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Abstract

Myocardial Perfusion is an imaging-based diagnostic technique used to assess the myocardium
f_viabi!ity in patients with ischemic heart disease. Barly detection of the anomalies prevents the severe
%a;:velopments which could lead to infarction and remodeling of the heart. Current clinical protocol
':i_ﬁvolves manual delineation of the myocardium in a CMR time-series. The task is labor intensive and very
jﬁuch prone fo subjective iter and intra observer variability. To address this issue, this research proposed
an effective technique for assisting the definition of the structures based on statistical modeling. Prior to
'démonstrating the use of model in the actual sefting, experiments were imposed on the model to evaluate
its efficiency, i.e., in terms of compactness, generalization ability and specificity. A preliminary result of

the produced perfusion curves promisingly manifests the use of the scheme in clinics.
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Abstract

CMR Myocardial Perfusion is an imaging-based
diagnostic technique used to assess the myoecardium
viability in patients with ischemic heart disease.
Early detection of the anomalies prevents the severe
developments which could lead to infarction and
remodeling of the heart. Current clinical protocol
involves manual delineation of the myocardium in a
CMR time-series, The task is labor intensive and very
much prone to subjective inter- and intra observer
variability. To address this issue, this paper proposes
an effective technigue for assisting the delineation of
the struciures based on statistical modeling. Prior to
demonstrating its applicability in the actual setting,
experiments were imposed on the model to evaluate
its efficacy: in terms of compactness, generalization
ability and specificity. A preliminary result of the
produced perfusion curves promisingly manifesis the
use of the scheme in clinics.

Key Words: Cardiac Imaging, Myocardial Perfusion,
Statistical Appearance Models

1. Introduction

A prominent cause of fatalities in patients with
cardiovascular disease is myocardial ischemia [1].
The condition is primarily manifested by the oxygen-
rich blood deficiency, whose symptom is progressive
and therefore unless properly treated could lead into
myocardium infarction and remodeling {2, 3]. The
coronary artery network is however rather complex
which renders the direct measurement of blood flow,
impractical. On the other hand, functional imaging
has been widely adopted for its ability to follow the
diffusion of the radio-labeled substances injected into
the patient's circulatory system [4, 5]. Based on these
modalities, severity of the ischemia can be assessed
by determining the extents, to which the diffusion of
the substance traces. Regions affected by ischemia, is
apparent as scintigraphic defects (cold spots). Cardio-
vascular magnetic resonance (CMR) is an imaging
modality which is able to identify the infracted areas.

With CMR imaging, the degree of blood deficiency
could be assessed accurately and with relatively high
resolution up to sub-endocardium area [5]. Unlike the
conventional nuclear imaging, this method employs
Gd-DPTA as a contrast medium and radio frequency
(RF) tagging as the diffusion tracer, which does not
require exposing of the patient to the radio activities.
The perfusion of the administered Gd-DPTA from
right to left ventricles and finally stabling within the
myocardium throughout the MRI sequence may be
recorded and used in deriving relevant parameters
such as perfusion reserve, mean transit time, peak
concentration, extraction fraction and time-density
curve of the contrast medium for each segment of the
myocardium [3, 6]. The deviations of these measures
from standard values signify the extent and degree to
which the muscle is deficient. The information in turn
provides for the diagnosis of the stages of the disease
and also the therapeutic management.

Despite its prognostic values, the CMR perfusion
involves labor intensive procedures. To standardize
the diagnosis the American Heart Association (AHA)
has drawn the guidelines, [2] defining the myocardial
segments corresponding to the surrounding structures
and anatomical features. The typical procedures thus
involve the delineation of the boundary indicating the
myocardial and related objects (left/right ventricles),
from a sequence of contrast enhanced CMR images
(typically 30 — 40 frames). Myocardium segments are
then manually specified, according to the guidelines,
on each image. Finally, the time-statistics of pixels
within each segment are calculated, and subsequently
derived parameters are presented to the specialized
physician for further diagnosis on the abnormalities.
The preliminary investigation [7] reported that the
operators generaily require at least 5 — 10 minutes in
pre-processing each image (depending on expertise),
amounting to about 4 hours per subject. Furthermore,
if there is repeated analysis to confirm the findings,
either by the same or different operator, the manually
segments may not be consistent, and hence resulting
in intra- or inter- chserver variability, respectively.




