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Purpose: The authors previously reported on a three-dimensional computer-generated breast phan-
tom, based on empirical human image data, including a realistic finite-element based compres-
sion model that was capable of simulating multimodality imaging data. The computerized breast
phantoms are a hybrid of two phantom generation techniques, combining empirical breast CT
(bCT) data with flexible computer graphics techniques. However, to date, these phantoms have
been based on single human subjects. In this paper, the authors report on a new method to gen-
erate multiple phantoms, simulating additional subjects from the limited set of original dedicated
breast CT data. The authors developed an image morphing technique to construct new phan-
toms by gradually transitioning between two human subject datasets, with the potential to gen-
erate hundreds of additional pseudoindependent phantoms from the limited bCT cases. The au-
thors conducted a preliminary subjective assessment with a limited number of observers (n = 4)
to illustrate how realistic the simulated images generated with the pseudoindependent phantoms
appeared.

Methods: Several mesh-based geometric transformations were developed to generate distorted breast
datasets from the original human subject data. Segmented bCT data from two different human sub-
jects were used as the “base” and “target” for morphing. Several combinations of transformations
were applied to morph between the “base’ and “target” datasets such as changing the breast shape,
rotating the glandular data, and changing the distribution of the glandular tissue. Following the mor-
phing, regions of skin and fat were assigned to the morphed dataset in order to appropriately assign
mechanical properties during the compression simulation. The resulting morphed breast was com-
pressed using a finite element algorithm and simulated mammograms were generated using tech-
niques described previously. Sixty-two simulated mammograms, generated from morphing three hu-
man subject datasets, were used in a preliminary observer evaluation where four board certified breast
radiologists with varying amounts of experience ranked the level of realism (from 1 = “fake” to 10
= “real”) of the simulated images.

Results: The morphing technique was able to successfully generate new and unique morphed datasets
from the original human subject data. The radiologists evaluated the realism of simulated mammo-
grams generated from the morphed and unmorphed human subject datasets and scored the realism
with an average ranking of 5.87 & 1.99, confirming that overall the phantom image datasets appeared
more “real” than “fake.” Moreover, there was not a significant difference (p > 0.1) between the real-
ism of the unmorphed datasets (6.0 = 1.95) compared to the morphed datasets (5.86 = 1.99). Three
of the four observers had overall average rankings of 6.89 + 0.89, 6.9 £ 1.24, 6.76 £ 1.22, whereas
the fourth observer ranked them noticeably lower at 2.94 £ 0.7.
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Conclusions: This work presents a technique that can be used to generate a suite of realistic comput-
erized breast phantoms from a limited number of human subjects. This suite of flexible breast phan-
toms can be used for multimodality imaging research to provide a known truth while concurrently
producing realistic simulated imaging data. © 2013 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4794924]
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I. INTRODUCTION

The landscape of breast cancer imaging is constantly evolv-
ing with the introduction of novel imaging modalities,
improved algorithms, and multimodality and data fusion
imaging techniques.'”?! New imaging methods require sev-
eral iterations of preclinical and clinical studies to evaluate
and optimize their performance; these studies can be both
time consuming and costly.

Computerized breast phantoms offer a cost-effective
and practical approach to breast cancer imaging research be-
cause of their ability to produce realistic data and simulate
the variability of human anatomy, which allows researchers
to quantitatively optimize parameters without exposing pa-
tients to unnecessary radiation or time consuming procedures.
Our group has previously presented a methodology to gen-
erate three-dimensional breast phantoms from human sub-
ject data. The phantoms include a realistic compression sim-
ulation model and are capable of simulating multimodality
imaging data.?'=334>%5 The computerized breast phantoms
generated from our project are a hybrid of the two phantom
generation techniques, combining empirical data with flexi-
ble computer graphics techniques. They are based on dedi-
cated breast computed tomography datasets (bCT) of human
subjects,>™ thus encompassing the variability and complexity
of real human anatomy, and by using computer-graphics tech-
niques they also have the flexibility intrinsic in a mathematical
ph21nt0m.31‘33’43 However, to date, these phantoms have been
based on a small cohort of human subjects, constraining the
breast variability that an imaging phantom ideally possesses.
The goal of this current effort was to utilize image morphing
in order to generate multiple realistic phantoms from a limited
set of bCT data.

Image morphing is a technique used to construct new im-
ages by gradually transitioning between two sets of images.
This is done by applying geometric transformations that gen-
erate distorted datasets. There have been numerous morph-
ing techniques developed for the computer graphics field and
the medical imaging field that can be used to deform im-
ages, for example: mesh warping, field morphing, multidi-
mensional spline deformation, energy minimization, and free-
form deformations.*¢-33 The deformation can be applied to
the image data, or to finite element or surface meshes gener-
ated from the image data.

