”, the cancer appeared to occupy only
0.45% of the surface area. On the other hand, for cases where
both the pathologist and the Micro-CT image suggested cancer
at the edge, the cancer appeared to occupy more than three
times as much space, at 1.55% of the surface area (p=0.027
by ¢ test).

In absolute terms, this analysis revealed that for “Micro-
CT-Only-Positive Cases”, the area where the cancer appeared
to touch the edge constituted only ~ 1/200th of the surface area
of the specimen. Note that the average size of the specimens
we examined had a surface area of roughly 45 cm? (Table 2),
which is roughly the surface area of a 2.5-cm?. Since a
5-micron slice of such a cube is only about a 1/5000th sample
of the surface of the cube, this shows how plausible it could be
that the area of positivity of “Micro-CT-Only-Positive Cases”
could be absent from the several dozen slides that are generally
available to the pathologist.

Fit O 95% Confidence Limits

0.2 0.3 0.4 0.5
Relative Area of Tumor on MicroCT

95% Prediction Limits

Discussion
Micro-CT imaging of breast cancer specimens

The findings reported here suggest that Micro-CT can pro-
vide full 3D images of partial mastectomy specimens; that
the masses which appear to be cancer in these Micro-CT
images really are cancer; that Micro-CT images can allow
one to identify, in minutes rather than hours, and thus
potentially while the patient is still on the operating table,
those cases which the pathologist would later identify as
margin positive, together with information on where the
cancer touches the edge. The findings reported here also
suggest that Micro-CT can rapidly identify as margin posi-
tive a number of cases that the pathologist is never able
to identify, because the area where the cancer touches the
edge of the specimen is exceedingly small.

Our experience in carrying out Micro-CT scans of
surgical specimens taught us that collecting 3D images
are simple and quick. Imaging can be carried out with-
out opening the plastic container into which the surgeon
placed the specimen, and the imaging process doesn’t
impact subsequent pathological processing, workflow, or
analysis of the case.
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Fig.7 Spots seen on the micro-CT of the bread-loafed specimens and these cancers seen on the microscope slide from which the bread-loafed
specimens were made
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Fig. 8 Cumulative distributions 100%
of tumor size measurements
made by Micro-CT (Top) and
on examinations of the gross
specimen (Bottom)
75%

Tumor Size
50% Measured By
Micro CT

25%

0%

100%

75%

50%

25%

0%

Future possibilities

The findings reported here raise the possibility that Micro-
CT might provide the surgeon with a useful aid for achiev-
ing complete removal of cancer, while removing a smaller
amount of normal tissue, in a larger number of patients.
Micro-CT could also help minimize the problem itself, as
it may well offer the surgeon a way to perfect surgical tech-
nique, so that incompletely removed specimens become less
common. At the present time, breast surgeons essentially
“work in the dark”, as they are never able to see the full
3D dimensional structure of the cancers that they remove.
One might suspect that with Micro-CT feedback on the full

y = 1.808x + 0.339
2-0.992 — 4

0 1
LOG Tumor Size (Cm)

y =1.323x + 0.382
R2=0.954
Tumor Size
Measured By
Examination of the
Gross Pathology
Specimen

LOG Tumor Size (Cm)

three-dimensional content of their specimens, surgeons may
be able to perfect technique so as to achieve removal of the
greatest possible amount of cancer with the smallest possible
amount of non-cancerous tissue.

Optical methods for observing the surface of cancer spec-
imens are exceedingly impressive [17, 18, 20-22, 26-30].
However, the strength of optical technique in being able
to image individual cells at high power is also its Achil-
les” heel. As we noted in the text, an average specimen
has a surface of roughly 45 cm?, which is about 5 billion
microns®. On the other hand, a 40 x objective with a 20 mm
eyepiece has a field of view of roughly a half a millimeter,
or 250 microns®. This means that there are approximately

@ Springer



Breast Cancer Research and Treatment

p

Fraction of cancer touch-
ing the edge based on

Fraction of cancer touch-
ing the edge based on

Average specimen area

Average specimen area

measured on the Micro-CT based on specimen size

Average area of positivity
: 2
image (cm”)

Margin status as judged by
examining the Micro-CT

image

Table 2 The area of margin positivity on the surface of breast cancer surgical specimens
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based on specimen size

measurements made by specimen size measure- specimen size measure-

measurements (X y z)

ments made by computer

computer segmentation of ments (x y z) made of the

made of the gross surgical

specimen

(cm?)

segmentation of the Micro-
CT image of the surgical

specimen

the Micro-CT image of the gross surgical specimen

surgical specimen

(cm?)