To overcome this issue, this paper proposes an
efficient statistical model of cardiac appearance and
its application in assisting delineation of myocardial
structures for assessing CMR perfusion. The paper is
organized as follows: In the section 2, the reviews on
related computzational literatures are discussed. The
sections 3 and 4 outline the construction of the model
and myocardial extraction using the derived model.
Its quality as well as applicability on segmenting the
structure are evaluated visually and numerically and
illustrated in the section 5. Section 6 discusses the
proposed scheme and suggests the future directions
worth considered.

2. Related Literatures

Image extraction and recognition could play a
major part in efficiently automating the procedure.
There are at least 2 approaches proven effective, Le.,
those based on construction of the anatomical atlas
[8] and on structural statistical model [9, 10], whose
extensive review elucidating their pros and cons
could be found in {11]. Cootes, er al [10] proposed a
unified statistical method, called Active Appearance
Model (AAM). AAM [10] were later enhanced and
adopted in many medical applications {12, 15, 27].
The method employed least squares in exiracting
object, which are unsuitable for the functional
analysis. In perfusion, for instance, as the contrast
agent diffuses into the circular system, the relative
intensity of the left/right ventricles and myocardium
varied non-linearly across the CMR image sequence,
resulting in the misinterpretation of same structure as
being different. This non-linear relationship of the
image pair has been considered elsewhere in mulii-
modalities image registration contexts [16]. These
approaches however suffer from the large degree of
freedoms issue, as they primarily relied on a number
of deformable grids. Independent component analysis
(ICA) effectively remedies this non-linearity problem
and receives great success in analyzing the static MR
brain images [17]. There are only few articles which
attempted to applied the idea in highly deformable
cardiac images, such as in [18], where the semantic
time-line behavior of the diffusing events were first
integrated into the model. This approach is therefore
limited specifically to the perfusion domains. Other
works have been avoiding the intensity issues by
focusing on more evident salient such as contouring
techniques {19]. These edge based techniques have
major difficulties in segmenting low contrast images
such as those during the early diffusion period.

This paper thus proposed an efficient statistical
model based segmentation while resolving the non-
linear intensity relationship by using the information
based objective function such as mutual information
{MI). The resultant statistical model quality is known

to be drawn primarily on training samples. Moreover,
on distributing the sofiware it may not be possible to
create the fully complete modetl in its first release, as
there are factors such as patients’ race, efc., unknown
to the developers. This paper has also considered this
issue by incorporating the proposed algorithm into a
unified medical imaging suite [20], which allows
model adjustments in practical environment.

3. Statistical Appearance Model

Although perfusion analysis requires only pixels
within the myocardium tissue, according to the AHA
its segments are defined relatively to the surrounding
features. The outline of these anatomical features and
nomenclatures is shown in Figure 1. For illustration,
a graphical ventricle was superimposed on the actual
MR short axis (SA) slice. These features/landmarks
are consistently identifiable on the images and thus
would be used in this study as the control points set
of the model template. The curves defining boundary
however varies across time-frame and individuals,
making it difficult for the statistical analysis.

Epicardium

pex Ve_tri{_:ular Septum

Figure 1 MRI short axis slice showing the ventricles
(lefty and corresponding nomenclatures (right).

3.1 Pefining the Shape Boundary

To resolve this issue, this paper applies topological
normalization to the manually defined curves, which
correspond to the specification by AHA (Figure 2).

