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An automated quantification of the transmural myocardial infarct
extent using cardiac DE-MR images
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Abstract— Evaluating myocardial viability is an important
prognostic factor in the follow-up of infarctions. Delayed
Enhancement magnetic resonance (DE-MR) imaging allows
precise delineation of the infarct transmural extent. Visual
interpretation is the most commonly used method to assess
the myocardial infarction (MI) transmural extent. This study
proposes to automate the segmentation of the (DE) images
prior to the estimation of the extent of infarcted tissue. Indeed
the segmentation of the myocardium was performed using
cine contraction images which present a high contrast between
cavity and myocardium. After the segmentation, the segmental
transmurality is estimated on a conventional five point scale.
A head to head comparison was performed between visual
and quantitative analysis of infarct transmurality on DE-MR
imaging. Results on 921 sub-segments (9 patients) showed an
absolute agreement of 80% and a relative agreement (with one
point difference) of 97%.

I. INTRODUCTION

The extent and degree of myocardial injury after an acute
ischemic event are strong predictors of patient outcome,
and can be used to determine whether regions of abnormal
ventricular contraction will improve after revascularization in
patients with coronary artery disease. Indeed, the functional
recovery is inversely correlated to the extent of the myocar-
dial infarct [1]. Studies [2] have shown that revascularization
can improve the contractile function of an affected segment
when the transmural extent is less than 50% of the total
myocardial thickness.

Noninvasive methods for assessing myocardial viability
include positron- emission tomography (PET) and single-
photon-emission computed tomography (SPECT). These
techniques have proven clinical utility, but each has limi-
tations that may reduce its diagnostic accuracy. For exam-
ple, they interpret myocardial viability as an all-or-nothing
phenomenon within a myocardial region, since none of them
can assess the transmural extent of viability of the ventricular
wall.

Delayed Enhancement Magnetic Resonance (DE-MR)
imaging offers high spatial resolution images that can be used
to identify acute myocardial infarction and to distinguish be-
tween reversible and irreversible myocardial ischemic injury.
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Available results suggest that the myocardial infarcted
volume detected using DE-MR imaging is well correlated
with that measured using PET [3] and this technique allows
visualization of transmural and subendocardial myocardial
infarcts that can be missed by SPECT [4], [5].

Nowadays, DE-MR acquisition is considered to be the
method of choice for assessing myocardial infarct volume.
In clinical routine, DE images are interpreted visually [6].
However a precise quantification of the infarct size would be
necessary to achieve a better follow-up of patients. That the
reason why different algorithms were proposed for quantify-
ing infarcted zones. However, differentiating between the left
ventricle cavity and the infarcted area in a DE image involves
a major difficulty, owing to the fact that blood and infarcted
zone have almost the same grey level intensity. So in the
majority of studies, endocardial and epicardial contours were
outlined manually and different algorithms were then applied
for quantifying infarcted zones [7], [8], [9], [10].

A limited number of studies proposed an automated or
semi-automated segmentation of the myocardium in DE
images [11], [12], [13], [14].

In this paper, we suggest a method to segment the
myocardium on DE images using the contraction (cine)
images because of their high contrast between cavity and
myocardium and then to quantify the myocardial infarct
extent and provide segmental transmurality scores on patients
with myocardial infarction. In Section 2 the main steps of
the segmentation method and the quantification process are
described. Results of the estimated segmental transmurality
scores are presented and compared with visual scores in
Section 3 and are finally discussed in Section 4.

