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Preface

Recently, there has been considerable progress in cardiac image analysis techniques,
cardiac atlases, and computational models, which can integrate data from large-scale
databases of heart shape, function, and physiology. Integrative models of cardiac
function are important for understanding disease, evaluating treatment, and planning
intervention. However, significant clinical translation of these tools is constrained by
the lack of complete and rigorous technical and clinical validation as well as by
benchmarking of the developed tools. For doing so, common and available
ground-truth data capturing generic knowledge on the healthy and pathological heart
are required. This knowledge can be acquired through the building of statistical models
of the heart. Several efforts are now established to provide Web-accessible structural
and functional atlases of the normal and pathological heart for clinical, research, and
educational purposes. We believe all these approaches will only be effectively devel-
oped through collaboration across the full research scope of the imaging and modelling
communities.

STACOM 2016 was held in conjunction with the MICCAI 2016 conference
(Athens, Greece) and followed on from the past six editions: STACOM 2015 (Munich,
Germany), STACOM 2014 (Boston, USA), STACOM 2013 (Nagoya, Japan), STA-
COM 2012 (Nice, France), STACOM 2011 (Toronto, Canada), and STACOM 2010
(2010, Beijing, China). Our main goal was to organize an international event to provide
a forum for the discussion of the latest developments in the areas of statistical atlases
and computational imaging and modelling of the heart. The topics of the workshop
included: cardiac image processing, atlas construction, statistical modelling of cardiac
function across different patient populations, cardiac mapping, cardiac computational
physiology, model customization, image-based modelling and image-guided inter-
ventional procedures, atlas-based functional analysis, ontological schemata for data and
results, integrated functional and structural analyses, as well as the pre-clinical and
clinical applicability of these methods. STACOM 2016 received many submissions
from around the World, with 24 excellent papers finally accepted to be presented at the
workshop and to be published in an LNCS proceedings volume by Springer. Besides
regular contributions on state-of—the-art cardiac image analysis techniques, atlases, and
computational models that integrate data from large-scale databases of heart shape,
function and physiology, computational electrophysiology, and biomechanics, addi-
tional efforts of this year’s STACOM 2016 workshop included a challenge dedicated to
the segmentation of left atrial wall thickness (SLAWT), described here.

Atrial wall thickness is an important parameter for biophysical electromechanical
modelling of the atria and potentially important for planning ablation therapy for atrial
arrhythmias. The data were sourced at St. Thomas’ Hospital, King’s College London,
from individuals that are being treated for atrial fibrillation and from patients with
normal cardiac anatomy. The ground truth was selected by consensus manual expert
annotations using the STAPLE method. Several research groups had expressed interest



VI Preface

in participating in the challenge. Three groups had their final results submitted for
evaluation. A collate paper including detailed data description and the results from
participating groups was written by the SLAWT organizers and is included in these
proceedings. The SLAWT data will be made publicly available via the Cardiac Atlas
Project. We also anticipate a joint journal publication, as has been the case with all of
our previous challenges.

We hope that the results obtained by the challenge, together with all regular paper
contributions, will act to accelerate progress in the important areas of heart function and
structure analysis.

In addition to the papers presented, two keynote lectures were included in the
program of STACOM 2016: Dr. Sophie Mavrogeni, MD, FESC (Onassis Cardiac
Surgery Centre, Athens, Greece), talk title “Cardiovascular Magnetic Resonance.
Current Status and Future Applications,” and Prof. Dr. Dimitris Metaxas (Rutgers
University, USA), talk title “Model-Based Large-Scale Cardiac Analytics.”

October 2016 Kristin Mcleod
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Mihaela Pop

Kawal Rhode

Maxime Sermesant
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Image-Based Real-Time Motion Gating
of 3D Cardiac Ultrasound Images

Maria Panayiotou®™), Devis Peressutti, Andrew P. King,
Kawal S. Rhode, and R. James Housden

Division of Imaging Sciences and Biomedical Engineering,
King’s College London, London, UK
maria.panayiotou@kcl.ac.uk

Abstract. Cardiac phase determination of 3D ultrasound (US) imaging
has numerous applications including intra- and inter-modality registra-
tion of US volumes, and gating of live images. We have developed a
novel and potentially clinically useful real-time three-dimensional (3D)
cardiac motion gating technique that facilitates and supports 3D US-
guided procedures. Our proposed real-time 3D-Masked-PCA technique
uses the Principal Component Analysis (PCA) statistical method in com-
bination with other image processing operations. Unlike many previously
proposed gating techniques that are either retrospective and hence can-
not be applied on live data, or can only gate respiratory motion, the
technique is able to extract the phase of live 3D cardiac US data. It is
also robust to varying image-content; thus it does not require specific
structures to be visible in the US image. We demonstrate the applica-
tion of the technique for the purposes of real-time 3D cardiac gating of
trans-oesophageal US used in electrophysiology (EP) and trans-catheter
aortic valve implantation (TAVI) procedures. The algorithm was vali-
dated using 2 EP and 8 TAVI clinical sequences (623 frames in total),
from patients who underwent left atrial ablation and aortic valve replace-
ment, respectively. The technique successfully located all of the 69 end-
systolic and end-diastolic gating points in these sequences.

Keywords: Principal component analysis - Electrophysiology - Trans-
catheter aortic valve implantation - Cardiac motion gating

1 Introduction

Cardiac catheterization is a minimally invasive procedure used to diagnose and
treat cardiovascular conditions. These procedures are typically performed using
two-dimensional (2D) X-ray fluoroscopy which provides high-quality real-time
visualization of catheters and other interventional devices. However, the cardiac
anatomy itself has low contrast and can be visualized only by repeated injection
of contrast agent. This makes navigation to specific targets difficult and results
in long procedure times and high X-ray radiation exposure for the patient.

© Springer International Publishing AG 2017
T. Mansi et al. (Eds.): STACOM 2016, LNCS 10124, pp. 3-10, 2017.
DOI: 10.1007/978-3-319-52718-5_1
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An attractive modality for imaging catheter tip placement and tissue con-
tact to guide cardiac catheterisation procedures is ultrasound (US) [4]. US is
a low-cost, non-irradiating, real-time imaging modality with good contrast for
visualising anatomical structures. With the development of 2D array transduc-
ers, US has the particular advantage of providing real-time four-dimensional
(4D) images of the heart. However, despite the advances in the transducer tech-
nology, gating is required to avoid motion artifacts during acquisition of large
volumes. This is usually achieved by synchronising the US image acquisition
with an external device, such as an electrocardiogram (ECG). Image-based gat-
ing is therefore useful as a replacement for ECG or when data is streamed live
without ECG. Additionally, cardiac motion gating will be needed in any appli-
cation involving intra- or inter-modality registration of US in which all images
must be phase matched, e.g. automatic image-based registration of US to MRI
images [3].

To date, several techniques have been developed for image-based gating in
US images. Wachinger et al. [7] proposed an automatic, image-based respiratory
gating method for acquiring 4D breathing data with a wobbler US probe using
Laplacian eigenmaps (LE). They later developed a technique for extraction of res-
piratory gating navigators from US images [8]. The method was demonstrated by
performing the analysis on various datasets showing different organs and sections,
for both 2D and three-dimensional (3D) US data over time. Additionally, motion
models have been proposed to correct for respiratory motion using US data. Peres-
sutti et al. [6] proposed a novel framework for motion-correcting the pre-procedural
information that combines a probabilistic MRI-derived affine motion model with
intra-procedure real-time 3D echocardiography images in a Bayesian framework.
However, these techniques are limited to only respiratory gating. An approach for
retrospective end-diastolic gating of intra coronary US sequences (ICUS) using fea~
ture extraction and classification was proposed by De Winter et al. [1]. This method
is computationally expensive and requires processing the whole sequence together,
as some of the features are temporal. Zhu et al. [9] proposed two techniques to
analyse images in the sequence and retrieve the cardiac phase from intravascu-
lar US (IVUS) images based on average image intensity and absolute difference
in pixel intensity between the consecutive frames. However, the robustness of this
method was not thoroughly evaluated as no precise quantified validation of this
method was performed. All in all, there is no technique proposed to date that can
cardiac gate live 3D US images in real-time.