1) Anterior
2} Anterofateral
3] inferolateral

4) Anteroseptal
5} Inferoseptal
6) Idifarior

Figure 2 An example of the re-parameterized shape

Once a training shape was drawn by placing Catmull-
Rom Spline control points on its boundaries using
SUT Imaging Suite (SUTI) [20], it resulted in | open
curve and 2 contours comesponding to right ventricle




(RV) and epicardium/endocardium ring, respectively.
It is worth noting here that with SUTI, the observer
can interactively put and readjust arbitrary number of
control points as necessary to be closely matched the
underlying image. Each curve segment is spanned by
Catmull-Rom basis based on 4 control points, Later,
a set of control points were located. Based on these
points, each curve p (5) was re-parameterized with
respect to its length L (i), defined by limited integral
of the curve within [0, «}. That is p (LY = p (u« (L)),
where u is the curve parameter at the point where the
accumulated length equals L. Calculation of inverse
function « (L) were quite complicated, especially for
polynomial having degree higher than 1. This study
thus opted for its numerical approximation [21, 22].
In essence, an increment function of the accumulated
fength at each control point between each ends using
Adaptive Gaussian Curvature Integral. Thus, for a
given L, the segment, whose end points having the
length integral values covering L, was identified. A
conjugated gradient optimization was then employed
to find the cuive parameter ¢ within that interval that
has the integral closest to the given L. Using this
method, each segment of the boundary was divided
equally into N intervals, where N is a positive integer.

3.2 The Statistical Shape Modei (SSM)

Based on the shape boundary definition and ifs re-
parameterized control points, the statistical shape
model (SSM) [9] was then created. The S5M is the
representation of a point distribution model (PDM)
which describes the variation of shapes in the training
set, During the image search using ASM/SSM, PDM
parameters will continuously updated to optimize the
alignment with the underlying image. The advantage
of this model is its ability to capture the statistical
variations of anatomical objects covering population
and across the considered time-frame. The model is
also constrained its variation only within those found
in the training set. The first step toward building the
SSM is to organize a set of re-parameterized control
points into a linear vector X, which were then aligned
with the remaining ones in the training set. In this
study, the least squares were adopted in caleulating a
set of rigid body geometric transformations which
optimally aligned vector X; (i = 0 ... n — ) together. In
particular, for each similar object x, and X, the
transformation {consisting of rotation, scaling and
translation) which sends x; onto X, with minimal
weighted residue (RMS), was obtained. It is worth
noting that, in order to reduce the variability with
respect to the order in which two sample shapes were
paired and aligned, this study made use of an iterative
alignment scheme, as described in [13]. Moreover, to
reduce inherited variance due to varying resolutions
and increase numerical accuracy, the aligned shapes

were normalized such that its vector components are
within [0, 1]. Subsequently, the Principal Component
Analysis (PCA) was applied to the covariance matrix
of the training set. The resultant Karhunen-Loeve
{KL) expansion [23] described the transformation of
a set of 2D points using multi-dimensional bases. The
characteristics of their statistical variations were
identifiable on the principal axes, which has higher
variznce and manifest the linearity independent of the
data. With an appropriate cut-off value along these
axes, the number of vector dimension of the shape
may be significantly reduced, resulting in a compact
shape parameters, or b,

3.3 The Statistical Texture Model (STM)

The texture mode] described the training samples
with a compact set of parameters similar to SSM. The
STM model the statistical variations of the grey
levels of the pixels contained within the shape
boundary. The model may be constructed by warping
all the training samples to coincide with the averaged
shape. For each shape, a vector of grey levels g, was
sampled from pixels contained within the averaged
shape. Since the control points of each shape varied
acrass the sequence and individuals, which in turn
caused the locations of these pixels inconsistent. In
order to properly sample the pixels in their respective
locations, the barycentric interpolation was adopted.
To this end, the sampling was made by calculating
relative coordinates with respect to covering polygon
in the equivalent triangular mesh. This mesh was
simply obtained by triangulating the control points of
the average shape. Note also that since topologically
all the shapes are exactly identical, the triangulations
thus remained unchanged. Furthermore, to reduce
bias due to varying intensity shift, normalization was
then imposed on these grey level vectors. Similar to
the SSM, the PCA was then applied to these vectors
to produce an orthogonal compact model spanned the
fexture parameters, or by.

