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Abstract. We are presenting a new method for Gated SPECT analysis. We
segment the myocardium walls in the first time frame (end diastole) and then
compute volumetric motion fields between time frames for tracking. The appli-
cation of dense motion field to segmented walls provides us with individual 3D
trajectories for endo- and epicardium wall points. Besides traditional measure-
ments like ejection fraction, radial motion and thickness variations, it allows us
to derive original measurements such as focus of contraction, axial contraction,
elevation and twist, and compute an average image where cardiac motion blur is
suppressed. The method is packaged in a comprehensive research prototype,
MyoTrackVB, which is currently evaluated by medical partners with more than
200 cases already processed.

1 Introduction

Many different imaging modalities have been used to study human heart motion: Nu-
clear Medicine (first path, 2D and 3D blood pool, gated SPECT), MRI (Gated MRI,
Tagged MRI, Phase contrast MRI), Gated CT, Ultrasound, angiography.... SPECT
imagery suffers from low resolution and high level of noise in the images and medical
researchers interested in heart motion analysis generally disregard Gated SPECT to
the benefit of other more contrasted but most costly or invasive modalities. However,
from a clinical standpoint, Gated SPECT is one of the most widespread exam for wall
motion analysis. It can be performed simultaneously to a Myocardial Perfusion Scin-
tigraphy (MPS) study without much additional cost. One advantage is that wall motion
information is obtained in the same reference frame than perfusion. Our method,
MyoTrack, is the adaptation of a generic volumetric motion field technique (see [16])
to the case of Gated SPECT images and is based on tracking. In contrast, the majority
of existing Gated SPECT techniques are based on independent segmentations of time
frames or measurements dedicated to very peculiar indices such as the “ejection frac-
tion” (EF). In that sense, we are much closer to methods developed for MRI or CT.
We describe first the physical particularities of Gated SPECT as well as the clinically
relevant measurements used to analyze Cardiac Motion. We summarize the principles
of existing analysis methods. We then describe MyoTrack and explain how physical
constraints of Gated SPECT are taken into account. Finally, we present quantitative
results obtained from diseased and normal patients.
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2 Specificity of Gated SPECT Image Sequences

Gated SPECT is a 3D Computed Tomography technique where acquisition is gated
with the ECG. As images are obtained by averaging a lot of cardiac cycles, the image
sequence is cyclic, first frame being the successor of the last one. It is measuring
photon emitted by the destruction of radionuclides whose concentration can be con-
sidered as constant during the acquisition and proportional to the perfusion of the
heart muscle (mainly the myocardium of the left ventricle). The heart being a muscle,
it is incompressible which means that the divergence of the deformation field is null
within the myocardium. As intensity in the images is proportional to perfusion, it
means that we should measure constant intensity within the myocardium.

One major drawback of Gated SPECT is that the acquisition device has a large point
spread function, which means limited resolution but also changes in image maxima
when the myocardium is contracting: a larger wall appears brighter in the image. A
normally perfused myocardium has a uniform perfusion distribution, but unfortunately
diseased patients are generally presenting large perfusion defects where very little
information is available. As noise level is high and as extra activities in bowels or liver
can blend with the myocardium, automatic segmentation is really challenging (Figure

).

Figure 1: Horizontal long, vertical long and short axes of a normal subject (top) and a diseased
subject (bottom)

3  Existing Methods for Cardiac Dynamic Analysis

One useful clinical index is the Ejection Fraction or EF, which is the ratio of the dif-
ference between End Diastolic Volume (EDV) and End Systolic Volume (ESV), di-
vided by the EDV. The Stroke Volume (SV) is EDV-ESV. A lot of clinical papers are
dealing with semi-automatic or automatic determination of EF (see for example
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[11,12],[3])- Other useful clinical measures are radial motion and wall thickening (see
[41,[5],[6]). Existing Gated SPECT analysis techniques can be classified into physical
measurement of wall boundary positions, and into evaluation of mid-wall and wall
thickness. Most methods rely on a frame by frame analysis based on independent
segmentation of the myocardium. In [5] temporal analysis of intensity variations is
related to width variations by empirical studies on point spread function effects.
MyoTrack is based on tracking and is using comprehensively the whole sequence. It is
much closer to methods developed for other modalities such as Gated MR ([7]),
Tagged MR ([8], [9],[10]), Phase Contrast MR ([11]), Gated CT ([12],[13]), echocar-
diography ([14]) or PET ([15]). Tracking methods can be classified into 3D surface-
based tracking and 3D dense motion field computation. MyoTrack is closer to motion
field methods that we are now detailing.

The work of Song and Leahy [12] is the application of 2D+T optical flow techniques
to 3D+T and is heavily relying on fluid mechanics. Two constraints are of particular
interest to our problem, which are the conservation equation and the incompressibility
constraint. The method is iterative (conjugate gradient descent) and solve for the two
constraints (conservation and incompressibility) as well as a smoothness constraint. It
is applied to Gated CT images. In the same spirit, Benayoun and Ayache [13] are
measuring 3D dense deformation field. Aside from smoothness, the other constraint is
the tracking of differential singularities. Although it is less physical than density con-
servation, it allows providing a better matching with respect to motion in the direction
tangent to object boundaries. The cardiac application is also 3D Gated CT (dog heart).
In the work of Klein [15], conservation and smoothness are solved for and the method
is applied to 3D Gated PET images.