II. MATERIAL AND METHOD
A. Population and acquisition protocol

Nine patients with myocardial infarction were prospec-
tively studied. MR acquisitions, including a dynamic study
of the contraction (cine images) and a static study of the DE,
were acquired at the European Hospital Georges Pompidou.
All studies were performed according to a standard protocol
on a 1.5-T MRI system (Signa LX, GE Medical Systems,
Milwaukee, WI) with an 8-element thoracic phased-array
surface coil. This protocol was done as follows: Contraction
cine loops with ECG gating were obtained using Fast Imag-
ing Employing Steady State Acquisition (FIESTA), a steady
state free precession (SSFP) technique with the following
acquisition parameters: repetition time: 3.7—4 ms; echo time:
1.6 — 1.7 ms; flip angle: 50 degree; slice thickness: 8 mm;
inter slice gap: 1 mm; pixel size: 0.7x0.7 - 1.7x1.7mm?.
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After that, a contrast agent (Gd-DTPA) was injected to the
patient and 10 to 15 minutes after the injection 3D-Delayed
Enhancement images were acquired with the following pa-
rameters: repetition time: 4.3 — 5.5 ms; echo time: 1 — 2
ms; flip angle: 15 degree; slice thickness: 6 mm; pixel size:
1.4x1.4 - 1.5x1.5mm?; inversion time: 150 - 200 ms and
trigger delay: 300 ms, and space between slices: 3 mm .

All MR images were acquired using breath-holding. Cine
loops were acquired in 12 to 14 short-axis views from the
mitral annulus to the apex. DE images in 24 to 32 short-axis
views from the mitral annulus to the apex.

B. Reference scoring of segmental MI transmural extent

To define an adequate segmentation of the myocardium in
each short-axis view, two points including the left ventricle
center Py and the anterior intersection between the right and
left ventricles P;, were defined by the operator. Using Py and
Py), aregion of interest (ROI) was then defined [15] and six
angular sectors were automatically drawn according to the
recommended standardized LV model [16] as: anterior (A),
anterolateral (AL), inferolateral (IL), inferior (I), inferoseptal
(IS), and anteroseptal (AS) segments. Each sector was further
subdivided into 3 sub-segments to take into account the
heterogeneity of the delayed enhancement in each segment
[10]. For all patients, sub-segments transmural extent were
assessed by an expert according to a five-point scale (0:
no infarction; 1: transmurality < 25%; 2: transmurality
from 26% to 50%; 3: transmurality from 51% to 75%; 4:
transmurality from 76% to 100%).

C. Method

The proposed method relied on the following principles:
the myocardium was automatically delineated using cine
images because of their high contrast between cavity and
muscle and the resulting contours were registered and super-
imposed on DE images prior to the estimation of the extent
of infarcted tissue.

1) Temporal and spatial registration: First, a temporal
registration between the two data sets, Cine and DE, was per-
formed in order to compute a synthetic image of contraction
that best corresponded to the DE image. The synchronization
of the two studies with the ECG was used to define the
temporal zone Z through the cardiac cycle corresponding to
the DE acquisition. The DE image acquisition time lasts up
to four or five times the cine image acquisition time (Fig-
ure 1). In order to obtain the best temporal correspondence
between both cine and DE sets for each slice an average
cine image was calculated by summing all cine images that
were acquired during temporal zone Z. Thus cine set was
temporally registered to the DE set.

In a second phase, a spatial registration based on a 3D
scaling followed by a rigid 3D transformation was performed
in order to position the two data sets toward the same
machine reference. Specific parameters related to the patient
orientation and the voxel dimensions were extracted from the
original DICOM data format in order to adjust automatically
scale and orientation differences.
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Fig. 1. Temporal registration using the synchronization of the two studies
with the ECG.

2) Myocardial segmentation on cine images: An auto-
mated segmentation method [17], [18] robust to the presence
of the papillary muscles and the poor homogeneity of the
left cavity was applied to cine images in order to obtain
an accurate endocardial contour. The method consisted in a
filtering step applied to the original image using connected
filters, followed by the GVF snake algorithm. An optimal
choice of the size parameter A of the filter was done as
described in [17], [18].