The concept of producing new datasets by deforming and
morphing CT data is not new.>*> There have been efforts to
generate supplementary datasets for clinicians to analyze dur-
ing training. Deformation and morphing of real human images
allow for the simulation of a diversity of disease states to com-
plement the available data for study. In addition, deformation
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and morphing techniques are already used for medical im-
age registration to perform temporal change assessments and
for multimodality registration.**-%-37 However, to our knowl-
edge this is the first report of producing new breast phantom
datasets by deforming and morphing clinical bCT datasets of
human subjects.

A basic deformation and morphing method employing
mesh warping on the bCT image data is described herein.
Mesh warping is a method that uses two images: a “base” im-
age (Ig) and a “target” image (I7). Both images have a mesh
associated with them, referred to as My and Mr, respectively.
Mg specifies the coordinates of the control points used in Ig,
and Mr specifies their corresponding positions in It. Mg and
Mr are used to generate a spatial transformation that maps
all points from Ig onto Iy. Several different Mt meshes can
be generated that change the deformation of Mg, which result
in several unique realizations of a deformed and morphed I.
Although some deformation and morphing can be minor, we
demonstrated previously®' that changing the structure of the
phantom slightly can greatly affect the mechanical response
of the breast during simulated compression and the resulting
appearance of the simulated images. Therefore, a basic defor-
mation can make a large impact in generating new and unique
datasets.

This work presents a technique that can be used to gen-
erate a large number of computerized breast phantoms based
on empirical data from a limited number of human subjects.
However, the utility of a phantom is primarily dependent
on how realistic the resulting anatomical data appear. There-
fore, a preliminary observer evaluation was subsequently con-
ducted to illustrate the realism of simulated anatomy gener-
ated using the morphing approaches described herein. The
goal of this work is to produce a suite of flexible breast phan-
toms that will be distributed along with the XCAT phantom
package**4>38 to be used for multimodality breast imaging
research. This suite of phantoms should make practical, large
technology optimization trials by providing a known truth
while concurrently producing reasonably realistic simulated
imaging data of a large number of simulated subjects.

Il. MATERIALS AND METHODS

The dedicated bCT datasets that provided the human sub-
ject basis for this work were provided by Dr. Boone’s group
at UC Davis®>* and segmented with a technique that has been
described in detail previously.’'=*3 The segmented datasets of
two different human subjects were used as the “base” and
“target” for deformation and morphing to generate new mor-
phed data. The segmented datasets consisted of 300 coronal


http://dx.doi.org/10.1118/1.4794924

043703-3

slices (each 384 x 384 voxels) with 500 pm isotropic resolu-
tion and contained three different tissue types: fat, glandular,
and skin. Multiple image deformation and morphing strate-
gies were implemented: glandular translation, breast rotation,
glandular tissue rotation, glandular tissue displacement, glan-
dular tissue erosion, morphing between breast shapes, and
morphing between glandular structures. The level and com-
plexity of the morph was user defined and then automatically
executed using MATLAB R2007a (The Mathworks, Inc., Nat-
ick, MA) to perform all deformation and morphing functions.

Il.A. Initial shape transformation

The initial transformations involved simple changes to the
shape and orientation of the “target” breast by rotating the
“target” breast or making the shell of the “target” breast wider
or narrower. A mask of the “target” breast was generated to
encompass the outer bounds of the breast data. Erosion and
dilation of coronal slices of the “target” breast mask using a
disk structuring element with a radius of 2 pixels (1 mm) was
done to shrink or grow the diameter of the morphed breast
data mask. The “imrotate” function, which rotates an image
around its center point, was used on the coronal slices of
the “target” mask to rotate the shell of the morphed breast
by a user defined angle. Angles chosen for this study were
0°, 45°, 60°, and 75°. The shape- and orientation-transformed
data became the new “target” data for transformative mesh
generation.

II.B. Transformative mesh generation

The original “base” and “target” breasts differed in their
overall size, shape, and orientation; thus it was necessary to
generate a transformative mesh to map between the “base”
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dataset and the “target” dataset in order to produce the mor-
phed data. These meshes provided a three-dimensional series
of points of correspondence within the volumes of the breast
phantoms to transfer information in the “base” breast to that
in the “target” breast. The methods to do this transformative
mapping differed between the sagittal and coronal planes.

The transformation in the sagittal (chest-to-nipple) direc-
tion was determined through a mapping of the coronal slice
number of the “base” breast data to that of the “target” breast
data in which every slice in the “base” data was mapped to a
slice in the “target” data. If the “target” data chest-to-nipple
distance was greater than that of the “base’ breast data, there
would be “target” slices that would not have any “base” slice
mapped to it; these intermediary slices were interpolated to be
a linear combination of the nearest defined slices, as described
in the mapping step [Eqgs. (1) and (2)].

