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Abstract

An Institutional Review Board-approved protocol was used to quantify breast tissue inclusion in
52 women, under conditions simulating both craniocaudal (CC) and mediolateral oblique (MLO)
views in mammography, dedicated breast CT in the upright subject position, and dedicated breast
CT in the prone subject position. Using skin as a surrogate for the underlying breast tissue, the
posterior aspect of the breast that is aligned with the chest-wall edge of the breast support in a
screen-film mammography system was marked with the study participants positioned for CC and
MLO views. The union of skin marks with the study participants positioned for CC and MLO
views was considered to represent chest-wall tissue available for imaging with mammaography and
served as the reference standard. For breast CT, a prone stereotactic breast biopsy unit and a
custom-fabricated barrier were used to simulate conditions during prone and upright breast CT,
respectively. For the same breast marked on the mammography system, skin marks were made
along the breast periphery that was just anterior to the apertures of the prone biopsy unit and the
upright barrier. The differences in skin marks between subject positioning simulating breast CT
(prone, upright) and mammography were quantified at six anatomic locations. For each location,
at least one study participant had skin mark from breast CT (prone, upright) posterior to
mammography. However for all study participants, there was at least one anatomic location where
the skin mark from mammography was posterior to that from breast CT (prone, upright)
positioning. The maximum amount by which the skin mark from mammography was posterior to
breast CT (prone and upright) over all six locations was quantified for each study participant and
pair-wise comparison did not exhibit statistically significant difference between prone and upright
breast CT (paired t- test, p=0.4). Quantitatively, for 95% of the study participants the skin mark
from mammography was posterior to breast CT (prone or upright) by at the most 9 mm over all
six locations. Based on the study observations, geometric design considerations targeting chest-
wall coverage with breast CT equivalent to mammography, wherein part of the x-ray beam images
through the swale during breast CT are provided. Assuming subjects can extend their chest in to a
swale, the optimal swale-depth required to achieve equivalent coverage with breast CT images as
mammograms for 95% of the subjects varies in the range of ~30-50 mm for clinical prototypes
and was dependent on the system geometry.
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1. Introduction

Mammography provides a two-dimensional (2-D) image of a three-dimensional (3-D) breast
resulting in tissue superposition that can potentially mask or mimic abnormalities. Dedicated
breast CT provides 3-D images of the breast thus overcoming this issue. It can be performed
without breast compression and can provide improved contrast (Boone et al., 2001). While
dedicated breast CT was investigated in the late 1970's (Chang et al., 1979), limitations with
the technology available at that time resulted in high radiation dose and poor image
resolution, impeding its clinical translation (Muller et al., 1983, Raptopoulos et al., 1996).
The development of flat-panel detectors has prompted reconsideration of the clinical
potential of dedicated breast CT. Clinical prototype systems have been developed and early
clinical trials with and without contrast media have been reported (Lindfors et al., 2008,
Prionas et al., 2010, O'Connell et al., 2010, Vedantham et al., 2012b). Several research
groups are exploring further improvements to dedicated breast CT (Glick et al., 2002,
Thacker and Glick, 2004, Pani et al., 2004, Zeng et al., 2006, Lai et al., 2007, Madhav et al.,
2009, Russo et al., 2010, Shikhaliev and Fritz, 2011, Kalender et al., 2012, Mettivier et al.,
2012, Vedantham et al., 2012a, Vedantham et al., 2013, Shi et al., 2013, Chen et al., 2013).
In addition, dedicated SPECT/CT and PET/CT systems for breast imaging are being
developed (Brzymialkiewicz et al., 2006, Bowen et al., 2009, Mettivier et al., 2011).

One concern is the adequacy of posterior breast tissue imaged with breast CT. Lindfors et al
(Lindfors et al., 2008) reported that the pectoralis musculature was visualized in 18% of the
patients and visualization of axillary tail of the breast was limited. Subsequently, the design
of the patient support table was refined. A recent article from the same group (Huang et al.,
2011) reported that the pectoralis muscle was visualized in 85 out of 210 (40%) women.
O'Connell et al (O'Connell et al., 2010) used a different breast CT clinical prototype and
evaluation of imaged tissue in 40 breasts indicated statistically significant improvements in
the lateral, medial, and posterior aspects, and did not observe statistically significant
improvement in the inferior aspect, with breast CT compared to mammography. They
observed visualization of pectoralis muscle in the superior aspect of the breast in all cases.
However, in terms of visualization of lymph nodes in the axillary region, they observed
statistically significant improvement with mammography than breast CT. In an independent
study, Vedantham et al (Vedantham et al., 2012b) reported that the pectoralis muscle was
visible in 107 out of 137 (78%) breast volumes.

