@ CrossMark
©chckh

Population of anatomically variable 4D XCAT adult phantoms for imaging
research and optimization

W. P. Segars,? Jason Bond, Jack Frush, Sylvia Hon, and Chris Eckersley
Carl E. Ravin Advanced Imaging Laboratories, Department of Radiology, The Duke University Medical
Center, Durham, North Carolina 27705

Cameron H. Williams
Department of Radiology, The Duke University Medical Center, Durham, North Carolina 27710

Jianqgiao Feng, Daniel J. Tward, Tilak J. T. Ratnanather, and M. I. Miller
Center for Imaging Science, the Johns Hopkins University, Baltimore, Maryland 21218

D. Frush
Department of Radiology, The Duke University Medical Center, Durham, North Carolina 27710

E. Samei
Carl E. Ravin Advanced Imaging Laboratories, Department of Radiology, The Duke University Medical
Center, Durham, North Carolina 27705

(Received 2 November 2012; revised 25 January 2013; accepted for publication 15 February 2013;
published 15 March 2013)

Purpose: The authors previously developed the 4D extended cardiac-torso (XCAT) phantom for mul-
timodality imaging research. The XCAT consisted of highly detailed whole-body models for the stan-
dard male and female adult, including the cardiac and respiratory motions. In this work, the authors
extend the XCAT beyond these reference anatomies by developing a series of anatomically variable
4D XCAT adult phantoms for imaging research, the first library of 4D computational phantoms.
Methods: The initial anatomy of each phantom was based on chest-abdomen—pelvis computed to-
mography data from normal patients obtained from the Duke University database. The major organs
and structures for each phantom were segmented from the corresponding data and defined using
nonuniform rational B-spline surfaces. To complete the body, the authors manually added on the
head, arms, and legs using the original XCAT adult male and female anatomies. The structures were
scaled to best match the age and anatomy of the patient. A multichannel large deformation diffeo-
morphic metric mapping algorithm was then used to calculate the transform from the template XCAT
phantom (male or female) to the target patient model. The transform was applied to the template
XCAT to fill in any unsegmented structures within the target phantom and to implement the 4D car-
diac and respiratory models in the new anatomy. Each new phantom was refined by checking for
anatomical accuracy via inspection of the models.

Results: Using these methods, the authors created a series of computerized phantoms with thousands
of anatomical structures and modeling cardiac and respiratory motions. The database consists of
58 (35 male and 23 female) anatomically variable phantoms in total. Like the original XCAT, these
phantoms can be combined with existing simulation packages to simulate realistic imaging data. Each
new phantom contains parameterized models for the anatomy and the cardiac and respiratory motions
and can, therefore, serve as a jumping point from which to create an unlimited number of 3D and 4D
variations for imaging research.

Conclusions: A population of phantoms that includes a range of anatomical variations representative
of the public at large is needed to more closely mimic a clinical study or trial. The series of anatomi-
cally variable phantoms developed in this work provide a valuable resource for investigating 3D and
4D imaging devices and the effects of anatomy and motion in imaging. Combined with Monte Carlo
simulation programs, the phantoms also provide a valuable tool to investigate patient-specific dose
and image quality, and optimization for adults undergoing imaging procedures. © 2013 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4794178]
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. INTRODUCTION on the computer. Computer-based models of the image forma-

tion process simulate the imaging system while the phantoms
Computerized phantoms and simulation techniques are play- simulate the patients. With this combination, imaging data can
ing an important role in medical imaging research. They give be generated and reconstructed under a limitless possibility
researchers the ability to perform clinical experiments entirely of scanning conditions and parameters. The phantoms can be
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imaged repeatedly with no worries of radiation exposure so
experiments that would otherwise be impossible to do with
live subjects can be performed; such an advantage is espe-
cially important in computed tomography (CT) research. The
entire anatomy of the phantoms is known so there is a “gold
standard” or “truth” from which to quantitatively evaluate im-
ages and compare them across imaging devices. Such a truth
does not exist in live subjects.

