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Abstract

Nowadays, computer-aided diagnosis is widely used in the analysis of cardiac image data. Especially, for the
investigation of the dynamic behavior of the heart, automated analysis tools for 4D data sets have been developed.
A small set of descriptors of the heart’s dynamics are established and used in the clinical routine. However, there
exists a whole lot more of such parameters that can be extracted by analyzing 4D data sets. But, many of them are
not used due to several reasons: time-consuming computation, no intuitive meaning, little clinical relevance, etc..
In this work we propose a novel descriptor for the dynamic behavior of the heart that can easily be computed from
4D data sets. It describes to which extent the heart exhibits an asynchronous movement. This novel descriptor
ASYNCHRONISM is based on the already established measures WALL MOTION and WALL THICKENING, but
reveals new, valuable information that is not available when relying only upon the two aforementioned parameters.
The ASYNCHRONISM has an intuitive meaning, since it corresponds to the clinical classification scheme of wall
motion abnormalities. Beyond its computation we present in this work also methods for its visualization as well as

first preliminary results for 4D cardiac magnetic resonance image data.

Categories and Subject Descriptors (according to ACM CCS): J.3 [Life and Medical Sciences]: Health

1. Introduction

Cine magnetic resonance imaging (MRI) is the standard for
the examination of cardiac dynamics [CLB03, PRW*04].
MRI systems provide 4D data (volume + time) enabling the
cardiologist to study the movement of the myocardial mus-
cle. There, especially the left ventricle (LV) is of high inter-
est due to its importance for the systemic circulation of the
blood. A diseased LV represents a severe danger for the pa-
tient’s health. Thus, an early detection of any abnormalities
of left ventricular motion is important for saving life.

During the past three decades, many parameters for mod-
eling the cardiac shape and its deformation and movement
have been proposed [FNVO1]. In order to generate those
models, the cardiac boundaries have to be extracted from the
image data. The simplest approach is a manual delineation
of inner and outer borders of the myocardium directly in the
image data. Considering the fact that a 4D cine data set con-
sists of 20 up to 35 volumes, each containing 8 to 12 slices
(in case of short-axis MRI data), it is obvious that this time-
consuming and error-prone task requires automation.
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Several methods have been successfully applied to the
extraction of left ventricular boundaries: the already men-
tioned manual drawing of an initial contour and its au-
tomatic adaptation [HLBGO6]; employing level set meth-
ods [CLC*05, LGWO08] and active contours [PMWHOS5];
the generation and utilization of shape models [VADF*06]
and AAMs [AOH*07]. However, the discussion of these ap-
proaches is beyond the scope of this paper, and the reader is
referred to the literature.

Once, the cardiac contours are extracted, the change and
movement of these boundaries over time can be studied.
First, there exist global volumetric parameters: stroke vol-
ume, cardiac output, and ejection fraction (EF). Second,
there are measures for describing the movement and the
deformation of the cardiac wall: wall motion (WM) and
wall thickening (WT) [HBAR*97,FNVO1]. Finally, there ex-
ist some ‘exotic’ parameters [PFZ*05,ZTW*07]. WM and
WT as established parameters can be used for the classifica-
tion of (regional) abnormal movement of the left ventricle.
For the description of the diseased myocardium one distin-

delivered by

www.eg.org

-G EUROGRAPHICS
: DIGITAL LIBRARY



http://www.eg.org
http://diglib.eg.org

30 S. Wesarg & C. Lacalli / Computation and Visualization of Asynchronous Behavior of the Heart

normal

aneurysma

dyskinesia

asynchronicity

I phase 1

phase 2

Figure 1: The classification of wall motion abnormalities based on their characteristic motion patterns. (Image taken from

[Kds04 ] and modified by the authors.)

guishes between a restricted mobility (hypokinesia), a halt
during systole and diastole (akinesia), a systolic movement
outwards (dyskinesia), motion out of sync (asynchronicity),
and a ventricular aneurysma (a dilation of the ventricle’s
wall) [K6s04] (fig. 1).

