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Constable, Donald P. Dione, Martin D. Slade, Peng-
cheng Shi, and James S. Duncan. Quantification of 3-D
regional myocardial deformation: shape-based analysis of
magnetic resonance images. Am J Physiol Heart Circ Physiol
281: H698-H714, 2001.—A comprehensive three-dimen-
sional (3-D) shape-based approach for quantification of re-
gional myocardial deformations was evaluated in a canine
model (n = 8 dogs) with the use of cine magnetic resonance
imaging. The shape of the endocardial and epicardial sur-
faces was used to track the 3-D trajectories of a dense field of
points over the cardiac cycle. The shape-based surface dis-
placements are integrated with a continuum biomechanics
model incorporating myofiber architecture to estimate both
cardiac- and fiber-specific endocardial and epicardial strains
and shears for 24 left ventricular regions. Whereas radial
and circumferential end-systolic strains were fairly uniform,
there was a significant apex-to-base gradient in longitudinal
strain and radial-longitudinal shear. We also observed trans-
mural epicardial-to-endocardial gradients in both cardiac-
and fiber-specific strains. The increase in endocardial strain
was accompanied by increases in radial-longitudinal shear
and radial-fiber shears in the endocardium, supporting pre-
vious theories of regional myocardial deformation that pre-
dict considerable sliding between myocardial fibers.

myocardial strain; finite element analysis; fiber architecture;
cardiac mechanics

THE HEART UNDERGOES A COMPLEX three-dimensional (3-D)
deformation with each cardiac cycle. Regional myocar-
dial deformation (strain) is determined by several fac-
tors, including local material properties, local contrac-
tile function, and global forces such as left ventricular
pressure. Many approaches (3, 5, 14, 36, 42—-45) have
been employed to evaluate the complex cyclic regional
deformations of the heart. Most studies that have at-
tempted to analyze the detailed deformations of the
heart have employed methodology that permits analy-
sis of only a very limited area of the myocardium.
These approaches are highly invasive and involve im-
plantation of arrays of either radio-opaque beads or
sonomicrometers in the myocardium (9, 14, 15, 22, 29,
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42-44). In the analysis of implanted radio-opaque
beads, deformations are defined by analysis of the 3-D
displacement of the beads by using biplane cine angiog-
raphy. This approach offers reasonable spatial and
temporal resolution, although it is quite tedious and
can be confounded by errors associated with localiza-
tion of the beads in 3-D space (14, 29). The sonomi-
crometry approach offers both higher spatial and tem-
poral resolution but is also highly invasive (10, 15, 27,
36). In both approaches, implantation of the beads or
sonomicrometers may themselves alter the pattern of
regional deformation (14).

The development of magnetic resonance (MR) imag-
ing tagging has enabled a more comprehensive nonin-
vasive analysis of the complex deformations of the
heart (2, 5, 45). This approach requires specific imag-
ing sequences, which impart signal voids in the myo-
cardium that are tracked over time. This approach
generally provides analysis of regional deformation in
fixed imaging planes. A few studies (5, 6) have at-
tempted to derive 3-D deformations by integrating
orthogonal image sets. These analyses demonstrated
that deformation of the left ventricle is not uniform.

We have developed a comprehensive 3-D shape-
based approach for quantification of regional myocar-
dial deformations that can be applied to any high-
resolution cine 3-D image set (11-13, 26, 33, 39). Local
shape properties of the endocardial and epicardial sur-
faces are used to derive 3-D trajectories for a dense
field of points over the entire cardiac cycle. These
trajectories are then used to deform a mesh that rep-
resents the left ventricular myocardial volume. This
analysis is embedded in a unifying framework by using
a continuum biomechanics model. The resulting equa-
tions are solved with the use of the finite-element
method. This shape-based approach for tracking re-
gional myocardial deformation has been (39) validated
in both 2- and 3-D, by comparing algorithm-derived
trajectories with displacements derived with the use of
implanted endocardial and epicardial markers. Re-
cently, Papademetris (30) extended this validation for
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determination of regional myocardial strain by using
the same implanted marker system.

We now extend this shape-based analysis of MR-
derived displacements to compute regional cardiac-
and fiber-specific strains and shears over the cardiac
cycle for all regions of the left ventricle. In this study,
we use shape-based surface displacements together
with a continuum biomechanics model incorporating
myofiber architecture to estimate endocardial and epi-
cardial fiber-specific strains. The normal pattern of
myocardial deformation was studied by using our
shape-based approach in closed-chest dogs. Whereas
circumferential and radial strains were fairly uniform,
there was a significant apex-to-base gradient in longi-
tudinal strain and radial-longitudinal shear. We also
observed transmural epicardial-to-endocardial gradi-
ents in both cardiac- and fiber-specific strains. The
increase in endocardial strains was accompanied by
increases in radial-longitudinal shear and radial-fiber
shears in the endocardium. Transmural gradients in
cardiac- and fiber-specific strains and shears support
previous theories of regional myocardial deformation,
which predict considerable sliding between myocardial
fibers (9).

METHODS

Experiments were performed on fasting adult mongrel
dogs with approval of the Yale Animal Care and Use Com-
mittee and in compliance with the guiding principles of the
American Physiological Society on research animal use. All
dogs were anesthetized intravenously with 10-12 mg/kg of
thiopental sodium (Pentothal, Abbott; Chicago, IL), intu-
bated, and mechanically ventilated on a respirator with a
mixture of halothane (0.5%-1.5%) and N3O and Os (3:1).
Arterial pH, Pcos, and Pos were measured serially, and the
ventilator was adjusted to maintain these parameters within
the physiological range. An electrocardiographic lead was
monitored continuously.