Computational phantoms are also widely used in imaging
dosimetry. They can be used to estimate organ and effective
dose from different examinations using Monte Carlo simula-
tion techniques.'® As such, computerized phantoms provide
an effective tool to compare imaging applications in terms
of dose as well as image quality. They also provide a means
to prospectively estimate patient-specific organ and effective
dose. With no practical technique to measure these values in
patients, they are typically derived by matching a patient to a
reference phantom for which the organ dose has been precal-
culated. The better the phantom matches the patient, the better
the estimation of dose.

With their great potential, many different computerized
phantoms are currently being developed for research. For
these phantoms to be truly useful they must accurately model
the human anatomy and physiology so simulations using them
will be indicative of what would occur in live patients. The
most realistic phantoms are typically based on the segmen-
tation of patient imaging data, usually MRI or CT.” Begin-
ning with the development of the nonuniform rational B-
spline (NURBS)-based cardiac-torso (NCAT) phantom,'%!!
the latest work in phantom development has focused on the
creation of hybrid models, phantoms based on the segmenta-
tion of imaging data but using surface representations such as
NURBS or polygon meshes to define the structures. The sur-
faces realistically model the anatomy with the added bonus
of greater flexibility to model anatomical variations and pa-
tient motion. To change the anatomy, one only has to apply
transforms (rigid or nonrigid) to the surfaces.

The main bottleneck in creating such a phantom is the ini-
tial segmentation process. Segmentation of patient data is a
time-consuming process that can take many months to a year
to complete depending on the level of detail required. As a
result, there is a barrier of sorts to creating vast populations
of highly detailed models. In order to more closely mimic a
clinical study or trial and to better estimate patient-specific
dose, a large population of phantoms is needed to reflect the
range of anatomical variations representative of the public at
large. To overcome this barrier, many researchers have sought
to produce anatomically variable populations of phantoms by
altering their preexisting hybrid models,'>"'® making use of
their great flexibility. To create new individuals, the template
hybrid models are deformed to match statistical anthropomet-
ric measurements for given individuals. As a simple exam-
ple, to create a larger patient from an existing one, the outer
body surface can be scaled until it matches the measurements
(chest, abdomen, and pelvis circumferences) typical for a per-
son who is 90th percentile for height and weight. Based on
statistics taken from autopsies, relationships have been de-
rived for organ and tissue masses as a function of height.!”
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These relationships can be used to scale organ volumes up and
down to alter the interior of the new models. The main draw-
back to this method is that each new anatomy is ultimately
derived from the template upon which it was originally based.
Changes in organ shapes and positions from patient to patient
are not captured.

Building upon our previous work with the NCAT phan-
tom, we developed the 4D extended cardiac-torso (XCAT)
phantom'® for multimodality imaging research to evaluate
and compare imaging devices and techniques. The 4D XCAT
consists of whole-body adult male and female models which
contain an unmatched level of detail and anatomical real-
ism (Fig. 1). The male and female anatomies were origi-
nally based on the visible human anatomical imaging data,
but were modified, through the phantom’s flexibility, to match
body measurements and organ volumes for a 50th percentile
(height and weight) male and female. The male and female
XCAT phantoms are extremely realistic, containing thousands
of anatomical structures. Individual surfaces are defined for
each muscle, bone, ligament, tendon, and blood vessel. An
important innovation in the XCAT is its extension to 4D to
model the cardiac and respiratory motions. Most hybrid phan-
toms are limited to 3D. The XCAT also includes parameter-
ized models for the anatomy. Using these parameters, one
can create an unlimited number of anatomical variations. As
mentioned above, though, this population would still be lim-
ited, not truly capturing the interior variation from patient to
patient.