A recent paper by Panayiotou et al. demonstrates that cardiac gating in
X-ray using the Principal Component Analysis (PCA) statistical method is supe-
rior to Manifold Learning and phase correlation techniques [5]. In this paper a
technique for automated 2D image-based retrospective cardiorespiratory motion
gating in X-ray fluoroscopy images was proposed. This used the PCA statisti-
cal method in combination with other image processing operations, resulting in
the Masked-PCA technique, suitable for retrospective cardiorespiratory gating.
A disadvantage of this previously proposed approach and all other mentioned
cardiac gating approaches is that they are retrospective and consequently, real-
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time application to live data is not possible. Additionally, Masked-PCA is limited
to 2D cardiac gating and so is only applicable to X-ray fluoroscopic procedures.
In the current paper, we significantly extend the previous approach to make it
applicable to live 3D US image data. Validation of our technique is done on trans-
oesophageal echo (TOE) images from electrophysiology (EP) and trans-catheter
aortic valve implantation (TAVI) procedures.

2 Methods

In this section we first describe the formation of our statistical model in a training
step (Sect.2.1), which is a slight modification of the previous work on Masked-
PCA [5], and then its application in a live gating step (Sect.2.2), which is the
main novel contribution of this work. The modification of our newly proposed
technique in the training step was needed to make the technique applicable
to 3D images, and consequently suitable for different types of US procedures.
Additionally, the live gating step was introduced to make the technique suitable
for real-time gating of previously unseen images, based on a statistical model
formed from images during the training step. Figure 1, gives an overview of our
proposed workflow.

Training data (2.1) Ig:sag(eg' l;)g

Intensity

threshold .
éf’;;} 3D-Masked- Cardlac

morphological PCA gating
operations
Ultrasound image Mask
data, I J L> creation, Us J LJ

Fig. 1. Illustration of proposed workflow. The Sects.2.1 and 2.2 refer to the corre-
sponding section numbers in the text.

2.1 Training Step

Intensity Threshold and Morphological Operations. An intensity thresh-
old is applied individually to all 3D images, I, in the training section of the
sequence. A sensitivity analysis showed that the gating accuracy was not sen-
sitive to the value of the threshold for values between 50-200 (150 was used
here). This technique is used with the aim of identifying pixels in the images
which are expected to carry useful cardiac motion information in their inten-
sity variation over time. The thresholding was introduced as a replacement of
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the Frangi vesselness filter used in [5]. This is necessary because the relevant
features in 3D US tend to be high-intensity planar structures rather than the
2D tubular structures seen in X-ray. Applying a threshold binarises the image.
Following the method of [5], morphological opening is applied to the binarised
responses to remove the noise present while preserving the shape and size of the
detected structures. This is followed by the application of morphological dilation
to include surrounding pixels which also vary as the structures move. We denote
the result of this process by Uj,, where ¢ is the US frame number.

Mask Creation. Any pixels detected by the above image processing operations,
in any frame of the training sequence, are used to create a mask, denoted by
U, covering the movement range of any detected structures. This same mask is
applied to all frames in the sequence. For each training frame, the intensities of
each of the pixels in the mask were concatenated into a single column vector s;.
Hence the data generated by this process consisted of:

S; = (Ii,laIi,Qa .. 'I’L,J)Ta 1 g T S N (1)

where I; ; represents the intensity of the i" image frame at the j*" pixel in the
mask, Uy. N is the number of frames and J is the number of pixels within the
masked region. s; is the i** column of matrix s.

Principal Component Analysis. PCA transforms a multivariate dataset of
possibly correlated variables into a new dataset of a smaller number of uncorre-
lated variables called Principal Components (PCs), without any loss of informa-
tion [2]. We first compute the mean vector over all frames, S, and the covariance
matrix, S. The eigenvectors v,,, 1 < m < M of S represent the PCs and the
corresponding eigenvalues d,,,, 1 < m < M represent the variance of the data
along the direction of the eigenvectors. Note that although M = J, at most
N — 1 of the eigenvalues will be non-zero, and an efficient calculation of the
corresponding eigenvectors is possible [5].

2.2 Live Cardiac Gating Step

For live gating, the task is to gate previously unseen images, acquired in the
same view as the training data, based on the statistical model formed during the
training step (Sect. 2.1). The mask Us calculated in the training stage is applied
to the unseen image [ producing a new data vector tx. We then compute the
scalar projection between this unseen data and each of the PC vectors:

Por=0r =8 v, 1<m<M (2)

The hypothesis is that the PCA will extract cardiac modes and that P, ; will
therefore vary with cardiac motion and can be used for gating. It was found by
correlation with the gold standard results that the variation of the 15t PC was
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dominated by cardiac motion. The peaks of the variation plots represent end-
systolic cardiac frames while the troughs represent end-diastolic cardiac frames.

Qendg—sys = {1 | Pri=1 <Py > P11} (3)

QLend—dia = {0 | Pri—1 > P1i < Priy1} (4)

where 2end—sys and {2end—diae is the set of all frame numbers that are identified
as end-systole and end-diastole, respectively. The remaining PCs were not used.

3 Experiments

3.1 Data Acquisition

All patient procedures were carried out using a Philips iE33 cardiac US scan-
ner. The US probe was a Philips X7-2t trans-esophageal probe. This study was
approved by our Local Ethics Committee. In total, the technique was tested on
eight different clinical TAVI sequences (592 frames) from one patient who under-
went a TAVI procedure, and two different clinical EP sequences (31 frames)
from an additional patient who underwent a left atrial ablation procedure for
the treatment of atrial fibrillation (AF). For all sequences, the acquired data
were synchronised to the heartbeat using the three-lead ECG on the scanner.
The ECG signal was employed for validation purposes.

3.2 Application of the Technique to US Sequences

In all but one sequence, two heartbeats of data were acquired, beginning just
before the ECG R wave. For these sequences, the technique was validated using
the leave-one-out cross-validation approach. A single frame from the original
sequence was used as the validation data, and the remaining frames formed the
training data to build the statistical model, for each of the frames in turn. In one
TAVTI sequence, the recording was longer, comprising 327 frames. In this case
the model was trained on the first 26 frames (approximately one heartbeat) and
was tested on the remaining frames.

Validation. To validate our technique, gold standard manual gating of the
cardiac cycle at end-systole and end-diastole was performed by an experienced
observer, by visually detecting the opening and closing of either the mitral or
the tricuspid valve, depending on which one was visible in the images. The
signals obtained using the gold standard method were then compared to the
signals obtained using the model-based method, for both end-systolic and end-
diastolic gating. Specifically, the absolute frame difference compared to the gold
standard was computed for both end-systolic and end-diastolic frames. Motion
gating accuracy objectives were set based on potential clinical applications that
the proposed method could tackle. These applications include intra- or inter-
modality registration of US volumes. These applications will use the end-diastolic
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cardiac phase, where the heart is more relaxed, and it is expected that its shape
will be more repeatable over several cycles. Since the heart will be relatively
stationary in the end-diastolic phase for a period of about 0.3s, the motion
gating accuracy objective is set to 0.1s. Successful gating is signified when the
absolute frame difference is within this limit.

4 Results

4.1 Gold Standard Validation

Manual gating of the cardiac cycle was further validated by two additional
observers who were trained to identify the end-systolic and end-diastolic frames
throughout the US sequences. The average inter-observer standard deviation
was computed as a proportion of the cardiac cycle, assuming 1s per heartbeat.
Results are shown in Table 1.

Table 1. Average inter observer standard deviation as a proportion of the cardiac
cycle.

Average standard deviation (s) (%)

Gating task | No. of peaks ‘ Average variation | No. of peaks | Average variation
TAVI EP

End-systolic | 32 0.015 3

End-diastolic | 30 0.009

4.2 Cardiac Motion Gating

Qualitative Validation. Figure 2a gives an illustration of the first frame of one
example TAVI sequence, I;. Figure 2b illustrates the mask, Us, overlaid with the
corresponding US image for the first frame of the same example case (Sect. 2.1).
The results of the cardiac gating validation are shown in Fig.3a for the first
150 frames for an example sequence. Our 3D-Masked-PCA technique is shown
in dashed-dot black lines. The plotted vertical red and green lines correspond to
the gold standard end-systolic and end-diastolic frames, respectively.