Surgical Preparation/Experimental Protocol

A femoral vein and both femoral arteries were isolated and
cannulated for administration of fluids and drugs, pressure
monitoring, and arterial sampling. A thoracotomy was per-
formed in the fifth intercostal space. An incision was made in
the pericardium, and the proximal left anterior descending
coronary artery was isolated for placement of a snare oc-
cluder. This occluder was externalized and the chest was
closed in layers.

After surgical preparation was completed, the dogs were
positioned in the MR scanner for imaging. An electrocardio-
graphic limb lead was monitored continuously during MR
imaging and used for gating. Resting MR images were com-
pleted in 1 h. Heart rate (HR) and aortic pressure (AoP) were
recorded immediately before and after each complete image
acquisition. Dogs subsequently underwent repeat MR imag-
ing after coronary occlusion as part of a separate investiga-
tion. Dogs were euthanized with a bolus of potassium chlo-
ride after completing all imaging.

MR Image Acquisition

MR imaging was performed on a GE Signa 1.5 T scanner
with version 4.8 GE software by using the head coil (26-cm
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diameter) for transmission and reception. Short-axis images
through the left ventricle were obtained with the gradient
echo cine technique by using the following parameters: echo
time = 6 ms, repetition time = 40 ms, flip angle = 30°, 16
phases collected, 5-mm slices, matrix 256 X 256, two aver-
ages, and field of view = 40 cm. A total of 16 contiguous
5-mm-thick slices were collected by acquiring four sets of
staggered short-axis slices (4 slices/set) with a separation gap
of 20 mm and 5 mm offset. This sequence provides images
with an in plane resolution of 1.64 X 1.64 mm for a 256 X 256
matrix and a 5-mm resolution perpendicular to the imaging
plane. This sequence also provides excellent temporal reso-
lution (16 frames/cardiac cycle, =40 ms/frame).

Image Analysis

All image analysis was completed off-line after the com-
pletion of each study with the use of a Silicon Graphics
workstation (Octane, R10000, 195 MHz, 128 MB RAM).

Visually interactive semiautomated 3-D segmentation of
MR images. A semiautomated technique for left ventricular
endocardial and epicardial boundary segmentation was uti-
lized to improve reproducibility of surface contour genera-
tion. A software package was developed at Yale University
specifically for this purpose on the Silicon Graphics platform
(31). The package has an intuitive user interface and can
simultaneously display orthogonal views of the 3-D image
and multiple surface sections as well as multiple 3-D surface
renderings from any angle. All components of the display can
also be shown in cine mode. The colors and transparency of
the surfaces can be edited to allow the user to display one
surface inside another. After the contours in an initial slice
are defined, the algorithm automatically propagates contours
to adjacent slices. Defined contours are used as an initializa-
tion for the subsequent or preceding time frames, and there-
fore contours are also propagated through each time frame
(7, 8). All contours were reviewed by superimposing them on
the corresponding image slices, and, if necessary, corrected
by using simple manual point and click operations within the
platform. Contours are then assembled into complete endo-
cardial and epicardial surfaces within this platform (31) by
using Delaunay triangulation.

Shape-based displacement computation. Once the surfaces
are extracted, we compute the principal curvatures for local
regions on each surface at each time point. The initial frame-
to-frame correspondences are then established between
points on the surfaces by using a shape-tracking approach.
For each point on a surface in the initial time frame, a search
window is generated on the associated surface of the next
time frame containing all plausible candidate corresponding
points. We define the corresponding point as the point in the
search window that has the closest shape properties to
the original point. The shape properties are defined by using
the curvatures of local surface regions (see ApPENDIX). The
strength and uniqueness of each local match was preserved
as a confidence measure for the match (38). Regional endo-
cardial and epicardial displacements were computed by using
this previously described shape-based surface tracking ap-
proach for surfaces derived from two temporally successive
images (12). We have previously validated this approach for
tracking points on the surface of the heart by comparing
shape-derived trajectories with displacements derived from
endocardial and epicardial surface markers (39).

Deformation modeling and analysis. We have developed a
framework from which we can compute myocardial deforma-
tion by integrating shape-tracked surface displacement data
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with knowledge about the mechanical properties of the tis-
sue. The details of this approach were summarized in a
previous publication (32) and outlined in the APPENDIX. We
model the imaged 3-D section of the myocardium as a trans-
versely isotropic elastic solid continuum with preferential
stiffness along fiber directions as defined by Guccione and
McCulloch (19). This approach results in a set of partial
differential equations, which provide relations between the
displacements throughout the left ventricle. These equations
are solved with the use of the finite-element method (21). The
first step in this method is to divide the continuous structure
of the object into finite pieces or elements to construct a finite
element mesh. The equations are assembled in matrix form
as KU = A(U® — U), where K is the stiffness matrix repre-
senting the material properties of the tissue, A is loading
matrix representing the confidence in the original shape-
tracking-derived nodal displacements U® (where available),
and U is the nodal displacement vector field, which we are
trying to estimate. This equation is solved to find the dis-
placement field U, which can then be differentiated to com-
pute strain.