At present it is unknown if the observed limitations in breast CT coverage are caused by
inadequate access to breast tissue due to body habitus or due to known technical limitations
of the clinical prototypes used in prior studies. The specifications of the flat-panel detector
(4030CB, Varian Medical Systems) used in aforementioned clinical studies indicate an
inactive region of 34 mm along the chest-wall. In comparison, flat-panel detectors used for
mammography (e.g., ASX-2430, Analogic Corporation) are specified with an inactive
region of 4 mm or less along the chest-wall. Hence, there are known technical limitations
that could contribute to reduction in posterior breast coverage. An important question that is
yet unanswered is, even if these technical limitations are overcome, would there be a
reduction in posterior coverage with breast CT? Hence using skin as a surrogate for the
underlying breast tissue, this study was conducted to determine if the skin marks from
mammography were posterior to breast CT and to quantify the difference in skin marks
between mammography and breast CT. In addition, the study also investigated breast CT
using upright subject positioning as opposed to prone positioning that is currently used in
clinical prototypes. An upright breast CT system could provide several attractive features
including a small footprint enabling its installation in rooms that house mammography and
digital breast tomosynthesis units, and potentially easier positioning of the patient.
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2. Materials and Methods

2.1. Subjects

Fifty-two subjects, all women, participated in the study that was conducted in adherence to a
protocol approved by our institutional review board and written informed consent was
obtained from all study participants. The inclusion criterion was that all study participants
should be women of at least 40 years of age as this represents the characteristics of subjects
routinely screened for breast cancer. Male subjects, pregnant women, women who had
bilateral mastectomies and did not undergo reconstructive surgery, and women who were
frail that limited them from standing upright or were uncomfortable lying prone on a table
were excluded. All measurements were performed by a single mammography-certified
radiologic technologist for consistency. Study participants did not undergo imaging as part
of this research study.

2.2. Body habitus measurements

Age, height, weight, prior history of breast surgery and its nature, cup size of frequently
used bra, and demographic information were verbally obtained from each study participant
and recorded in the study form by the mammography-certified technologist. The
technologist measured the circumference of the chest superior to the breast, the
circumference of the chest inferior to the breast, chin to nipple vertical distance, and nipple
to umbilicus vertical distance, using a flexible tape measure with the participant standing
upright. Each study participant chose left or right breast and all measurements including skin
marks for quantifying coverage were performed on the same breast. The study was
conducted at a site that was primarily a diagnostic facility and the study participants were
allowed to choose breast laterality as some of the study participants might have undergone
procedures that may have caused discomfort. The technologist also measured the
circumference of the chosen breast at the chest-wall using a circular ring scale in a manner
similar to that described by Boone et al (Boone et al., 2004). Assuming that the cross-section
of the breast at the chest-wall can be approximated by a circle, the diameter of the breast at
the chest-wall was computed from its circumference.

2.3. Skin marking with mammography

The small (18 cm x 24 cm) and large (24 cm x 30 cm) compression paddles of a screen-film
mammography unit (Senographe 800T, GE Healthcare) were machined at the chest-wall
edge to provide a 5-mm wide slot (Figure 1). Each study participant was positioned for the
cranio-caudal (CC) view and prior to breast compression the chest-wall to nipple distance
was measured. After mild breast compression (approximately 5 daN), the skin was marked
through the slot in the compression paddle as a continuous line using a single-use, sterile,
surgical skin marker with 0.5 mm tip. The inferior aspect of the breast (infra-mammary fold)
was marked at the edge of the breast support. After positioning each study participant for the
medio-lateral oblique (MLO) view, the skin along the medial and superior aspects of the
breast was marked through the slot in the compression paddle in a manner similar to the CC
view. The lateral aspect of the breast extending to the axilla was marked at the edge of the
breast support plate during the MLO view. Different colour skin markers were used for
patient positioning that simulated mammography, breast CT with prone subject positioning,
and breast CT with upright subject positioning to aid in identification.

2.4. Skin marking with simulated prone breast CT

A prone stereotactic breast biopsy table (Multicare Platinum, Hologic, Inc.) was used to
simulate patient positioning in a prone breast CT system. The table featured a 23 cm (9 inch)
circular aperture through which the breast was pendant. The compressible foam mattress
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was not removed during the study as it represented the manner in which subjects are
positioned during prone breast biopsy. The skin along the circumference of the breast that
was just anterior to the aperture was marked as a continuous line using a sterile, single-use,
surgical skin marker.