Quantitative Validation. For both end-systolic and end-diastolic cardiac gat-
ing, the absolute frame difference between our technique and the gold stan-
dard technique can be seen in the frequency distribution bar chart in Fig. 3b.
All of the 35 end-systolic peaks and 34 end-diastolic troughs were located cor-
rectly within the 0.1s objective. No false positives or negatives (i.e. extra/fewer
detected peaks/troughs) over the processed sequences were found. This outcome
shows that our technique is robust and accurate in cardiac motion extraction.
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Fig. 2. (a) An US image, I for one example TAVI case. (b) Mask output, Uz, overlaid
with the corresponding US image of the same example case.
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Fig. 3. (a) Graphical representation of cardiac phases obtained after applying the 3D-
Masked-PCA method in dashed-dot black lines for the first 150 frames for an example
US sequence. The vertical red and green lines are the gold standard identification of
end-systolic and end-diastolic frames, respectively. (b) Frequency distributions of frame
difference errors for end-systolic and end-diastolic US frames. (Color figure online)

Regarding our algorithm’s performance on the different experiments, the exe-
cution time was between 0.0005 and 0.001s per frame running in Matlab on
Windows 7 with a 3.4 GHz Intel Core i7 CPU and 8 GB of RAM. Consequently,

our technique could achieve an average frame rate of 294 {/s, which is well above
that required for live US gating.

5 Discussion and Conclusions

We have presented a novel and clinically useful real-time cardiac gating tech-
nique based on PCA and have demonstrated its application for automatic cardiac
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gating of unseen 3D TAVI and EP TOE sequences. Unlike all previously devel-
oped motion gating techniques, the main novelty of our technique is that it is
applicable to 3D images and is not retrospective. Our technique is image content
independent, fully automatic, requires no prior knowledge and can operate with
an average frame rate of 294 f/s. This is well above the frame rate of clinical
US. Thus, real-time cardiac gating of live 3D ultrasound could potentially be
achieved. The method will also be particularly useful for registration of US vol-
umes to other imaging modalities, thereby enhancing image guidance for such
interventions. A limitation of the method is the need to retrain when the view
is changed. In future work we will investigate the effect of probe movement on
the robustness of the technique.
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Abstract. Real-time MRI-guided electrophysiology (EP) interventions hold the
potential to replace conventional X-ray guided procedures aimed to eliminate
potentially lethal scar-related arrhythmia. Furthermore, although cardiac MR can
provide excellent structural information (i.e., anatomy and scar), these
catheter-based procedures have limited electrical information due to sparse
electrical maps recorded from endocardial surfaces. In this paper, we propose a
novel framework to augment such sparse electrical maps with 3D transmural
electrical wave propagation obtained non-invasively using computer modelling.
First, we performed real-time MR-guided EP studies using a preclinical pig
model (i.e., in 1 healthy and 2 chronically infarcted animals). Specifically, the
MR scans employed 2D T1-mapping (1 x 1 x 5 mm spatial resolution) based
on a multi-contrast late enhancement method. For the EP studies we used an
MR-compatible system (Imricor). Second, the stacks of resulting segmented
images were used to build 3D heart models with various zones (i.e., healthy, scar
and gray zone). Lastly, the 3D heart models were coupled with simple mon-
odomain reaction-diffusion equations (e.g. eikonal and Aliev-Panfilov). Our
simulations showed that these mathematical formalisms are advantageous due to
fast computations, allowing us to predict the electrical wave propagation
through dense LV meshes (e.g. >100 K elements, element size ~1.5 mm) in
<3 min on a consumer computer. Overall, preliminary results demonstrated that
the 3D MCLE-based models predicted close activation times and patterns
compared to our measured EP maps, while also providing 3D transmural
information and a precise location of the infarction. Future work will focus on
calibrating directly (in near real-time) T1-based personalized heart models from
electrical maps obtained during real-time MR-guided EP mapping procedures.
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1 Introduction

Ventricular tachycardia (VT), a dangerous arrhythmia, is a major cause of sudden
cardiac death in patients with structural disease such as myocardial infarction (MI) [1].
In VT, an abnormal electrical wave propagates around unexcitable scars and through
viable channels of reduced functionality [2]. The structural characteristics of infarcted
areas are evaluated in the clinics using MR imaging, which has excellent soft tissue
contrast. In addition, the changes in electrical properties due to collagenous scar
development are identified in the electrophysiology (EP) lab typically under X-ray
fluoroscopy, using catheter-based systems (e.g. CARTO, NOGA, Ensite). During the
EP study, clinicians aim to thermally ablate the “viable channels” (i.e., the VT substrate
where the foci reside). These channels are often found in the peri-infarct area and
consist in a mixture of viable and non-viable myocytes. Unfortunately, the success rate
of the VT ablations is currently low [1-3] due to various limitations of the EP systems
(i.e., sparse electrical maps, surface data, exposure to high X-ray dose during long
procedures, invasiveness of VT inducibility test, etc.).

To improve the mapping and VT ablation procedures, many centers fuse
contrast-enhanced MR and EP data [4], but currently there is a clear need to further
reduce: (a) the total procedure time associated with a typical MR study followed by
conventional EP study, and (b) the errors between the location of scar/channels iden-
tified in MR and EP data. Thus, an attractive alternative is the use of real-time
MR-guided EP systems, which employ MR-compatible catheters. Such systems have
been recently implemented in several research centers in the world, with pre-/clinical
feasibility studies yielding promising results [5, 6]. Notable, the MR-guided EP
mapping systems do not use ionizing radiation and produce significantly lower location
errors (~3 mm) compared to CARTO system [3].

However, despite considerable efforts and the development of complex systems,
two major limitations remain the sparsity of electrical points along with the lack of
transmural electrical information (since the electrical maps are recorded only from the
endocardial and/or epicardial surfaces). To overcome this limitation, one can use
computational modelling [7]. This powerful non-invasive tool can be combined with
structural information extracted from cardiac MRI to build 3D anatomical models that
can be used to predict the abnormal propagation of electrical impulse in the presence of
non-conductive scars and to simulate the generation of VT waves looping around dense
scars. We have previously used such computational tools by employing 3D MRI-based
heart models (histologically validated) obtained from high-resolution ex vivo diffusion
tensor images of explanted porcine hearts. Some of our heart models were previously
personalized from surfacic EP data (i.e., maps of activation times) recorded via
x-ray-guided EP systems [8].

In this work, we propose a novel preclinical framework that integrates real-time
MR-guided EP data with computerized 3D models of healthy/infarcted hearts. Notable,
for scar imaging we used a high-resolution T1 mapping method, recently validated
using quantitative histology [10]. This gave us confidence that our 3D heart models
(integrating three zones: scar, healthy tissue and channels) are anatomically accurate.
We then dissected the propagation of electrical wave through the heart using fast
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Fig. 1. Diagram of the workflow (see text for more details)

computer models. A simplified diagram of the workflow illustrating various compo-
nents of the framework is included in Fig. 1.

2 Materials and Methods

2.1 Animal Preparation

In this paper we included results from three MR-EP studies performed in a pre-clinical
animal model (i.e., one healthy swine and two swine with chronically infarcted hearts).
All interventional procedures received approval from Sunnybrook Research Institute.
The methodology of generating myocardial infarction was previously described [8].
Briefly, in this current work, the left ascending artery (LAD) was occluded by a balloon
catheter for ~90 min, followed by balloon retraction and tissue reperfusion in order to
create a heterogeneous infarction that mimicked typical pathological characteristics of
MI in humans.

The infarcted animals were allowed to heal for approximately 5-6 weeks prior to
the MR-EP studies and to develop chronic fibrosis. By this time point, a dense col-
lagenous scar (i.e., fibrosis) had replaced dead myocytes in the infarct core, while a
mixture of viable and non-viable collagen fibrils was found in the peri-infarct. This was
confirmed by a collagen-sensitive histological stain as in our previous studies [8].