In this work we present a novel descriptor for the LV dy-
namics called asynchronism. It is based on the aforemen-
tioned parameters WM and WT. In the past, the quantifica-
tion of asynchronous behavior of the heart has already been
investigated [BS90]. However, this early approach was based
on 2D X-ray cine-ventriculograms. To the knowledge of the
authors there has not been published any work renewing Bol-
son’s ideas and dealing with the automated extraction and vi-
sualization of information regarding asynchronous behavior
based on state-of-the-art MRI data.

In the following, we will explain what the parameter asyn-
chronism represents and how it can be computed from cine
MRI data. We will present means for its visualization, and
show first examples related to the detection of wall motion
abnormalities.

2. Methods

The computation of asynchronous behavior of the heart, in
particular the LV, requires knowledge about the location of
inner (endocardium) and outer wall (epicardium) for all vol-
umes of the cine MRI data set. Thus, these two bound-
aries have to be extracted first. Furthermore, we want to
detect pathological regions of the ventricle. Consequently,

the LV has to be divided into several meaningful segments
[CWD*02]. The computation of asynchronism, as we pro-
pose in this work, is based on the time curves related to WM
and WT and the change in left ventricular volume over time.
Once these time curves are computed, the asynchronism for
each of the LV regions can be calculated. Finally, the results
must be presented to the cardiologist in a convenient man-
ner. Here, we adhere to recommendations for a standardized
presentation of analysis results for the LV [CWD*02].

2.1. Prerequisites

Describing asynchronous behavior of the heart is quantifi-
cation of its dynamics. Thus, all computations are based on
cine MRI data, containing a certain number of volumes that
cover the whole cardiac cycle. For our work, we deal with
clinically relevant cine MRI data that is organized as stacks
of short-axis slices for each point in time. These 8 to 12
slices being oriented perpendicular to the long axis cover
the LV completely from the plane of the mitral valves (MV)
to the heart’s apex (fig. 2). During one cardiac cycle, 20 to
35 such volume stacks are acquired representing a sufficient
temporal resolution for analyzing the dynamics.

We base the measurement of asynchronism on WM and
WT calculation. In order to compute the latter ones, the lo-
cation of endocardial and epicardial border has to be known.
This information is obtained by means of segmentation. No
matter which approach has been chosen (see section 1) the
segmentation result consists of two contours — one for the
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Figure 2: Volume data organized as a stack of short-axis
slices, that are all oriented perpendicular to the left ventric-
ular long axis (left). In order to analyze such data, this stack
is split up into three equally sized regions along the long axis
(right, see also [CWD™*02]).

endocardial and a second one for the epicardial border. WM
is usually computed as the movement of the endocardial wall
towards and away from a reference position — usually the lo-
cation of the left ventricular long axis [FNVO1].

For a subsequent analysis, the LV can be divided into
17 segments following the nomenclature of the American
Heart Association (AHA) [CWD*02]. Therefore, the stack
of short-axis slices is split up into three equally sized regions
— basal, mid-cavity and apical (fig. 2). Each of these regions
is further divided into 6 (basal and mid-cavity) resp. 4 (api-
cal) segments, and the region below the apical region — the
apex — is added.

For each segment k, k = 1,...,16 (apex not considered)
the same number of M x N equally spaced endocardial po-
sitions can be computed — representing the spatial resolution
for the parameter computation. The radial distances d,’; (m,n)
from the long axis position for these locations can be calcu-
lated for all points in time i. Averaging over all distances that
belong to one segment, at a specific point in time, the mean
distance is then given by

7 _ Lo Ty dilmn)
o M-N

This results in time curves representing the temporal change
of distance over the cardiac cycle for each segment (fig. 3).