FS = First Slice; LS = Last Slice

Base Slices = FSpu : 1 : LSpage, (1)

LSTarget - FSTarget
LSBase - FSBase

In the case where the “target” chest-to nipple distance was less
than that of the “base” breast data, there would be multiple
coronal slices in the ‘base” data that map to a single slice in
the “target” data. In such a case, for simplicity, we chose a
single slice from the base, the slice farthest from the chest
wall, to be mapped to the “target” slice.

The transformation in the coronal plane was determined
using a radial mesh that was generated for both the “base”
and the “target” data (Fig. 1). The center of each coronal
slice was determined by using the halfway point between the
outer bounds of the coronal breast slice. The breast diameter
through the center and across a coronal slice of the “base”

Target Slices = FSyger : o LSarger. (2)

i\

N
N

FIG. 1. Radial grid patterns for mesh generation. This figure illustrates how the radial grids implement mapping from the “base” to the “target” in order to
implement deformations. (a) “base” breast radial grid; (b) “target” breast radial grid (direct translation); (c) “target” breast radial grid (glandular data translation
— stretch toward edge); (d) “target” breast radial grid (glandular data translation — shrink toward center); (e) “target” breast radial grid (nonuniform skewing).
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breast was divided into 50 uniform segments. This was re-
peated for each breast diameter at 0.5° increments (angular
diameter) for 180° to fully cover the breast data and form the
mesh of radial control points. The corresponding angular di-
ameters of the “target’ breast were also divided into 50 seg-
ments to form a “target” mesh. Different strategies to morph
the “base” breast data were implemented by changing the
spacing of the control points in the “target” mesh as described
below and illustrated in Fig. 1.

II.C. Mesh deformation and morphing techniques
II.C.1. Direct translation of coronal data

If the uniformly spaced control points on each angular di-
ameter of the “base” data slice were mapped directly to the
uniformly spaced control points on each corresponding angu-
lar diameter of the “target” data slice, this was called a direct
translation of the coronal data. This method was used to shift
the breast tissue to fit into the shell of the “target” breast, with-
out changing the general structure of the tissue. This method
essentially placed the breast tissue from the “base” data into
the shell of the “target” data.

Il.C.2. Shape morphing

In order to generate phantoms of intermediate shapes be-
yond the simple initial shape transformation described in
Sec. II.A above, the shape of the morphed breast could also
be based on a combination of the “base” and “target” datasets.
The user was able to define at what intermediate stage be-
tween the “base” and “target” data to set the shape of the
morphed breast. This was done by comparing the length of
each angular diameter from the “base” data with the length
of the corresponding angular diameter of the “target” data. A
user defined fraction, F, was used to define how long the new
length of the morphed angular diameter would be between the
two datasets. For example, if F = 0.5, and the angular diame-
ter of the “base” was 100 units long and the angular diameter
of the “target” was 140 units long, the new length of the mor-
phed angular diameter would be 120 units long. In this study
we used several different F values: 0.2, 0.4, and 0.5.

II.C.3. Glandular data translation

For each angular diameter in the “target” data, if the user
wanted to translate the tissue of the “base” breast toward the
edges of the “target” breast, the control points of the “target”
mesh could be defined closer together near the edges of the
breast and farther apart in the center [Fig. 1(c)]. If the user
wanted to contract the data to be closer to the center of the
breast, the “target” control points could be spread out more on
the edges and more closely spaced near the center [Fig. 1(d)].
The spacing of the control points on each angular diameter
of the “target” data was low-pass filtered with a moving aver-
age filter to smooth any sharp transitions from the translation
parameters. The “target” control points were mapped to the
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uniformly spaced mesh control points on the corresponding
angular diameter of the “base” data.

1l.C.4. Nonuniform skewing of the coronal data

The amount of translation of the glandular data in each
coronal slice could be specified in a way that would nonuni-
formly skew the tissue so that it was not an overall transla-
tion, but a smoothly varying targeted change that was dis-
tributed throughout the different angular diameters (a). A
normal probability distribution function was defined with a
user specified orientation angle (1) and a user specified stan-
dard deviation (o) that was used to spread the change across
the adjacent angular diameters,

1 _a=n?
e 3)
2mo?

fla) =
The spacing of the “target” control points on each angu-
lar diameter of the “target” data was low-pass filtered to
smooth any sharp transitions from the skewing parameters.
The skewed grid control points on each angular diameter in
the “target” data were mapped to the uniformly spaced grid
control points on the corresponding angular diameter of the
“base” data. In this study, mean angles of 15°, 60°, and 170°
and standard deviations of 30 and 50 were used. Figure 1(e)
demonstrates how the nonuniform skewing results in a modi-
fication of the radial grid pattern in the “target” breast data.

Il.C.5. Rotation of glandular data

The glandular data could also be rotated by a user defined
angle (w) separately from the overall rotation of the breast
described in the initial shape transformation step described
above. The translation and nonuniform skewing, described
above, mapped the “base” control points on one angular
diameter to the control points on the corresponding angular
diameter of the “target.” In order to rotate the glandular data in
the coronal slice, we simply mapped the “base” control points
on one angular diameter to the control points on a noncorre-
sponding angular diameter that was offset from the “base” by
w. Offset angles for this study were 0°, 15°, 40°, 45°, and 75°.