2.2 Real-Time MR-Guided EP Studies and Data Processing

All MR-EP studies were performed using a 1.5 GE MR scanner. For MR imaging of
the heart anatomy we used a cine SSFP sequence, while for scar detection we used our
T1 mapping method based on a 2D multi-contrast late enhancement (MCLE) pulse
sequence, as previously described [9]. Both types of MR images were acquired using a
1 x 1 x 5 mm spatial resolution.
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Our real-time MR-EP system consisted of 8.5 Fr catheters MR-compatible and a
prototype EP Recording System (Bridge™, Imricor Medical Systems). We recorded
MR signals, tracking data, and intracardiac electrograms (EGMs) from the catheter
tip. The MR images acquired for roadmaps were sent to an in-house developed visu-
alization software, Vurtigo (www.vurtigo.ca). Vurtigo also received real-time tracking
data and converted them into MR position coordinates for fusion with EP data.
Notably, MR and MR-guided EP data are co-registered (by default).

The EGM waveforms gathered from the tip of the catheters were used in con-
junction with the catheter coordinates to produce endocardial activation maps. This
was achieved by placing a reference catheter on the septum of the RV, and a mapping
catheter in the LV. Our system simultaneously recorded the two EGMs and the
coordinates of the tracking coils in the catheters. By holding the mapping catheter at
one point, we were able to associate a section of the EGMs with a particular coordinate
in the endocardium.

The activation time at each of these points was measured manually in Vurtigo by
comparing the reference and mapping EGMs. For this, we used a caliper (Fig. 2a) that
measured the delay between two peaks in the signals. Example of EGM waveforms
from the tip of catheters inserted in RV (for pacing) and LV (for mapping), are shown

in Fig. 2b.
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Fig. 2. Electrocardiograms recorded with the Imricor catheter and visualized in Vurtigo: (a) the
caliper (in red) measures egm amplitude; and (b) example of recordings from RV and LV under
pacing at 400 ms. (Color figure online)

Figure 3a shows an example of fused MR-EP data that was obtained in one
infarcted pig. The endocardial contours (drawn in white) were semi-automatically
detected in the prior cine SSFP images. The resulting co-registered fused MR data with
the EP isochronal map is shown in Fig. 3b. Note that for the color map, early
activation/depolarization times are in red and late local activation times in blue. The
EGMs were further used to construct endocardial activation maps (i.e., isochrones of
depolarization times). The activation maps were recorded from the endocardium of the
LV, either in sinus rhythm or under pacing conditions (i.e., at 400 ms, with the pacing
catheter placed in the right ventricle, RV, touching the septum).
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(b)

Fig. 3. Visualization of real-time MR-guided EP data in an infarcted pig heart: (a) co-registered
MR-EP data; and (b) fused MR image with interpolated isochronal EP map.

For infarcted cases, the MCLE images were used to extract the steady-state and T1*
maps, which were used as an input to a fuzzy-logic segmentation algorithm [9], which
is a robust algorithm to cluster infarct core, peri-infarct (grey zone, GZ, where the
arrhythmia substrate resides) and healthy pixels.

2.3 Mesh Generation

We generated 3D volumetric LV meshes of sufficiently high density (i.e., between
100-300 K elements, with mean element size approximately 1-1.5 mm), to capture
accurately the wave propagation in the peri-infarct areas. All anatomical meshes were
constructed using CGAL libraries (www.cgal.org) and Inria tools, from the stacks of
segmented 2D MCLE images for infarcted pigs, and from cine SSFP images for the
healthy case, respectively.

All 3D meshes integrated synthetic fiber directions generated using rule-based
methods that obey analytical equations [10]. For the tissue properties corresponding to
the key model parameters, we assigned a different electrical conductivity value per each
zone (i.e., healthy tissue, slow-conductive GZ and non-conductive scar) to mimic the
electrophysiological properties of chronic infarct (see below).

2.4 Computational Modelling

The 3D MCLE-based heart models were further used for simulations. Specifically, we
simulated the electrical wave propagation through the heart using two fast
mono-domain macroscopic formalism. We then compared the models’ output (i.e.,
isochronal maps) and computational times (tractability) between them and also against
the measured isochronal maps. Both mathematical models have a reaction-diffusion
term.
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The Aliev-Panfilov (A-P) model solves for the action potential (V) and recovery
term (r) as described in the reaction-diffusion equations [11, 12]:

%gzir(vay—m4V—aXV—d)—rv (1)
or wr
E%““+ﬁ;3ﬁ“wv_“_n+” (2)

where a tunes the action potential duration and k corresponds to the recovery phase.
This simplified model accounts for tissue anisotropy (i.e., fiber directions) via the
diffusion tensor D, where d is the ‘bulk’ electrical conductivity of tissue. A reduced
value of d results in a slow wave propagation, as per the relation between the speed
(i.e., conduction velocity) ¢ and d:

c=V2-k-d(0.5—a) 3)

The Eikonal (EK) model is the fastest existing model. This fast model computes
only the wave front propagation (i.e., the depolarization phase Ty of the electrical
wave) based on the anisotropic Eikonal equation [13]:

A(VTDVT,) = 1 (4)

where the c is the local speed of the wave and D is the diffusion tensor as in the A-P
model described above.

Note that in both computational models, we worked with the following value for
speed: ¢ = 30 cm/s in the GZ (which is a value reduced by 50% compared to c healthy
tissue 60 cm/s). We also assigned ¢ = 0 in the dense core (which is non-conductive). In
both models (A-P and EK) the anisotropy ratio was set to 1:3 (to account for the
anisotropic propagation of the electrical wave in transverse vs. longitudinal direction of
the fiber).

For all Finite Element simulations, we used a 4,096(1x) MB machine with an
Intel® Core™ i3-2310 M processor, 640 GB HD, NVIDIA® GeForce® 315 M gra-
phic adapter.

3 Results and Discussion

Figures 4a—c show exemplary results from the construction of the 3D anatomical
model from one of the infarcted hearts, with the scar in the territory of the left anterior
descending artery (LAD). From the stack of 2D segmented MCLE images we obtained
an interpolated 3D anatomical heart model, which integrated the three types of tissue
(GZ, healthy zone and dense scar). The synthetic fibers generated using rule-based
methods rotated from —70° to +70° (from endocardium to epicardium), were integrated
into the 3D mesh by assigning the fiber directions at each vertex (see example in
Fig. 4d).
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Fig. 4. Construction of the T1-based heart model for one infarcted heart: (a) stack of 2D
segmented T1 maps; (b—c) corresponding 3D model and tetrahedral mesh (CGAL); and
(d) rule-based synthetic fibers. Notable, the 3D model has three zones: healthy (dark blue), GZ
(white) and dense scar (light blue) resulted from segmenting MCLE images. (Color figure online)

Figure 5 presents simulation results obtained for the healthy heart. The outputs of
the both EK and A-P models were compared with the recorded endocardial EP map
(which was projected onto the endocardial surface of the mesh). Overall, we observed a
close correspondence between simulated and measured isochronal maps, as illustrated in
Fig. 5-top. The A-P model yielded a slightly better match of activation pattern with and
a smaller absolute error (8 ms) compared with the measured map, while the simulated
isochrones by the EK model lead to a larger absolute (12 ms). Figure 5-bottom shows a
qualitative comparison of epicardial isochrones (simulated depolarization times) using
the EK and A-P models, respectively. A small difference (i.e., mean error for all vertices
<5 ms) and a very good correlation coefficient (0.92) was found between the simulated
isochrones predicted by A-P model vs. the EK model. Note that all quantitative com-
parisons were performed using in-house tools developed in Matlab.

Measured activation

A-P model g
times

ko

Fig. 5. Comparison between simulated and measured isochrones for the healthy heart (see text
for details). For the color scale, red represents the early activation time (EAT), while in blue are
late activation times, LAT (ms). In the epicardial maps, EAT corresponded to the location of
pacing catheter tip in the MR image. (Color figure online)
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Figure 6 shows the results obtained in an infarcted heart (i.e., the same one pre-
sented in Fig. 4). The generated mesh had approximately 122 K elements. The sim-
ulations with A-P model were performed in <3 min, while the E-K simulations in 18 s
(with a time-step of 1 x 10™*s). For simplicity, we included below only the com-
parison between the A-P model and experimental isochrones (the latter being projected
and interpolated on the endocardial mesh). Overall, there was a good correspondence
between of the activation patterns between the maps. The absolute error between the
simulated vs. measured endocardial values was 14 ms, which was larger than the error
obtained in the healthy case. This can be explained by the fact that the endocardial
measurements are sparse (e.g. <60 points), leading to small differences in the activation
times within in the peri-infarct areas and adjacent zones, compared to the values
computed on 3D meshes.