In this work, we extended the original XCAT models
to create a new adult population. Starting from clinical CT
images, we applied a previously devised methodology'® to
efficiently morph the XCAT phantom to create 58 highly de-
tailed, full-body 4D XCAT phantoms of varying body-mass-
indices (BMlIs). This method is similar to the previous studies
mentioned above that transform template phantoms to create
new ones. The main difference is that we use actual patient
segmentations to guide our transforms. By doing this, we cap-
ture more of the interior variability from patient to patient.
The result of this work is the first library of 4D computational
phantoms.

Il. MATERIALS AND METHODS
II.LA. Patient selection and creation of initial models

The new XCAT models were constructed based on patient
chest—abdomen—pelvis (CAP) CT datasets collected from the
Duke University imaging database. Under approval of the
Duke Institutional Review Board (IRB) and in compliance
with the Health Insurance Portability and Accountability Act
(HIPAA) regulations, we interrogated our Radiology Infor-
mation System (RIS) to identify subjects for inclusion in the
study. Patient cases were selected that exhibit normal anatomy
such that if a disease was present, it did not manifest itself
in any gross changes to internal organs in terms of size or
location. As such, the variability in anatomy among the pa-
tient population was similar to that among a healthy popula-
tion. CAP datasets were obtained to represent a wide range of
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FIG. 1. (Top) 50th percentile male (left) and female (right) whole-body anatomies of the XCAT phantom. (Bottom) 4D cardiac and respiratory models of the

XCAT.

body types for both adult males and females as determined by
the BMI (Fig. 2). Thirty-five male (BMI from 19.2 to 36.1)
and 23 female (BMI from 18.2 to 36.7) patient datasets were
selected.

An initial patient model was created for each dataset us-
ing methods similar to those used to create the original XCAT
male and female adult anatomies.'® Selected organs and struc-
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FIG. 2. BMI and ages of the patients used to develop the XCAT adult series.
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tures were manually segmented from each patient dataset us-
ing ImageSegment, an application developed in our labora-
tory. The structures segmented included the following: the
body outline, the sternum, ribs, backbone, pelvis, scapulas,
clavicles, left and right humerus, left and right femur, heart,
lungs, liver, gall bladder, stomach, spleen, thyroid, kidneys,
pancreas, intestines, prostate, and bladder. The testes were not
segmented in the male patients due to the data not fully cover-
ing them. The humerus and femur for each arm and leg were
not entirely visible in the CT data as well. Only the initial third
of these bones was able to be segmented. These were used
to guide the addition of template arm and leg models as de-
tailed in Sec. I1.B. The segmentations were performed by stu-
dents using a cross-sectional anatomy book as a reference.?’
A tablet PC was used so that contours could be quickly and
accurately drawn on the screen using a light pen. The seg-
mentations were guided and verified by Dr. Paul Segars, who
has a great deal of experience in segmenting imaging data in
creating the NCAT and XCAT phantoms, and by Dr. Don-
ald Frush, MD, Chief, Division of Pediatric Radiology at the
Duke University Medical Center.



043701-4

The segmentation process produced a 3D mask image for
each patient in which the individual organs were set to unique
integer IDs or intensities. The different structures were con-
verted into 3D polygon models using the marching cubes
algorithm from the Visualization Toolkit (www.vtk.org) in-
cluded in the ImageSegment software. The polygon models
were imported into the Rhinoceros NURBS modeling soft-
ware, www.rhino3d.com, and cubic NURBS surfaces were fit
to them creating an initial NURBS-based patient model.