Strain analysis. In the finite-element discretization, the
displacement field in each element is described by u = [N][ul,
where [N] is the interpolation matrix and [u] is the vector of
displacements at the nodes. The strain € is computed as € =
[B][u], where [B] is the strain to displacement Jacobian
matrix. This produces strains in the global coordinate space.
Strains were computed for each image frame relative to end
diastole. The strains can be subsequently rotated to either a
fiber-specific or a cardiac-specific coordinate system by using
an appropriate rotation matrix.

Methods of Analysis

Application of our shape-based algorithm with finite ele-
ment analysis and continuum mechanics provided an esti-
mate of systolic and diastolic strains and shears for multiple
small regions of the left ventricle. For purposes of describing
the normal pattern of left ventricular deformation, the left
ventricle was divided into three major short-axis slices (api-
cal, midventricular, and basal), excluding the true apex and
the base of the left ventricle at the membranous septum.
Each slice was then divided into 8 circumferential wedges,
resulting in 24 myocardial segments. Regional systolic myo-
cardial strains were obtained for each of 24 “pie-shaped”
myocardial segments. These transmural sections were then
further divided into endocardial and epicardial segments.
The end-systolic frame was determined for each dog by se-
lecting the 3-D image frame with the smallest global left
ventricular volume. Principal strains were computed for each
image frame within the systolic period relative to the end-
diastolic reference frame. Regional strains and shears were
then derived with the use of two different axis systems.
Strains were first generated with the use of a standard
cardiac-specific axis, whereby the orthogonal strains were
radial, circumferential, and longitudinal. The following car-
diac-specific shears were also computed: radial-circumferen-
tial, radial-longitudinal, and circumferential-longitudinal.
Strains were also rotated to fiber-specific axes previously
described by Guccione and McCulloch (19) derived from his-
tological studies by Streeter et al. (40), whereby the orthog-
onal strains and shears were cross-fiber strain, radial strain,
fiber strain, cross-fiber-radial shear, cross-fiber-fiber shear,
and radial-fiber shear. Regional myocardial strain data de-
rived by using the two different coordinate systems were
analyzed separately.

3-D ANALYSIS OF REGIONAL MYOCARDIAL DEFORMATION

Statistical Analysis

By using the univariate procedure in Statistical Analysis
Systems, it was determined that utilizing a normal approxima-
tion for the distributions of strain was appropriate. Analyses of
variance (ANOVA) were performed to determine if there were
significant differences in strain between the apical region, the
midventricular region, and the basal region of the heart.
ANOVA were also performed to determine if there were signif-
icant differences in strain between the eight circumferential
regions of the heart (across the entire heart) as well as for each
of the three slices separately. For all of these analyses, Tukey’s
test (honestly significant difference test) was performed on all
main-effects means to determine significant differences. In com-
parison of endocardial and epicardial differences, paired Stu-
dent’s ¢-tests were performed on average values for each dog. All
data are presented as means = SD. A level of significance, « =
0.05, was utilized for all of the analyses performed.

RESULTS

Eight dogs completed the MR imaging protocol. He-
modynamic parameters and cardiac rhythm remained
stable during the MR image acquisition. The HR and
systolic AoP immediately before the MR acquisition
(HR, 93 = 22 beats/min; AoP, 108 + 14 mmHg) were
not significantly different from that obtained at the
completion of the acquisition (HR, 94 + 25 beats/min;
AoP, 107 = 20 mmHg). All image analyses were per-
formed on all dogs.

3-D Maps of Cardiac- and Fiber-Specific Strain
and Shear

Regional differences in myocardial systolic strains
and shears were observed in normal hearts and are
summarized below. An example of typical cardiac- and
fiber-specific strain and shear patterns are shown for
short-axis cutaway cross sections (see Fig. 1) at several
different times points during the systolic interval. All
six strain-tensor components were computed for both
cardiac- and fiber-specific axes. The radial strain is
common to both axes systems. The volume of the left
ventricle can be cut and viewed along any axis to
visualize the entire transmural strain pattern.

Analysis of Transmural Strain and Shear

Cardiac-specific strains and shears. Figure 2 illus-
trates the average regional transmural end-systolic
cardiac-specific strains (Fig. 24) and shears (Fig. 2B),
which were computed for each of the 24 myocardial
segments (3 slices and 8 radial sectors per slice). Radial
(0.21 = 0.03) and circumferential (—-0.10 = 0.01)
strains were fairly uniform over the left ventricle. A
significant (P = 0.0001) apex-to-base gradient in trans-
mural longitudinal strain was observed (apical, 0.02 +
0.02; midventricle, —0.01 * 0.01; and basal, —0.03 =
0.01). Apical segments tended to lengthen along the
long axis of the heart, whereas basal segments demon-
strated longitudinal shortening.

Transmural end-systolic cardiac-specific shears were
less uniform. Small differences in radial-longitudinal
and circumferential-longitudinal shears were seen at
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Fig. 1. Series of magnetic resonance (MR) short-axis systolic images (A) and corresponding short-axis cutaway
color-coded maps of regional myocardial cardiac-specific (B) and fiber-specific (C) strains and shears from end
diastole (ED) to end systole (ES) in a normal dog derived using the shape-based approach. Images are oriented with
the right ventricle (RV) on left and the left ventricle (LV) on right. Top, anterior wall of the LV. Bottom, color code
for the strain values. Blue and green color tones represent shortening, whereas red and yellow tones represent
lengthening. All of the finite elements are shown in this cutaway view, although color-coded values are displayed
for each of the 8 radial sectors. Note that strains and shears increase over the systolic interval. Radial and
circumferential strains were greater in the subendocardium. Longitudinal strains were generally small. Among the
cardiac-specific shears, the radial-longitudinal shears were the largest. Fiber strain was fairly uniform across the
wall, whereas cross-fiber strain was greater in the subendocardium. Among the fiber-specific shears, radial-fiber

and radial-cross-fiber shears were both large.

the base of the heart at the anterior and posterior
junctions of the right and left ventricle. A more dra-
matic apex-to-base gradient of radial-longitudinal
shear was observed (apical, —0.21 = 0.05; midven-
tricle, —0.11 = 0.03; and basal, 0.001 = 0.06; P =
0.0001). There appeared to be a hinge point in the basal
septum in the region of the membranous septum.