4 MyoTrack, a New Method for Gated SPECT Analysis

We have designed an iterative and multi-resolution generic method of motion field
computation described in [16]. We have shown that 3D deformation computation can
be also viewed as the “diffusion” of a deformable model through the contours of a
reference object and that image driven constraints as simple as inward/outward unitary
displacements along normals to contours, determined from tissue characterization, is
sufficient to perform matching. We have also shown that image smoothing applied to
the 3D deformation fields is an effective way to perform regularization. In [16], we
have briefly described brain matching and gated SPECT analysis as potential applica-
tions, with some feasibility results. Since then, we have refined our technique in order
to achieve a real clinical application for gated SPECT analysis that we call MyoTrack
and which is presented here.

4.1 General Principle

The general principle of MyoTrack is to separate 3D motion computation from myo-
cardium segmentation (Figure 2). The myocardium is segmented in the first image of
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the Gated SPECT sequence (generally the end diastole time frame) and then tracked
throughout the whole sequence. The segmentation is based on template matching. The
interest is twofold: first, it allows performing inter-patients comparisons as well as to
design reference population models. It also helps providing a-priori knowledge for
specific case interpretation as any pre-computation performed in the template's shape
can be transferred to the specific case.

<
@@ @’ Gated Image
v seauence
Matching to template 4 ________ 3D motion fields compu-
v : v
Diastole segmentation e Motion analysis

Figure 2: General principle. Segmentation and 3D image tracking are separated

4.2 Myocardium Segmentation for End Diastole Time Frame

Segmentation of the myocardium is a 4-steps method:

1. During the initialization phase an affine transformation is found between the end
diastole image and a reference template shape. We are using an Iterative Closest
Point method (ICP, see [17]) and are searching for an affine transformation. Two
3D deformable parameterized ellipsoids are defined, once for all in the template’s
reference frame.

2. The coupled ellipsoids are iteratively deformed to match to the edge points as well
as to ensure smoothness constrains and anatomical a-priori constraints (for exam-
ple, myocardium approximate width conservation). Sample points for regular an-
gular subdivision in polar coordinates are used to represent deformed ellipsoids.

3. The base hole is segmented using a deformable 2D contour in polar representation.

4. A 3D closed surface representation in Cartesian coordinates is computed from the
radius maps of endo- and epicardium positions and base definition.

4.3 Dense Motion Field Computation

We only describe here the adaptation necessary from [16], which are intensity conser-
vation, cyclicity, incompressibility and adaptive rigidity constraints. The output is, for
each time frame, the node positions of a deformed 3D grid. The reference is a regular
3D grid defined in end diastole time frame. The method is iterative and multi-
resolution, ending with a resolution as thin as voxel sizes.
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1. Intensity conservation is ensured by a formula derived from optical flow and used
for motion computation. s and m are the respective intensities in the reference and

model images and (m—s)zis used to avoid singularities when Vsis small:
(m— s)vs
(Vs)? +(m—s)’
2. To ensure cyclicity as well as regularity through time, we are restricting at each
iteration the x(¢), y(¢), and z(¢) displacements of each node of the deformable

V=

grid to first harmonics.

3. Incompressibility corresponds to null divergence of the deformation field. We are
measuring, at each iteration, the volume element of each cell of the grid (within the
Myocardium). As the grid in the end diastole image is regular, this volume should
remain one voxel cube. Homothetic variations are applied as additional constraints
to make cell volumes tend toward unit values.

4. Our rigidity constraint is adaptive. The endocardium cavity is much more deform-
able than epicardium boundary thanks to the use of adaptive filtering to regularize
deformation fields.

Figure 3: End diastole and end-systole surface representation (endo- and epicardium), with
perfusion information.

4.4 Dynamic 3D Surface Representations

As they are defined from a regular grid in the end diastole frame, deformation fields
can be applied to 3D surface representation of the myocardium walls. Each vertex of
the surface representation follows a 3D closed trajectory deduced from the 3D de-
formed grids via tri-linear interpolation within the grid cells (see Figure 3). On the
contrary to all traditional methods of gated SPECT analysis, and much closer to Gated
MR or CT techniques, we are able to analyze other aspects than simply surface radial
motion.
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S Motion Analysis Methods

MyoTrackVB has various outputs which are: dynamic 3D surface representation of
the myocardium walls in Cartesian coordinates, dynamic Bull's eye representations (or
polar maps) of wall positions and perfusion, measures obtained from dense 3D defor-
mation field for all time frames....