II.B. Extending the initial models to whole body

The initial model for each patient only covered the chest,
abdomen, and pelvis region. To complete each phantom, we
manually added on the head, arms, and legs using the existing
male and female XCAT models as templates. The Rhinoceros
modeling software was used to perform this task. Within
Rhinoceros, we could move and scale the different structures
as we needed. The XCAT head (male or female depending
on patient gender), consisting of the outer skin surface, skull,
and cervical vertebrae, was first added on to the patient model
using the first thoracic vertebrae (T1) as a guide. The T1 of
the XCAT head was centered onto the T1 model of the pa-
tient. The skin surface of the head was then scaled to match
specific facial measurements (forehead circumference, neck
circumference, nose width, and jaw width) determined for the
particular patient based on their characteristics. The desired
measurements were obtained using the PeopleSize program,
http://www.openerg.com/psz/index.html, Fig. 3. PeopleSize
contains 289 individual anthropometric dimensions catego-
rized from 1st to the 99th percentile for children and adults in
the US as well as other countries. Based on the patient’s BMI,
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we determined what percentile they fall in for their particu-
lar age and gender. We then used PeopleSize to find the facial
measurements for that percentile. We used statistics from US
male and female adults to determine the measurements. Only
the skin surface was scaled; the skull and vertebrae were not
altered. We also used PeopleSize to determine arm and leg
measurements (arm length, upper and lower arm skin circum-
ferences, upper and lower leg skin circumferences) for the pa-
tient. The leg length was determined based on the recorded
height of the patient. The height from the top of the head
to the bottom of the pelvis was measured from the model.
This distance was subtracted from the known patient height
to determine the proper leg length. After scaling the limbs to
match the body type of the patient, they were placed manually
onto the rest of the anatomy within Rhinoceros using the seg-
mented skeleton as a guide completing the initial whole-body
model for the patient.

Il.C. Application of the multichannel large
deformation diffeomorphic metric mapping
(MC-LDDMM) method to complete the models

Once the initial model was constructed for each patient,
the MC-LDDMM algorithm, modified from its original use
(working with diffusion tensor imaging data) to suit our ap-
plication as described in Tward et al.,'” was used to fill in
the rest of the anatomy by transforming the selected template
XCAT phantom (male or female) to match the framework de-
fined for the target patient model.

This algorithm calculates a smooth invertible transfor-
mation (a diffeomorphism) ¢, by minimizing the following
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FIG. 3. Screenshot of the PeopleSize program. A user can select different regions of the body (middle menu) and display measurements for them at different
percentiles (output on the right). The head is shown above as an example; the measurements for head circumference (50th and 90th percentile) are listed. A user
can select the particular percentiles they want listed at the right in the program settings. They may also select the type of individuals they want. In this case, we

selected US males, ages 18-64.
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FIG. 4. Procedure for calculating the MC-LDDMM transform. To calculate the transform, template and target images are required. The above steps are
performed to create these images. These images are further broken down into a binary image for each organ that is used to calculate the transform.

functional:

E = d((p, Id)2 + Z O%“Iitemplaleowfl _ Iitarget”i27 (1)
i i

where d(¢, Id) is the distance between ¢ and the identity
transformation on the diffeomorphism group,?! || - ||, denotes
the L2 norm squared (integral over the square of a function),
o’ denotes a weighting factor for each organ, and Il.template
and 1" represent binary images describing the ith organ
in the limited framework. These binary images of the XCAT
template and the patient target for each case were created
by voxelizing the template and target models into 3D images
(isotropic resolution of 2 mm) covering the whole body. The
template model was set to contain the same structures as the
target.

To increase robustness which can be a challenge for high
dimensional mappings in heterogeneous populations, labeled
landmarks were defined using the template and target skele-
tons. Corresponding landmarks were placed on the endpoints
of bones such as the ribs, arm/leg bones, and sternum. The
spinal processes also served as landmarks. The landmarks
were used to calculate initial low dimensional transforma-
tions (an affine transformation, followed by a landmark based
nonlinear transformation’?) before attempting to minimize
the functional above. It took approximately 6-8 h to calcu-
late each transform. Figure 4 summarizes the steps to cal-
culate the MC-LDDMM transform. The images shown in
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the figure, ™l and et are broken down into a bi-
nary image for each organ i to calculate the transform.
They are shown in the figure as single images for display
purposes.