A first contour was defined on the filtered images using
P, as an initialization and the GVF snake method with
the following parameters: o = 1, # = 40 (defining the
regularity of the contour), x = 1.6 (weight of the pressure
force), K, = 0.6 and pg,y = 0.3 (parameters defining the
diffused gradient force). The high value of 3 generated a
rigid contour enclosing the papillary muscles into the cavity.
A refinement of this segmentation was necessary in order to
recover boundary information and catch all details that might
be lost during the filtering process. Thus, the first contour was
used as initialization of a new segmentation, applied to the
gradient of the original image with lower values of 3 = 10,
kp = 0.3 and g,y = 0.1. This segmentation method was
validated on control subjects and patients [18], [17].

The epicardial border was detected using the GVF snake
initialized by an ellipse fitted to eight points clicked into the
myocardium. GVF snake parameters were settled as follows:
a=1,8=50,k=1.8, k, =0.1 and pg, s = 0.3.

3) Myocardial segmentation on DE images: A final reg-
istration was applied to take into account a possible shift
between cine and DE studies. A cine contour volume was
obtained by stacking for all processed slice levels binary
images containing both endocardial and epicardial contours.
On the other hand, a binary DE gradient volume was obtained
from the 2D spatial gradient intensity of DE images. A 2D
rigid registration based on a shift window of dimension [a,,
ayl,[bz, by] in both the vertical and horizontal directions was
applied to each pair matching DE gradient image and cine
contour image, testing all possible combinations of integer
shift. A superposition index I was defined as follows:

I =kiNy+ kN2 + k3N3 (D

where N7 was the number of pixels which superposed
exactly between the cine contour image and the DE gradient
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image, [N the number of pixels which superposed according
to a four connectivity criterion (i.e. superposition with one
of the four neighbors of the contour points), and N3 the
number of pixels which superposed according to an eight
connectivity criterion. Weighting coefficients were fixed as
(ki = 1, ko = %, ks = 1). The shift window bounds
were fixed as [—2, +2][—2, 4+2]. The optimal transformation
was obtained using registration parameters that gave the best
correspondence between the DE gradient volume and the
cine contour volume.

4) Transmural extent scoring: As described in [10] a
fuzzy c-means algorithm was used to classify pixels into
enhanced pixels C'r class and non enhanced pixels Cyg
class. A membership function to the enhanced class was
calculated for all myocardial pixels. The previously described
sub-segments were circumferentially divided into four layers:
Ly (k=1,...,4). Then for each angular region defined by a
sub-segment S; (j = 1,...,18) and a layer Ly, an index of
DE extension N, ;, was computed as the mean membership
degree to the (Cg) class [10]. This decomposition was done
in order to integrate the fact that the infarct spreads in a wave-
front extension from the endocardium to the epicardium.
Moreover, three modifications were proposed.

o A modified fuzzy c-means algorithm is used, such that
pixels with a grey level less then the center of the Cn g
class have a membership degree to this class equal to
1 and a membership to the Cg class equal to 0 and
vice-versa for pixels with a grey level higher than the
center of the Cg class. This ensures the monotony of
the membership functions with respect to the distance
to the class center.

e In order to take into account slice levels where all
sectors were completely enhanced, the 2D clustering
was replaced by a 3D clustering when the relative ratio
between the grey levels of the two centers of class was
to low.

o For each angular region, the infarct transmurality
scores were assessed using an hysteresis threshold,
Thy being the lower value and Thsy the upper value,
instead of one single threshold. Let N; 5, be the index
of extension in the sub-segment S; and the layer
Ly,score was initialized to 0 and successively updated
as follows:

- if Nj1 > Tho, then score =1,

-if N;j1 > Thy and Nj o > Thy, then score =2,

- if Nj71 > Thy and Nj-,2 > Th; and Njyg > Tha,
then score =3,

- if Nj)l > Thy and Nj)g > Thy and N‘)3 > Thy and
Nj.4 > Tho, then score =4.

Thy and Tho were chosen equal to 0.30 and 0.45.
III. RESULTS

Figure 2 depicts, for each slice level, the segmentation
results on both cine and DE images. A total of 921 sub-
segments were analyzed (15 angular subsegments showing a
no reflow pattern were excluded from the visual analysis).