Overall, the 3D models give superior information compared to the surfacic EP
measurements, since they allow visualization of transmural activation times and
resulting activation pattern through the myocardial wall, relative to the precise position
of the scar in the infarcted hearts.

A-P model Measured isochrones

o
(a) (b)

Fig. 6. Comparison between simulated (A-P model) and measured isochrones in one infarcted
heart (see text for details).

4 Conclusion and Future Work

Non-invasive evaluation methods of myocardial infarct, such as cardiac MR imaging
and predictive image-based computer models can be integrated to provide powerful
tools for the clinicians, particularly in EP labs. Such integrative tools can be also used
for surgical training [14]. In this work, we proposed a novel framework to augment the
information from real-time MR image-guided EP studies with 3D simulations using
high-resolution T1-mapping-based computer models. These models could supplement
important information that is currently lacking during catheter-based EP procedures
due to the sparse and surfacic nature of endocardial electrical maps.

Our preclinical results suggest that macroscopic theoretical models such as A-P and
EK can provide very fast simulation results (in <3 min for A-P model, and <20 s for
EK model, respectively) for relatively dense MR-based heart meshes, making them
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attractive for a rapid integration into the clinical platforms. Although these preliminary
results are promising, we acknowledge that a modelling limitation was the usage of
global parameters (i.e., same conductivity or speed within the healthy tissue of LV).
Likely better predictions can be obtained if these key parameters in the A-P and EK
models will be calibrated directly from measured EP maps and using the local
17-segment AHA model for LV.

Future work will focus on personalizing local model parameters per individual
heart from EP data as in [15]. We envision that such refined approach will improve the
model personalization, particularly in pathological hearts with structural disease. This
will enable more accurate predictions of activation maps and, later, an improved out-
come of MR-guided EP ablation of scar-related VT patients. Furthermore, for both
rapid scar/GZ imaging and image-based model generation, we will use our newly
developed high resolution 3D MCLE scan based on a reconstruction method using
compressed sending [16], which will avoid cardiac motion and respiratory registration
erTors.
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Abstract. The left atrial appendage (LAA) is the main source of throm-
bus in patients with atrial fibrillation (AF). Automated segmentation of
the LAA can greatly help doctors diagnose thrombosis and plan LAA
closure surgery. Considering large anatomical variations of the LAA, we
present a non-model based semi-automated approach for LAA segmen-
tation on CTA data. The method requires only manual selection of four
fiducial points to obtain the bounding box for the LAA. Subsequently we
generate a pool of segmentation proposals using parametric max-flow for
each 2-D slice. Then a random forest regressor is trained to pick out the
best 2-D proposal for each slice. Finally all selected 2-D proposals are
merged into a 3-D model using spatial continuity. Experimental results
on 60 CTA data showed that our approach was robust when dealing
with large anatomical variations. Compared to manual annotation, we
obtained an average dice overlap of 95.12%.

Keywords: Left atrial appendage + LAA closure surgery - Non-model
based segmentation - Ranking

1 Introduction

Thrombosis has become a major contributor to the global disease burden [1].
International Society on Thrombosis and Haemostasis (ISTH) reported that one
in four people worldwide die of conditions caused by thrombosis. The left atrial
appendage (LAA) is the main source of thrombus in patients with atrial fibril-
lation (AF) [2]. The LAA is appended to the left atrium (LA) usually with an
oval ostium (see Fig. 1(a)). It has several different complex morphologies named
“windsock”, “chicken wing”, “cauliflower” and “cactus-like” with volume varying
from 1ml to 19 ml.

LAA morphology is related to the risk of thrombus in patients. The shape and
size of the LAA may even change after AF and thrombosis. Doctors have to study
the medical images carefully to diagnose pathological changes and thrombus in
the LAA. Recently LAA closure surgery [3] has become a very promising treat-
ment to prevent thrombosis. Due to complex LAA structure, doctors must know
© Springer International Publishing AG 2017

T. Mansi et al. (Eds.): STACOM 2016, LNCS 10124, pp. 21-29, 2017.
DOI: 10.1007/978-3-319-52718-5_3



22 L. Wang et al.

Fig. 1. The LAA. (a) Volume rendering of a heart with the LAA marked by green circle.
(b) An axial CT slice with the LAA marked by green circle. (¢) 3-D reconstruction
models of 9 different LAAs from our data set. Shapes of LA As vary significantly. (Color
figure online)

LAA morphology and size exactly to plan surgery. Computed Tomography (CT)
is widely used to visualize the heart anatomy before surgery. Automated LAA
segmentation on CT data can greatly help doctors know the precise anatom-
ical structure of the LAA in advance, which is very important for thrombosis
treatment.

LAA segmentation on CT data is a quite challenging task due to the small
size and large anatomical variations of the LAA. There is not too much work
on LAA segmentation. Grasland-Mongrain et al. [4,5] used shape-constrained
and inflation deformable models to segment the LAA, based on their previous
heart segmentation framework [6]. They started from the segmented LA model,
then grew the LAA model out using mesh inflation with shape constraints. It
has some difficulties in segmenting the tip of the LAA [4,5] because of the con-
straints caused by the shape model. Zheng et al. [7] used a multi-part model to
segment the whole LA, including the LAA in C-arm CT. The LAA has many
small lobes but their boundaries are usually blurred in C-arm CT. Zheng et al.
just used a smooth mesh to enclose all lobes roughly. Considering lobes are
essential for modeling LAA morphology and they are clear in our Computed
Tomography Angiography (CTA) data, unlike [7], we would include lobes into
our segmentation work.

Model-based approaches [6,7] have been commonly used in medical image
analysis. A series of work has obtained satisfactory results in heart chambers
segmentation. Compared to heart chambers, the LAA has no significant shape
prior due to large anatomical variations (see Fig.1(c)). Thus non-model based
approaches are preferred because they are purely driven by the image to be
segmented without shape constraints. Graph-cut [8] is a widely used non-model
based approach. However the value of parameter A in Graph-cut has a strong
impact on final result while it is a challenging task to determine the A\ value.
Instead of finding the optimal A\ value, some work in computer vision [9,10]
generated a pool of proposals using parametric max-flow/min-cut solver [11].
Parametric max-flow can solve max-flow/min-cut problem with a set of A val-
ues while max-flow in Graph-cut just solves the problem with a single A value.
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Fig. 2. Flowchart of our LAA segmentation algorithm. After LAA volume (a bound-
ing box containing the LAA) is obtained by user interaction, we generate a pool of
segmentation proposals for each axial slice. Then all proposals in each pool are ranked
and the best one is selected for each slice. Finally we merge all selected 2-D proposals
by spatial continuity to get the 3-D model.

After ranking the proposals in the pool, they achieved good performance in
vision task like object segmentation.

In this paper, we proposed a three-step semi-automated approach to segment
the LAA on CTA data. Figure 2 shows the framework of our approach. Consid-
ering large anatomical variations of the LAA, instead of using an explicit shape
model, we rely on some general shape constraints, such as Gestalt features. Our
approach achieved good performance with 95.12% average dice overlap when
dealing with large anatomical variations of the LAA. Another major contribu-
tion of this paper is that in order to model LAA morphology exactly, we also
segment LAA lobes precisely, which were not considered in [7].