Since ¢ is defined as a diffeomorphism on the background
space, rather than as a displacement of organ boundaries,
it can be applied to the template XCAT to create a new
XCAT phantom for a patient containing all anatomical struc-
tures (Fig. 5), even those missing from the limited frame-
work. The MC-LDDMM algorithm guarantees that the trans-
formation is a diffeomorphism, allowing image and surface
data to be mapped between template and target while pre-
serving topology and smoothness. Even with a small number
of segmented organs defined, the optimal ¢ will interpolate
smoothly through the background space, allowing missing or-
gans to be deformed with a high accuracy as demonstrated
previously.”? For this work, we segment the major structures
to make the transform as accurate as possible; Table I lists the
structures that are segmented and the structures that are pre-
dicted using the MC-LDDMM transform. The MC-LDDMM
method has proven to provide accurate transforms for identi-
fied objects.!® As shown in our study,?? the predicted anatomy
will also provide a good match for what we segment. For our
purposes, we do not need a perfect transform since our goal
is not to generate patient specific models that perfectly match
given subjects. This would not be achievable since we do not
have whole-body data to work from. We are already varying
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FI1G. 5. The MC-LDDMM transform is used to transform the template XCAT phantom to define the detailed anatomy of the target phantom. The new XCAT
model, based on the patient data, contains the same structures as the original XCAT.

from the patient by adding on the head, arms, and legs from
template models. Our goal is to generate several anatomically
variable models that can be used for imaging research similar
to what others have done in modifying their hybrid phantoms.
We just use a high order nonrigid registration to transform
our templates and guide this transform using the segmented
patient anatomy. We feel this method captures more interior
variation from subject to subject.

I.D. Incorporation of cardiac and respiratory motions

To make the phantoms applicable to dynamic imaging re-
search, we incorporated cardiac and respiratory models into
each creating a 4D model. This required little effort as the un-
derlying cardiac and respiratory models already exist in the
template XCAT phantom. The MC-LDDMM transform was
applied to the base 4D cardiac model of the XCAT to im-
plement it in the new anatomy. The respiratory motion was
modeled in each new phantom based on similar mechanics
to that of the original XCAT.'® The ribcage rotates upward
and outward expanding the chest during inspiration and the
diaphragm contracts downward and forward. The heart, liver,
stomach, spleen, kidneys, and abdominal organs move with
scaled down motions from that of the diaphragm. Both cardiac
and respiratory models were parameterized as in the original
XCAT adult models.

Il.E. Fine tuning of the models

Finally, each new phantom was refined by checking for
anatomical accuracy via visual inspection of the 3D mod-
els and comparison of the volumes for predicted structures
to those from ICRP Publication 89 (Ref. 24) and values pre-
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dicted for a particular individual based on their height.!” If
needed, minor adjustments were made by scaling undersized
or oversized organs. Like the original XCAT, the new phan-
toms were setup with parameters to adjust the organs (see
Table 2 from Ref. 18). The weight for each phantom was
also calculated and compared to the patient weight from their
record. Each phantom was voxelized to a very fine resolu-
tion (1 mm isotropic), and the voxels for the different tissues
were counted then multiplied by the density of the material.
The densities used in this calculation can be found at http://
physics.nist.gov/PhysRefData/XrayMassCoef/tab2.html. The
phantom weights were found to generally agree with the ac-
tual patient weights; the maximum error was less than 10%.
Despite this, the weights of the phantoms were finely ad-
justed to match the patient weight within 1%. This was done
by scaling the skin surfaces of the arms and legs. These
structures were add-ons, not based on the actual imaging
data, and carry a good deal of weight so they provided the
best means for the adjustment. Each new XCAT phantom
was setup with parameters to perform this scaling, adjust-
ing the muscles, tendons, ligaments, and vessels inside the
arms and legs while keeping the bones constant. Using these
methods, 4D phantoms of multiple body types and sizes
were created to match the height and weight of different
patients.

lll. RESULTS

We created a new population of 58 (35 male and 23 fe-
male) anatomically variable adult XCAT phantoms for imag-
ing research. Figure 6 shows a collage of the phantoms, il-
lustrating the changing interior anatomy in the region covered
by the imaging data. With the MC-LDDMM method, it was
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TABLE I. List of structures in the new XCAT phantoms that are obtained us-
ing the template models, through segmentation, or by using the MC-LDDMM
transform.