2.5. Skin marking with simulated upright breast CT

A custom patient-protective barrier was fabricated to simulate subject positioning with an
upright breast CT system (Figure 2). The rectangular barrier (91 cm width x 61 cm height)
was fabricated from 9.5 mm thick flat polycarbonate sheet and could be vertically translated
to suit the height of the study participant. The barrier featured a 29 cm circular aperture and
a curved breast support with a gap between the barrier and breast support to facilitate
marking of the skin. The study participant was positioned to simulate an upright breast CT
system with her chest against the barrier and with slight medial rotation of the torso to
improve inclusion of the axillary aspects of the breast. A sterile, single-use, surgical skin
marker was used to mark the skin as a continuous line along the circumference of the breast
that was just anterior to the aperture.

2.6. Quantification of chest-wall tissue available for imaging

The union of skin marks made with the study participant positioned for CC and MLO views
on the mammography unit was considered to be representative of chest-wall tissue available
for imaging with mammography and served as reference. With respect to this reference, the
differences in skin marks made with upright breast CT and prone breast CT were quantified
at six locations shown in Figure 3. These locations correspond to: (1) anterior axillary line at
the axilla; (2) medial and inferior attachment; (3) medial attachment; (4) lateral attachment;
(5) superior attachment; and (6) inferior attachment. Among these locations, the medial and
inferior attachment, the lateral attachment, and the inferior attachment were obtained from
skin marks made at the posterior edge of the breast support and the remainder from skin
marks made through the slot in the compression paddle. There was a mismatch between the
mark made at the posterior edge of the breast support and that through the compression
paddle, as the lip of the compression paddle was posterior to the breast support.
Mammography systems are designed in such manner to ensure that the lip of the
compression paddle is not visible on the mammograms. Hence, skin marks made through the
compression paddle were corrected so that all skin marks made with mammography
correspond to the posterior edge of the breast support. This correction is illustrated in Figure
4. The skin marks were not corrected to account for the inactive region between the
posterior edge of the breast support and the posterior edge of the detector (first row/column
of pixels) and hence, the skin marks represent chest-wall tissue available for imaging with

mammography and not posterior tissue /imaged in mammograms. Thus, if Sffn, Sffn and sﬁ/f,
represent the skin marks at the 7-th location (/=1,2,...,6, representing the 6 anatomic
locations) for the 1 -th study participant positioned for prone breast CT, upright breast CT,
and mammaography (after aforementioned correction), respectively, then the difference in

skin marks between prone breast CT and mammography (Df ») and the difference in skin
marks between upright breast CT and mammography (Di,U,,) were quantified as:

P_p M AU_ U M
Di,n_si,n - Si,n Di,n_si,n - Si,n 1)

The value is positive when the skin mark from breast CT (upright, prone) is posterior to
mammography and is negative when vice versa. Statistical analyses were performed either
using the SPSS statistical software package (Version 15, SPSS, Inc.) or using OriginPro
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(Version 8.6.0, OriginLab Corporation). Effects associated with p-values less than or equal
to 0.05 were considered to be statistically significant.

Race and ethnicity characteristics are provided in Table 1. Prior history of breast surgery
was reported by 9 study participants, of which 2 study participants had breast reduction
(cosmetic) surgery, 1 participant had breast augmentation (cosmetic) surgery and the
remainder (6 participants) had lumpectomy. Summary of the results from the body habitus
measurements performed with the study participants standing upright are provided in Table
2.

Table 3 summarize the results from measurement of breast dimensions including the
circumference of the breast at the chest-wall and the chest to nipple distance, along with the
frequently used bra cup size reported by the study participant. These results were obtained
from measurements performed on 29 right breasts and 23 left breasts based on study
participant's preference. Statistical analysis (Mann-Whitney test) indicated that there was no
significant difference in circumference of the breast at chest-wall (p=0.619), chest to nipple
length (p=0.684), circumference of the chest superior to the breast (p=0.173), and
circumference of the chest inferior to the breast (p=0.258) with breast laterality. In terms of
the bra cup size, monotonic increases in mean circumference of the breast at chest-wall and
mean chest to nipple distance were observed with increasing cup size (Table 3). This
observation is in agreement with a previous study (Huang et al., 2011). Tables 2 and 3 could
be useful for the geometric design of a dedicated breast CT system such as the size of the
aperture through which the breast is imaged and magnification, with considerations for
radiation dose and image quality. The mean diameter of the breast at the chest-wall,
computed from the circumference, was 14.7 cm. This is in the range reported in previous
studies (Boone et al., 2004, Vedantham et al., 2012b). Statistically significant correlations
(Spearman rho) were observed between breast dimensions and body habitus measures
(Table 4). Statistically significant and positive correlation was observed between the
diameter of the breast at the chest-wall and chest to nipple distance. Also, the diameter of
the breast at chest-wall and the chest to nipple distance were positively correlated and
statistically significant with the circumference of the chest superior to the breast and with
the circumference of the chest inferior to the breast.

