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Abstract—The four-dimensional (4-D) NURBS-based car-
diac-torso (NCAT) phantom, which provides a realistic model of
the normal human anatomy and cardiac and respiratory motions,
is used in medical imaging research to evaluate and improve
imaging devices and techniques, especially dynamic cardiac appli-
cations. One limitation of the phantom is that it lacks the ability
to accurately simulate altered functions of the heart that result
from cardiac pathologies such as coronary artery disease (CAD).
The goal of this work was to enhance the 4-D NCAT phantom
by incorporating a physiologically based, finite-element (FE) me-
chanical model of the left ventricle (LV) to simulate both normal
and abnormal cardiac motions. The geometry of the FE mechan-
ical model was based on gated high-resolution X-ray multislice
computed tomography (MSCT) data of a healthy male subject.
The myocardial wall was represented as a transversely isotropic
hyperelastic material, with the fiber angle varying from —90° at
the epicardial surface, through 0° at the midwall, to 90° at the
endocardial surface. A time-varying elastance model was used
to simulate fiber contraction, and physiological intraventricular
systolic pressure-time curves were applied to simulate the cardiac
motion over the entire cardiac cycle. To demonstrate the ability
of the FE mechanical model to accurately simulate the normal
cardiac motion as well as the abnormal motions indicative of
CAD, a normal case and two pathologic cases were simulated and
analyzed. In the first pathologic model, a subendocardial anterior
ischemic region was defined. A second model was created with
a transmural ischemic region defined in the same location. The
FE-based deformations were incorporated into the 4-D NCAT
cardiac model through the control points that define the cardiac
structures in the phantom which were set to move according to
the predictions of the mechanical model. A simulation study was
performed using the FE-NCAT combination to investigate how
the differences in contractile function between the subendocardial
and transmural infarcts manifest themselves in myocardial Single
photon emission computed tomography (SPECT) images. The
normal FE model produced strain distributions that were consis-
tent with those reported in the literature and a motion consistent
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with that defined in the normal 4-D NCAT beating heart model
based on tagged magnetic resonance imaging (MRI) data. The
addition of a subendocardial ischemic region changed the average
transmural circumferential strain from a contractile value of
—0.09 to a tensile value of 0.02. The addition of a transmural
ischemic region changed average circumferential strain to a value
of 0.13, which is consistent with data reported in the literature.
Model results demonstrated differences in contractile function
between subendocardial and transmural infarcts and how these
differences in function are documented in simulated myocar-
dial SPECT images produced using the 4-D NCAT phantom.
Compared with the original NCAT beating heart model, the FE
mechanical model produced a more accurate simulation for the
cardiac motion abnormalities. Such a model, when incorporated
into the 4-D NCAT phantom, has great potential for use in cardiac
imaging research. With its enhanced physiologically based cardiac
model, the 4-D NCAT phantom can be used to simulate realistic,
predictive imaging data of a patient population with varying
whole-body anatomy and with varying healthy and diseased states
of the heart that will provide a known truth from which to evaluate
and improve existing and emerging 4-D imaging techniques used
in the diagnosis of cardiac disease.

Index Terms—Cardiac imaging research, finite element (FE), is-
chemia, left ventricle, mechanical model, NURBS-based cardiac-
torso (NCAT), SPECT phantom.

1. INTRODUCTION

TAGNOSTIC imaging techniques play a vital role in
Dreducing the mortality rate and strain on the healthcare
system caused by coronary artery disease (CAD) by pro-
viding more efficient methods to screen and manage cardiac
patients. Left ventricular (LV) function is a major diagnostic
and prognostic indicator in patients with CAD [1]-[4]. Many
noninvasive imaging modalities and tools are being studied and
developed for diagnosing cardiac disease based on an analysis
of the LV function. The goal of these studies is to develop
methods that better detect, stratify, and monitor therapy for
patients with CAD. As new imaging techniques and diagnostic
methods emerge in response to cardiac disease, a major chal-
lenge is how to evaluate which technique is best in terms of
patient diagnosis and treatment and how these techniques may
fit together to form a complete patient management strategy of
diagnosis, stratification, and therapy.

Medical imaging methods and devices are commonly evalu-
ated through computer simulation. Computer-generated phan-
toms are used to model the patient anatomy and physiology,
as well as the imaging process itself [5]-[7]. Given a model
of the imaging process, imaging data of a computer phantom
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Fig. 1. (A) Anterior view of the 4-D NCAT phantom showing detailed seg-
mented organs from the visible human CT dataset. (B) A 3-D image of the
cardiac model of the NCAT phantom with the left anterior descending (LAD)
and left circumflex (LCX) branches of the coronary artery superimposed on the
outer surface of the heart model. The inner and outer surfaces and the motions
of the left and right ventricles were extracted from gated tagged MR images of
a normal male subject. Since the tagged MRI data did not cover the atria, the
right and left atria models were created based on a separate set of MRI data from
the University of Auckland (S. Thrupp, Cardiac MRI Anatomical Atlas, Avail-
able: www.scmr.org/education/atlas/intro/index.html). These data were used to
define the initial anatomy of the atria. The time curves for the cardiac volumes
for a healthy male (M. Guyton, Textbook of Medical Physiology, Philadelphia:
W.B. Saunders Co., 2000) were used as a guide to scale the atria in 3-D to fit the
time-changing ventricular models. (C) A 3-D image of the left ventricle model
of the NCAT phantom showing the inner and outer surfaces, the LAD and LCX
branches of the coronary artery tree, a simulated atherosclerotic plaque, and a
highlighted anterior myocardial infarction.

can be simulated as if it were an actual patient. A major ad-
vantage to using computer-generated phantoms in simulation
studies is that the exact anatomy and physiological functions of
the phantom are known, thus providing a gold standard from
which to evaluate and improve medical imaging devices and
techniques. Realistic computer phantom modeling of human
anatomy and function is a vital aspect of simulation.

