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Abstract. Analyzing the structure of the left atrium can provide pre-
cious insights into the pathology of atrial fibrillation, eventually result-
ing in optimization of treatment plans. In this paper, an interactive
and patient-specific method is presented to segment the left atrial en-
docardium?®, the left atrial epicardium and measure the left atrial wall
thickness from cardiac computed tomography images. A region growing
algorithm was adapted to segment the left atrial endocardium, whereas
the left atrial epicardium was segmented indirectly: a marker-controlled
geodesic active contour model was defined on its surrounding environ-
ment. The results of the left atrial wall thickness were then mapped
onto meshes generated from the endocardium segmentation. We tested
our pipeline on 10 datasets as a part of the STACOM 2016 Left Atrial
Wall Segmentation Challenge and we compared our method with man-
ual segmentation. Aimed at facilitating the segmentation of the left atrial
thin-wall structure, this pipeline is partially implemented in MUSIC soft-
ware for clinical use. The expertise of clinicians can be added through
the choice of specific parameters for each patient, although this remains
optional owing to the robustness of the approach.

Keywords: atrial fibrillation, left atrial wall thickness, 3-dimensional
image segmentation, cardiac computed tomography (CT), region grow-
ing, geodesic active contour.

1 Introduction

Atrial fibrillation (AF) is the most common type of cardiac arrhythmia, charac-
terized by uncoordinated electrical activation and disorganized contraction of the
atria. Around 2% to 3% of the population in Europe and North America, as of
2014, were affected, and its prevalence rate is increasing worldwide [1]. This epi-
demic, with or without symptoms, is likely to be associated with life-threatening
consequences, including heart failure, heart attack and stroke.

3 We refer to the segmentation of the region inside the left atrial endocardium as the
segmentation of the left atrial endocardium, the same for epicardium.
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Atrial ablation, an effective treatment for AF, may be recommended for
drug refractory patients. This invasive procedure establishes transmural lesions
to block the arrhythmia while avoiding impairing extra-cardiac tissues. Thereby
the radio-frequency power dose, delivered for ablation during the procedure,
relies on local myocardial thickness, which demonstrates variations by region
and by subject [2, 3]. Reduction of left atrial (LA) wall thickness also appears in
AF patients when compared with controls, according to study by autopsy [4].

Model-based segmentation and region growing approach have been tested on
the segmentation of the left atrium [5,6]. Furthermore, several methods have
been developed to measure automatically the LA wall thickness from computed
tomography (CT) images. In [7], a segmentation of the wall on four regions,
inter-atrial septum, below right inferior pulmonary vein, appendage and anterior
wall was performed whereas [8,9] chose to build a pipeline based on multi-
region segmentation method. However, this task remains challenging, because
the LA wall is heterogeneous, possibly consisting of fat granules and fibrosis,
especially in patients of myocardial diseases or persistent AF. The accuracy of
the segmentation is also difficult to validate, as few manual segmentations or
reliable ground truths are available.

In this paper, we present an interactive pipeline to segment the LA wall and
measure wall thickness from cardiac CT images. The expertise of clinicians can
be introduced through the choice of parameters. Compared to previous works,
we propose an inverse way to segment the LA thin-wall structure. The segmenta-
tion was divided into 2 parts, LA endocardium and LA epicardium. The former
was segmented with high accuracy using region growing combined with patient-
specific intensity value threshold. The latter was segmented indirectly from its
surrounding environment, to address the fuzzy boundaries problem. Algorithms
employed were in 3-dimensional (3D) space.

The rest of the paper is organized as follows: we summarize our method using
a flowchart in section 2, along with detailed illustration of region growing and
marker-controlled geodesic active contour algorithms. Results and evaluation are
shown in section 3, and a discussion of the limitations of this study in section 4.

2 Materials and Methods

2.1 Data Acquisition and Pre-processing

The method was applied to a database consisting of 10 3D CT image datasets,
provided by the STACOM Left Atrial Wall Thickness Challenge.

Coronary Computed Tomography Angiography (CCTA) was performed on a
Philips 256 iCT scanner. All patients were injected with an intravenous contrast
agent. The scans were ECG-gated in a single breath hold. The images were
acquired at 0.5 mm in-plane resolution with a slice thickness of 1 mm, and
reconstructed to a 0.8 to 1.0 mm slice thickness with a 0.4 mm slice increment
and a 250 mm field of view. The image matrix was kept at 512 x 512 matrix,
constructed with a sharp reconstruction kernel [10]. The pixel values were in
Hounsfield units (HU).
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The images were manually cropped around the region of interest, namely the
left atrium. The intensity values outside the range from -500 HU to 500 HU
were set to nearer bound, so as to obtain a better visualization of blood pool,
muscles and fat within the region that was meant to be segmented.