Fiber-specific strains and shears. Figure 3 illustrates
the average variation in regional transmural end-sys-
tolic fiber-specific strains (Fig. 3A) and shears (Fig.
3B). Fiber (=0.05 = 0.01) and cross-fiber (—0.06 =
0.02) strains were similar in magnitude and also fairly
uniform around the left ventricle. There were small but
significant apex-to-base differences in both fiber (api-
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cal, —0.04 = 0.01; midventricle, —0.05 = 0.01; and
basal, —0.06 = 0.01; P = 0.002) and cross-fiber strain
(apical, —0.04 = 0.01; midventricle, —0.06 = 0.01; and
basal, —0.08 = 0.01; P = 0.0001).

Significant differences in cross-fiber-radial and fiber-
radial shear were seen at the base of the heart, again at
the anterior and posterior junctions of the right and
left ventricle. Significant apex-to-base gradients in
both cross-fiber-radial (apical, —0.17 = 0.02; midven-
tricle, —0.07 = 0.03; and basal, 0.02 * 0.05; P =
0.0001) and fiber-radial (apical, —0.07 = 0.03; midven-
tricle, —0.06 = 0.02; and basal, —0.03 = 0.04; P =
0.0005) shears were also observed.
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Analysis of Endocardial and Epicardial Strain
and Shear

Average endocardial and epicardial cardiac-spe-
cific and fiber-specific strains and shears were com-
puted for each dog for all of the predefined 24 left
ventricular segments. Overall average endocardial
and epicardial strain tensors were computed from
the dog averages.

Cardiac-specific endocardial and epicardial strains
and shears. Figure 4 provides a summary of the overall
endocardial and epicardial cardiac-specific strains and
shears. There were significant endocardial-epicardial
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gradients in both radial (endocardial, 0.26 = 0.09;
epicardial, 0.17 = 0.07; P = 0.0009) and circumferen-
tial (endocardial, —0.14 = 0.04; epicardial, —0.07 =
0.02; P = 0.0002) strains. As previously described
with the use of a variety of techniques, greater radial
and circumferential strain occurred in the subendocar-
dial region. These differences in strains between
the endocardial and epicardial segments were associ-
ated with small but significant differences in all three
shears.

Fiber-specific endocardial and epicardial strains
and shears. Figure 5 summarizes of the endocardial
and epicardial fiber-specific strains and shears.
There was slightly greater strain along the fiber

12 13 14 15 16 17 18 19 20 21 22 23 24

direction in the epicardium. However, a prominent
endocardial-epicardial gradient in cross-fiber strain
was observed (endocardial, —0.11 = 0.03; epicardial,
—0.02 = 0.01; P = 0.0001). This increase in endocar-
dial cross-fiber strain was associated with large fi-
ber-cross-fiber (endocardial, 0.09 + 0.02; epicardial,
0.01 = 0.01; P = 0.00002) and radial-fiber (endocar-
dial, —0.10 = 0.05; epicardial, —0.03 * 0.02; P =
0.0002) shears, suggesting that much of the defor-
mation in the endocardium can be attributed to
cross-fiber sliding or changes in fiber separation. The
increase in endocardial deformation with respect to
the epicardium does not appear to be attributable to
increases in endocardial fiber shortening.
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Temporal Changes in Systolic Strains

The proposed approach for analysis of regional myo-
cardial deformation can also provide temporal changes
in endocardial and epicardial systolic strain and shear.
An example of the temporal changes in systolic cardiac-
and fiber-specific strains is shown in Fig. 6. The ob-
served endocardial-epicardial gradients in radial, cir-
cumferential, and cross-fiber strains were generally
preserved for all 24 myocardial regions throughout the
systolic interval.

Ap<0.01EN vsEP + p<0.001 EN vs EP

Temporal Changes in Average Systolic and
Diastolic Strains

Our approach can also provide information regard-
ing diastolic strain. An example of the temporal
changes in average cardiac- and fiber-specific strain
over the entire cardiac cycle is shown for a represen-
tative dog (Fig. 7). Diastolic strain could not be
derived for all of the dogs in this series of experi-
ments because of image flow artifacts at the endo-
cardial surface of the heart during the diastolic pe-
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+
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Fig. 5. Average endocardial and epicar-
dial fiber-specific strains and shears. £
Both F and CF strains were significantly é 0.1 -
greater in the endocardium than the epi- |”-,

cardium, although the magnitude of the
CF strain was larger. There was a sig-
nificant endocardial-to-epicardial gradi- 01

EENDOCARDIAL

n = 8 dogs
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ent in all CF-F and R-F shears. There
was no gradient in CF-R shear.
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riod complicating surface segmentation. The strains
and shears generally returned to baseline at end
diastole with an appropriate leveling off in late di-
astole. The failure of average longitudinal strains to
return to baseline during diastole reflects regional
variation in longitudinal strain, particularly in basal
segments.