Figure 5 shows the box plots of the difference in skin marks at six locations between
mammography and the setups simulating breast CT with (A) prone (D!) and (B) upright

(DY) subject positioning. In Figure 5, the maxima (whisker) at each location is greater than
zero indicating that for each location the skin mark from breast CT (prone or upright) was
posterior to mammography for at least one study participant. Also, the minima (whisker) at
each location is less than zero indicating that for each location the skin mark from
mammography was posterior to breast CT (prone or upright) for at least one study
participant.

The association between body habitus measures and location-dependent difference in skin

marks (Df/U) was determined using Spearman A0 (Table 5). With study participants
positioned for prone breast CT, statistically significant and negative correlations were
observed at the lateral and superior attachments with the diameter of the breast at chest-wall,
and between the superior attachment and the circumference of the chest inferior to the
breast. With study participants positioned for upright breast CT, statistically significant and
negative correlations were observed at the medial and inferior attachment and at the medial

attachment with chin to nipple vertical distance, and statistically significant and positive
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correlation was observed between the medial and inferior attachment and the nipple to
umbilicus vertical distance. Thus, there is an association between body habitus measures and
location-dependent difference in skin marks and this association is different for prone and
upright breast CT.

While the data shown in Figure 5 provides insight into the location-dependence of chest-
wall tissue available for imaging with breast CT compared to mammography, these data are
likely to be correlated and this expectation is confirmed in Table 6. Hence, it is apparent that
the locations cannot be treated independently. An interesting observation in Table 6 is that
the statistically significant correlations (Spearman r/0) between location pairs were different
for prone and upright breast CT. Importantly, if there is reduction in chest-wall tissue with
breast CT (compared to mammography) even at one location, then there will be a loss of
chest-wall tissue in the reconstructed breast CT images. Thus, referring to equation (1), the

- . . i PIU
minima of D!”Y over /=6 locations for each study participant, represented as MIN(D;"7) s

the appropriate metric for analysis. For study participants positioned for prone breast CT, the

. ) P . -
correlation (Spearman r/10) between MIN(D;) and body habitus measures (Table 7) indicate
statistically significant and negative correlations with the circumference of breast at chest-
wall and the circumference of chest inferior to breast. However, for upright positioning,

1 U
MIN(D;") did not exhibit statistically significant correlation with any of the body habitus
measures studied.

Figure 6(A) shows MiIN(Df’) and Ml.IN(DiU ) over the six locations for each study participant.

For all study participants, M,IN(Df)KO and M,IN(D[‘U )<0 indicating that the skin mark made
with the study participant positioned for mammography was posterior to that made with the
study participant positioned for breast CT (prone and upright) in at least one of the six

y P U
locations. Figure 6(B) shows the histograms of MIN(D;) and MIN(D;") over the six
locations in 0.5 mm bins that corresponds to the tip size of the skin marker. Kolmogorov-

Smirnov test indicated that the histograms of MIN(D?) and MIN(DY) did not significantly
differ from a normal distribution (p> 0.74) . At the 0.05 level, paired t-test indicated that the

means of MI.IN(D:'D ) and h"IllN(Dz‘U ) were not statistically different (p = 0.4). Figure 6(C) and
6(D) show the histograms, expressed in percentage of subjects, of the locations that

correspond to 1\'[,.IN(DZP ) and Ml.IN(Df] ), respectively. For more than 75% of the study
participants M[IN(Df) ) correspond to either the lateral attachment (location 4) or the anterior

axillary line at the axilla (location 1). For 75% of the study participants, MIN(D;)
corresponds to the lateral attachment (location 4). From the histograms in Figure 6(B), the
cumulative distributions of the percentage of study participants for whom the skin mark
from mammography positioning was posterior to breast CT positioning (prone and upright)
by the specified amount represented by the threshold #was generated (Figure 7).
Quantitatively, for 95% of the study participants the skin mark from mammography
positioning was posterior to breast CT positioning (either prone or upright) by at the most 9
mm over all six locations. We will refer to this measure as Dy g5, and Dy g5 =9 mm. Over all
study participants, the skin mark from mammography positioning was posterior to that from
prone and upright breast CT positioning by at the most 11 and 10 mm, respectively, over all
locations.