Obtained from XCAT

template head, arms Segmented in Predicted with

and legs the CT data MC-LDDMM

Head (skin) Body (skin) Adrenals

Skull Breasts Arteries and veins in the
body

Eyes Thyroid Muscle, ligaments, and
tendons in the body

Oral cavity Pericardium?® Esophagus

Tonsils Lungs Larynx

Tongue Liver Pharynx

Salivary glands Gall bladder Thymus

Mandible Stomach Heart and its interior
structures®

Teeth Spleen Ovaries

Brain and its interior Pancreas Fallopian tubes

structures

Muscles, arteries, veins, Kidneys Uterus

ligaments, and tendons

in the head

Arms and legs (skin) Intestines Vagina

Muscles, arteries, veins, Bladder Trachea and bronchi

ligaments, and tendons

in the arms and legs

Humerus® Prostate Penis

Radius Sternum Ejaculatory ducts

Ulna Ribs Epididymis

Bones in hand and Vertebrae Seminal vesicles

fingers

Femur® Pelvis Testes

Tibia Sacrum Vas deferens

Fibula Scapula Ureter

Patella Clavicle Urethra

Bones in foot and toes Humerus®

Femur®

#Pericardial surface is segmented to guide the heart transform.
®Humeri and femurs are partially segmented in the CT data and used to help place
the template arm bones.

possible to efficiently create whole body phantoms with many
anatomical structures, some not easily visible in the origi-
nal CT data. Figure 7 shows the results of mapping the male
XCAT anatomy to a large male patient (BMI = 36). Since
the new phantoms were formed by transforming the original
XCAT models, each contained the same amount of detail and
structures as the original XCAT (see Table 4 from Ref. 18).
Each phantom includes all the radiosensitive organs (organs
with tissue weighting factors in dose calculations) as well as
many other structures. The high level of detail is important so
that the phantoms are applicable to high-resolution imaging
applications such as CT and MRI. Without modeling small
details, the imaging data simulated from the phantoms would
not be close to what you would see from live patients, lim-
iting their use. Ultimately, we would like to apply the phan-
toms to image quality versus dose studies. To simulate realis-
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tic images for this purpose requires a great deal of detail. The
new phantoms also maintained the same features and flex-
ibility of the XCAT, each containing parameterized models
for the anatomy and the cardiac and respiratory motions (see
Table 2 from Ref. 18) and can, therefore, serve as a jumping
point from which to further create 3D and 4D variations for
imaging research.

Like the XCAT, the new series of phantoms can be com-
bined with simulation packages (PET, SPECT, CT, MRI, ul-
trasound) to generate realistic imaging data. Many excellent,
publicly available simulation packages in SPECT/PET,>>2
MRL?% CT,**32 and ultrasound®*3* have been devel-
oped and validated that can be used with the phantoms.
Figure 8 shows simulated CT data from four anatomically
variable males and females as a demonstration. The data were
generated using an analytical CT simulator developed in our
laboratory.® The CT data look very realistic, but are ham-
pered by the fact that each structure has a uniform attenuation
characteristic. We plan to investigate techniques to model in-
terior heterogeneous organ textures within the phantoms to
improve the realism.