DISCUSSION

We employed a novel 3-D shape-based analysis of
standard cine MR cardiac images for the comprehen-
sive assessment of regional left ventricular deforma-
tion. The normal regional patterns of transmural left
ventricular systolic cardiac- and fiber-specific deforma-
tions were defined in an experimental canine model.
Regional endocardial and epicardial strains were also
computed noninvasively and are consistent with mea-
sures previously derived by using highly invasive
methodology. These object-centered parameters of de-
formation have a clear advantage over frame-centered
parameters like displacements and velocities, because
regional myocardial strain is independent of transla-
tional and rotational motion of the heart. Transmural
myocardial radial and circumferential strains were
fairly uniform throughout the left ventricle. Significant
apex-to-base gradients were observed for longitudinal
strain and several of the shear strains, in particular
radial-longitudinal (transverse) shear. An epicardial-
to-endocardial gradient in radial and circumferential
strain was observed throughout the left ventricle.
There was also an increase in cross-fiber strain in the
endocardium. An increase in endocardial strains was
accompanied by increases in radial-longitudinal and
radial-fiber shears in the endocardium. Thus the trans-
mural gradients in cardiac- and fiber-specific strains
and shears support previous theories of regional myo-
cardial deformation, which predict considerable sliding
between myocardial fibers.

Quantitative Analysis of Left Ventricular Deformation

The left ventricle is a 3-D object that moves linearly
and nonlinearly in space over the cardiac cycle. The
myocardium is also a complex 3-D structure consisting
of myocytes interconnected by a dense collagen weave
that course in different directions. Under normal con-
ditions, the myocardium undergoes a complex cyclic
deformation. We can expect that regional ischemia and
infarction will produce even more complex changes in
regional and global deformation. Ideally, one would
like to track these changes in regional deformation in a
3-D space.

Most standard approaches for regional analysis
of function have focused on the measurement of
endocardial motion or left ventricular thickening
from two-dimensional (2-D) image sequences. Some
of these approaches have relied on volumetric infor-
mation, such as regional ejection fractions, derived
from radial segments extending from the center of
the ventricle. This approach is dependent on the
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reproducible location of references from which to
make regional measurements. To alleviate the prob-
lems associated with reliably marking reference
points on the left ventricle, the reference-free center-
line method was developed (37). However, the cen-
terline approach can only compute changes in defor-
mation along the radial direction and does not
account for potential deformations out of the imaging
plane (20).

Invasive Measurements of Regional 3-D Deformation
and Strain

Much of the information gained regarding 3-D defor-
mation of the left ventricle comes from analysis of
implanted radio-opaque markers that use biplane cine
radiography. Whereas this approach has certain mer-
its, there are also significant limitations. One obvious
concern is the effect of bead implantation. Fenton et al.
(14) reported an average flow decrease of 25% within 5
mm of marker implantation. Additionally, there are
errors associated with localization of the markers in a
3-D space (+ 0.15-0.2 mm) (14, 29). This error is due to
the pincushion effect, cone effect, and identification of
the marker centroids, which is in part dependent on
the marker size.

Other investigators have computed regional strains
with implanted sonomicrometers. This approach offers
greater temporal (sampling rate 120—150 Hz) and spa-
tial resolution (27). The higher spatial resolution of the
crystals may permit an equally accurate determination
of transmural strain with smaller sized and fewer
numbers of implanted crystals. However, analysis with
this approach is also limited to a finite region of the left
ventricle. Again, implantation of the crystals, like im-
plantation of the beads, may alter regional deformation
and flow.

Analysis of 3-D Deformation

Many studies evaluating 3-D deformation in the
heart assume that myocardial deformation is homoge-
neous. An important finding of some earlier studies is
that systolic myocardial deformation is indeed not ho-
mogeneous. Significant transmural gradients of strain
have been observed. Continuous transmural strain dis-
tributions can be obtained from the nonhomogeneous
model, as proposed by McCulloch and Omens (24). This
model computes continuous transmural variations in
strain and rotation by using 3-D nonlinear finite ele-
ment interpolating functions for nonhomogeneous de-
formation analysis (24). To date, only a few recent
studies (29) have incorporated this more sophisticated
analysis of myocardial deformation because of the time
intensive computations required. We employ a 3-D
shape-based approach for analysis of cine MR images,
which integrates image-derived shape-tracked surface
displacement data and fiber orientation data with a
transversely isotropic elastic solid continuum model
with preferential stiffness along fiber directions.
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Fig. 6. Example of temporal changes in systolic cardiac- and fiber-specific strains from a representative dog for
both endocardial (e) and epicardial (0) segments. Shown are R (A), C (B), L. (C), F (D), and C-F (E) systolic strains
for 8 radial segments for three short-axis sections: apical, mid (midventricular), and basal. The observed
endocardial-epicardial gradients in R, C, and CF strains were generally preserved for the 24 myocardial regions

throughout the systolic interval.

Calculation of Cardiac-Specific Strains and Shears

The cardiac-specific strains and shears derived using
our 3-D image-based approach are similar to those
previously derived in the dog by using more invasive
approaches. Villarreal et al. (42) evaluated regional
myocardial deformation in dogs with the use of biplane
radiography of implanted transmural arrays of radio-
opaque beads (as described above). Cardiac-specific
strains were computed for subepicardial, midwall, and
subendocardial regions. These investigators demon-
strated systolic radial strain (e,.) was positive under
control conditions. In contrast, circumferential (e..)
and longitudinal (e;) systolic strains were negative.
They also observed small positive systolic transverse

shear deformations [circumferential-radial (e..), 0.05;
and longitudinal-radial (e;-), 0.08] under control condi-
tions. During control conditions, these investigators
identified the usual epicardial to endocardial gradient in
both circumferential and radial strains, with the great-
est deformations occurring in the endocardial region.
An earlier publication by Fenton et al. (14), using a
similar implanted bead methodology, also demonstrated
different patterns of deformation in endocardial regions
relative to epicardial and midwall regions. The endo-
cardial deformation was complex and also had large
transverse shear components under control conditions.