Phys Med Biol. Author manuscript; available in PMC 2014 June 21.
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4. Discussion

Comparing prone and upright breast CT positioning (Figure 6) in terms of h”[}N(Df) and

MiIN(Df] ), the means were not statistically significant. However, there were differences
between the two set-ups. The prone stereotactic table used in this study was curved laterally
and had a dip at the region supporting the chest of the study participant, whereas the custom-
fabricated barrier used to simulate an upright breast CT system had a flat surface.
Additionally, the compressible foam mattress was in-place during measurements simulating
prone breast CT, whereas the upright system did not need such a mattress. Further, the
diameters of the circular apertures through which the breast extends were also different
between prone (23 cm) and upright (29 cm) set-ups. Current experience is based on breast
CT in the prone position; however, from the practical point of view, the upright approach
requires less space and is desirable for installation in existing mammography facilities.
Although there were differences between the upright and prone set-ups, the observation that

that the means of 1\"[,1N(Df ) and Ml.IN(Df/ ) were not statistically different suggests that the
upright approach to breast CT is an option that needs further investigation. Future work
could be directed towards measurement of breast shape during upright breast CT and the
effect of breast shape on radiation dose distribution.

European guidelines for quality assurance in mammography (Perry et al., 2006) indicate a
limiting value of 5 mm for chest-wall missed tissue, where the measurement corresponds to
the distance between the posterior edge of the breast support and the imaged area (the
distance d,in Figure 4). U.S. Food and Drug Administration regulations (FDA, 2002)
stipulate that the posterior (chest-wall) edge of the compression paddle shall not extend
beyond the detector by more than 1% of the source-to-detector distance when the
compression paddle is at a distance equal to standard breast thickness. Quality control
procedures used as part of a large clinical trial comparing digital and screen-film
mammography (Bloomquist et al., 2006) used a limit of 7 mm for chest-wall missed tissue,
where the measurement was in accordance with FDA regulations.

Let LM represent the accepted limit for chest-wall missed tissue with mammography, i.e.,
LM =5 or 7 mm. Thus, the chest-wall tissue imagedin mammograms will be anterior to the
skin marks made along the chest-wall edge of the breast support with mammography by L.
Recalling that the computed D g5 =9 mm for breast CT is with respect to the skin mark at
the chest-wall edge of the breast support with mammography, the geometric design of the
breast CT system factoring the location of the x-ray focal spot and the detector inactive
region should compensate for Dg g5—LM to obtain equivalent chest-wall coverage in breast
CT images as mammograms. The necessary condition and the swale depth required to obtain
equivalent chest-wall coverage in breast CT images as mammograms are provided below.

Let us consider a prone breast CT system, comprising a table with a swale (Figure 8)
through which the breast is pendant during imaging. Let 4¢ and 4 represent the anterior and
posterior diameters of the swale and s;the swale-depth. In order to accommaodate the largest
breast represented by its diameter d;**, ds > d;"**. Assuming the cross-section of the breast
at the chest-wall can be approximated by a circle, 4, from this study was 18.4 cm. Prior
studies (Boone et al., 2004, Vedantham et al., 2012b) have reported &,*** of up to 20.5 cm.
In Figure 8(A), S”is the skin mark with the subject positioned for prone breast CT.
Recalling that the skin along the circumference of the breast that was just anterior to the
aperture was marked with the subject positioned for prone breast CT, S”is aligned with the
anterior end of the swale. SV is the skin mark along the posterior edge of the breast support
with the subject positioned for mammography and is posterior to S by at the most 9 mm for
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95% of study participants (Dg.g5 =9 mm). The point marked by a cross is anterior to SV by
LM, which is the accepted limit for chest-wall missed tissue in mammograms. Hence, in
order for prone breast CT images to provide equivalent chest-wall coverage as
mammograms, the point marked by the cross needs to be imaged. Thus, with respect to S”,
Dy.g5 —LM is the amount of breast tissue posterior to S” that needs to be imaged so as to
obtain equivalent chest-wall coverage in breast CT images as mammograms. Referring to
Figure 8(B), it can be inferred that with respect to the anterior surface of the table (2= 0) the
skin mark S” corresponds to the swale-depth s, The z— axis is along the axis of rotation
(AOR) and z= 0 corresponds to the anterior surface of the table. Let x;and xyrepresent the
locations of the focal spot and the first row/column of detector pixels, respectively, with
respect to z= 0. Thus, x;and xyinclude the mechanical clearance needed to facilitate
rotation of the x-ray tube- detector assembly about the AOR. Assuming circular trajectories
for the x-ray tube and the detector, let rzand ryrepresent the corresponding radii. It can be

readily observed that choosing r, > 0.547 and »;, > 0.547 would be beneficial in reducing x;
and xg respectively. For prototype breast CT systems described, typically x5 xz As an
example, for one system the x-ray focal spot was located 47.5 mm from the anterior end of
the x-ray tube (Boone, 2004), whereas the detector dead space is 34.2 mm. Assuming
uniform mechanical clearance for the x-ray tube and detector to facilitate their rotation about
the AOR, it can be observed that x5 x; Hence, the discussion is initially restricted for the
case X7 Xy. The central beam is defined to be perpendicular to the z— axis. With respect to
the central beam, the maximum cone-angle in the posterior direction that can be imaged is

max

denoted by v, ™. Let yIT, represent the ray connecting the x-ray source to the detector

through the point marked by a cross in Figure 8(B). The necessary condition is y,"** > 75.