The four-dimensional (4-D) NURBS-based cardiac-torso
(NCAT) phantom (Fig. 1) [5]-[7] was developed to provide
an accurate model of the human anatomy and physiology and
is widely used in the evaluation of medical imaging devices
and techniques. It includes a realistic model for the cardiac
and respiratory motions based on tagged magnetic resonance
imaging (MRI) data and respiratory-gated CT data, respec-
tively. Both datasets were acquired from normal patients.
Combined with accurate models of the imaging process, the
4-D NCAT can produce simulated images that mimic those
acquired from actual patients. With this ability, the phantom
has gained and continues to gain widespread use in medical
imaging research, especially for evaluating and improving
cardiac imaging instrumentation, data acquisition techniques
and image processing, and reconstruction methods [7]-[9]. It is
widely used in myocardial Single photon emission computed
tomography (SPECT), providing a tool to study the effects
of anatomy and patient motions. The 4-D NCAT phantom
models the beating heart motion of a particular normal subject
using the cardiac motion documented by a set of gated tagged
MRI data of a normal male volunteer. One major limitation
of the 4-D NCAT phantom is that it does not have the ability
to realistically simulate abnormal motions due to coronary
artery disease. The effects of CAD are simulated to a limited
extent by defining ischemic regions resulting from a blockage
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Fig. 2. (Left) FE mesh for the left ventricle model. Elements surrounding
the myocardium depict the tether mesh, which restricts rigid body motion.
(Right) Detail of the LV mesh with the tether mesh removed.

in the coronary arteries as low perfusion pie-shaped wedges in
the NCAT (Fig. 1). The motion in this region can be reduced
through scaling operations to simulate the altered function of
the LV due to the coronary blockage; however, this is a very
simple, unrealistic method with no physiological basis.

In the present research, this limitation was overcome by incor-
porating a physiologically based finite-element (FE) mechan-
ical heart model into the 4-D NCAT phantom. Like the orig-
inal NCAT heart model based on tagged MRI data of a normal
subject, the FE model is capable of accurately simulating the
normal motion of the left ventricle. The FE model does, how-
ever, offer an improved definition of ischemia over the current
NCAT implementation in that it provides a more accurate rep-
resentation of the abnormal motion of the LV due to the effects
of ischemia. With its physiological basis, the FE model has the
flexibility to simulate a wide variety of motion abnormalities of
the heart. Defects of any given size and location within the heart
can be realistically modeled. Combined with the 4-D NCAT, the
FE model can be used to produce realistic sets of imaging data
from a variety of patients in which the normal or abnormal car-
diac function is accurately represented.

II. METHODS

A. Finite-Element (FE) Model Generation

A gated high-resolution CT image set of a normal male sub-
ject acquired on a 32-slice Siemens X-ray multislice CT (MS
CT) scanner (Siemens AG, Erlangen, Germany) was selected
and used as the basis for the cardiac geometry of the finite ele-
ment model. The image data were provided by Dr. E. Fishman
of the The Johns Hopkins University in accordance with the
HIPPA standards. The patient study consisted of nine time
frames during the cardiac cycle. Each time frame consisted
of a 512 x 512 x 231 image array with a pixel size and slice
thickness of 0.421 mm.

The image dataset obtained at the beginning of diastole was
used to define the undeformed configuration of the FE model.
The boundaries of the epi- and endocardial surfaces of the left
ventricle were manually segmented using the software program
SURFdriver [10]. The segmented closed contours were used to
define a FE mesh of 8676 nodes for the LV (Fig. 2). The FE
model for the LV was surrounded by a soft tether mesh repre-
sented by an isotropic hypoelastic constitutive model with rel-
atively soft elastic material properties (modulus of elasticity
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E = 0.30 kPa and bulk modulus K = 0.12 kPa) to provide
tethering with the outer edges of the image domain. The tether
mesh was fully constrained to eliminate rigid body motion. The
bulk modulus of the tethering is more than three orders of mag-
nitude less than the bulk modulus of the myocardial wall defi-
nition (see below) and the modulus of elasticity of the tethering
is 25 times less stiff than the modulus of elasticity of the my-
ocardial wall. The tethering, therefore, does not contribute to
the strain distribution of the model. This type of constraint has
been used previously for this type of cardiac modeling [11].

1) Passive Material Model: The LV myocardium was repre-
sented as a transversely isotropic hyperelastic material with the
fiber angle varying from —90° at the epicardial surface, through
0° at the midwall, to 90° at the endocardial surface. The strain
energy definition for the material describes a material that con-
sists of fibers imbedded in an isotropic ground substance [12]

W = Fi (L) + F>(\) + 5[ln(J)]2

5 (M)

where F represents the behavior of the matrix surrounding the
fibers, F; represents the behavior of the fibers, and the final term
represents the bulk (volumetric) behavior, where K is the bulk
modulus of the material. F' is the deformation gradient tensor.
J is the Jacobian and is defined as J = det(F). I is the first
deviatoric invariant of the right Cauchy deformation tensor [13],
[14]. The scalar A is the deviatoric stretch ratio along the local
fiber direction a.

A neo-Hookean form was used to represent the ground sub-
stance matrix

Fi(h) = p(l = 3) 2)

where p is the shear modulus of the ground substance. The pas-
sive Cauchy stress tensor is

TW = p1 + % {(V%B + AWha ® a,) —% (VVJ] + Z\WA> 1}
3)

where W, and W are strain energy derivatives with respect to
I 1 and A [14], B is the deviatoric left deformation tensor, 1 is the
identity tensor, p is a pressure term which enforces incompress-
ibility and “®” represents the vector outer product operation.

The stress-stretch behavior for the fiber direction (AW3) was
represented as an exponential, with no resistance to a compres-
sive load

 OF

XWA:AW =0,A<1
AW, =?\% =0y [exp (04 (Z\—l)) —1} A>1. @

The material coefficients C'3 and Cy scale the fiber stress and
control its rate of rise with increasing stretch, respectively. De-
tails of this constitutive model can be found in Weiss et al. [12].

The material properties of the myocardial wall were deter-
mined through least squares fit of biaxial data published by
Humphrey [15] which were extrapolated from test data reported
by Guccione et al. [16]. The cross-fiber equibiaxial data was

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 25, NO. 12, DECEMBER 2006

used to determine the shear modulus (1) of the material model.
The equibiaxial test data in the fiber direction were then used
to define the exponential behavior of the material (C'3 and C)).
Cy4 was then adjusted until the radial displacement of the epi-
cardium was approximately 3 mm. This 3 mm radial displace-
ment was the average of the radial displacement documented in
the gated CT image data from which the geometry was defined.
The material coefficients for the passive LV were p = 2.50 kPa,
C3 = 0.27 kPa, and C; = 21.0. A bulk modulus K of 195.00
kPa was used in all of the FE models and represented the highest
bulk modulus that did not cause numerical instability in the
model due to volumetric locking [13]. Using this value for the
bulk modulus, the average change in relative volume was less
than 6% for all of the models in this study [17].