I.D. Mapping

For each coronal slice in the “base” data, a uniform ra-
dial mesh of control points was generated and mapped to a
radial mesh of control points on the “target” data (Fig. 1).
The translation from the “base” to the “target” mesh was ex-
trapolated across the “target” breast data in the coronal slice
corresponding to the coronal slice in the “base” data using
MATLAB’s “griddata” function, which interpolates scattered
data, with the linear interpolation option specified. Mapping
provided the new 3D coordinate location in the morphed data
for each breast voxel in the “base” data.
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ILLE. Tissue deformation

During tissue deformation, the mapping specified through
the prior step was used to place the segmented value of the
voxel from the “base” data into its new location in the mor-
phed dataset. In the cases where the chest to nipple distance
of the “target” was larger than the base, resulting in coronal
slices without a direct mapping from the base, the translation
maps of the two defined coronal slices on either side (sagit-
tally) were linearly interpolated to generate a translation for
the undefined slice.

There may not have been a one-to-one mapping of the
“base” data voxels to the morphed data; therefore, steps were
taken to generate nonsparse structures. A mask of the “base”
data was morphed and used to create a mask of the morphed
data that was used to define both the fat and the skin. The
coronal slice of the morphed data mask was morphologically
closed with a disk structuring element of radius 10 pixels
(5 mm). It was also then closed in the sagittal and trans-
verse planes using a disk structuring element of radius 3 pixels
(1.5 mm). To remove any extraneous spots or holes, the “bw-
morph” “majority” function, which sets a pixel to be 1 or 0
if five or more pixels in its 3 x 3 neighborhood are 1s or Os,
respectively, was used over all the anatomical planes as well.

The altered glandular data underwent a similar set of steps
to generate nonsparse glandular structures; however, the “bw-
morph” “fill” operation, which changes individual Os that are
surrounded by 1s into 1s, was used first and then followed
by a morphological closing using a disk structuring element
with a radius of 1 pixel (500 um). These steps allow the al-
tered glandular tissue to maintain small structures and holes in
the glandular tissue, instead of generating a large contiguous
block.

I.LF. Combining the glandular tissue of the “base”
and “target” data

To generate morphed breasts with glandular tissue that re-
sulted from a combination of the “base” and “target” data, a
distance transform was applied to the glandular tissue of the
newly generated morphed data and the “target” data’s glan-
dular tissue. The “bwdist” function, which calculates the Eu-
clidean distance transform of a binary image, was used to sep-
arate the glandular tissue in terms of its Euclidean distance
from other tissues. For example, a value of 1 would be imme-
diately adjacent (within 500 pm) to fat or skin in any direc-
tion, and a value of 10 would be 10 voxels (5 mm) away from
fat or skin in any direction. The maximum distance (dpax) of
the glandular tissue for each coronal slice in both the morphed
data and the “target” data was used to determine the thresh-
old for each dataset by a user defined fraction (f) of dpax-
The threshold for each dataset was applied in each coronal
slice such that for one dataset, glandular voxels with distance
values that were 1 to f X dmax_1 Were used, and in the other
dataset, voxels with distance values f X dpax 2 t0 dpax 2 Were
used. Values of fused in this study were 0.2 and 0.5. In order
to ensure that there were no extraneous spots or holes, the new
combinatorial glandular tissue was morphologically closed in
all anatomical planes with a disk structuring element of ra-
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FIG. 2. Demonstration of the combination of glandular tissue from two dif-
ferent breasts. (a) Binary coronal slice from the “base” breast; (b) binary
coronal slice from the “target’ breast; (c) distance transform image from
the “base” breast; (d) distance transform image from the “target” breast;
(e) smaller structures chosen from the “base” breast; (f) larger structures cho-
sen from the “target” breast; (g) morphed breast glandular data resulting from
the combination of the “base” and “target” breasts glandular data.

dius 1 pixel (500 pum). While this technique did not guarantee
the realistic continuity of structures between coronal slides,
it allowed for the unique combination of smaller glandular
structures from one dataset with the larger structures from the
other dataset. Figure 2 is a demonstration of the process used
to combine the glandular tissue from the base and target breast
data.

Il.G. Erosion of glandular tissue

Following the completion of morphing the glandular tis-
sue, the user could also make the glandular tissue thinner.
The sagittal and transverse planes were subject to erosion by
a disk structuring element of radius 1 pixel (500 pwm). Follow-
ing erosion, the coronal planes were morphologically closed
with the same disk structuring element.