max

For y< 90° which is trivially satisfied for the geometry shown in Figure 8B, if v, = y}f

) > tan(y,,). From geometry, it can be observed that this condition is satisfied

max

then, tan (y,,
when,

(5= ) % s+ (Dogs = 1Y)

> 2
(rr —ra) I

Rewriting (2) in terms of the swale-depth s, yields,

Xt — Xd

Sd > X+ (D0_95 - LM) -1 (3

rit+ry

Corresponding to the region where the x-ray beam traverses through the swale, beam
hardening artifacts could occur depending on the chosen material for the swale. Hence,
minimizing the swale region through which x-ray beam traverses would be beneficial. Thus

from (3), the optimal swale-depth s, is:
Sg=X+ (Do.95 - LM) - [Lde @)

(ri+rg)
In (4), the magnification, M—— Since v, 7'>0, some portion of the breast will not be

imaged in every projection, resultlng in reduced image quality and this region of the breast
is shown in Figure 8(C).
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For the setup simulating upright breast CT, the barrier used had a flat surface. In Figure 9,
the skin mark corresponding to the measurement is shown as SY. Dygs — LM is the amount
of breast tissue posterior to SV that needs to be imaged so as to obtain equivalent chest-wall
coverage in breast CT images as mammograms for 95% of the subjects and is marked by a
cross. If x;and xyrepresent the locations of the x-ray focal spot and the first row/column of
the detector from the anterior surface of the barrier along z-axis, then the intersection of a
ray from the x-ray focal spot to the first row/column of detector with the axis of rotation
(AOR) is denoted by P. If rzand ryrepresent the radii for the x-ray source and the detector
trajectories, then from geometry,

Xe—Xqg X;—P

rt+rd Iy (5)
. o _(’”t""”d) .
Solving for Pand substituting M—T yields,

The breast needs to be shifted in the anterior direction by 2 +(Dp 95 — LM) so that the point
marked by the cross is congruent with £. The swale-depth, s, required to achieve this shift
is considered optimal and can be determined as per equation (7), which is identical to
equation (4).

* Xy — X,
S&:x,-{- (D()_95 — LM) - [er 7)

Since, Dy 95 =9 mm was observed in this study for both upright and prone setups simulating
breast CT, the optimal swale-depth for prone and upright breast CT are identical, when x;, xy
and M are fixed. Based on geometry, equations (4) and (7) can be generalized to be also
applicable when x4 = x;as shown in (8), where | | indicates the absolute value.

]

Minimizing s, is important as it would reduce the amount by which the subject has to flex
her torso backwards to maximize tissue inclusion and can alleviate the discomfort (neck
strain) observed in a prior study (O'Connell et al., 2010). The observed negative correlation

sZ:l\’IAX(Xz, xXg)+ (D0~95 - LM) N ®

between the circumference of the breast at the chest-wall and MIN(D!) in Table 7
emphasizes the need for minimizing s, for subjects with smaller breasts. From (8), it is
apparent that reducing x; xyand A would be beneficial in reducing s;. While initial system
designs were limited by the choice of x-ray tube and detector available at that time, there
have been substantial improvements in x-ray tube and detector that allow reduction of x;and
X Figure 10 shows s as a function of M for three combinations of x;and x,. Estimates of
s;; were obtained assuming a uniform mechanical clearance of 5 mm for the x-ray tube and
the detector and with LY =5mm, corresponding to European guidelines. x;= 52.5 mm was
obtained from Boone (Boone, 2004) and x;= 37 mm was obtained from the specifications of
the M-1500 x-ray tube (Varian Medical Systems), which is used in a recently installed
clinical prototype at our institution and in a recent independent report (Gazi et al., 2013). xy
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=39.2 mm and 23.6 mm, were obtained from specifications of the PaxScan® 4030CB and
PaxScan® 4030MCT (Varian Medical Systems), respectively. For current clinical
prototypes, Mranges from 1.42 (Sechopoulos et al., 2010) to 2.03 (Prionas et al., 2011). For
M of one early prototype system (Boone, 2004), the estimated s),=48.9mm. For the system
geometry of a recently installed system at our institution that uses the M-1500 x-ray tube

and PaxScan® 4030MCT detector, the s;=31.6mm. While the data and the analysis
presented were targeted for breast CT, the optimal swale-depth determined could be
applicable for patient-support tables used with prone stereotactic breast biopsy systems and
for the face-shield (barrier) used with digital breast tomosynthesis systems. The presented
data could also be useful for helical breast CT systems, where an axial scan is performed at
the chest-wall followed by a helical scan along the chest-wall to nipple direction.