€y

WT is based on the measurement of myocardial thick-
ness. The latter one can be calculated as the distance be-
tween two corresponding endocardial and epicardial po-
sitions. The classical approach for this is the centerline
method [SBD*86] and its improvements [VRvdWS*94,
vdGdRvdWR97, HBAR*97]. Small line segments called
chords are drawn perpendicular to the line that is equidistant
to the endocardial and the epicardial boundaries of the same
short-axis slice — the centerline. Assuming that we have
M x N such chords computed, their corresponding lengths
determine the myocardial thickness MT} (m,n) at position
(m,n) of segment k at phase i of the cardiac cycle. The av-
erage value for each segment, at a specific point in time, is
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Figure 3: Time curves for the change of the endocardial dis-
tances for all 16 segments of basal, mid-cavity and apical
region.

Figure 4: Time curves for the change of the myocardial
thickness for all 16 segments of basal, mid-cavity and api-
cal region.

then given by

N—1yM—1 ymi
N MT, (m,n
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M-N
Similar to the distance computation, time curves for the my-
ocardial thickness can be generated (fig. 4).

Finally, two characteristic points in time regarding the car-
diac cycle have to be computed. These are the end-diastole
(ED) and the end-systole (ES). ED represents the moment
where the LV is maximally filled with blood, whereas ES
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indicates the moment of maximum contraction before the
filling of the LV starts again. Thus, if the LV volume is mea-
sured, ED and ES can be extracted from the cine data as
the moment with a maximum resp. a minimum left ventricu-
lar volume. Based on the edocardial border location this can
easily be done by simply counting all voxels that are inside
this boundary and a multiplication with the voxel size.

Once we have done this final computation, we have gath-
ered all information necessary for computing the asynchro-
nism. (For the sake of completeness: The increase of the
endocardial distance between ES and ED defines the corre-
sponding value for WM. And the increase of the myocardial
thickness from ED to ES in relation to the end-diastolic my-
ocardial thickness gives the WT value.)

2.2. Computation of asynchronism

WM and WT as established descriptors allow for a detection
of wall motion abnormalities that are related to an insuffi-
cient motion of the left ventricular wall. However, deviations
in the motion patterns are not easily detectable. In order to
provide a means for this, we propose the following scheme
for quantifying asynchronous behavior of the LV.

The two moments ED and ES of the cardiac cycle char-
acterize the transition from one motion state to an other, and
we build our argumentation on them. Recalling the wall mo-
tion abnormalities (section 1), we can now think about how
the time curves for distance and myocardial thickness are
expected to look like. If segments of the LV are not in sync
with the main part of the myocardial muscle, the minimum
resp. maximum of these time curves will not correspond to
the ED resp. ES. But, a normal wall motion is characterized
by the following: the maximum distance of the endocardial
border from the long axis occurs at ED, the maximum my-
ocardial thickness coincides with the ES, and vice versa for
the corresponding minima.

Consequently, a manifestation of wall motion abnormal-
ities would be the case where minima resp. maxima of the
already mentioned time curves do not correspond to ED and
ES. Asynchronism of wall motion we define as the deviation
of the moment ¢ [dy (m, n)],, .., where the maximum endocar-
dial distance

di(m,n)|,,, = max [d,'((m,n)] ’v,‘ 3)

max’

is reached, from 2 [d}(m, n)], the end-diastole:
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teycle

max 100 %
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The length of the cardiac cycle is denoted with 9. (An
alternative definition could be based on considering the min-
imum distance and its deviation from ES.)

Ak(m:")|WM =

In a similar manner we define the asynchronism of wall

thickening as the deviation of the moment ¢ [MTy(m,n)],, .
with maximal myocardial thickness

MT(m,n)|,,,, = max [MTZ(m,n)] vi ©)
l
from 55 [MTy (m, n)), the end-systole:
ES
17 [MTi(m,n)] — t [MT;(m,n)]
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(Again, an alternative definition could be based on consid-
ering the minimum myocardial thickness and its deviation
from ED.) Fig. 5 illustrates the above definitions.