Figure 3 gives a demonstration of the effects of specific
deformations described in Secs. II.A-I.G above on actual
human subject breast phantom data, and illustrates visually
the impact of these mathematical transformations.
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FIG. 3. Sample coronal slices showing the effects of specific deformations.
(a) Coronal slice from the “base” breast; (b) coronal slice from the “target”
breast; (c) scaling the “base” breast glandular tissue to fit into the shell of
the “target” breast; (d) scaling the “base” breast glandular tissue and fitting it
into a resized shell of the “target” breast; (e) scaling and rotating the “base”
breast glandular tissue and fitting it into the shell of the target breast; (f) scal-
ing the “base” breast glandular tissue and fitting it into a rotated shell of the
target breast; (g) scaling the “base” breast glandular tissue using the glandular
data translation function to shrink the tissue toward the center of the “target”
breast shell; (h) scaling and nonuniformly skewing the “base” breast glandu-
lar tissue and fitting it into the “target” breast shell; (i) scaling and eroding
the “base” breast glandular tissue and fitting it into the “target” breast shell;
(j) combining the “base” breast glandular tissue smaller structures with the
“target” breast glandular tissue larger structures and fitting it into the “target”
breast shell; and (k) combining the “target” breast glandular tissue smaller
structures with the “base” breast glandular tissue larger structures and fitting
it into the “target” breast shell.

I.H. Sagittal extension of the glandular tissue

In some cases, the different morphing methods may not
have produced glandular tissue that reached the nipple. How-
ever, knowing that anatomically there should be a ductal net-
work that branches off from the nipple, we developed a simple
method to extend the glandular tissue to the farthest coronal
slice from the chest wall, which was assumed to be the nip-
ple. The glandular data in the last coronal slice that contained
glandular data were assumed to be part of the ductal network,
so it was morphologically dilated using a disk structuring el-
ement of radius 1 pixel (500 um) to allow the glandular tis-
sue to slowly grow toward the nipple. From the last slice of
glandular data until the farthest coronal slice from the chest
wall, every other coronal slice was dilated and the in-between
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slices were simply a copy of the preceding slice. While not a
realistic ductal network, this ensured that each slice contained
glandular data, and the assumed nipple in the morphed breast
was connected to its glandular tissue.

IL.I. Skin and fat assignment

In order to generate a layer of skin that was 2 mm
thick,?"»33 coronal slices of the mask of the morphed breast
were eroded by a disk structuring element of radius 4 pixels
(2 mm). The eroded mask was then assigned to the fat region
and the 2 mm thick eroded layer surrounding the fat was as-
signed to skin.

Il.J. Glandular density assignment

Only the morphed glandular tissue that overlapped with the
fat region (the region interior to the bounded skin line) was
used to define the glandular tissue of the complete morphed
data. The morphed dataset was interpolated out to 300 coronal
images (each 768 x 768 voxels) with an in-plane resolution
of 250 pum and slice thickness of 500 pm, in order to be used
for tissue assignment after compression. The glandular data
of the large morphed dataset was divided into three different
densities®® to be used during the image generation step. This
density differentiation process was previously found to more
closely emulate the compositional marbling effect in clinical
data where glandular and adipose tissues are interspersed in
varying degrees.’> However, since there was no original bCT
data to base the density groupings on, the distance transform
(using “bwdist”) was applied to rank the glandular tissue ac-
cording to Euclidean distance from other tissue. The distances
were sorted in ascending order and the lowest half was as-
signed to the lowest density level, half to three-quarters of
the maximum distance was assigned to the middle density
level, and the highest quarter of distances was assigned to the
highest density level. This technique was chosen because this
trend was observed in the segmented human data.

Il.LK. Simulated FEM compression
and image generation

Methods previously described®'* were used to gener-
ate a tetrahedral mesh from the morphed data with 2.5 mm
elements. Compression of the morphed breast was simu-
lated using finite element methods (FEM). The modulus ra-
tio (Fat:Glandular:Skin) chosen for the tissues was set to
1:10:88, the Poisson’s ratio was set to 0.49, a coefficient of
friction of 0.46 was used for the skin, and the breasts were all
compressed to 5 cm thickness. The compressed tetrahedral
model was assigned tissue values according to the large mor-
phed dataset produced in the “glandular density assignment”
step, and then translated into a subdivision surface model.
As described in detail previously,*** a simulated projec-
tion of the compressed morphed breast phantom was gener-
ated directly on the mesh model using a technique developed
by Segars et al.** with attenuation coefficients for the dif-
ferent tissues derived from the International Commission on
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Radiation Units and Measurements tissue data.>® Thus, while
the datasets used for morphing were voxelized, the simu-
lated images generated from the morphed phantoms follow-
ing compression used defined mesh surfaces fit to the mor-
phed and FEM compressed data rather than voxelized data to
simulate projection images through the volume. Images were
simulated with 1000 x 1000 pixels at 250 pum resolution.
A sigmoid correction function was applied to the projection
in order to simulate the grayscale properties of a screen-film
mammogram.

ll.L. Experimental evaluation—Preliminary
observer rankings

To provide a preliminary estimate of the realism of images
generated using the suite of breast phantoms described above,
a preliminary subjective assessment was performed with a
limited number of observers using a 10 point scale to assess
realism where 1 was defined as “fake,” 5 as “somewhat real,”
and 10 as “real.” The images were graded in terms of the re-
alism of displayed breast parenchyma and not on the image
viewing platform as the images were displayed on personal
computers with limited resolution through an online album.
In order to generate images for review, three original, unmor-
phed, breast datasets were used as the “base” and “targets” for
deformation and morphing to generate 59 new datasets. The
original datasets were chosen from subjects that had three dif-
ferent volumetric breast density levels: 14%, 28%, and 38%.