2 Method

Considering large anatomical variations of the LAA and the difficulty of finding
the optimal A value in Graph-cut, we propose a non-model based semi-automated
approach for LAA segmentation. The method only requires user to select four
fiducial points to obtain a bounding box containing the LAA. Subsequently we
use a three-step process (see Fig.2) to segment the LAA:

e We generate a pool of segmentation proposals by setting different A values
and seed hypotheses for each axial slice.

e We rank the proposals in each pool based on some mid-level features and pick
out the best proposal for each slice.

e We build the 3-D LAA model by merging the selected 2-D proposals and use
spatial continuity of adjacent slices to correct possible segmentation errors.
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User Interaction: As the LAA is just a small part of the whole CT volume, we
require the user to mark a bounding box containing the LAA. The user should
select four fiducial points around the LAA. One on the first axial slice where
the LAA appears. Two on the middle axial slice where the area of the LAA is
the largest, at the diagonal corners of a rectangle which can contain the LAA
closely. One on the last axial slice where the LAA disappears. The 3-D bounding
box containing the LAA can be calculated by these four fiducial points.

2.1 Segmentation Pool Generation

In this step, for each axial slice of the LAA (the reason why we choose axial
slice will be explained in Sect.3.1), we set different foreground and background
seed hypotheses and different A values to generate the segmentation pool. A
segmentation pool is a series of proposals with high probability of including
the good segmentations. For foreground seeds, we use sets of pixels that form
small solid squares. Simpler than [10,12], we just place them automatically in
rectangular grid geometry. For background seeds, we first use the set of pixels
that cover full image borders. Whereas in a few slices the LAA is connected to
the LA which covers the left and bottom borders, we also use the set of pixels
that just cover the right and top borders. Figure 3 shows our seed hypotheses.
For each seed hypothesis, we set 20 different A values, ranging from 0 to 300.

Parametric max-flow can solve the above problem in the same complexity as
the max-flow/min-cut problem with a single \. It minimizes the energy with a
set of \ values:

EMx) = U@+ Y. Buo(wu ). (1)

uEv (u,v)€e

The energy is a sum of unary term Uy(z,) and binary term By, (xy, z,). X =
{1, oy Xy, ...,xM} is the label set defining a segmentation on the image while
2y € {0, 1} is the label assigned to the corresponding pixel u and |v| equals to the
number of pixels. 0 represents the background and 1 represents the foreground
respectively. G = (v, ¢) is a graph with node set v corresponding to image pixels
and edge set € encoding the similarity between neighboring pixels.

With a set of A € R, the unary term is given as follows:

ife, =1ué¢w

ifz, =1,u € 1

0

00

00 ife, =0,u vy '
flzy) + X ifz, =0,u ¢ vy

vp is the background-seed set while vy is the foreground-seed set. f(z,) + A
is the foreground bias and it represents the cost caused by assigning label 0
to the non foreground-seed pixels. f(x,) = Inpf(u) — Inpy(u) where pr(u) =
>k Tk - N(Iy|pr, ox) is the probability that pixel u belongs to foreground. Note
that I, is the grayscale of pixel u. pp(u) has the similar form.
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Fig. 3. Seed hypotheses. The small magenta squares represent different foreground
seeds placed in rectangular grid. The bold blue lines at image borders represent back-
ground seeds. We also present the segmentation proposals for two different foreground
seed hypotheses. In each set of proposals, A increases from left to right. (Color figure
online)

Binary term By, (2, ©,) is the cost of assigning different labels to neighboring
pixels:

0 ifx, =z, 3)
— 2 . .
A x exp(—(l“%[;) ) - dist%u,v) ifa, # x,

Buv(xuvxv) = {

A is a scale factor and o can be estimated as “camera noise” [8]. dist(u,v) is the
distance of pixel v and pixel v.

And in this paper, the algorithm in [11] is used as the parametric max-flow
solver.

2.2 Proposal Ranking and Selection

We aim to pick out the proposals having high ground truth overlap in each pool.
One feasible method is introducing a ranker to rank all proposals and keeping
the top one as the finally picked proposal. We cast the problem of ranking
proposals as regression on quality measure of proposals against their segmented
image features. Random forest is used as our regressor. And we use the Dice
overlap as the quality measure. The Dice overlap between two regions R and
R’ is defined: )
2|RN R/| . @)
|R|+ ||

Two kinds of features are used to describe each proposal: the region features
and the Gestalt features. Region features encode the statistics of the position,
scale and shape of the segmented region. They consist of 17 features in total,
including the relative position to the image center, the relative area to the image
area, the lengths of the major and minor axis of the ellipse that has the same
normalized second central moments as the region, the relative distance between
the extrema points in the region and the image center to the image size, ratio of
pixels in the region to pixels in the bounding box tightly containing the region,
proportion of the pixels in the convex hull that are also in the region, and

D(R,R) =
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Euler number. Gestalt features are mid-level cues encoding the convexity and
continuity properties. Psychologists argue that Gestalt features like convexity,
continuity and symmetry are important for visual grouping [13]. In our paper,
Gestalt features consist of 6 features, including the histogram of the foreground
region, relative intra-region edge energy which is the sum of the edge energy
inside the foreground region divided by the number of foreground pixels, relative
inter-region edge energy which is the sum of the edge energy along the boundary
divided by the boundary length, and the boundary curvature.

2.3 3-D Model Building Using Spatial Continuity

After picking out the best proposal for each slice, all the selected 2-D proposals
can be directly merged into a 3-D model. However, the continuity and consis-
tency between adjacent slices are ignored while they are useful to improve the
quality of the 3-D model. In object tracking, time continuity which is the strong
correlation between adjacent frames is a very important cue. While in our task,
the segmentation results of the adjacent slices are related to each other, which
we call spatial continuity. We take 3 adjacent slices into account. For the current
slice, we check the segmentation results of its former and latter slices to recover
the missing disconnected components of the LAA and correct the small leak-
age to neighboring anatomical structures. Besides spatial continuity, we also use
mathematical morphology including eroding and dilating to improve the quality
of the final result.

3 Experiments

3.1 Data Set and Manual Annotation

We randomly selected our data set from patients who underwent a CTA exami-
nation using a Philips Brilliance iCT256 scanner from August 2015 to December
2015. The volumes in our data set may contain 235 to 713 slices while the size
of all slices is of 512x512 pixels. The resolution inside each slice is isotropic but
varies between 0.314 mm and 0.508 mm for different volumes. The slice thickness
is the same with 0.450 mm for all volumes.

Phase and Slice Selection. The original data set has four phases for each
patient with 40% and 45% in electrical systole and 70% and 78% in electrical
diastole. Since the image quality is similar among these phases, we chose 45%
phase because according to [2] the LAA at this phase has a big volume. We
prefer 2-D slices to 3-D volume mainly because we can parallel the segmentation
pool generation step which is the most time-consuming with 2-D slices processed
independently. Axial slices are chosen because sagittal and coronal slices are no
better for studying LAA morphology [3] while the number of slices in axial plane
is much fewer.
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Ground Truth Annotation. With the help of radiologists, we annotated the
LAA using a paint brush tool [14] slice by slice at the voxel level. The annotations
were mainly done at axial slices and corrected by checking sagittal and coronal
slices. In a few slices where the LAA is connected to the LA, a small part of the
LA inside the region of interest was also included in the LAA.

3.2 Results

We evaluated our approach on 60 CTA data and used a four-fold cross-validation
to measure the LAA segmentation quality. The random forest was trained on 45
CTA data and tested on the last 15. Table 1 shows the results of our experiment.
To evaluate step 1, we measured the quality of the segmentation pool with
average best dice overlap presented. Average best dice overlap is the mean dice
value of the best proposals in all pools. To evaluate step 2 (proposal ranking),
we reported the dice value of top 1 proposal, the mean dice values of top 5
proposals and bottom 5 proposals. The quality of top 5 and bottom 5 proposals
demonstrated that the results of our ranker were quite reasonable. After the
final step, we obtained an average dice overlap of 95.12%. The method took
about 3.5min for a LAA volume, with about 3min for the segmentation pool
generation step, on 4 Intel Core i7 processors at 4.0 GHz with 16 GB of RAM.

Previous work [4,5] used a model-based approach to segment the LAA. Test-
ing the approach on 17 CT data, they obtained an average dice overlap of 70.81%,
max dice overlap of 85.42% and min dice overlap of 16.58% while ours are 95.12%,
98.83%, and 81.16%. As mentioned in [4,5], their model-based approach has dif-
ficulties in segmenting LAA tip and lobes because of large anatomical variations.
The results showed that our non-model based approach did not suffer from this
problem. We did not compare our results with [7] because the lobes were not
considered in [7].