With the new series of XCAT models, we now have mul-
tiple body types and sizes allowing for patient variability
common of a clinical trial. Table II shows the mean organ
masses and standard deviations from the population as com-
pared to the standard volumes for the adult male and female
from ICRP 89. As can be seen in the table, there is a great
deal of variation in the organ masses (for those organs de-
fined by CT segmentation). The mass of the breasts was found
to differ the most from the ICRP values. The breasts were
difficult to segment in that it was hard to determine where
they end and the chest wall begins. It is possible that there is
some over segmentation included in the calculated volumes.
Despite that, we did find a great deal of variation in the
breast masses, ranging from 300 to 3000 g. The mean stom-
ach mass also differed with the ICRP values, but this can
be expected given the stomach volume changes a great deal
depending on how much the subject ate prior to imag-
ing. The masses for the pancreas, spleen, and gallblad-
der were also found to vary from the ICRP values; how-
ever, their masses did fall into the range observed in other
studies.!”-36:37

IV. DISCUSSION

In this work, we created the first library of 4D com-
putational phantoms. The MC-LDDMM method provided a
novel and highly efficient tool, allowing the rapid develop-
ment of realistic anatomically diverse 4D computational mod-
els by morphing an anatomical template. Using our tech-
niques, it was possible to create a new patient model, con-
taining all structures defined in the XCAT, within 3-4 days.
Like most phantom development, the major bottleneck in
the process was the creation of the initial patient model us-
ing segmentation. The MC-LDDMM calculation itself only
took about 6-8 h per model. In this work, we segmented a
great deal of structures to ensure accurate transforms. We
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FIG. 6. Collage showing the 58 new adult anatomies. The head, arms, and legs are not shown to focus on the chest-abdomen—pelvis anatomy, which is based
on the patient imaging data. The muscles and blood vessels are also not shown for presentation purposes.

End-systole End-diastole

XCAT Male New Male Phantom Interior of New End-expiration End-inspiration
(BMI 36) Phantom

FIG. 7. New male phantom (BMI = 36) created by transforming the original male XCAT. The original XCAT is shown to the left while the new phantom is
shown in the middle. The interior anatomy of the male phantom is shown with varying levels of detail. The new phantom contains the same number of structures
as the original XCAT. The phantom also includes the models for the cardiac and respiratory motions. The new phantom is shown to the right at different phases
of the cardiac and respiratory cycles. The dotted line in the respiratory pictures shows how the internal organs are moving.
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Males

FIG. 8. Four adult male (top) and four adult female (bottom) XCAT phantoms with CT simulation results shown at the bottom.

plan to investigate optimizing the segmentation part of the
process so new models can be created within hours. We will
look into what structures are necessary to segment in order
to maintain an accurate transform from the template to the
target.

The techniques used to create our phantoms are similar
to those used previously to create new models by transform-
ing existing templates.'>"'® By using segmented patient imag-
ing data to guide our transforms, though, we capture more
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of the interior variability in the organ shapes and positions
from patient to patient. Our models are also very highly de-
tailed and 4D making them applicable to high-resolution 3D
and 4D imaging studies. A drawback to these models is that
the head, arms, and legs are still created by adding on scaled
template versions. We plan to use PET-CT data in the fu-
ture to develop more phantoms; the particular data we plan
to use cover the head and will give us more variability in that
area.
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TABLE II. Mean and standard deviation of the organ masses of the adult models as compared with the organ masses from ICRP 89.

Mean organ mass (g) ICRP 89 organ mass (g) Percent difference
Male (%) Female (%) Male Female Male (%) Female (%)

Prostate 18.1 £ 13 17 6

Testes 323+£5 35 -8

Breasts 1249.0 £ 51 500 150
Ovaries 11.1£5 11

Uterus 83.7+4 80 5
Brain 14979 £2 1364.4 £ 1 1450 1300 3 5
Lungs?® 1310.2 £23 1036.5 £ 22 1200 950 9