Sixty-two total simulated cranio-caudal (CC) mammo-
grams were generated, with three images generated from
breast phantoms created directly from the bCT data with-
out deformation or morphing and 59 images generated from
different combinations of deformation and morphing of the
original datasets as detailed above. Results were analyzed
for morphed and unmorphed groups separately, in order to
ascertain if the estimated realism was noticeably degraded
following the deformation techniques. Four board certified
breast radiologists with varying amounts of experience (7, 16,
19, and 37 years) provided their rankings. The radiologists
viewed all simulated mammograms on a web image viewer
(www.Jalbum.com) with the viewing environment limited by
standard web resolution and personal computer settings. Al-
though the web format was a simple and easy way for the ra-
diologists to quickly review the simulated images, the viewer
did not provide any user controls to adjust contrast, window
or level.

lll. RESULTS
lll.A. Deformation and morphing

Figure 4 illustrates what coronal slices from the new, seg-
mented datasets look like after implementing a number of dif-
ferent combinations of deformation and morphing techniques,
including translation, nonlinear skewing, shape changes, ro-
tation of either breast shell or glandular tissue, and morphing
between the breasts. All of these coronal slices subjectively
demonstrated glandular tissue definition and connectivity that
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FIG. 4. Sample slices showing how combining different deformations af-
fects the size, shape, and glandular distribution of the newly created morphed
breast phantoms. (a) Coronal slice from the “base” breast; (b) coronal slice
from the “target” breast; (c) combining the “base” breast glandular tissue
smaller structures with the “target” breast glandular tissue larger structures
and fitting it into a smaller “target” breast shell; (d) directly translating the
“base” breast tissue into a resized smaller “target” breast shell; (e) directly
translating the “base” breast tissue into the “target” breast shell; (f) rotating,
nonlinearly skewing, and shrinking the “base” tissue toward the center of the
“target” breast shell and combining with the larger structures of the “target”
breast tissue; (g) rotating and shrinking the “base” breast tissue toward the
center of the “target” breast shell and rotating the “target” breast shell; (h) ro-
tating and nonlinearly skewing the “base” breast tissue, and then fitting it into
arotated and resized smaller “target” breast shell; (i) rotating and eroding the
“base” breast glandular tissue and fitting it into a rotated and resized “target”
breast shell; and (j) combining the “target” breast tissue smaller structures
with the larger structures of the “base” breast and fitting it into a resized
“base” breast shell.

were similar to that of the unmorphed datasets, and showed
placement of glandular tissue with respect to the skin line
roughly comparable to that of the unmorphed cases.

Figure 5 contains simulated mammograms generated using
three datasets of original, unmorphed, segmented bCT data
and six new datasets that were morphed or deformed versions
of the three original datasets using methods described above.

lll.B. Experimental evaluation—Preliminary
observer rankings

The breast radiologists who reviewed the simulated mam-
mographic images generated from the suite of 62 breast phan-
toms provided comments and rankings. The average realism
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FIG. 5. Simulated CC mammograms ranging from realism rankings of 6-8.
(a) 14% dense original breast — median score 6; (b) 28% dense original
breast — median score 7.5; (c) 38% dense original breast — median score 6.5;
(d) deformed/morphed (a) and (b) - key morphing parameters were
shape morphing and glandular combination — median score 7.5; (e) de-
formed/morphed (a) and (b) - key morphing parameters were erosion and
glandular combination — median score 8; (f) deformed/morphed (a) and (c)
- key morphing parameters were 75° rotation, erosion, and glandular com-
bination — median score 8; (g) deformed/morphed (b) and (c) - key mor-
phing parameters were shape morphing and 60° rotation — median score 7;
(h) deformed/morphed (a) and (b) - key morphing parameters were erosion,
nonuniform skew, and 60° rotation — median score 6; (i) deformed/morphed
(b) and (c) - key morphing parameters were rotation, erosion, and glandular
combination — median score 6.5.

ranking across all radiologists for all 62 images was 5.87
£ 1.99. Three of the four observers had overall average rank-
ings of 6.89 + 0.89, 6.9 £ 1.24, 6.76 £ 1.22, whereas the
fourth observer ranked both morphed and unmorphed im-
ages noticeably lower than the other observers, with an over-
all average of 2.94 £ (.7. Individual radiologist rankings