2.2 Methodology

We summarize our method into following steps, as shows the flowchart in Fig. 1:
1. Drawing polygons on axial slices of CT images to isolate the left atrium?.
2. Sampling intensity values of blood and muscles.
3. Segmenting the LA endocardium using region growing according to inten-
sity values statistics.
4. Thresholding neighboring tissues (fat, other blood pools) of the LA wall.
5. Segmenting the LA epicardium using geodesic active contour based on
markers of neighboring tissues.
6. Calculating distance map of the LA endocardium segmentation.

7. Mapping the distance onto meshes of the LA endocardium.
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Fig. 1. The flowchart of our method.

4 For step 1, polygons are drawn manually on a dozen of slices for each case and then
interpolated automatically on the rest. Images are shown in axial planes.
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Currently most steps are implemented in MUSIC software (multimodality
software for specific imaging in cardiology, developed by IHU Liryc, University
of Bordeauz and Inria Sophia Antipolis) [11].

2.3 Region Growing

We chose one pixel inside the left atrium, a connected component, as seed. The
seed was raised into a gowning region. Neighboring pixels next to the growing
region whose intensity values fell within a certain range were considered part of
the left atrium. The region evolved iteratively until no more pixel was assigned.

To determine whether a pixel belonged to the left atrium, statistical analysis
was performed on intensity values of tissues samples. Given the histogram of
muscles samples and blood samples, we computed the mean and standard devi-
ation of intensity values, for muscles I(u,0?) and for blood I'(y', 0?). Then we
set a threshold to distinguish these two classes as

_po’ +plo
o +0o

th (1)
Neighbor pixels of the growing region with intensity values upper than the

threshold th were assigned to the left atrium. Accordingly, spatial constraint and

user-provided intensity information are combined in the algorithm.

To further negate the impact of noise in original CT images, alternating
sequential filters (ASFs) were used to post-process the LA endocardium seg-
mentation. This step is compulsory for CT images with low quality. Alternating
sequential filters are composed of pairs of idempotent morphological filters with
structuring elements of increasing sizes. They extract the geometrical character-
istics and minimize the distortion of objects [12, 13]. In our experiment, we used
pairs of closing and opening with structuring elements of increasing radius from
0.25 mm, 0.50 mm to 0.75 mm sequentially.

2.4 Marker-Controlled Geodesic Active Contour (MCGACQC)

Geodesic active contour algorithm [14], represents contour as zero crossing of a
level-set function. An initial contour propagates to touch the shape boundaries,
as the level-set function progresses in time until

Ju
— =0 2
o, 2)
where u is the level-set function under following conditions:
u|t=0 = Ug (3&)
ou
— =g(c+ K)|Vu| + VuVy, (3b)

ot
where ug is the initial level-set function; ¢ is a constant to provide a steady

velocity; k is related to the curvature of the level-set function as k = div( ‘gm );
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g is an edge detector function of image, which is strictly decreasing towards the
outside of the region to be segmented and has values near 0 at the boundary to
stop the evolution of curves.

In equation 3b, three terms affect the way that a level-set function evolves:

e Advection term: gc|Vul|, related to progression speed of curves.
e Curvature term: gk|Vul, related to curvature of curves.
e Propagation term: VuVyg, related to expansion of curves.

The algorithm is implemented in Insight Segmentation and Registration
Toolkit (ITK), which uses three parameters (advection, curvature and propa-
gation scaling, noted here as S,, S. and Sp,) to assign weighting ratios to each
term and adjust their influence in the evolution process of the level-set function.
We chose manually S, = 10 x S, = S, = 5. The initial level-set function uy was
computed as a distance map of the LA endocardium segmentation. The edge
detector function g was simply set to 0 on excluded regions and 1 on the rest of
the image.