2) Elastance Active Contraction Model: A time-varying
“elastance” active contraction model [18], [19] was used to
yield a constitutive model that could simulate both the passive
mechanics of diastole and the active contraction during systole.
The total Cauchy stress 7" Oin the fiber direction is defined as
the sum of the active stress tensor 7®) (a ® a) and the passive
stress tensor

7 = 7® 4 pla) (5)
where a is the deformed fiber vector (unit length), defined as
Aa = F'-ag. The time-varying elastance model is a modification
of the standard Hill equation that scales the standard equation by
the variable C; which governs the shape of the activation curve
[19]. The active fiber stress 7% is defined as

2
Cag

T(ﬂ) = Tmaxic
Ca? + ECd}, ¢

(6)
where T,..x = 135.7 kPa is the isometric tension under max-
imal activation at the peak intracellular calcium concentration

of Cag = 4.35 uM. The length dependent calcium sensitivity
is governed by the following equation:

(CGO)max

ECa5 =
° 7 JexpB—lo)] - 1

(N

where (Cag)max = 4.35 pm is the maximum peak intracellular
calcium concentration, B = 4.75 um~! governs the shape of
the peak isometric tension-sarcomere length, [o = 1.58 pm is
the sarcomere length at which no active tension develops, and [
is the sarcomere length which is the product of the fiber stretch A
(deformed length/reference length) and the sarcomere unloaded
length [, = 2.04 pm. A detailed description of this model can
be found in Guccione et al. [18], [19].

In the FE implementation, the active contraction is governed
by the product T},.xC} (an active contraction stress) in (6),
which was used to define a “load curve,” specifying the de-
gree of contraction and subsequent relaxation during the car-
diac cycle Fig. 3(a). The intraventricular systolic pressure-time
curve from Guccione et al. [19] was used with the diastolic por-
tion of the pressure-time curve corresponding to passive filling
[20] [Fig. 3(b)]. The analyses were conducted using NIKE3D, a
nonlinear, large deformation FE package [21]. Transmural strain
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Fig. 3. (A) Active contraction stress and (B) the LV pressure load were used as
inputs to the normal and pathological FE models. Simulations were performed
from time zero, which represents beginning diastole and is the reference config-
uration. The analysis continued through end-diastole (425 msec) and end-sys-
tole (650 msec). The active contraction stress (TmaxC) was modified by the
length dependent components of (6) for each element in the model.

distributions were determined for the entire normal LV. The pre-
dicted FE deformations were exported to the NCAT model in
order to create the synthetic myocardial SPECT image data sets.

3) Modeling Regional Ischemia: Ischemic regions in the FE
model are simulated as detailed by Mazhari et al. [22]. The
length dependent calcium sensitivity (7) was reduced by in-
creasing the intracellular calcium concentration (C'ag ) max from
4.35 to 7.90 pm in the ischemic regions. This change in cal-
cium concentration, which causes a complete cessation of the
contractile function within the ischemic region, can be made
by changing a single variable in the material model definition
within the FE model input file. The passive diastolic function
of the myocardium remained unchanged, as this is dependent
entirely upon the passive constitutive model definition. The is-
chemic regions were defined to be similar in size and shape as
depicted in Fig. 1(c) and were exactly the same size and shape
in all of the analyses. The computations were carried out on a
Compaq DS20E SMP computer, consisting of two 667 MHz
Alpha 21264 CPUs and 4 GB of core memory requiring approx-
imately an hour and a half of analysis time. This relatively short
analysis time allowed for multiple iterations of the analyses for
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the normal model. For example, this type of iterative analysis
was used to reproduce epicardial radial deformation through
modification of the Cy parameter of the material model.

More complex modifications to the FE model may be carried
out in the preprocessor used to create the geometry and mesh
(TrueGrid, XYZ Scientific Applications, Livermore, CA). Rel-
atively simple modifications to the size of the ischemic region
can be made with ease, with less than 5 min in development
time. Changing the shape of the ischemic region requires more
development time (on the order of several hours) to modify the
FE discretization to conform to the new geometry.

B. Evaluation of the FE Model

Three cases were modeled using the FE representation of the
LV described above, a normal model to serve as a baseline and
two pathological models to study the effects of ischemia on car-
diac function. In order to determine the accuracy of the normal
FE model, the gross deformations (wall thickening, twist, etc.)
of the model were compared with the gross deformations of
the NCAT phantom, which are based on tagged MRI data of a
normal male subject. In the first pathological model, a subendo-
cardial anterior ischemic region was defined. A second ischemic
model was created with a transmural ischemic region defined
in the same location as the subendocardial ischemia model. The
subendocardial ischemic region extended through half the thick-
ness of the myocardium (Fig. 1), while the transmural ischemic
region encompassed the full thickness of the wall. The strain dis-
tributions for a single cross-section through the ischemic regions
were compared for the three FE models. The mean and stan-
dard deviations for the fiber, radial, and circumferential strains
within the ischemic regions were determined for each case. The
transmural strain distributions were compared within ischemic
regions.

The deformation results based on the FE model predictions
for myocardial ischemia were compared with deformation re-
sults obtained using the simple definition of ischemia within the
NCAT simulation. In the current version of the NCAT phantom,
ischemic regions are modeled by just limiting or eliminating the
motion of the LV myocardium in the region. The transmural is-
chemia region FE mechanical model was adjusted to model this
simple definition of ischemia for two cases. In the first case, the
nodes in the ischemic region were set to move 50% as much as
they would in the normal FE mechanical model over the entire
cardiac cycle. In the second case, the displacements within the
ischemic region were completely eliminated (100% reduction)
over the entire cardiac cycle. These two cases represent the most
common traditional definitions of ischemia used in 4-D NCAT
simulations [23]. The active contraction within the ischemic re-
gion of the FE model, as well as the pressure load on the endo-
cardial surface were eliminated so that the displacement-based
boundary conditions were the only loads on this region. The
strain distributions were then compared with the strain distri-
butions determined for the transmural ischemia FE model de-
scribed above. Specifically, the radial, circumferential, in-plane
shear (shear strains within the short-axis plane), and the fiber
strain were compared. The fiber strains are defined as the strain
along the direction of the defined fibers in the model.
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Fig. 4. (Left) Long-axis view of the node points defining the FE mesh for the
LV at time 0. (Right) Short-axis view of the node points located at the base of the
LV. The node points were arranged in a regular order, facilitating the definition
of control points for an inner, outer, and five mid-ventricular NURBS surfaces.