TABLE I. Experimental evaluation of unmorphed phantom realism.
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for unmorphed and morphed phantom images are shown in
Tables I and II, respectively. There was no significant dif-
ference (p value: 0.82) between the realism rankings of the
unmorphed datasets, which were based on original human
subject data, and the morphed datasets, which resulted from
utilizing the morphing methodology presented in this work
that morphs two original datasets. The individual radiologists
had p values for differences between the unmorphed and mor-
phed datasets ranging from 0.41 to 0.89. Thus, in this very
limited initial evaluation of “realism,” the rankings indicated
that three of the observers rated both the unmorphed and mor-
phed datasets midway between “somewhat real” and “real,”
with no significant difference between the groups. The fourth
observer showed no significant difference between the groups
but rated both unmorphed and morphed groups as midway
between “fake” and “somewhat real.”

The radiologists commented that all of the simulated cases
were of “scattered tissue or heterogeneously dense” breasts
and none were “fatty replaced or extremely dense.” They also
commented that the “images look very good to excellent on
the whole,” some looked “really realistic,” and that “almost
all cases have appropriate distribution of tissue.” The lowest
ranking images had large areas of homogenous fat that does
not typically appear in real images and “needed more texture”
or appeared “more blurred or smudgy.”

IV. DISCUSSION

The morphing and deformation techniques implemented
in this work demonstrate the ability to generate new and
unique imaging phantoms that can be used for breast imag-
ing research. Although the level of deformation was primar-
ily through simple transformations using rotation, translation,
or small alterations in the size and shape of the breast tis-
sue; these small changes affect the morphology of the breast
and its mechanical response to finite element compression,
which ultimately affects the simulated images generated from
the phantoms. In this current version of the technique, all de-
formations and parameters were user selected and then auto-
matically executed, however future iterations could automate
the entire process.

There are several options that can change the resulting
morphed data to produce a large number of unique simu-
lated phantoms, including: choice of the “base” and “target”
datasets, rotation angles, size changes, fraction choices, size,
and shape of structuring elements, FEM parameter choices
(for mammographic simulations), and breast density alloca-
tion percentages. The large number of variables allows for a
flexible breast phantom that can generate numerous phantom
realizations using a limited number of human subject datasets.

Radiologist 1 Radiologist 2 Radiologist 3 Radiologist 4
Average =+ standard deviation 6.67 £0.58 70£1.0 733 £ 1.15 3.0+£0.0
Minimum 6 6 6 3
Maximum 7 8 8 3
Median 7 7 8 3
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TABLE II. Experimental evaluation of morphed phantom realism.

Radiologist 1 Radiologist 2 Radiologist 3 Radiologist 4
Average + standard deviation 6909 6.9 £ 1.26 6.73 £1.23 293 +£0.72
Minimum 5 2 4 1
Maximum 9 9 10 5
Median 7 7 7 3

This paper presents a proof of concept of the methodolo-
gies developed to produce these breast phantoms, but not a
formal evaluation of the phantoms in the context of any par-
ticular imaging modality. In order to demonstrate the result-
ing anatomy of the morphed phantoms, we showed the phan-
toms in application to mammography, but these same simu-
lated breast phantoms can also be used as research tools in
CT, nuclear medicine, MR imaging, and ultrasound, by the
inclusion of modeling of those respective imaging systems.
One limitation of the current work is that our demonstration
of “realism” was primarily aimed toward evaluating the breast
phantom anatomy itself and not so much toward the specific
modeling of a given imaging system. Thus, we generated sim-
ulated mammographic projections to do a preliminary evalu-
ation of the “realism” of the morphed phantoms compared
with the unmorphed phantoms, but with a very minimalistic
approach to simulating the mammographic system. We used
sophisticated FEM methods to simulate breast compression
but only simple ray-tracing to produce the simulated projec-
tion mammograms shown to the observers. We did not in-
clude all of the system-related factors that can affect final
mammographic appearance, including modeling of the detec-
tor system MTF, correlated noise power spectrum, x-ray scat-
ter, and focal spot blurring. The absence of these components
of system modeling might well have accounted for some of
the overall “realism” score when compared to actual mam-
mograms (especially for observer 4 who recorded low scores
for both morphed and unmorphed datasets). However, it is un-
likely that these factors would have substantially affected the
relative “realism” of the morphed versus unmorphed datasets,
which was the primary end point of this primarily method-
ological work. In the future, large-scale observer studies using
these phantoms must include a proper and careful modeling
of all of the components of a given imaging system to reflect
observer performance indicative of what would be obtained
clinically.