The cardiac-specific strains and shears determined
by using our comprehensive noninvasive shape-based
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Fig. 7. Example of temporal changes in average cardiac- and fiber-specific strains and shears over the entire
cardiac cycle from a representative dog. Average strains (£SE) are shown at each of the 16 frames in the cardiac
cycle. The first image was duplicated as frame 17 to verify return of calculated strain to baseline. The strains (A
and C) and shears (B and D) generally returned to baseline with an appropriate leveling off in late diastole. The
failure of average longitudinal strains to return to baseline during diastole reflects regional variation in L strain,

particularly in basal segments.

approach are generally concordant with the results
reported by the use of invasive measures. However, we
were able to define spatial heterogeneity in these car-
diac-specific indices of deformation. We observed a
large apex-to-base gradient in the longitudinal strain
and radial-longitudinal (transverse) shear. A similar
gradient in longitudinal strain has been recently iden-
tified in human subjects with the use of color-coded
pulsed-wave tissue Doppler (16). Regional differences
in longitudinal tissue velocities in the endocardium
have also been reported in dogs with the use of tissue
Doppler (18). The observed regional variability in
strains and shears may explain some of the discordant
observations in the literature.

One potential limitation of this type of regional anal-
ysis with implanted markers relates to their applica-
tion under conditions of regional ischemia. Observed

changes in the central ischemic region may be counter-
balanced by unmeasured complex changes in the peri-
ischemic border or remote regions. Thus important
changes in the spatial patterns of deformation associ-
ated with regional ischemia cannot be adequately eval-
uated by using the implanted bead approach. The po-
tential effects of the altered shape of the ischemic
region also cannot be assessed with a transmural array
of beads. These studies highlight the necessity for
methods, which can provide a comprehensive 3-D mea-
surement of myocardial deformation.

Comprehensive Image-Based Analysis of
3-D Deformation

Several imaging approaches for the temporal analy-
sis of true 3-D cardiac deformation have also been
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pursued. The MR imaging techniques include radial
tagging, specific spatial modulation of magnetization,
and phase-contrast imaging. MR tagging of the myo-
cardium is one of the most popular approaches to track
motion (3, 45). The advent of MR myocardial tagging
techniques enabled the visualization of myocardial de-
formations associated with contraction at rest and af-
ter an ischemic insult. MR tagging involves creation of
signal voids in the tomographic data, which deform
with the myocardium, permitting the nontraumatic
measurement of regional deformation. Whereas initial
approaches for MR tagging provided 2-D information,
recent approaches have permitted analysis of true 3-D
deformations (4—6). Azhari et al. (4) evaluated several
MR image-derived 3-D strain parameters for discrim-
ination of ischemic and nonischemic regions. Three-
dimensional myocardial deformations were computed
for 24 myocardial segments and related to regional
microsphere flow and postmortem histochemical stain-
ing. However, analysis of regional function did not
correlate well with the level of ischemia, highlighting a
potential limitation of this well-accepted MR tagging
approach.

Bogaert and Rademakers (6) recently employed the
MR tagging approach to define the normal patterns of
3-D deformation in the adult human left ventricle. In
this large clinical study, both cardiac- and fiber-specific
strains were generated. These investigators demon-
strated a regional nonuniformity of left ventricular
strains, which was similar to our findings that used a
comprehensive nontagging approach. However, their
analysis was limited by lower image resolution. In
addition, their strain calculations were restricted to
analysis of a sparse set of nodal points defined by the
intersections of the tagging stripes with the endocar-
dial and epicardial surface of the heart.

The tagging approach has the following limitations:
1) MR tags are difficult to detect throughout the car-
diac cycle as tags tend to decay due to T; relaxation, 2)
tags are not easily extended to tracking points from
3-D image sequences, and 3) for regional wall motion
analysis, additional methods are required for identify-
ing the precise tag locations and defining myocardial
boundaries.

As an alternative to MR tagging, several investiga-
tors have analyzed changes in phase due to motion of
tissue within a fixed volume of interest to estimate
instantaneous, localized velocities, and ultimately car-
diac deformation (1, 28, 34, 41). This technique identi-
fies the change in MR signal phase (which is propor-
tional to velocity) associated with uniform motion of
tissue in the presence of a magnetic field gradient.

These widely employed MR approaches for assess-
ment of myocardial deformation assume that the MR
images provide absolute uncorrupted information re-
garding myocardial strains, ignoring potential errors
associated with image acquisition, image processing, or
through-plane motion. In our comprehensive 3-D
shape-based approach for quantification of regional
myocardial deformation, we impart a biomechanical

H709

model in the analysis of the image data to help con-
strain the image-derived displacements, by reducing
the errors associated with imaging. Our biomechanical
model is based on previously derived information of
myocardial mechanics obtained with the use of highly
invasive measures. The use of prior knowledge in com-
bination with a comprehensive 3-D image set strength-
ens our more physiological approach. In the future, we
may be able to improve our biomechanical model as
additional information becomes available.