0.454%
1.55%

49.406 97.640 0.983%
96.490 321%

41.869

0.512

Negative Positive

0.0277

0.971

Positive

Positive

To carry out these measurements, we measured the area where the cancer touched the edge of the specimen among pathologically margin negative invasive ductal carcinoma cases that were
either non-multifocal, or contained 2 foci (as specified by the pathologists), for which 58 were also found to be margin negative on Micro-CT (“Micro-CT-AND Path Positive Cases”), while

20 were found to be margin positive on Micro-CT (“Micro-CT-Only-Positive Cases”.) (Analogous results were found when the dataset was limited to only the non-multifocal cases: data not

shown.) The total surface area of the specimens was determined by using the Bruker CTAn software to segment out the specimen. The area of the spot of positivity was measured by using data

viewer to load the dataset oriented about the spot of positivity. In each dimension of the spot (width; height) the dataset was oriented about the slice where this dimension was maximized. Once
the area where maximum height and width was located, these values were measured using dataviewer’s measuring tool and the area of the spot approximated by assuming it to be roughly ellipti-

cal

20 million high-power fields of view on the surface of an
average partial mastectomy specimen, an impossibly large
number of views to examine. However, there is no reason
why one couldn’t build a compound Micro-CT/optical
device, which would collect both X-ray data in the mass of
the specimen, and optical data on the surface of the speci-
men, so as to allow the surgeon and pathologist to locate
areas of concern with X-rays and go in for closer high-reso-
lution surface images optically.

The studies we have reported here have focused on breast
cancer. However, for many cancers, margin positivity, and
finding ways to completely remove the tumor while minimiz-
ing loss of normal tissue, are challenges for which Micro-CT
might be helpful.

Tumor size is an important determinant of outcome [57],
and thus its accurate assessment is valuable for optimal
patient care. Micro-CT appears to readily offer direct volume
assessment of the size of the tumor [49, 51] and may well be
superior to the measurement of tumor size from the gross
specimen that is made with a ruler. Of course, the majority
of the specimens we examined were invasive cancers, whose
sizes we have measured by Micro-CT, but it has yet to be
determined whether such size measurement for DCIS will
have merit.

The Micro-CT devices we have used have resolution lim-
its in the tens of microns range, not quite good enough to see
breast cancer cells, but close. Breast cancer cells are 10 to
20 microns in size [58], while platelets are about 2 microns,
erythrocytes about 3 by 8 microns, lymphocytes about 10
microns, and hepatocytes 20 or more microns [59]. We have
employed the same Micro-CT equipment to image single
lung and liver cells, although their special characteristics
make them easier targets for detection. Microscopes used
in pathology labs approach resolutions down to the diffrac-
tion limit, roughly half the wavelength of light, or about 0.2
microns. In comparison, X-rays have wavelengths of 0.01
microns or less, and, in fact, Micro-CT images generated
with X-ray beams created by impractically huge and expen-
sive synchrotrons regularly resolve objects of 1 micron or
less, [60] reflecting the theoretical potential of this technol-
ogy. Standalone Micro-CT machines are becoming gradu-
ally better, [53] so it’s not implausible that they may soon
close the gap between their resolution limits and that of
microscopes. Even now, the combination of Micro-CT and
microscopy offers the possibility of providing complimen-
tary information on the status of each surgical specimen,
with Micro-CT having the capacity to display a fuzzy picture
of the complete 3D content of a specimen, with microscopy
providing the pathologist with higher-resolution views of
selected regions of the specimen at cellular level resolution.

Of course, it must be born in mind that Micro-CT does
not yet have cellular level resolution. Thus, identifying
what appears to be cancer in a Micro-CT image is intuitive
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rather than definitive. The fact that our independent, blinded,
assessments of the size and shape of what appear to be can-
cer masses in Micro-CT images have proven to be remark-
ably similar in size and shape of the cancer masses seen on
slides, is encouraging. However, we regard these findings to
be considered as working observations, which await more
rigorous assessment.

Here, we have been guided by the goal of providing a
dispassionate report of what we have found in Micro-CT
imaging of breast cancer specimens. These findings offer
some tempting possibilities, but we feel strongly that they
are just possibilities, worthy of testing. We feel especially
strongly that these findings should not be interpreted to make
any changes in the current methods in diagnosing or treating
breast cancer.

At least two practical tasks stand in the way of realizing
the full potential of Micro-CT to aid patients. Firstly, it is not
enough simply to have the equipment: it is also essential to
have the data/image management system that can efficiently
capture the image stacks and make that information avail-
able to the surgeon and the pathologist. Secondly, however,
encouraging might be the findings reported here, it is not
until Micro-CT’s capacity to improve treatment, lower rates
of re-excision, improve cosmesis, reduce the risk of local
recurrence, and improve survival, are tested by trial that one
could know for sure whether the promising observations
noted here could be realized in practice.
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