There were other issues that were not addressed in the
present work that will be the subject of future investigations.
One of the major issues in deciding on the morphing vari-
ables was predicting how realistic the resulting datasets or
simulated images would be. We tried to maintain a similar
tissue distribution as the “base” and “target” images for the
morphed datasets in order to preserve the level of realism
provided by the original data. However, a smoothly varying,
shape-based, transition between the glandular tissues of the
“base” and “target” datasets was not attempted because of the
complexity of the tissue, most notably the disparate distribu-
tion of the glandular tissue between different subjects. Con-
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sequently, the combination of the dissimilar glandular tissues
may have resulted in a morphed dataset that contained struc-
tures that would never occur in human subjects. Therefore,
computational anatomy methods, which can handle both the
growth and atrophy of tissue, can be investigated to gener-
ate more realistic transitions between the ‘base” and ‘target”
dataset.®” Computational anatomy methods can also be ex-
plored to refine the glandular density of the breast phantom
to a user defined level, which would be an important area for
future investigation since breast density is known to influence
the detectability of breast cancer, and this would be a useful
tool to employ for research with the breast phantom package.
Supplementary breast structures such as tumors, microcalci-
fications, Cooper’s ligaments, or lobules could be computer
generated and added to the phantoms. These structures were
not available in the segmented data, either because the data
was based on normal breast tissue or because the structures
were difficult to visualize and segment from the original bCT
images. These added components would allow the phantoms
to simulate different levels of health or disease and also pre-
vent homogenous regions of fat in the phantom, which is im-
portant since that was a primary source of unrealistic sim-
ulated images from the preliminary observer evaluation. In
addition, there remains the possibility of generating an ines-
timable number of new morphed datasets utilizing different
combinations of the morphing techniques presented in this
study. Therefore, it would be useful to perform a parametric
analysis to determine the morphing techniques that produce
the most compelling and realistic phantoms.

The preliminary observer evaluation rankings suggest that
the methodology described may be a feasible means of pro-
ducing adequately realistic breast phantoms for a number of
observer tests requiring a large dataset of simulated human
data. However, there are several important limitations to the
current preliminary evaluation of “realism” described in this
paper. First, the numbers of observers and phantoms in this
preliminary evaluation were small, and it will clearly be nec-
essary to conduct further studies with larger numbers of sub-
jects and unmorphed and morphed breast phantoms. Second,
the relative imbalance in the number of unmorphed and mor-
phed cases shown to the observers may result in bias in es-
timating statistical significance of any difference. We believe
any bias will likely disfavor rather than favor our morphed
image sets because it is unlikely that morphed datasets will
show better “realism” than unmorphed datasets. Nonetheless,
future larger scale studies should include a larger number of
unmorphed datasets (which are in limited supply currently) in
order to minimize this source of any potential bias. Third, it
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will be necessary to conduct future larger studies with access
for all observers to standardized high-quality viewing mon-
itors. Fourth, it will be important to include sample training
datasets to calibrate the observers to the phantom appearance.

Feedback from observers in this current study will en-
able us to refine the set of parameters used to generate the
larger datasets used in future studies. Three observers had av-
erage collective rankings of 7.00 and 6.84 for unmorphed and
morphed datasets, respectively, but the fourth observer rank-
ings were notably lower at 3.00 and 2.93, respectively, indi-
cating different interpretations of the ranking scale or stan-
dard to which to compare realism. This was most likely due
to miscommunication or misinterpretation of the purpose of
the study, which was to evaluate the realism of the displayed
breast parenchyma and not the quality of the image viewing
platform. The fourth observer commented that “... given the
limitations of the reading conditions. They are of course eas-
ily recognized as breasts but do not look to me like a good
quality mammogram.” We suspect that the fourth observer in-
terpreted the purpose of the study differently than the other
observers and held the simulated images to a higher standard
of quality and did not evaluate the images based on the re-
alism of the phantom structure but instead on image quality,
which would be limited by standard web resolution as well
as their own personal computer display. This underscores the
need to clarify the purpose of the study and provide a uniform
reading environment for future observers with clearly outlined
objectives in order to calibrate the realism ranking. The range
of responses for observers will need to be elucidated in fur-
ther evaluations of these phantoms in future larger observer
studies.

V. CONCLUSIONS

We have described a methodology to generate a suite of
unique breast phantoms from a limited number of dedicated
bCT datasets by using a combination of mesh deformation
and morphing techniques. To our knowledge, this is the first
presentation of deformation and morphing of dedicated bCT
data from different subjects to create new morphed datasets.
This suite of breast phantoms provides a mechanism that po-
tentially enables a large scale clinical evaluation of multi-
modality breast imaging data. Future efforts will include more
advanced morphing techniques to improve on the presented
deformation and morphing methods; a parametric analysis of
the effect and performance of different morphing practices; as
well as a comprehensive user study to evaluate the level of re-
alism achieved with a suite of computerized breast phantoms.
The suite of phantoms presented in this work may provide
an important tool to optimize, evaluate, and improve new and
existing breast imaging techniques and devices.
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