3.4 The Statistical Appearance Model (SAM)

The statistical appearance model (SAM) of is the
generalization of SSM and STM. The SAM describes
an object in terms of both shape and texture. The
model was built by statistically combining shape and
texture parameters of using PCA. In essence, suppose
that a vector b is defined concatenating shape and
texture vectors as follows [9}:

" Wb, [ WP (x-X) )
bg PgT (g _E)

where x and g are the shape and texture vectors, P

and P, are the orthogonal modes of variation of the

corresponding components, and W is a diagonal
weighting matrix balancing shape and texture units.




After applying the PCA on the vector b in (1), it can
be then spanned by bases matrix Q and appearance
parameter vector ¢, Le., b = Qc¢. The complete model
of appearance can thus be used to synthesize the new
instance from parameter ¢ using equation (2).
x=X+P.W.Q.c

g=g+P,Q.c @
o=[0. o,f

4. Extracting Myocardium Segments

One of the main contributions of this paper is to
apply the statistical models in segmenting myocardial
structures such that pixel attributes can be computed
and exploited in the subsequent perfusion analysis.
Image segmentation based on deformable appearance
model [14, 15] recovers an unseen object in an image
by computing the parameter based on the variations
found in the training set. If the number of training
samples ‘is sufficiently large enough and the normal
distribution hypothesis is assumed, the mode! will be
able to locate similar but unseen instances. The detail
implementation is described below:

4.1 Semi-autematic Initial Estimate

Once the SAM/SAM had been created, the users
specified the starting rigid body transformation, or
pose parameter, which roughly sent the averaged
madel aligned with the underlying myocardium. The
rigid transformation was then optimized respected (o
an objective function:

E(M (%)= MI(T,(%),g)+ a%:{iVTl(f)” 3

where M is the rigid body transformation, M/ (a, b) is
the normalized mutual information between textures
a and b, defined as the ratio between the sum of
marginal entropy over the joint entropy between the 2
textures. In this case, a bin size of 32 was chosen. T,
(x) is the image pixels covered by the shape x, and o
is an empirical weighting. The first term signified the
mutual agreement between the pixels gathered from
the synthesized and underlying texture. The reason
for using MI in evaluating this agreement is due to
the nature of the perfusion images, Le., the relative
intensity between the left and right ventricles were
different and varied across the image sequence as the
contrast medium diffused into the muscles. The 2™
term concentrated on the image salient corresponding
to the areas with high gradient. The simple and robust
simplex optimization was adopted in this study.

4.2 Image Search using SSM and SAM
After the optimal pose parameters which closely
aligned the mean shape was estimated, more optimal

pose as well as the shape parameters were searched,
similarly subject to the modified objective function:

E(M(x),bs)=M1(n(x),§)+o:§||‘7n(x)il “)

At this stage, local shape coordinates were adjusted
by varying b, while the texture model remained fixed
to the averaged texture, to ensure the convergence to
be relatively fast. Finally, the appearance parameters
¢, were finely tuned by replacing shape and averaged
texture in the equation (4) with the appearance and
synthesized texture, respectively.

The synthesized shape based on SAM might not
perfectly coincide with the underlying object but by
using [20], user could make some modifications and
later augment this unseen appearance into the training
database to enhance the model for the later sessions.

4.3 Myocardial Perfusion Analysis

To demonstrate the implication of the constructed
statistical model, it was registered to the myocardium
in the CMR sequence in a given subject. After that,
the averaged pixel intensities within each segment,
comresponding to the LAD, RCA or LCX coronaries,
were computed. Their intensity-time curves indicting
perfusion efficiency were then derived.