Liver 1871.5 £ 24 1567.4 £ 18 1800 1400 4 12
Pancreas 106.3 + 34 74.8 £ 42 140 120 —24 —38
Stomach® 303.1 +47 217.9 £ 54 400 370 —24 —41
Esophagus® 40.1 £5 3515 40 35 0 0
Larynx/pharynx 312+ 10 219+7 26 19 11 15
Spleen 240.4 + 39 169.7 + 38 150 130 60 31
Gallbladder 333+ 58 25.1 + 80 68 56 —51 —55
Kidneys 363.5 £ 26 298.1 £18 310 275 17 8
Adrenals 149+7 13.5+ 13 14 13 6 4
Small intestine® 10258 £5 842.8 + 15 1000 830 3 —4
Large intestine® 704.7 £3 690.8 £ 11 670 680 5 2
Bladder® 50.5+5 405+5 50 40 1 1
Thyroid 219+5 18.6 £ 1 20 17 9 9
Thymus 244 +7 193+ 4 25 20 -2 -3
Salivary glands 90.8 +3 753+3 85 70 7 8
Pituitary 0.6 +0 0.6+ 1 0.6 0.6 5 5
Eyes 15241 155+3 15 15 1 3
Trachea® 10.1£5 8.1+£5 10 8 1 1
Heart* 810.3 £ 20 668.6 £ 20 840 620 —4 8
Muscle, skeletal 29929 £ 13 20465 £ 8 29 000 17 500 3 17
Skeleton, total 10351 £ 10 8821.7+5 10 500 7800 -1 13
Marrow! 3598 £ 10 3053 £5 3650 2700 -1 13
Total body (kg) 854+ 19 739+ 19 73 60 17 23

#Mass with blood.
®Mass of wall and contents.

“Based on enclosed volume of hollow structure, where the wall thickness can be defined in the phantom program.
9Bone marrow determined as fractional distribution of total skeleton. Alternatively, bone thickness can be specified by the user to define the amount of marrow contained

within the bones.

V. CONCLUSION

With the rise of computer simulation in imaging research,
a population of phantoms that includes a range of anatomi-
cal variations representative of the public at large is needed
to more closely mimic a clinical study or trial. The series of
anatomically variable phantoms developed in this work pro-
vide a valuable resource for investigating different imaging
devices and the effects of anatomy and motion in imaging.
With recent advances toward more volumetric and dynamic
imaging, the phantoms have enormous potential to study the
effects of anatomical, physiological, physical, and instrumen-
tational factors on imaging and to research new image acqui-
sition strategies, image processing and reconstruction meth-
ods, and image visualization and interpretation techniques.
Combined with accurate models for the imaging process, the
phantoms can provide a wealth of realistic, predictive imag-
ing data of a patient population to serve as a known truth
from which to evaluate and improve 3D and 4D imaging tech-
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niques used for the diagnosis and treatment of disease. Such
simulated imaging data also have great potential to be used
in medical education as a training tool for physicians. It can
be used to simulate any number of different situations using
various imaging applications (CT, MRI, ultrasound, SPECT,
PET) and scanning parameters (spatial and temporal resolu-
tion, dose, kVp, radiopharmaceutical, etc.).

Combined with accurate Monte Carlo dose estimation
programs, the phantom series will also provide the neces-
sary foundation to optimize imaging applications in terms
of image quality and radiation dose and to enable patient-
specific estimation of dose and radiation risk. With a library
of anatomies to choose from, better matches may be found for
a particular patient that would enable more accurate prospec-
tive estimation of patient-specific organ and effective dose.
We have already used the phantoms to study the effects of pro-
tocol and obesity on dose conversion factors in body CT*® and
to study organ doses, effective doses, and risk indices across
a selected group of representative CT protocols.’* We are
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currently using them to compare dosimetry in chest radiog-
raphy, CT, and tomosynthesis.

In future work, we plan to further expand this library, ul-
timately to a population of hundreds of phantoms ranging in
age from newborn to adult. Such a large compilation of phan-
toms will provide a great research tool for the imaging com-
munity.
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