In the current study, the shape of the endocardial
and epicardial surfaces was used to track the 3-D
trajectories of a dense field of points approach follows
the complex regional deformation of the myocardium,
guided by shape-matched displacements found at the
bounding surfaces of the myocardium (13, 25, 38, 39).
The shape-based surface displacements are integrated
with a continuum biomechanics model incorporating
myofiber architecture to estimate fiber-specific endo-
cardial and epicardial strains and shears (32). This
shape-based approach has the advantage of being able
to track deformation over the entire cardiac cycle, and
would be applicable to any high-resolution 3-D imaging
modality, which defines the myocardial surfaces over
the entire cardiac cycle.

Calculation of Fiber-Specific Strains and Shears

The fiber-specific strains and shears derived in this
study correlate with findings derived with the use of
biplane cine radiography of implanted beads or im-
planted sonomicrometers. Rodriguez et al. (36), em-
ploying implanted sonomicrometers in combination
with careful histological analysis, demonstrated that
fiber-specific strains were fairly uniform across the
wall (epicardial, —0.14; midwall, —0.14; and endocar-
dial, —0.12) and similar in magnitude to our estimated
fiber strains. Waldman et al. (44), employing biplane

Fig. 8. Example of shape-tracking approach. The original surface is
mapped to the final surface. For point p1 on the original surface, a
window region (W) of plausible matching points on the final surface
is first generated. Point p2 in W, which has the most similar shape
properties to pi, is then selected as the candidate match point. ¢,
Time.
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Fig. 9. Map of fiber direction in the left ventricle.

cine radiography of implanted beads, demonstrated
epicardial (—0.09 * 0.04) and endocardial (—0.06 =+
0.06) fiber strains nearly identical to those observed by
using our shape-based analysis. LeGrice et al. (22)
observed regional differences in longitudinal-radial
(transverse) shear using biplane cine radiography of
implanted beads placed in the septum and anterior
free wall. These investigators reported positive trans-
verse shear in the endocardium of the anterior left
ventricular wall and negative shears in the septum.
The differences in shear were attributed to regional
differences in myocardial cleavage planes in these two
regions. The approach employed by these investigators
limits the analysis to very small regions of the left
ventricle. Our findings suggest that there are signifi-
cant regional differences in longitudinal-radial shear
from apex to base, as well as around the circumference
of the left ventricle. This would indicate that the apex
to base location of the implanted beads could tremen-
dously alter the observations. Thus there appears to be
significant regional variation between regional wall
thickening (radial strain) and longitudinal-radial
shear. In our analysis, there was a weak direct linear

3-D ANALYSIS OF REGIONAL MYOCARDIAL DEFORMATION

relationship between regional transmural radial strain
and longitudinal-radial shear (r = 0.43, P = 0.03).

Limitations

Our analysis of regional myocardial deformation was
limited to normal resting conditions. In our analysis of
fiber-specific strains, we assume uniform fiber archi-
tecture as previously established in the literature. This
standard fiber architecture may not be applicable fol-
lowing myocardial infarction or in the presence of dis-
eased states like asymmetric septal hypertrophy,
which would distort the fiber architecture. In the fu-
ture, we may be able to noninvasively derive informa-
tion regarding the fiber architecture by using MR dif-
fusion imaging (17, 35). These additional MR imaging
sequences may need to be incorporated in future appli-
cations of our strain computations.

Our model may also force endocardial-to-epicardial
gradients in strain, based on assumptions regarding
conservation of volume. This bias could be minimized
in the future by incorporating midwall information,
derived by using either MR tagging or phase-velocity
mapping. We have primarily focused our analysis to
the systolic portion of the cardiac cycle. Analysis of
regional myocardial strains in the diastolic phase of
the cardiac cycle was complicated by image flow arti-
facts in some of the dogs. Analysis of diastole was also
limited by the time required for segmentation of the
entire cardiac cycle. However, our approach could be
extended to analysis of the entire cardiac cycle, partic-
ularly if the segmentation algorithms could be further
automated. An illustration of the typical changes in
regional myocardial deformation over the entire car-
diac cycle is provided in Fig. 7, A-D.

Our methods remain sensitive to variations in image
quality and resolution and are primarily limited by
accurate and efficient segmentation of the left ventric-
ular surface. In our current 3-D algorithms, we have
not incorporated a potentially important constraint in
the analysis, which would require periodicity (i.e., a
return of the final coordinate position back to the point
of origin). We have found this constraint useful in our
previous 2-D algorithms for improving image segmen-
tation and strain analysis. In the current analysis,
resolution was also somewhat limited along the longi-
tudinal axis due to the 5-mm MR short-axis slice thick-
ness. This would inherently increase the error associ-
ated with calculation of longitudinal strain. The
acquisition of overlapping short-axis images would im-
prove through plane resolution and minimize this lim-

Fig. 10. Illustration of the effects of alteration in parameters of the biomechanical model on calculated cardiac-
specific (A—F) and fiber-specific (G-I) ES strains in one of the dogs. Shown are scatter plots of the calculated strains
and shears after alteration of model parameters (y-axis) relative to values derived using our standard model
(x-axis). Segment-for-segment differences are shown when assuming an isotropic model (no differential fiber
stiffness). The equations for these correlations are shown in blue. Also illustrated are the effects of changing the
Poisson’s ratio to 0.3 to model the myocardium as more compressible. The equations for these correlations are
shown in pink. The slopes for these correlations were close to unity. Finally, strains were calculated assuming a
slightly rotated fiber architecture. The effects of altering the fiber architecture are shown in green. The effects of
all of these changes were relatively small for our calculated transmural strains.
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itation. Preliminary studies using this overlapping ap-
proach confirm the current observations regarding the
normal gradients in longitudinal strain.