5. Experimental Results

The images employed in this study were acquired
by a 1.5T Gyroscan Intera by Phillips Micro System
(HMCC, Mahidol University} of an ischemia patient
underwent perfusion rest/stress. Image parameters are
as follows: TR 18.37 ms, TE 220 ms, image matrix
256x256, FOV 38 cm, slice-thickness 8mm and flip
angle 30°. A total of 92 images were acquired during
breath holding. In this study. 46 images were used in
creating shapefappearance model while the remaining
ones were used in registration test.

The SSM and STM of the myocardium with 30
control points were built following 3.2 and 3.3. The
first few principal modes of variation in both models
are depicted in Figure 3 and 4, respectively.

MODE - MEAN

Figure 3 The first 2 modes of variation found in SSM




Out of the total theoretic 46 DoFs and the dimensions
of 30x2, the SSM captured only 3 dominant DoFs,
covering 95% of the variance. For the texture model
with the dimensions of 2681 (the number of pixels in
one patch), the STM required merely 28 modes to
describe 95% of the variance.

MOEBE -2a -l BAEAN +ta a0

Figure 4 The first 3 modes of vartation found in STM

Figures 5 illustrated the variations found in the SAM.
Out of 60+2681 dimensions in total, merely 28 DoFs
are sufficient in describing the model.

MGDE -2a -la MEAN +la

Figure 5 The first 2 modes of variation found in SAM

Apart from compactness, generalization ability of
the model was also analyzed. The leave one out cross
validation (LOOC) is a tool to measure the ability to
extract objects unseen in the training set. LOOC was
computed by removing a sample from the training set
and a PCA was applied to the remaining instances.
This model was then use as the projection space, on
which the removed instance was projected and the
residue was then calculated. This step was repeated
with each object removed and the maximum, mean,
and minimum residues were plotted. Figure 6 depicts
the curves showing residues left out by the principal
modes, derived from the appearance model (SAM}.

The model is finally assessed for its specificity,
by randomly synthesizing an instance within its
variance coverage (x30), and computing the residue
after the projection of the closest training sample.
This process was repeated 4600 times (46x100). The
specificity errors of the SSM, STM and SAM were
0.034, 0.362 and 1.953 units, respectively.

Figure 7 illustrates a few examples of applying
these models in extracting the myocardium.
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Figure 6 Leave one out cross validation of the SAM

The extraction of myocardium segments was carried
out for all the 46 test images, and the time-intensity
curves of the respective coronaries were produced.
Due to space limitations, only that of the LAD was
shown in Figare 8.

Figure 7 Myocardium extraction on selected images
using SSM {top) and SAM (bottom).

6. Discussions and Future Works

It is worth noting in the Fig 5 that, when stepping
at =)o interval on each principal axis, that the texture
intensities are continuously varied. This characteristic
ensures that the texture instance is differentiable with
respect to its parameters. With this condition holds,
and if an objective function, to which the model is
applied (e.g., image registration and segmentation), is
differentiable wrt. the instance, this function is also
differentiable wrt. instance parameters. This implies
that more effective Newtonian optimizations such as
BFGS or conjugated gradient could also be selected.
The same can be deduced from the SSM and SAM. It
can also be deduced from the LOOC and specificity
analyses that if the model synthesized an instance
within the data variance and while assuming normal
distribution, the specificity error will be close to that
of the LOOC when the number of raining samples are
sufficiently high. The SSM whose dimension (30x2)
is closer to the sample size had better specificity than




STM and SAM, respectively. The implication of the
derived model was manifested by the analysis of the
myocardial perfusion with promising resuits, whose
numerical data may be later used to calculate indices
related to the diagnosis such as S, and 50% S, etc.
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Figure 8 Myocardial Pedusion Intensity-Time curve
of the LAD segment {triangles) plotted in relative to
LV intensity (circles) ‘

The further research needs considered include
incorporating the ICA as the bases, simultaneously
extracting the whole sequence with spatio-temporal
appearance model, the automatic generation of the
models and its uses in the 3D total heart analysis.
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