Table 1. The dice overlap after each step of our approach

Pool quality | Ranked proposals Final result
Top 1 | Top 5 | Bottom 5
Dice | 0.9467 0.9120 | 0.8954 | 0.100 0.9512

Figure 4 presents the results of two examples. It shows that our approach can
generate segmentation pools with high quality (see column 1 of each example)
and our ranker can pick out the best proposal in most cases (see column 2 of
each example). Although in a few cases the ranker failed to pick the correct
proposal out, step 3 successfully recovered the missing components (see row 2 of
example 1) and corrected the leakage to neighboring anatomical structures (see
row 3 of example 2).
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Fig. 4. Segmentation results of two examples. Left: example 1. Right: example 2. For
each example, column 1-3: the results after step 1-3 of our approach, row 1-4: 4
different axial slices and row 5: the model reconstructed from the ground truth (left)
and the model reconstructed by our approach (right). Red curves represent the ground
truth while blue, cyan and green curves show the best proposals in segmentation pools,
picked proposals and the final results respectively. Step 1 can generate pools with high
quality and step 2 is able to pick out good proposals generally. Step 3 can recover
the missing components (see row 2 of example 1), correct the leakage to neighboring
structures (see row 3 of example 2), and make the final shapes smoother (see row 5 of
example 1). (Color figure online)

4 Conclusion

In this paper, we propose a non-model based semi-automated approach for seg-
menting the LAA, including the LAA tip and lobes. The approach is based on
learning to rank 2-D segmentation proposals. The experiment showed that our
approach was robust in dealing with large anatomical variations. We obtained
an average dice overlap of 95.12% on 60 CTA data, much better than previously
reported LAA segmentation accuracy (70.81%) [5].

A limitation of current approach is that it requires manual selection of four
fiducial points to obtain the bounding box for the LAA. One way to address this
problem is to segment the LA chamber first. As the LAA is appended to the LA
chamber, it should be convenient to locate the LAA automatically by extending
the segmented LA chamber.
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Abstract. Cardiac Magnetic Resonance (CMR) provides unique func-
tional and anatomical visualisation of the macro and micro-structures of
the heart. However, CMR acquisition times usually necessitate slices to
be acquired at different breath holds, which results in potential misalign-
ment of the acquired slices. Correcting for this spatial misalignment is
required for accurate three-dimensional (3D) reconstruction of the heart
chambers allowing robust metrics for shape analysis among populations
as well as precise representations of individual geometries and scars.
While several methods have been proposed to realign slices, their use in
other important protocols such as late gadolinium enhancement (LGE)
is yet to be demonstrated. We propose a registration framework based on
local phase to correct for slice misalignment. Our registration framework
is a group registration technique combining long- and short-axis slices.
Validation was performed on LGE slices using expert-traced ventricular
contours. For 15 clinical multi-breath-hold datasets our method reduced
the median discrepancy of moderately misaligned slices from 2.19 mm to
1.63mm, and of severely misaligned from 7.33 mm to 1.96 mm.

Keywords: Slice misalignment + Late gadolinium enhancement + CMR

1 Introduction

Cardiovascular diseases are one of the world’s biggest killers, accounting for
over 4 million deaths in Europe yearly [1]. Enabling early diagnosis and effective
treatment is essential to the reduction of the burden of cardiovascular diseases.

In recent years much research has looked at creating personalised 3D anatom-
ical models of the heart [2]. These models usually incorporate a geometrical
reconstruction of the anatomy in order to understand better cardiovascular func-
tions as well as predict different processes after a clinical event. Also, popula-
tion studies of cardiac anatomy require precise geometrical reconstructions [3,4].
However the ability to accurately reconstruct heart anatomy from MRI in three
dimensions commonly comes with a fundamental challenge: the misalignment
© Springer International Publishing AG 2017
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between slices acquired at different breath holds. In this paper we discuss an
alignment algorithm for individual CMR slices that allows subsequent accu-
rate reconstruction of geometrical models of the heart. The algorithm uses the
intersection lines between slices, introducing a new cost function designed to
be applied on both cine and late gadolinium images, as well as a specifically
designed optimisation strategy. The main contributions of this work are:

— The development of a complete framework for the correction of translational
and rotational misalignments between CMR slices, based on the combination
of short axes (SA) and long axes (LA) images and applicable to cine and LGE
CMR scans.

— The introduction of the normalised cross correlation of local phase vectors
as a similarity measure that makes the method applicable to different CMR
protocols.

— A complete validation using manually traced contours, which includes the
estimation of contouring errors.

1.1 Misalignment Between CMR Slices

CMR images allow for detailed ventricular anatomical information as well as an
accurate representation of myocardial function by using a plethora of available
specialised protocols. Acquiring cardiac images is a complex process due to the
constant motion of the heart. Standard clinical protocols do not allow 3D images
of the heart in a single acquisition, and thus typically acquire a collection of 2D
slices, oriented either on the short axis or on a long axis plane of the ventricles,
each one at a separate breath hold. Electrocardiogram (ECG) allow the images
to compensate for cardiac motion. Breath holding at the same lung volume for
periods ranging from 7 to 15s is used to reduce slice misalignment from the
acquisition. This alignment distortion may be further enhanced by any patient
movement inside the scanner, affecting slice spatial coherence as a 3D dataset [5].

1.2 Motion Correction

A significant amount of research has been dedicated to the correction of CMR
slice misalignment. Some studies solely align endo and epicardial contours with
regards to each other. This requires the availability of accurate contours, and
has the disadvantage of forfeiting all the additional information available in the
image values. In practice, due to the inter/intra variability in expert contour-
ing, the final alignment will depend on the expert; on the other hand, if the
application requires the smoothest ventricular shapes possible, methods such as
[6] can be used. Other studies use volumetric approaches where individual slices
are registered to a 3D volume (slice-to-volume registration) [7-9]. The second
common approach in the literature uses slice-to-slice alignment (slice-to slice reg-
istration), which is also used in our method. This approach is based on using the
image intensities at the slice intersections. By optimising over the (dis)similarity
between intensities on the intersecting line, optimal alignment can be achieved.
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Some studies [10,11] use a fixed slice, usually an LA slice, to which all the other
slices are aligned to. The drawback to this is the dependence on the choice of the
reference slice, which can heavily influence the results if a particularly misaligned
slice is chosen as the fixed reference. An alternative method is to alternate the
reference slice in an iterative manner and allow the other slices to register to it.
This has the negative effect of being highly influenced by outliers and makes the
process more sensitive to local minima. This results in optimising over a space
of 6n parameters, with n being the number of slices, which is costly and less effi-
cient. To minimize the amount of local minima, our method fixes all the other
slices and allows only one slice to “move”, obtaining the best global alignment.
Furthermore using the sum of similarity measures from a slice to several refer-
ence slices can lower the influence of outliers, forcing them to converge through
an iterative process; also known as alternate optimisation [12]. Theoretically, dif-
ferent alignment strategies could converge to the same minimum, regardless of
the optimisation parameters used. However, the presence of local minima means
that, in practice, the choice of optimisation parameters has a substantial effect
on the result.

1.3 Similarity Function

Cost functions, otherwise known as similarity measures, provide a measure of
(dis)similarity between images/intensities in the domain of image registration.
Similarity functions can be feature-based, which aim at the alignment of spe-
cific image features (e.g. edges), or voxel-based, which use all intensity values
and quantifies their differences. Voxel-based measures can usually be posed in a
generative and statistical framework providing a measure of mutual dependence
between random variables. The similarity criterion is one of the key factors in
the performance of a registration process, and depends on the nature of the
data to be registered [13]. Protocols including gadolinium injections suffer from
contrast wash-in/wash-out in the images, increasing the disparity in intensities
between slices at different time instants. This prevents the use of simple mea-
sures based on intensity differences, such as Sum of Absolute/Square Differences
(SAD/SSD). Although some studies such as [14] use SSD as a similarity func-
tion, they only apply to same plane (2D-2D) registration, whereas in our case,
the intensity discrepancy mostly occurs between the LA and SA slices. We con-
sider that the use of a contrast-independent measure based on salient features
would be more appropriate to match the line intersection profiles. Phase based
metrics have been a popular choice to use in the last years [15,16]. Local phase
is a contrast independent descriptor of image structure and is thus not affected
by intensity discrepancies [17].