C. Incorporation of the FE Model Into the 4-D NCAT Phantom

The organ models in the NCAT phantom are defined using
three-dimensional (3-D) cubic NURBS surfaces [5], [24], [25].
The size and shape of each NURBS surface model is determined
by a set of control points with each control point having a weight
of 1. A surface can be altered by applying affine and other trans-
formations to the control points in order to model anatomical
variation or patient motion. The motion of the NCAT heart was
modeled by defining time-position cubic NURBS curves for
each of the control points of the heart surfaces creating time-de-
pendent 4-D NURBS surfaces. The time curves were originally
derived from a gated tagged MRI dataset of a normal human vol-
unteer. The 3-D positions of the control points over the cardiac
cycle were determined from the motion of the tag lines in the
dataset. A cubic NURBS curve was then fit to the time-changing
location for each control point using established methods for in-
terpolating a 3-D NURBS curve to a given set of points in space
[24], [25]. From the continuous time-position curves defined
for the control points, an infinite number of time frames over
the cardiac cycle can be produced. Time samples in between
the predefined locations of the control points obtained from the
tagged MRI analysis are simply obtained through cubic spline
interpolation.

The FE mechanical model of the LV was converted to 4-D
NURBS surfaces, which were then incorporated into the NCAT
cardiac model. The LV surface of the NCAT phantom was setup
so that the control points which define it lie approximately on the
surface (within 0.02 mm to their corresponding surface points).
Given this approximate one-to-one correspondence, the node
points of the FE mesh at time 0 were used to define the con-
trol points for an inner, outer, and five mid-ventricular NURBS
surfaces for the LV (Fig. 4). The motion of the node points over
the cardiac cycle as determined by the FE analysis were used
to define the time-position cubic NURBS curves for the control
points creating time-varying 4-D NURBS surfaces for the LV.
These surfaces replaced the previous LV beating heart model of
the NCAT phantom. The motion of the 4-D NURBS surfaces
originally defined for the atria were modified to accommodate
the new ventricular surfaces created from the mechanical model.
For each subsequent time frame, the atria models are manipu-
lated to fit the motion of the ventricles and to fit a volume curve
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for a normal, healthy human male [26]. The atria are first trans-
lated downward by an amount equal to the longitudinal con-
traction of the ventricles. The atria are then scaled longitudi-
nally (z) depending on the amount of longitudinal contraction
by the ventricles. The origin for this scaling operation is set to
be the bottom center of each atria model. The height of the atria
is increased by this scaling operation by an amount equal to the
amount of longitudinal contraction of the ventricles. Once the
atria are scaled longitudinally, the control points located at the
bottom of each atria model are then set to the control points of
the corresponding ventricle model to blend the two models to-
gether. The atria models are then scaled transversely in the x-
and y-directions until they fit a certain volume on the predeter-
mined volume curve from a normal male.

A software application was developed to perform the above
tasks seamlessly. Currently, the beating heart is defined in the
NCAT software by a time series of heart files. Each file contains
the 3-D NURBS surfaces defined for the cardiac structures at a
specific time point in the cardiac cycle. The phantom applica-
tion reads in the time files describing the heart’s motion over
one cardiac cycle, then fits cubic 3-D NURBS curves to the
time changing position of each structure’s control points using
the spline interpolation methods of Piegl et al. [24], [25]. The
program then generates the beating heart at any time point in
its cycle (Fig. 5). A software application was developed that
reads in the 4-D NCAT heart files and the output of the FE anal-
ysis consisting of the ventricular node points and their move-
ment in time, converts this information into new 4-D NURBS
surfaces for the ventricles and atria, and saves these surfaces
into a new time series of heart files that can be read by the
NCAT phantom application. By establishing this link, the FE
computational heart model can be used to produce numerous
datasets representing healthy and diseased hearts for use in med-
ical imaging research.

D. Myocardial SPECT Simulation Study Using the FE-NCAT

Using the technique described above, the FE mechanical
models for the normal heart and ischemic hearts were incor-
porated into the 4-D NCAT phantom. To demonstrate the use
of the improved phantom, a myocardial SPECT simulation
was performed to investigate how the differences in contractile
function between the subendocardial and transmural infarcts
manifest themselves in myocardial SPECT images. Using the
4-D NCAT, 16 time frame phantoms were generated each
modeling the radioactivity concentrations and attenuation dis-
tributions in the different organs over the cardiac cycle (1 beat
per second). The distribution of radioactivity concentration was
set to model the uptake of a typical Tc-99m sestamibi patient
study [27].

Each generated 3-D phantom was stored in a
128 x 128 x 128 array with a pixel size and slice thick-
ness of 0.31 cm. For each heart model, the 16 time frames
were averaged to create a phantom of the average beating heart
motion for that case. For each phantom, emission projection
data were generated using a realistic parallel projection model
simulating an L-configured dual-camera SPECT system
equipped with a transmission source. A complete projection
dataset was generated over the typical 180° (45° right anterior
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end-diastole

mid-systole

end-systole

Fig. 5. NURBS surfaces defined from the FE model developed for the normal heart. Three time points in the cardiac cycle are shown. Sets of time-position cubic
NURBS curves derived from the FE analysis define the motion of the surfaces over the cardiac cycle. From the continuous time-position curves, an infinite number
of time frames over the cardiac cycle can be produced using cubic spline interpolation.

end-diastole

mid-ventricular cross-section

anterior view

Fig. 6. Views of the normal FE model at end-diastole (left column) and end-
systole (right column). Base of LV (top), mid-ventricular cross-section (middle),
and anterior view (bottom). Wall thickening and apical twist at end-systole can
be seen in the figures on the right column, as well as the movement of the base
toward the apex.

oblique to 45° left posterior oblique) rotational arc around the
patient. The simulations used a projection model that included
the effects of nonuniform attenuation, detector response, and
scatter. A low-energy high-resolution (LEHR) collimator with
a thickness of 4.1 mm and hexagonal holes with a flat-to-flat