2.3. Visualization of asynchronous behavior

Regions that show an asynchronous behavior should be eas-
ily recognizable, and the quantitative extent of asynchronism
should be accessible as well. We decided to use a standard
way for visualizing the results of the asynchronism com-
putation. There, we adhere to the AHA recommendations
[CWD™02] and use a bull’s-eye display (figs. 6 and 7). The
mapping of the values to the used color gradient (hue 0.0 to
0.66 in HSV color space) is as follows:

e —30% and below: red,
e 0%: green,
e 30% and above: blue.

Thus, normal-kinetic regions are greenish, whereas regions
showing an asynchronous behavior are more reddish resp.
bluish.

3. Results

The above presented approach is not yet clinically evaluated.
We only did preliminary tests with a limited number of clin-
ical cine MRI data sets, and two examples are shown below.
The image data originated from different hospitals and was
acquired employing MRT scanners from different manufac-
tures (Philips and Siemens). It consisted of 20 to 25 single
volumes covering the whole cardiac cycle. The in-plane res-
olution was approx. 1.5 x 1.5 mm?, and the slice thickness
ranged from 5 to 8 mm.

In order to verify the outcome of our method, we used
the clinical diagnosis results for these image data sets. The
examination of that data had been done by experienced car-
diologists in a purely visual manner by inspecting all short-
axis slices in 2D cine mode. The output of our analysis was
composed of bull’s-eye displays for the two types of asyn-
chronism calculations and the classical descriptors WM and
WT as well as the aforementioned time curves for endocar-
dial distance, myocardial thickness, and global volumetry.

For the limited number of data sets it could be observed
that regions with distinctive features in the bull’s-eye dis-
plays for WM and WT, showed a noticeable coloring also
for the two types of asynchronism. Furthermore, there where
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Figure 5: The computation of asynchronism is based on ED and ES that are derived from global volumetric calculations. The
novel descriptor can be defined taking wall motion resp. wall thickening into account. In the first place the deviation of the
moment with a maximum endocardial distance from the ED is considered, for the latter case it is the deviation of the moment

with maximal myocardial thickness from ES.

regions labeled by the cardiologists to be pathological, i.e.,
showing wall motion abnormalities, but, the display of WM
and WT did not always correspond to these diagnosis re-
sults. Unlike these classical descriptors, the newly intro-
duced asynchronism showed a much better accordance to the
clinical diagnosis.

Figures 6 and 7 show two examples for the analysis re-
sults of two different data sets. The first one is for a patient
who is considered to be without any cardiac malfunction. We
provide this figure in order to show that in case of a healthy
patient — at least for the shown case — the newly introduced
parameter leads to an analysis result that, in correspondence
with the parameter WM, correctly reflects the absence of
wall motion abnormalities. However, in the second exam-
ple, a cardiologist diagnosed the patient with several regions
of abnormal wall motion. Here, unlike to WM and WT, the
asynchronism correctly labeled these regions as performing
an asynchronous motion.
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4. Discussion

We have presented a method for an automatic computation
of asynchronous behavior of the heart. This newly intro-
duced descriptor for left ventricular dynamics should be ad-
vantageous compared to the classical descriptors WM and
WT in the case of wall motion abnormalities. The main focus
of this work was on the development of the methodology;
not yet a full-blown quantitative comparison with a huge
number of data sets. Preliminary tests with only a few data
sets indicated that regions that are not classified by WM and
WT to be pathological show distinctive features when asyn-
chronism is considered. These are very encouraging results,
however, a real clinical study with a larger number of pa-
tients has to be done. An ongoing collaboration with the Jo-
hann Wolfgang Goethe University Hospital in Frankfurt/M.,
Germany, gives this opportunity, and a clinical evaluation of
the newly introduced method is already planned.

