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Abstract. In 2014, about 26 million people were suffering from heart
failure. Symptomatic heart failure is treated by cardiac resynchronization therapy. However, 30 % to 50 % do not clinically respond after the
implantation of a biventricular pacemaker. To improve the success rate,
the quantification of a patient’s scar burden is very important. Lategadolinium-enhanced magnetic resonance imaging is used to visualize
regions of scarring in the left ventricle. Scar is very hard to visualize
and interpret in 3-D. To solve this, an automated scar layer generation
method is proposed. The scar is divided into layers and an interactive
scrolling is provided. This method allows for precise treatment planning.
With the scar layer visualization, eight clinical experts were asked to
decide if the scar is epicardial or endocardial. The correct location was
identified in 93.75 % of the cases using the scar layer visualization.
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Introduction

Heart failure affected in 2014 about 26 million people worldwide [1]. Symptomatic heart failure is often treated by cardiac resynchronization therapy (CRT).
Patients eligible for CRT undergo a minimally invasive procedure for implantation of a biventricular pacemaker, often called CRT device [2].
The localisation and quantification of scar tissue in the myocardium of the
left ventricle (LV) is crucial to increase the success rate of CRT [3, 4]. However,
the myocardial scar distribution can be challenging to interpret, in particular
the transmurality. Transmurality is present when the scar extends from the endocardium to the epicardium. The problem in CRT is that about 30 % to 50 %
of the patients do not respond clinically [5]. One of the main reasons of non
response is considered to be suboptimal placement of the left ventricular pacing
lead. Pacing in areas of myocardial infarction has less effect, because scar tissue
is not electrical conductive. To improve the success rate, precise scar information
is required for choosing the optimal pacing location.

2

Reiml et al.

(a)

(b)

(c)

(d)

Fig. 1. (a) 2-D visualization of the scar transmurality in a bull’s eye plot. (b) 3-D mesh
visualization with the left ventricle’s endocardium (dark red) and the 3-D scar distribution (light purple). (c) 2-D short axis Cine image of the LV for anatomy segmentation.
(d) 2-D short axis LGE image of the LV for scar tissue quantification.

The state-of-the-art for assessing the viability of the myocardium is lategadolinium-enhanced magnetic resonance imaging (LGE-MRI). The anatomy is
segmented from Cine MRIs, where the contours of the myocardium are more
clearly visible compared to the LGE-MRI scan [6]. Most methods available consider a semi-automatic approach for scar segmentation [7, 9].
Currently, there are two methods for the visualization of scar transmurality.
The first method is the mapping of scar information to a so-called bull’s eye plot
(BEP), as shown Fig. 1 (a). Scar transmurality is presented as percentage for
each segment of the BEP. The drawbacks of this approach are the non-anatomical
visualization of the LV as a BEP and the missing information about the scar’s
location within the myocardium. Furthermore, no 3-D guidance is possible. The
second method is to visualize the scar as a 3-D mesh, see Fig. 1 (b). The advantage of this approach is the 3-D anatomical visualization. The disadvantage of
this method is that there is no information about scar transmurality.
While Reiml et al. showed different scar visualization methods [8], in this
work a novel method for 3-D scar layer generation is presented. We propose an
interactive 3-D scar location and transmurality visualization method.
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Scar Layer Generation

In this section, the interactive visualization technique for 3-D scar transmurality
is described. The main method consists of five steps, as depicted in Fig. 2.
MRI Segmentation: In the first step, the endocardium and epicardium are
segmented from anatomical MRI scans. After the delineation of the myocardium,
the anatomical scan is registered to the LGE-MRI, which is used for the segmentation of the scar tissue [7]. This tissue is segmented using a semi automatic
approach [9]. Examples of Cine MRI and LGE-MRI are depicted in Fig. 1(c, d).
The output of the segmentation is a mask containing the blood pool, the myocardium and the information about the myocardial scar, see Fig. 2 second box
for a single slice.
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Fig. 2. Overview of the five steps for the 3-D scar location and transmurality visualization. First, the left ventricle and the scar are segmented. Second, the epicardium and
endocardium are delineated. Third, the layers are computed. Fourth, the scar layers
are extracted. In the last step, the scar layer meshes are generated.
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Fig. 3. Scar layer generation process illustrated in one slice. (a) Segmentation mask
with detected epicardium (yellow) and endocardium (red). The blood pool is located
inside of the endocardium and the myocardium is between the endocardium and epicardium. Within the myocardium, the scar is shown in a lighter shade of gray and
white. (b) Calculated layers. (c) Scar layers. (d) Scar layer masks.