TABLE I
COMPARISON OF THE LV MOTION OF THE NORMAL MECHANICAL [FE] MODEL
TO THAT OF THE 4-D NCAT PHANTOM INDICATES EXCELLENT AGREEMENT
BETWEEN THE GROSS DEFORMATIONS PREDICTED BY THE FE MODELS
AND DEFORMATIONS OF THE NCAT PHANTOM. THE NCAT RESULTS ARE
BASED ON DETAILED MEASUREMENTS USING TAGGED MRI ANALYSIS
OF THE CARDIAC DEFORMATION FOR A NORMAL MALE SUBJECT

Heart LV Twist Longitudinal LV Wall Thickening Ejection
(Base, Contraction of (lateral, septal, Fraction (%)
Apex) LV Base (mm) inferior, anterior) (%)
4D NCAT (5°,-13°) 14 (27,31,41,29) 60
Normal FE Model ~ (6°, -11°) 10 (33,38.37.23) 62
Subendo FE Model  (7°,-11°) 10 (31.36.37.12) 58
Trans FE Model  (7°, -10°) 10 (29.33,37.3) 55
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Fig. 7. Mean transmural strain distributions of radial strain (solid line), cir-
cumferential strain (long dashed line), and fiber strain (dashed line with two
dots) for the entire normal LV. The error bars indicate plus and minus one stan-
dard deviation of the corresponding mean. Negative values indicate compression
and positive values indicate tension. Maximum circumferential and radial strain
values occurred at the endocardium. Values are total strain with respect to the
reference configuration.

size of 0.19 mm was simulated. The 128 x 128 simulated
emission projection images were collapsed to 64 x 64 to
simulate sampling used in a clinical data acquisition.

The emission projection data were reconstructed using the it-
erative ordered subset expectation-maximization (OS-EM) re-
construction method with compensation for attenuation, scatter,
and collimator-detector response [28]. The attenuation phan-
toms generated to simulate each case were used to compensate



1610

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 25, NO. 12, DECEMBER 2006

Fig. 8. Comparison of strains predicted by FE models for the mid-ventricular cross-section. (A) Highlighted rectangular portion of the anterior LV indicates
location of the ischemic region, while the cutting plane indicates location of short-axis slices. Short-axis cross-sections of the systolic strain distributions for the
(B) normal, (C) subendocardial, and (D) transmural ischemic models. The top row indicates the radial strain results, the middle row depicts the circumferential
strain results, and the bottom row is fiber strain. Strain values are referenced to the geometry at the beginning of diastole. The cross-sections are in radiological
orientation with the anterior portion of the LV at the 12:00 position. The anterior wall of the LV as depicted in the normal model shows fiber and circumferential
contraction, as well as radial wall thickening. In the subendocardial model, the subendocardial region is undergoing elongation in the fiber and circumferential
directions and little change in wall thickness in the radial direction. In the transmural model, results show transmural elongation in the fiber and circumferential

directions and wall thinning.

for these physical effects. The images were reconstructed into
64 x 64 arrays with 64 slices and a pixel width and slice thick-
ness of 0.63 cm.

The SPECT images based on the FE models simulating
subendocardial and transmural ischemia were simulated in the
4-D NCAT as having a 20% and 50% reductions in perfusion in
the ischemic regions respectively. This allowed for evaluation
of both the abnormal motion produced by the FE models as well
as the effects of changes in perfusion in the simulated images.
These images were compared with the normal FE-based NCAT
SPECT simulation.

The FE-based ischemia simulations were further compared
with simulated SPECT images based on the simple definition
of ischemia available in the NCAT phantom. These image data
sets were based on the ischemia cases in which the wall mo-
tion is reduced by 50%, as well as the fixed case in which there
is 100% reduction in wall motion. All of the simulated SPECT
images were defined as having normal perfusion. Image inten-
sity profiles were taken across the anterior (ischemic) regions
thus providing a means to compare changes in intensity due to
alterations in geometry alone.

III. RESULTS

A. Analysis of the Normal FE Model

The motion of the normal FE LV mechanical model com-
pared favorably to that previously defined in the NCAT
phantom which is based on tagged MRI data from a normal
male subject. The 4-D NCAT heart model accurately represents
the contracting motion of the heart that has been previously
described using tagged MRI analysis [29]-[33]. As it contracts,
the beating heart exhibits a wringing-like twisting motion of the
left ventricle and radial (wall thickening) and longitudinal (base
to apex) contraction of the heart walls. The twisting motion
of the LV consists of the clockwise rotation of the base and a
counterclockwise rotation of the apex during systole (Fig. 6).

The LV twisting motion and radial contraction of the normal
FE model were found to be very similar to that of the 4-D
NCAT cardiac model. The longitudinal contraction of the FE
model was slightly smaller than that found in the 4-D NCAT
cardiac model (Table I). However, the longitudinal contraction
was identical to that observed in the gated MSCT data upon
which it was based.

The normal FE model had an ejection fraction of 62%, which
is in the range for healthy patients (55%—75%) [34]. The highest
radial and circumferential transmural strains occurred at the en-
docardium with a near linear decrease from endocardium to
epicardium (Fig. 7). In contrast, the fiber stretch maximum oc-
curred at the midwall. The longitudinal strains and in plane shear
strains showed a flat distribution throughout the wall with av-
erage strains of 0.10 and 0.01, respectively.

B. Analysis of the Ischemic FE Models

The two ischemic (subendocardial and transmural) LV FE
mechanical models showed a reduced wall thickening in the
anterior region of the LV (Table I), the location of the defect.
The FE LV model with the transmural defect had the largest re-
duction in wall thickening. As a result, the motion abnormality
of the transmural defect was more pronounced when viewing
animations of the models. The defects did not affect the longi-
tudinal contraction of the LV base due to their mid-ventricular
location.