As for excluded regions, neighboring tissues other than muscles outside the
LA wall were marked as excluded for the segmentation. Since CT images display
relative linear attenuation values of tissues, and correspond to Hounsfield units
(HU) scale, they may be used to characterize tissues [15]. Based on approximate
HU values for air (-1000), fat (-100 to -50), muscle (10 to 50) and blood (300
to 400), we set 0 HU as upper threshold for fat (and air) and th, as defined in
equation 1, as lower threshold for blood. Besides, fat granules of size smaller than
1 mm?> were regarded as inside the LA wall, thus not excluded. Margins were
kept to avoid misleading markers resulting from noise or density variation. At
last, all pixels further than 6 mm away from the left atrium were also excluded,
according to studies of the LA wall thickness on excised hearts [2, 3].

The markers of neighboring tissues were introduced to address the fuzzy
boundaries problem, as the intensity gradient between the LA wall and its neigh-
boring tissues is small and noise may blur original CT images. Then we adapted
geodesic active contour model based on excluding markers, because the LA wall
may be attached to muscles belonging to other organs such as esophagus, aorta,
lung etc., and hence cannot be segmented only based on intensity information.
Geodesic active contour, on the other hand, involves curvature constraint of
shape to solve this problem.

3 Results

3.1 Parameters

Parameter setting mentioned in Section 2 can be altered depending on cases,
but in this study we followed the same rule for all 10 cases to test the robustness
of the algorithm with respect to different inputs.

Intensity value thresholds th used during region growing process were shown
in Table 1.
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Table 1. Intensity value thresholds used for 10 datasets tested.

Dataset #1 #2 #3 #4 #5
Threshold th|224.3 HU |419.5 HU|485.7 HU|226.6 HU [131.6 HU
Dataset #6 #7 #8 #9 #10
Threshold th| 136 HU |448.2 HU|358.4 HU |345.8 HU |267.1 HU

3.2 Left Atrial Wall Segmentation

Here we present preliminary results of the LA wall segmentation, and comparison
with manual segmentation, as shown in Fig. 2.

Fig. 2. Axial slices of CT images, overlapped with manual segmentation of the left
atrial wall in green, our segmentation in red, intersection of the two in chartreuse. (a)
Dataset #2; (b) dataset #3; (c) dataset #5; (d) example slice zoomed in.

The proposed method closely approximated the wall thickness, as compared
with manual segmentation. Differences lay in the segmentation of the anterior
LA wall, which is not fully involved in the manual segmentation provided. The
intersecting surfaces inside pulmonary veins and on mitral valve are presented in
our segmentation with rather thinner wall, which should not have been included.

Remark. We segmented the LA appendage and pulmonary veins connected to
the left atrium as well, which is different from the manual segmentation provided.

3.3 Wall Thickness Measurement

We computed the LA wall thickness using the nearest distance from each point
on the LA endocardium to the LA epicardium. Meshes of the LA endocardium
were generated using The Visualization Toolkit (VTK).
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The LA wall thickness varies by subject as well as by region, as shown in Fig.
3. From the mean and range of the wall thickness, we can see that dataset #8
has a thicker LA wall compared with other datasets, whereas dataset #5 and
#6 have a thinner LA wall. The results for dataset #8 are shown as an example.
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Fig. 3. (a) Mean and interquartile range of the left atrial wall thickness for 10 datasets
tested, with maximum whisker length specified as 1.5 times the interquartile range;
(b) left atrial wall thickness map for dataset #8, posterior view; (c) left atrial wall
thickness map for dataset #8, anterior view.

Alternating sequential filters may be used to post-process the segmentation
results. The LA epicardium segmentation, using marker-controlled geodesic ac-
tive contour, takes into account the heterogeneity of the LA wall, and therefore
can have small granules excluded. Whether or not to smooth the contour of the
LA epicardium, depends on how the LA wall is defined.

4 Conclusion

We proposed a new method to segment the LA wall, making use of patient-
specific intensity value information and surrounding environment of the LA wall.
Despite good match of wall thickness with manual segmentation, the accuracy
of the segmentation is still hard to validate as few reliable ground truths are
available.

Although the study reached its aims, there exist some limitations to be men-
tioned. The proposed MCGAC method, applying uniform parameters to all re-
gions of the LA wall, cannot achieve a region-wise constraint on curvature, which
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could lead to incorrectly assigned pixels. Potential future work to improve the
accuracy of the segmentation may include: further eliminating the influence of
noise; region-wise segmentation of the LA wall, which takes into consideration
different surrounding environments of the LA sub-regions; parameters testing.
Besides, alternative methods may be suitable as well to define how to measure
the wall thickness, such as using a symmetric minimum distance between the
epicardium and the endocardium [16], measuring the thickness in the surface
normal direction of the endocardium. Combination of different approaches may
be able to ameliorate the results.
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