Anatomy Delineation: In the second step, the epicardium and the endocardium are extracted from each of the slices of the segmentation mask. The extraction is based on the marching squares algorithm, which finds the iso-surfaces
in the segmentation mask [10]. The epicardial contour (yellow) and the endocardial contour (red) are visualized in Fig. 3 (a).
Layer Computation: In the third step, the segmentation mask, as well as
the endocardial and epicardial contour points are transformed into polar space
(r, ρ) where r is the radius and ρ the angle, see Fig. 4. Due to Cartesian coordinates (x, y), there are more epicardial points than endocardial points. Hence, it
is more difficult to divide the area between the endocardium and the epicardium
in multiple layers. There are several advantages using polar coordinates instead
of Cartesian coordinates. The epicardium and endocardium in Cartesian coordinates are roughly circular but do not have the same perimeter. In polar space, the
transformed epicardium and endocardium outlines have the same length and run
almost in parallel, see Fig. 4. Afterwards, the endocardial and epicardial contour
points are interpolated. From the interpolated contours, the layers between the
endocardium and epicardium are computed, as depicted in Fig. 4. The distance
between the endocardium and the epicardium is calculated and then divided into
multiple layers. For n layers, the myocardium needs to be divided m = n − 1
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Fig. 4. Transformed mask image into polar space with computed layers (red and orange) between the endocardium and epicardium.
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Fig. 5. (a) Endocardium (dark red) with one scar mesh in purple. (b) Endocardium
with three scar layers. (c) Endocardium with two scar layers. (d) Endocardium with
one scar layer. (e) Fluoroscopic image with overlaid endocardium and 3-D scar layers.

times. For each angle ρ, m values within the myocardium are calculated. After the delineation of the n layers in polar space, they are transformed back to
Cartesian coordinates, see Fig. 3 (b-d). In this work, the number of layers is
set to three. For the placement of the lead, it is useful to have an epicardial, a
mid-myocardial and an endocardial layer to decide where the scar is located.
Scar Layer Extraction: In the fourth step, the previously defined layers
and the scar mask are compared using logical operations. For three scar layers,
the myocardium was divided twice, as depicted in Fig. 3 (b). The first defined line
is next to the endocardium and the second defined line is close to the epicardium.
The first filled layer L1 is defined as the area within the first subdivision layer.
The second filled layer L2 is defined as the area within the second subdivision
line. The third layer L3 is the area within the epicardium. Then the filled layers
are logically compared with the scar mask S and the three individual scar layer
masks S1 , S2 and S3 , where S1 = L1 ∧S, S2 = L1 ∧L2 ∧S and S3 = L1 ∧L2 ∧L3 ∧S
are obtained. The result is depicted in Fig. 3 (c, d).
Mesh Generation: The final step is to extend the 3-D scar mask with the
slice thickness, as just a limited number of slices are available. The scar contours
are extracted as 3-D surface meshes using the marching cubes algorithm [10].
The image coordinates are transformed to patient coordinates to position the
scar layers at the same position as the original scar mesh, see Fig. 5 for an
example.
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Visualization

In this section, two visualization methods are proposed.
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Interactive Scrolling: The subdivision of the scar mesh into several scar
layers enables an interactive peeling of the scar in 3-D. It can be scrolled from
epicardium to endocardium and vice versa as depicted in Fig. 5 (b-d). The interactive adding and removing of the scar layers allows for a good localization,
where the scar starts and ends, as well as an assessment of transmurality. If the
scar is fully transmural, all scar layers are add up.
Overlay: The 3-D scar layers can be overlaid onto fluoroscopic images, as
depicted in Fig. 5 (d). This visualization method can be used during the intervention. For the overlay, the epicardial mesh of the LV is registered to the
fluoroscopic image. Then, the epicardium, the endocardium, the scar mesh and
the scar layers can be visualized in different colors. The colors and opacity can
be adapted manually. Meshes, which the physician is not interested in, can be
hidden. This supports the physician during the intervention, as only the required
and important information is visible.
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Evaluation and Results

The scar layer visualization was evaluated using seven clinical data sets, acquired with a Siemens MAGNETOM Aera 1.5T scanner (Siemens Healthcare
GmbH, Erlangen). For the evaluation, two tests are created. In the first test,
nine physicians are shown four cases. For each case, two visualization methods
are presented: the segmented LV overlaid with the 3-D scar mesh and the segmented LV overlaid with the scar layer visualization. They are asked to decide
which visualization method they would prefer. In 80.55 % cases, the clinical experts prefer the scar layer visualization, in 16.67 % cases they prefer the 3-D scar
mesh and in 2.78 % cases they do not have a preference.
In the second test, eight physicians are shown six 3-D scar meshes and six
scar layer meshes. For each visualization method, they should decide if the scar
is epicardial or endocardial. The results are shown in Table 1. These two experiments show, that with the scar layer visualization, the clinicians can easily
choose an optimal lead placement location as they can decide whether the scar
is epicardial or endocardial.
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Discussion and Conclusion

In this paper, a novel method for interactive visualization of the scar information is presented. In CRT, the lead of the electrode is commonly placed on the
epicardium. Precise information about the location and transmurality of the scar
is needed, as it is electrically almost non-conductive. The results show that the
clinicians could easier decide about the scar location. The precise control over
how the scar transmurality is visualized in 3-D allows the user to see the scar location to the extent of transmurality. An interactive scrolling through scar layers
is realized, such that scar layers are added or removed from the visualization.
The epicardium and the scar meshes can be further overlaid onto fluoroscopic
images. The overlay of the meshes can be used to guide an intervention.
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Correct
Wrong
No Determination

3-D Scar Mesh

Scar Layer Meshes

18.75 %
6.25 %
75.00 %

93.75 %
6.25 %
0.00 %

Table 1. Evaluation with eight clinical experts and twelve scar meshes. They should
decide for each mesh if the scar is epicardial, endocardial or they could not determine.
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