Fig. 2. Contours provided by the automatic segmentation, for different
slice levels from the apex (top left) to the base (bottom right) on both cine
images (first row) and their superimposition after registration on DE images
(second raw).

A head-to-head comparison was performed between the
visual classification, made by an expert and the proposed
method on the 921 sub-segments of the database. An absolute
agreement (segments were categorized similarly by visual
and quantitative analysis) of 80% was found, and a relative
agreement (a difference of one, respectively two, between
the quantitative scores and the expert scores was accepted) of
97% (respectively 99%) were obtained. The excellent agree-
ment was estimated by a value of 0.815 for the weighted
Kappa coefficient.

Table I presents the contingency table of comparison
between visual assessment and the proposed method.

Visual
0 1 2 3 4
0] 584 | 13 9 2 1
Quantitative | 1 40 24 | 12 1
2 4 12 | 47 | 35 6
3 2 7 13 | 40
4 2 | 67
TABLE I

COMPARISON OF TRANSMURAL EXTENT SCORES BETWEEN EXPERT AND
COMPUTER-ASSISTED METHOD IN THE 921 ANGULAR SUB-SEGMENTS
OF THE DATABASE.

IV. DISCUSSION AND CONCLUSION

This paper addressed the task of automating the delin-
eation of the myocardium of delayed enhancement images
using the corresponding cine anatomical sequences.

The proposed method is validated using visual inspection
as a gold standard. Very encouraging results were obtained
by our method (80% of absolute agreement and x = 0.815)
to be compared with [19] (absolute agreement of 90% and
x = 0.86) and [10] (absolute agreement of 88% and k =
0.86), for which contours were manually delineated in both
cases.

Among 921 sub-segments analyzed, six heavy misclassi-
fications were highlighted (with a score difference greater
than 2 between visual and quantitative scores). Among these
6 errors, 3 were due to an artifact on the native images. Other
errors were due to an irregularity in the shape of the infarcted
area: the first layer appeared as non-enhanced, whereas the
second and third layers were strongly enhanced; moreover,
the neighboring sub-segment was fully enhanced. Quantita-
tive method assigns a low score to such sub-segments, while
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the visual score was higher. These sub-segments could have
been better classified by introducing continuity rules between
adjacent sub-segments.

Some sub-segments have an enhancement index close to
the used thresholds, they can be considered as borderline
cases and present slight difference between visual and quan-
titative scoring.

In general, transmural extent was under-estimated by the
algorithm, when compared to the expert reading. One possi-
ble explanation is that the expert could slightly overestimate
the transmurality extent of the infarct, especially when it
is large. Indeed, the distinction between two classes was
difficult to establish visually for some intermediate cases
such as score 2 (< 50%) and score 3 (> 51%).

The effect of the cavity border was also tested by an
outward expansion of the endocardial contour by one pixel
before applying the quantitative process. Comparing to the

[6]

[7]

[8]

[9]

. . [10]
visual scores, for this new contour, the absolute agreement
was 79%, and x = 0.803. Using dilated contour, the number
of normal sub-segments that were affected by the score
1 has decreased, thus a further investigation is needed. [iqj
Nevertheless, an excellent concordance between quantitative
scores estimated using the original endocardial contour and
its morphological dilation by one pixel were shown with an
absolute agreement of 92% and a weighted Kappa coefficient  [12]
of 0.932. This proves the robustness of the method against
the endocardial segmentation with a variability of one pixel.
In conclusion, the proposed method could stand as a  [13]
valuable tool to automatically segment DE images and accu-
rately assess segmental infarct transmurality. However, the
evaluation must be extended to a larger series of patients.  [14]
Besides combining segmental transmurality estimation with
segmental assessment of myocardial wall motion from cine
images [15] could help identifying wall motion abnormalities  [15]
and myocardial viability in clinical studies.
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