5.1 Dynamic 3D Surfaces, EF.,...

Dynamic 3D surface representations can be manipulated and visualized using
MyoTrackVB (see Figure 3) and convey important clinical information about myo-
cardium function. To get more tractable information, we can also compute the endo-
cardium volume for each time frame, which is giving EDV, ESV, SV and EF values.
The “Focus of Contraction” (FOC) is intermediate between full dynamic surface data
and EF value. We define the FOC as the locus which minimizes, in a least square
sense, the distance to all lines supporting instantaneous velocity vectors. We found
that the focus of contraction trajectory is very compact and situated near the center of
the myocardium “equator” (see results section).

Twist
Parallel barycenter
"""""""" Parallel curve i
""" (diastole) contraction Elevation

A‘“”"'».,,,_Parallel curve
evolution

Figure 4: evolution of parallel lines to measure axial contraction, elevation and twist

MyoTrackVB can present also the amplitude and phase of radial motion and thickness
variations in Bull's eye representation (Figure 5). Contrary to other Gated SPECT
methods, each vertex of the surface representation is free to move in 3D, except for
regularization constraints, which is changing definitions such as width variation which
becomes the evolution of the distance between identified pairs of points instead of
surface motion. 3D trajectories allow us to study other motion, such as axial contrac-
tion, elevation and twist. To define more precisely such quantities (see Figure 4), we
are considering the evolution of “parallels”, that is, sets of points having the same
angle 0 in polar coordinates in end diastole image and forming a closed curve. Parallel
curve barycenter motion along the axis of the myocardium is the elevation, the square
root of the surface variation of the minimal surface defined by the curve gives the
axial contraction ratio and the “rotation” of the curve around the myocardium axis
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gives the twist component. These values are defined for all “latitudes” 6 ranging from
-1/2 to +1/2.

060G

Figure 5: Left to right, thickness variation amplitude and phase, radial motion amplitude and
phase, and perfusion.

5.2 Using the Dense Motion Field Computation

To reduce noise level, all time frames are summed to give a single static representa-
tion for MPS studies. However, cardiac motion blurs the image, which reduces the
signal. As suggested in [16] or [15], we are using the computed motion field to com-
pensate for cardiac motion to get a static image of the heart with a much higher con-
trast to noise ratio (see Figure 6). The deformation fields are applied to all time frame
images to make them superimposable to the end diastole image, and all deformed
images are then summed. This operation is especially useful in the case of low count
data.

Figure 6: Diastole frame (middle), direct average of 8 time frames (right), average with motion
compensation (left).

6 Results

We have performed several validation experiments of the Ejection Fraction computa-
tion with different medical partners. The Hopital Henri Mondor has performed a blind
validation on 41 severely diseaded patients, imaged two times with Thallium, at 20
minutes and at 4 hours (see [18]). Comparison is performed with ERNA (2D blood
pool) and QGS ([2]). St Luke's Hospital, New York, as performed a blind validation
with 57 single head MIBI data, with comparison with ERNA and with SPECT EF. We
have also performed a validation (non-blind) with Emory University Hospital on 22
cases with comparison with gated MRI and with QGS. EF correlation between
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MyoTrack and other methods are ranging between 80% and 95%. In total, MyoTrack
has been run fully automatically on more than 200 cases without major failure of seg-
mentation or tracking (visual assessment with contours overlay). We are presenting
results for 5 normal cases with a normal angiogram and good perfusion and 5 diseased
cases with a severe infarct and visible perfusion deficits. The aim is to compare differ-
ent outputs of MyoTrack in various conditions in order to evaluate, beside EF com-
putations, which measurements has to be investigated with respect to further clinical
validation.

With respect to Focus of contraction, a first interesting observation is that, for all
cases (normal as well as abnormal) the trajectory of the FOC is a double loop, the
larger one being covered during diastole and the smaller one during systole. We have
computed the barycenter of each FOC trajectory as well as the average distance to the
barycenter (compactness) and the Residual Mean Square (RMS) distance between the
instantaneous velocity direction lines and the FOC, normalized using EDVs (focaliza-
tion).

For Axial contraction, elevation and twist 1D profiles, we are presenting these profiles
in Figure 7. The pattern is more coherent for normal than for diseased subjects. The
clinical usefulness of these indices has still to be evaluated. It might be that, thanks to
perfusion defects, the twist motion could be retrieved with more accuracy for diseased
than for normal cases, which would be troublesome for clinical application, but the
two other indices are very promising.

7 Conclusion

We have developed a new technique for the interpretation of Gated SPECT image
sequences based on flow field techniques and inspired from methods developed for
other kind of modalities such as Gated MRI or Gated CT. We have packaged the
whole method into a fully automated research prototype called MyoTrackVB.
MyoTrackVB is taking as input raw tomograms and has a large variety of possible
outputs: average image with Cardiac motion blur compensation, 3D dynamic surfaces
interactive display, amplitude and phase Bull's eyes for radial motion and thickness,
axial contraction, elevation and twist 1D profiles, focus of contraction and Ejection
Fraction and endocardium volumes (EDV, ESV) computations. These measures are
now studied in collaboration with medical partners to determine their clinical rele-
vance. The automation of the processing has already permitted to process more than
200 cases.
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Figure 7: Top to bottom: axial contraction, elevation and twist for (left) normal subjects and
(right) disease subjects.
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