Both the subendocardial ischemia and the transmural is-
chemia FE models demonstrated reduced ejection fractions
(58% and 55%, respectively). The average transmural fiber
strain in the subendocardial ischemic region changed from a
contractile value of —0.09 to a tensile value of 0.03 [Figs. 8
and 9(a)]. The transmural ischemic region produced an average
tensile fiber strain of 0.05 with the midwall having a near
constant fiber strain of 0.11 [Fig. 9(a)]. The average circum-
ferential strain was —0.12 in the normal model, 0.02 for the
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Fig. 9. Transmural strain distributions predicted by the three FE models.
(A) fiber strain, (B) circumferential strain, and (C) radial strain, for the ischemic
region shown in Fig. 8(a) for the normal (solid line) tissue, subendocardial
ischemic (long dashed line) tissue, and transmural ischemic (short dashed line)
tissue. The error bars indicate plus and minus one standard deviation of the
corresponding mean value. Detailed analysis of the entire ischemic region
indicates that the normal model shows fiber and circumferential contraction,
as well as radial wall thickening. The results for the subendocardial model
indicate that the subendocardial region is undergoing elongation in the fiber
and circumferential directions and little change in wall thickness in the radial
direction, while the epicardial region is undergoing fiber and circumferential
contraction. The transmural model results show transmural elongation in the
fiber and circumferential directions and wall thinning.

subendocardial ischemia model, and 0.13 in the transmural
ischemic model [Figs. 8 and 9(b)]. Similarly, the average radial
strain was 0.18 in the normal model, 0.09 in the subendocardial
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ischemia model, and 0.01 in the transmural ischemia model
[Figs. 8 and 9(c)].

C. Comparison of the FE Ischemic Models to Those Derived
From the Current 4-D NCAT Phantom

The comparison of the displacements of the subendocardial
and transmural FE models with the displacements determined
from the simple definition of ischemia in the 4-D NCAT sim-
ulation show that the NCAT ischemic region had strain distri-
butions that were relatively low in magnitude throughout these
regions (Figs. 10 and 11). The 50% reduction in displacement
indicated that the fiber strain resulting from this ischemia defini-
tion would show less than 8% average strain transmurally with
other strain measures showing less than 5% strain. The fixed
case (100% reduction in displacement) would produce strains
that were essentially zero in magnitude for all measures of strain
(Figs. 10 and 11).

D. Myocardial SPECT Simulation Study

The subendocardial ischemia FE-based NCAT simulations
showed little discernable difference with respect to the normal
model regardless of the level of perfusion (20% or 50% reduc-
tion) used in the simulation (Fig. 12). The transmural simula-
tions demonstrate that the wall thinning in the ischemic anterior
region is apparent even in the case where the perfusion has been
reduced by only 20%. These reconstructed short-axis images are
shown for each heart model at the end-systolic time frame.

The FE-based simulations were found to produce differences
that were observable even using low-resolution myocardial
SPECT. Fig. 13 illustrates how the differences in the two
ischemia definitions (the simple definition implemented in the
4-D NCAT and the physiologically-based definition in the FE
models) manifest themselves visually in simulated myocardial
SPECT images. The FE-based NCAT simulation shows an
appreciable reduction in the vertical intensity profile across the
wall, while the profiles of the other models show relatively little
(Fig. 13 top) reduction in intensity. The difference in vertical
intensity is due to the wall thinning evident in the transmural
FE model (Fig. 13 bottom).

IV. DiscuUssION

We developed a functionally realistic FE mechanical model
of the LV to simulate normal and abnormal functions of the
beating heart with the purpose of incorporating it into the 4-D
NCAT phantom for use in cardiac imaging research. Three dif-
ferent cases, one normal and two pathological (subendocardial
and transmural anterior ischemic regions) were simulated and
analyzed to evaluate the FE model. The normal FE model pro-
duced an ejection fraction within the range for a normal pa-
tient (62%), while the ischemic models showed reduced ejection
fractions, 58% and 55% for the subendocardial and transmural
defects, respectively (Table I).

The radial, circumferential, and longitudinal strain distribu-
tions of the three models showed similar trends as reported in
the literature (Tables IT and III). Fiber strain predictions from the
normal FE model were in good agreement with the predictions
of the cylindrical numerical model developed by Guccione et
al. [19]. The maximum fiber contraction for the normal model
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Fig. 10. Short-axis cross-sections of the systolic strain distributions for the (A) normal, (B) subendocardial, and (C) transmural ischemia FE models compared
with the NCAT-based strain distributions for the cases of (D) 50% and (E) 100% reduction in displacement in the transmural ischemic region. Top row indicates
the radial strain results, the middle row depicts the circumferential strain results, and the bottom row is fiber strain. Both of the NCAT-based transmural strain

distributions show little in the way of strain changes.

was —0.09 (referenced to the beginning of diastole) and showed
little variation transmurally, while the Guccione model showed
a maximum of —0.06 using the same reference configuration.
The maximum fiber strain value for the Guccione model was at
the midwall with the fiber strain values decreasing toward the
epi- and endocardial surfaces. The predicted transmural fiber
strain distributions for the normal FE model and fiber strain dis-
tribution within the ischemic region of the transmural FE model
were nonuniform. Uniform fiber strain distributions have been
reported in both the normal LV [35], [36] and in stunned ca-
nine myocardium [37]. This discrepancy is likely due to the as-
sumed nonpatient specific fiber distributions used in the models
[38]-[40].

The normal FE model predicted a maximum average sys-
tolic radial strain of 0.33 at the endocardium decreasing to a
value of 0.15 at the epicardium (Fig. 6), The Guccione model
showed a similar radial strain distribution with the maximum
average radial strain value of 0.40 also occurring at the en-
docardium and decreasing to a value of 0.26 at the epicardial
surface. The circumferential strain distributions were also sim-
ilar between the two models. The FE model had a maximum
average circumferential systolic compressive strain of 0.30 at
the endocardium which decreased to a value of 0.08 at the epi-
cardium. The Guccione model had a maximum compressive
circumferential strain of 0.20 at the endocardium decreasing
to a value of 0.14 at the epicardium. The differences in strain
values are likely due to the use of a realistic geometry in the
present study as opposed to the cylindrical geometry used in
the referenced study.

The average LV fiber strain (—0.16 £+ 0.08), over the en-
tire cardiac cycle, was higher than that reported by Tseng et al.
(=0.12 £ 0.01) [35] for the mid-ventricle but consistent to the
values reported by MacGowan (—0.15) [36] for the entire LV.
The change in circumferential, in-plane shear and radial strain
predictions were also consistent with measured values found in
the literature (Table II). The six unique measures of strain deter-
mined from the normal FE model were found to be comparable
with strain data (Table III) from the canine study of Waldman

et al. [41]. However, the predicted circumferential strain at the
endocardium was found to be higher than reported in the refer-
enced study.