We have also ignored respiratory motion in our ac-
quisition of the MR short-axis MR images. Respiratory
motions are averaged over the course of acquiring the
full 3-D data set. With the advancement of MR imaging
hardware and software these motions could also be
eliminated. Correction for respiratory motion will
likely improve the analysis by using our shape-tracked
approach.

Clinical Implications

To date, quantitative noninvasive assessment of re-
gional myocardial strain from 3-D images has been
limited to specific MR acquisitions, in particular, MR
tagging or MR phase-contrast velocity analysis. Our
shape-based approach, which employs finite element
analysis and a biomechanical model-based strategy,
provides a comprehensive analysis of regional 3-D
myocardial deformation. This surface-based approach
would be applicable to standard cine-gradient MR im-
ages, 3-D cine computed tomographic images, and 3-D
echocardiography. However, widespread application of
our shape-based approach will require improved image
segmentation. The application of our approach to 3-D
echocardiography may be facilitated by the use of echo-
cardiographic contrast agents and would potentially
bring accurate quantitative analysis of regional myo-
cardial deformation to the patient’s bedside.

APPENDIX
Description of Strain Estimation Algorithm

Shape-tracking displacement estimates. In this study, the
original displacements on the inner and outer surfaces of the
left ventricular myocardium were obtained by using the
shape-tracking algorithm previously described in detail (39).
This approach is outlined below.

An illustration of this process is provided by Fig. 8. Con-
sider point p; on a surface at time ¢, which is to be mapped
to a point p2 on the deformed surface at time ¢2. First, a
search is performed on a physically plausible region W on the
deformed surface and the point ps, which has the local shape
properties closest to those p; is selected. The shape proper-
ties here are captured in terms of the principal curvatures k1
and ke. The distance measure used is the bending energy
required to bend a curved plate or surface patch to a newly
deformed state. This is labeled as dye and is defined as

[Kl(pl) - K1(p2)]2 + [Kz(p1) - Kz(Pz)]z
2

dne(p1, o) = { } (A1)

The displacement estimate vector for each point pq, u7’, is
given by

KT =Py — p1, Pp = arg min[dy(py, po)l (A2)
p2E W2

Confidence measures in the match. Bending energy mea-

sures for all the points inside the search region W are re-

corded as the basis to measure the “goodness and unique-

ness” of the matching choices. The confidence is high if the

best match is both good and unique and falls off otherwise.
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Modeling the Myocardium

The passive properties of the left ventricular myocardium
are captured using a biomechanical model. We use a trans-
versely isotropic linear elastic model, which allows us to
incorporate information about the preferential stiffness of
the tissue along fiber directions as previously defined (19).
These fiber directions are shown in Fig. 9. The model de-
scribed in terms of an internal or strain energy function of
the form

W =¢€Ce (A3)
where e is the strain and C is the 6 X 6 matrix containing the
elastic constants, which define the material properties.

-1 e "V A
— — 0 0 O
E, E, E,

-, 1 —Vp
— — 0 0 O
Ep Ep Ef
—vply —vp By 1 0 0 0
C—l_ Ep Ep Ef (A4)
2(1+v,)
0 0 0
E,
0 0 0 0 L 0
Gy
1
0 0 0 0 0 G
n

where E; is the fiber stiffness, E,, is cross-fiber stiffness, vy
and v, are the corresponding Poisson’s ratios, and Gy is the
shear modulus across fibers [Gr =~ E//2(1 + vp)]. If E; = E,,
and v;, = vp, this model reduces to the more common isotro-
pic linear elastic model. The fiber stiffness was set to be 3.5
times greater than the cross-fiber stiffness (19). The Poisson’s
ratios were both set to 0.4 to model approximate incompress-
ibility. More details can be found in a continuum mechanics
textbook (23).

To evaluate the potential significance of these assumptions
regarding the fiber architecture, differential fiber stiffness,
and index of incompressibility, we computed end-systolic
cardiac- and fiber-specific strains and shears in one of the
dogs by using different model pararmeters. These differences
are illustrated in Fig. 10. We first calculated the strains with
and without the fiber architecture in our mechanical model.
The mechanical model became isotropic without the differen-
tial fiber stiffness. We then computed strains with a 10°
rotation in the assumed fiber axes. Finally, we computed
strains by using a lower Poisson’s ratio of 0.3, modeling the
tissue as more compressible. The effects of these changes
were relatively small for our calculated transmural strains.
Changing the fiber angle produced predictable changes in the
fiber and cross-fiber strains. Slightly greater effects were
seen for the calculated shears. On the basis of these addi-
tional analyses, our mechanical model does not appear overly
sensitive to small changes in the model parameters or as-
sumed fiber architecture. However, these differences might
be greater for the calculated strains and shears in each of the
smaller midwall elements in our finite element analysis
because calculation of the strains within the myocardium
would be more dependent on the mechanical model and fiber
architecture.
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Integrating the Data and Model Terms

Having defined both the data term model and the model

term, we discretize the equations by using the finite ele-
ment method to generate the final equation, which takes
the form

KU =A(U* - 1) (A5)

This equation is solved to find the displacement field U,
which can then be differentiated to compute strain.
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