This study had limitations. Skin marks were used as a surrogate metric to measure posterior
breast tissue coverage due to cost considerations in fabricating prone and upright breast CT
systems. The accuracy of this metric to represent the underlying breast tissue is not
established. In particular, during mammographic positioning the breast is extracted from the
chest-wall prior to compression. This could preferentially include more skin than the
underlying tissue during mammaography and could have influenced the estimate of the
difference in skin marks between mammography and breast CT positioning in favor of

mammography. While s}, is dependent on system geometry, the ability of subjects to extend
their chest into a swale of given depth was not studied and will be investigated in future. It is

possible that for large s, subjects may not be able to extend their chest into the imaged field
of view limiting posterior coverage. Although the skin was marked continuously for the set-
ups simulating mammaography, prone and upright breast CT, data from six anatomic
locations that were easy to identify were chosen for analysis. While these locations covered
the circumference of the breast at the chest-wall, it is possible that the posterior breast tissue
coverage may vary at intermediate locations. Additionally, our study did not quantify
repeatability in the measurements. Even in the well-established mammography, substantial
variability in the amount of posterior breast tissue imaged could be observed depending on
the extent to which the breast tissue is pulled from the chest-wall during subject positioning
(Kopans, 2008, ACR, 1999).

We considered alternate methods of analyzing the data from skin marks such as estimating
projected area of the breast or the breast volume available for imaging. However, this would
require assuming a specific shape for the breast with mammography and breast CT. While
the shape of the breast in mammography and prone breast CT can be approximated, it is
difficult to generalize the shape of the breast for upright breast CT. In Figure 5, for each
location, at least one subject had skin marks with breast CT posterior to mammography. For
such instances, additional assumption regarding the shape of the torso is also needed, if
posterior coverage were to be estimated based on breast volume. Considering the
uncertainties in these assumptions, the analysis presented directly utilizes the measured data.

5. Conclusion

This study investigated posterior breast coverage in dedicated breast CT by using skin as a
surrogate for underlying breast tissue. The study observed an association between body
habitus measures and breast dimensions. At each location, the skin mark from breast CT
(prone or upright) was posterior to mammography for at least one subject. However, for
each subject there was at least one location where the skin mark from mammography was
posterior to breast CT (prone or upright). The maximum amount by which the skin mark
from mammography was posterior to breast CT (prone and upright) over all six locations
was quantified for each study participant and pair-wise comparison did not exhibit
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statistically significant difference between prone and upright breast CT (paired t- test,
p=0.4). Quantitatively, for 95% of the study participants the skin mark from mammography
was posterior to breast CT (either prone or upright) by at the most 9 mm over all six
locations. The location-dependence of the difference in skin marks between breast CT
positioning and mammography was observed to be correlated with body habitus measures.
Based on the measured data and assuming that subjects can extend their chest into a swale,
the optimal swale-depth required to achieve equivalent coverage with breast CT images as
mammograms for 95% of the subjects varies in the range of ~30-50 mm for clinical
prototypes and is dependent on the system geometry including magnification, the location of
the x-ray focal spot and the location of the first row/column of the detector.
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Figure 1.
Photograph of small compression paddle with a 5-mm wide slot machined at the chest-wall
edge.
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Figure 2.
Photograph of the custom-fabricated patient-protective barrier used to simulate patient
positioning for an upright breast CT system.
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Anterior
axillary line

Figure 3.

Illustration (not drawn to scale) showing the locations at which breast coverage was
quantified. Locations 1 through 6 correspond to: (1) anterior axillary line at the axilla; (2)
medial and inferior attachment; (3) medial attachment; (4) lateral attachment; (5) superior
attachment; and (6) inferior attachment.
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Figure 4.

Illustration (not drawn to scale) of the correction to account for the mismatch between skin
marks made through the slot in the compression paddle and that made at the edge of the
breast support (represented by arrow labeled 1). Skin marks corresponding to the anterior
axillary line at the axilla, medial attachment and superior attachment made with the study
participant positioned for mammography were corrected by A =3 mm to correct for the
mismatch so that all locations correspond to the edge of the breast support.
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Box plots of the difference in skin marks at six locations (A) between prone breast CT and
mammography, and (B) between upright breast CT and mammography. The locations 1
through 6 correspond to that in Figure 3. The horizontal line within the box represents the
median, the symbol within the box represents the mean, the edges of the boxes represent £1
standard deviation from the mean, and the whiskers represent the minimum and maximum.
In (A) and (B), the dashed line at = 0 indicates that the skin marks from breast CT and
mammography are congruent. Positive values indicate the skin mark from breast CT is

posterior to mammography and negative values indicate vice versa.
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over /= 6 locations for each study participant is shown. For all