The transmural fiber strains predicted by the ischemic FE
model were consistent with those reported for an ischemic
(stunned) dog model [37] (Fig. 8). Mazhari et al. measured
transmural fiber systolic strains of approximately 14.8%. These
values compare well with the 12% transmural strains found
in the midwall of the transmural ischemia model [Fig. 8(a)].
However, the average value for the transmural ischemic region
was 0.05 due to the decreases in fiber strain at the endo- and
epicardial walls. This nonuniformity of the strain distribution is
likely due to the assumed fiber distributions used in the models
[38]-[40].

The transmural circumferential strain results were consis-
tent with the results of the canine ischemia study results of
Kraitchman et al. [42] compared with the normal contractile
value of 15% [Fig. 8(b)]. For this study, they measured ischemia
as a 50% reduction in myocardial blood flow as determined by
microsphere measurements. Their strain measurement results
indicated that ischemic tissue showed tensile circumferential
strain values of 10%-18% immediately following the onset
of ischemia (< 40 s from onset) in contrast to the contractile
value of 18% measured in the normal tissue distant from the is-
chemic region. Their results compare well with our transmural
ischemia model which predicted an average tensile value of
16% strain in the ischemic region.

The use of material coefficients obtained by fitting mechan-
ical data of normal myocardium in order to model stunned my-
ocardium appears to be justified. Recent work by Pislaru et al.
[43] indicated that there is no difference in the passive mate-
rial behavior of normal and stunned myocardium. Using strain
echocardiography, they estimated the tissue stiffness by deter-
mining the relationship between the intraventricular pressure
and the change in wall thickness and found that the stiffnesses
of stunned myocardium and normal remote myocardium were
not significantly different. In contrast, infarcted myocardium
was substantially stiffer than stunned or normal myocardium,
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Fig. 11. Transmural strain distributions predicted by the transmural FE model
compared with the strain distribution from the NCAT ischemia definition.
(A) Fiber strain, (B) circumferential strain, and (C) radial strain for the
ischemic region shown in Fig. 8(a) for the FE-based transmural ischemia (solid
line) model, the 50% reduction NCAT-based ischemia results (long dashed
line), and the fixed NCAT-based ischemia (short dashed line) results. The fixed
NCAT-based transmural strain distribution shows little strain magnitude or
variation over the entire thickness within the ischemic region.

with infarcted tissue showing little deformation during diastolic
loading.

The systolic contractile behavior of stunned myocardium ap-
pears to be indistinguishable from necrotic myocardium using
the imaging modalities of cine MRI and tagged MRI. Juergens
et al. [44] looked at the changes in global measures such as
ejection fraction, as well as local measures such as changes in
principal strains in normal, ischemic, and infarcted myocardium
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20% reduction in perfasion

50% reduction in perfasion

1S9,

Fig. 12. Mid-ventricular simulated SPECT short-axis images with a 20% re-
duction in perfusion, and a 50% reduction in perfusion. These NCAT simula-
tion are based on the (row A) normal FE model, (row B) the subendocardial FE
model, and (row C) the transmural FE model. The subendocardial models are
difficult to distinguish from the normal simulations for both of these perfusion
cases. The arrow indicates the site of the ischemic region in the transmural sim-
ulation with a 50% reduction in perfusion.

during systole as measured by tagged MRI strain analysis. Both
stunned and infarcted (necrotic) tissue were easily distinguish-
able from normal tissue due to the lack of contraction in these
tissue types. However, the behavior of nectrotic and stunned
tissue as measured by changes in the maximum and minimum
in-plane (short-axis) principal strains were not statistically dif-
ferent from one another. Thus, the studies of Pislaru [43] and
Juergens [44] provide the framework for the development of
a FE-based 4-D NCAT simulation for infarction. The passive
properties of infarcted tissue could be estimated by reproducing
the wall stiffening measured by Pislaru in the FE model, while
the systolic behavior of infarcted myocardium could be mod-
eled as ischemic, as done in the present study.

Although the strain predictions from the normal and ab-
normal FE models showed reasonable agreement with strain
measurements reported in the literature, the relative simplicity
of the constitutive model used in this work should be acknowl-
edged. Recent studies suggest that orthotropic constitutive
models provide a more accurate representation of the passive
material behavior of the myocardium when compared with a
transverse isotropic model as was used in the current study.
Usyk et al. [48] found that an orthotropic material model
provided better agreement with experimental end-diastolic
strain distributions than a transversely isotropic material model.
The authors stated that the contribution of the orthotropic
passive material definition to end-systolic strains was likely
small. In contrast, they found that the addition of an active
stress transverse to the muscle fibers greatly improved the
agreement between measured and modeled transverse end-sys-
tolic shear strains. The work of Lin et al. [49] suggested that
this in-plane, cross-fiber contractile stress was approximately
40% of the muscle fiber stress and was likely to contribute to
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Fig. 13. Intensity profiles (top) across the anterior region of the LV taken from short-axis images (bottom) indicate that the transmural defect based on the FE
model shows the greatest reduction in intensity with respect to the normal. This is only due to the wall thinning which resulted from the FE model simulation. The
other cases show no wall thinning. All of the simulations were defined having normal perfusion so the changes in intensity across the wall are due to geometric
affects only. The labels “NCAT Trans. 50% and “NCAT Trans. 100%” refers to the simple definition of ischemia implemented in the 4-D NCAT where the wall

motion is reduced by 50% and 100%, respectively.

TABLE II
COMPARISON OF THE FE STRAIN PREDICTIONS TO VALUES FOUND IN
THE LITERATURE. THE FORWARD FE RESULTS ARE IN REASONABLE
AGREEMENT WITH PUBLISHED EXPERIMENTAL RESULTS.
* REPORTED A MID-WALL PEAK OF 0.08

Strain FE Model Sinusas [47]  Guccione [16] Omens [45]
Component

Endo Epi Endo Epi Endo Epi Endo Epi

Circumferential 029  0.07 0.15 0.07 0.15 009 022 0.05

Radial 033 015 025 015 034 0.19  0.18 0.12

In-plane Shear 0.0  0.01 <0.02 006 0.01 0.03 0.02*

the end-systolic strain distributions. Walker et al. [50] found
that cross-fiber active contraction stress was necessary for
the accurate prediction of end-systolic strain distributions. In
their study, the strain measurements from tagged MRI analysis
of sheep LV with MI induced ventricular aneurysms were
compared with subject-specific FE LV models. The inclusion
of in-plane, cross-fiber active contraction stress reduced the
overall RMS error in strain from 7.4% to 5.4%, a 27% decrease
in error. Despite the relative simplicity of the constitutive model
that was used in this work, it was sufficient for the purposes
of the present study—namely, to demonstrate that FE models
of ventricular mechanics can be combined with the NCAT
model to produce a framework for generating synthetic image
data. This is supported by our results and comparisons to the
literature (see Tables I-III). In the future, cross-fiber active
contraction will be added to the constitutive model presented
above in order to improve our strain predictions and to investi-
gate the effects of different constitutive models on the resulting
synthetic image data from the NCAT model.