The introduction of the novel descriptor asynchronism is
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an attempt to establish an objective method for detecting
and quantifying wall motion abnormalities. The increasing
amount of data that is acquired during a routine examina-
tion of the heart makes it necessary to overcome the (up to
now only) visual detection of asynchronous behavior of the
heart, and there especially the LV. Bolson et al. [BS90] pi-
oneered the quantification of asynchronous behavior of the
LV borders. But, their work was based on 2D X-ray cine
ventriculograms. With this work, we renewed their ideas
and adapted them to the state-of-the-art in dynamic cardiac
imaging — cine MRI. Adhering to this imaging modality
as well as to the standardized nomenclature introduced by
the AHA [CWD™02] makes our approach immediately un-
derstandable for cardiologists and therefore useable in the
clinical environment. Furthermore, it ensures its compara-
bility to other (existing) approaches. In addition, the mean-
ing of asynchronism is easy to grasp, and therefore the ac-
ceptance among clinicians should be higher than it is for
more technically driven parameters like for instance PCA
modes [ZTW*07].

We also want to discuss some limitations of our approach.
First of all, the analysis result is heavily depending on good
segmentation results. If the endocardial borders are not cor-
rectly delineated, the computed values for LV volume may
be incorrect. This could then lead to a false determination of
ED and ES, since the time frames surrounding these phases
differ only marginally. It is obvious, that this would have a
large effect on the computation of asynchronism. Another
item is the question, which abnormal motion patterns (fig. 1)
can be detected if our method is employed. It is evident, that
dyskinesia and asynchronicity represent motion patterns that
can perfectly be traced. However, the question if hypokine-
sia and akinesia always exhibit a characteristic influence on
the computed value for asynchronism — as may be derived
from one of the given examples — remains an open question.
And this has to be answered during a clinical study.

Furthermore, several improvements could be done. The
computation of asynchronism as proposed in this work
makes it not possible to distinguish between different wall
motion abnormalities (sec. 1). Here, additional work has to
be done. Another extension concerns the way of visualizing
the results. Currently, we use bull’s-eye displays following
the AHA recommendations [CWD*02]. A more intuitive ap-
proach would be the color-coded mapping of the computed
values to a 3D visualization of the left ventricle as proposed
by several groups [EMRRO1, WNO6].

5. Conclusions

Cardiac imaging highly demands diagnosis tools for an auto-
mated analysis of the increasing amount of image data. The
extraction of important cardiac structures is one field where
alot of progress has been made over the past years. However,
it is also important for the clinical routine to get the most out
of these segmentation results. Currently, all analysis of dy-

namic image data is based on only a few parameters (WM,
WT, and EF). The introduction of asynchronism is a natural
extension that is partially based on the computation of these
parameters. We are convinced that this novel descriptor will
show its clinical usefulness due to its diagnostic value and
its intuitive meaning.
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Figure 6: Evaluation results for a patient who is considered
to be without any cardiac malfunction. Only the bull’s-eye
displays for WM and the thereon based asynchronism are
shown. One can easily perceive the relative homogeneous
greenish coloring in both cases.

Accumulated Wall Motion {mm}
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Figure 7: Evaluation results for a patient with wall mo-
tion abnormalities detected in 2D cine images. The cardiol-
ogist’s diagnosis was as follows: mid-cavity — hypokinesia
anterolateral and inferior, akinesia inferolateral (orange ar-
rows); basal — hypokinesia inferior, akinesia lateral (yellow
arrows). It can be seen that the established descriptors WM
and WT do not well reproduce this reference diagnosis. The
regions indicated by a gray arrow do not show distinctive
features. However, the novel descriptor asynchronism cor-
rectly highlights these pathological regions. Open question
remains the fact that all descriptors reveal an abnormality
in the basal anteroseptal segment (blue arrow), that has not
been labeled as being pathological by the cardiologist.
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