.. I\HN(DP/U) e e . .
study participants, M i ) was negative indicating that the skin mark from
mammography was posterior to breast CT in at least one location. In (B), the histograms of

/ P/U . . P
MIN(D; ™) are shown. At the 0.05 level, paired t-test indicated that the means of MIN(D;)

and NI!-IN(DiU ) were not statistically different. In (C) and (D), the histograms, expressed in

P
percentage of study participants, of the location 1Ds corresponding to MIN(D;) and

/ U
MIN(D;") are shown.
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The cumulative distribution shows the percentage of study participants for whom the skin
mark from mammography was posterior to breast CT (prone and upright) by the specified
amount (threshold, #in mm).
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Figure 8.

Illustration of the method used to determine the optimal swale-depth in prone breast CT (not
drawn to scale). In (A), the swale dimensions are shown. S is the skin mark with the subject
positioned for prone breast CT. SV is the skin mark along the posterior edge of the breast
support with the subject positioned for mammography and is posterior to S” by at the most 9
mm for 95% of study participants (Dg.g5 =9 mm). The point marked by a cross is anterior to
SMby LM, which is the accepted limit for chest-wall missed tissue in mammograms. In (B),

y}f is the cone angle needed to image through the point (marked by cross) that is posterior to
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S°by Dy g5~ LM along the axis of rotation (AOR). In (C), the breast volume where the image
quality will be reduced is shown.
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Figure 9.
Iustration of the method used to determine the optimal swale-depth in upright breast CT

(not drawn to scale). The barrier used in the study had a flat surface. SYis the skin mark
with the subject positioned for upright breast CT and is aligned with the anterior surface of
the barrier. Dy g5 — LM is the amount of breast tissue posterior to SY that needs to be imaged
S0 as to obtain equivalent chest-wall coverage in breast CT images as mammograms for
95% of the subjects and is marked by a cross. vy is the cone angle subtended by a ray from
the x-ray focal spot to the first row/column of the detector and intersects the axis of rotation
at the point marked 2. In (B), the swale depth needed so that the breast is shifted in the
anterior direction such that the point marked by the cross is congruent with Pis shown.
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Figure 10.

The optimal swale-depth s, can be reduced by decreasing magnification and by choosing x-
ray tube and detector that minimize x;and x, respectively. Assuming a 5 mm mechanical
clearance for the x-ray tube, x;=52.5 mm and 37 mm, were obtained from Boone (Boone,
2004) and from specifications of M-1500 x-ray tube (Varian Medical Systems), respectively.
Assuming a similar clearance for the detector, xy=39.2 mm and 23.6 mm, were obtained
from specifications of the PaxScan® 4030CB and PaxScan® 4030MCT, respectively
(Varian Medical Systems). Computations were performed assuming LM =5 mm. The arrow

labeled A indicates s, for the system geometry in (Boone, 2004) and the arrow labeled B
indicates s, for a recently installed system at our institution.
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Table 1

Race and Ethnicity characteristics

Number of subjects 52 (100)
Ethnic category

Hispanic/Latino 3(6)
Not Hispanic/Latino 49 (94)
Racial category

American Indian/Alaskan Native 1(2)

Asian 2(4)
African American 1(2)
Caucasian 46 (88)
Unknown or Not reported 2(4)

Values in parenthesis are percentages
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Table 2
Body habitus characteristics
Parameter Mean + S.D. Median Range
Age (y) 539+75 525 40-73
Height (cm) 7 1645+6.6 1638  150-183

Circumference of chest superior to breast (cm) t 913+83 90.4 60-109

Circumference of chest inferior to breast (cm) t 87.1+84 86.1 73-106

Chin to nipple vertical distance (cm) 7 281%32 28 22-36

Nipple to umbilicus vertical distance (cm) f 18.1+34 185 8-25

S.D. represents standard deviation

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN
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fMeasurements performed with study participant standing upright
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Table 7
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Correlation (Spearman rh0) between body habitus measures and maximum reduction in chest-wall tissue
available for imaging with prone and upright breast CT

MIN(D;) MIN(DY)

Circumference of breast at chest-wall 0351 %
Chin to nipple vertical distance -0.005
Nipple to umbilicus vertical distance 0.055
Chest to nipple distance -0.159
Circumference of chest superior to breast -0.219
Circumference of chest inferior to breast 02777

-0.136

0.008
-0.250
-0.126
-0.253
-0.217

*
indicates statistically significant correlation at the 0.05 level (2-tailed test)
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