Studies in the literature have reported uniform fiber stretch
distributions [35], [45]-[47], while the FE model predicted mid-
wall fiber stretches were higher than those at the endo- and epi-
cardial surfaces (Figs. 5 and 8). It should also be noted that
while the FE model geometry was patient-specific, the fiber

TABLE III
COMPARISON OF THE ABSOLUTE VALUES OF THE FE STRAIN PREDICTIONS
TO VALUES FOUND IN THE WALDMAN CANINE STUDY [41]. THE FORWARD
FE RESULTS ARE IN EXCELLENT AGREEMENT WITH THESE PUBLISHED
EXPERIMENTAL RESULTS FOR ALL OF THE STRAIN VALUES WITH THE
EXCEPTION OF THE ENDOCARDIAL CIRCUMFERENTIAL STRAIN WHICH
THE NORMAL MODEL PREDICTION IS HIGHER THAN THAT MEASURED
IN THE WALDMAN STUDY INDICATING A GREATER CIRCUMFERENTIAL
STRAIN GRADIENT ACROSS THE WALL THAN THAT MEASURED
IN THE REFERENCED STUDY

Strain Component FE Model Waldman Data (|[41])
Endo Epi Endo Epi
Circumferential (C) 0.29 0.07 0.15 0.09
Radial (R) 0.33 0.15 0.34 0.19
Longitudinal (L) 0.09 0.10 0.07 0.05
In-plane Shear (CR) 0.01 0.01 0.06 0.01
Circ./Long. Shear (CL) 0.01 0.04 0.04 0.04
Radial/Long. Shear (RL) 0.08 0.01 0.08 0.00

angle distribution was idealized. It is likely that the assumed
fiber angle distribution directly contributed to the nonuniformity
of the transmural strain distribution in the normal LV results, as
well as the transmural ischemic results. Work is currently un-
derway to allow for the use of realistic fiber distribution defini-
tions based on DTMRI and the incorporation of an orthotropic
material definition into the FE models.

Despite these limitations, the motion of the normal FE model
was found to be very similar to that defined in the normal NCAT
heart model, which illustrates the same contracting, wringing
motion of the heart observed in tagged MRI studies of normal
patients. The two ischemic FE models showed no overall con-
traction in the location of the defect, with the transmural defect
showing circumferential elongation and wall thinning. As men-
tioned above, the abnormal FE mechanical models were found
to produce a more accurate simulation for the cardiac motion
abnormalities as compared with the original NCAT phantom.
The NCAT definition of ischemia may be more appropriate for
modeling infarcted regions in which the scar tissue is relatively
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stiff compared with the normal tissue, and thus would undergo
little passive deformation [43] or in the 50% displacement case
where the ischemic tissue retains some contractility.

These studies indicate that a continuum-based mechanical
model is necessary to reproduce realistic deformations within
the ischemic regions. The non-FE-based ischemia definition
does not produce the circumferential elongation and wall thin-
ning found in ischemic regions. Nor does simply reducing the
contraction in the ischemic regions reproduce the subtleties of
the subendocardial ischemia where the normally contracting
epicardium and subepicardium contracts against the passive
ischemic subendocardium. These geometric changes also cause
a reduction in the intensity levels above that resulting from the
ischemia induced reduction in perfusion (Fig. 13), as illustrated
by the intensity profile across the wall from the model simu-
lating the transmural defect.

The normal and abnormal FE mechanical models were
incorporated into the NCAT phantom and used in a simulation
study to investigate how the contractile differences between
the subendocardial and transmural infarcts manifest them-
selves in myocardial SPECT images. Ex vivo studies have
documented that the blood flow and metabolism requirements
for the subendocardium can be markedly different than for
the subepicardium [51]-[56]. The vulnerability to ischemia
for the two regions is likewise dissimilar. Cell death due to
ischemia is thought to begin in the subendocardial layer and
then develop as a wavefront towards the endocardium [57],
[58]. Therefore, it is of great clinical importance to be able to
detect differences in in vivo blood flow, metabolism, and other
properties between the subendocardium and subepicardium.
There is evidence that the transmural extent of ischemic damage
in the myocardium due to subendocardial ischemia [59], [60],
as shown by blood flow can be a predictor for return of con-
tractile function following coronary artery reperfusion [61].
Currently, only MRI techniques are beginning to emerge that
would allow transmural functional characterization of some
aspects of the myocardium [59], [60]. However, it is unlikely
that MR techniques will adequately address such issues as
differentiated lipid and glucose metabolism and ligand binding.
This is where nuclear medicine techniques such as SPECT can
be very useful. As demonstrated with the NCAT simulations, at
the resolutions currently in use, SPECT would have difficulty
in the delineation of subendocardial ischemia from normal my-
ocardium. There was relatively little visible difference between
the normal myocardium SPECT image and the subendocardial
ischemic SPECT images (Figs. 12, 13). The simulation results
demonstrate the great potential that the FE-NCAT combination
has for use in cardiac imaging research.

Incorporation of the FE mechanical model into the 4-D
NCAT provides a more realistic, physiological basis for the
cardiac motion of the phantom. The FE mechanical cardiac
model combined with the 4-D NCAT phantom and other sim-
ulation tools, developed in this work is capable of providing
realistic, predictive imaging data of a patient population with
varying whole-body anatomy and healthy and diseased states
of the heart. With its physiological basis, the FE model has the
flexibility to simulate a wide variety of motion abnormalities of
the heart. With the ability to simulate imaging data consistent
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to that from actual patients, the enhanced 4-D NCAT phantom
will provide a vital simulation tool in medical imaging re-
search, supplying a known truth from which to evaluate and
improve existing and emerging cardiac imaging methods that
assess cardiac function through measurements of myocardial
deformation.
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