2 Materials and Methods

2.1 CMR Data

The datasets used consists of DICOM files containing 2D CINE MRI and 2D
LGE sequences of size 216 x 256 pixels (approx: 1.41 mm x 1.41 mm). 15 datasets
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(SIEMENS TrioTim 3T scanner at the John Radcliffe Hospital, Oxford, UK)
from different subjects were used. Each dataset contains between 9 and 13 SA
slices from apex to base separated by 8/10 mm and 3 LA slices (4 chamber view,
2 chamber view and out-flow tract). For validation purposes, left ventricle epi-
and endocardial contours were manually traced by an expert on all SA and
LA slices using the CMR42 software (Circle Cardiovascular Imaging, Calgary,
Canada).

2.2 Image Registration Algorithm

Our method relies on the intensity profiles at the line formed by the intersection
between two slices to align the slices together and give spatial coherence to the
3D dataset. This is based on the assumption that two slices will be perfectly
aligned when the underlying features of the line profile at their intersection is
complementary. Assuming that slices from a subject are triggered at the same
cardiac phase the 3D shape/anatomy of the heart remains fixed among slices.
Therefore, rigid-body transformations between slices are considered. As such, we
perform rigid registration for each of the slices over 6° of freedom of a rigid-body
transformation (Fig. 1).

—sA
——LA(4CH)

Right Left
100 Ventricle Ventricle

intensity levels / grayscale values

Fig. 1. Left panel shows some 2D MRI slices in their spatial 3D positions, where a
clear misalignment can be shown (red box). Right panel shows the intensity profiles
along an intersection line. (Color figure online)

2.3 Alignment Score and Optimisation Strategy

The global motion (GM) discrepancy of the slices can be measured as the sum of
(dis)similarity measures E between pair of intersecting slices. Let S; be the i-th
slice and ©; the set of its 6 rigid transformation parameters, for example @ =
{te,ty,t>, 0, 8,7} (in our case 3 translations plus 3 Euler angles). Moreover, let
5% be the transformed version of the slice S; by the rigid transformation defined
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by parameters ©;. By using this notation, the global motion (GM) discrepancy
is given by

GM (01,0, ...,0,;51,52,...,5,) :ZE(S?“SJQJ) L

where the summation runs over all pairs S;,S; intersecting in a line, 4.e. an
LA slice will intersect with all the SAs and the other LAs. Minimising GM is
akin to finding the parameters for each slice. In this work, this minimisation is
performed in an alternate manner, by optimising the parameters @ of a single
slice whilst leaving the others fixed. As the GM is built as a sum of terms, the
iterative minimisation of partial terms results in the minimisation of the global
motion discrepancy and the slices match together.

2.4 Similarity Measure

The particularities of image acquisition described in Sect. 2.1 prevent the use of
simple measures based on intensity differences, such as SAD/SSD. For images
with high intensity disparity, feature-based similarity measure can provide a
more robust method of assessing similarity between the images at the intersection
profiles. As local phase is independent of contrast and not affected by intensity
inconsistencies, it is a sensible choice as a similarity measure. The local phase
can be obtained through the analytic signal in 1D, and general extensions to
higher dimensions have been proposed including the use of oriented filters or
the monogenic signal [16]. Although our registration is based on the similarity
between the 1D intersecting line profiles, we compute the local phase for an entire
image, and then obtain the line intersection between two local phase images as
it results in less noise in the line profiles [16]. The normalised cross correlation
(NCC) between two profiles is used as similarity measure E for an intersecting
pair. In 2D, the local frequency information can be obtained by convolving the
images with banks of quadrature pairs of log-Gabor filters [15]. A quadrature
filter is a complex valued function which transforms a real valued signal to an
analytical signal with weighted frequency components. Convolving the image
with a filter will result in response vectors encoding phase and amplitude. By
using quadrature filters, local phase (@) can be estimated by

@ = arctan <L1> (2)
I
where I, represents the magnitude of the odd filters convolved with the image,
and I, the filter response. With respect to 2D, quadrature filters can be gener-
alised through directional formulation [18]. This results in the image that can
be seen in Fig. 3. Once the local phase images are obtained, the line intersection
at both images is taken to account for the similarity measure, using NCC.

2.5 Contour-Based Alignment

Due to inconsistencies in manual contouring of the SA and LA slices, a “perfect”
alignment (i.e. one in which the distances between SA and LA contour is zero)
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might not be achievable. In order to establish a baseline error value, we applied
a misalignment correction algorithm using the contours from manual images,
substituting function E() in Eq. (1) by the Euclidean distance between SA and
LA contours. We refer to this algorithm as “contour-based” to differentiate it
from the “image-based” algorithm we propose here.

3 Results

We investigated the performance of the registration algorithm using the nor-
malised correlation of the local phase signals. The algorithm was used on 15
datasets, each containing 3 LAs and several SAs. The algorithm was run for 9
iterations, for each dataset, in order to evaluate the convergence of the registra-
tion. This number was chosen empirically, as the algorithm appeared to converge
by then (see Fig. 2).

Table 1 shows the mean, median, and standard deviation resulting from con-
tour to contour distance calculations before the alignment and after, using the
image based method, and contour only method. The upper part of the table rep-
resents all of the 682 individual contour to contour distance for all the datasets.
The lower part reports the values for the 82 contours that were deemed signifi-
cantly misaligned (>5mm).

Table 1. Top: LGE phase results for all 15
patients before alignment and after 9 different iter-
ations, as well as with alignment by minimising
contours only. Bottom: Same as above but for sig-
nificantly misaligned slices.

e
]
2
E
£

Before | Image based | Contour based 5
Median: | 2.19 | 1.63 0.31
Mean 2.82 2.03 0.46 o
Std 2.48 1.71 0.47 Fig. 2. Pairwise energy FE
Median: | 7.33 1.96 0.29 between slices over several
Mean 773 279 0.43 iterations. Red line shows the

global energy GM. (Color

Std 2.43 2.36 0.44 figure online)

4 Discussion

Our method relies on using all available information to correct for misalignment
by using both the long and short axes slices, in an iterative process. By taking
into account all intersections simultaneously, we minimize the effect that individ-
ual outliers have on the overall results, forcing these outliers towards the global
“consensus” position. By using local phase, we rely on its invariance to changes
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T ot T oa

Fig. 3. Late gadolinium image on the left and local phase image on the right

of intensities in order to focus on obtaining high feature similarity rather than
high intensity profile similarity. Relying on the latter assumes that the images
to be registered contain similar intensity profiles which is not always the case.

The slice optimisation was constrained to compensate for potential structural
symmetry, which might lead to out of plane misalignment such as could be the
case with midventricle short axis slices. A hard constraint was chosen as an
alternative to introducing a regulariser as the latter would induce a bias towards
the initial positions of the planes.

The median and mean values for all 15 patients can be observed to decrease
notably, however our method distinguishes itself more with regards to the
remarkably misaligned slices. We have defined significantly misaligned slices as
slices having higher than 5 mm between contours. Results show that the median
value before the alignment is 7.33 mm (7.73 mm mean). After the alignment, a
median of 1.96 mm was obtained (2.72 mm mean). By minimising the contour to
contour distances only, results show that zero minimal distance is unobtainable,
due to the variability in contouring. As such, the lowest median obtainable with
our contours was 0.29 mm (0.43 mm mean), which should be accounted for when
looking at the image based results.

Oscillations along the iterations of the alternate optimisation are a concern
due to the slice dependencies. This can be observed in the behaviour of the
global energy at the different iterations (see Fig.2). It can be seen empirically
that 10-20 iterations are enough to converge. GM can be seen to decrease and
follow a descent path without any jumps occurring, however the evolution of
the pairwise energy can result in a non-monotonic (non-descent) path. Even
after running the algorithm for more then 100 iterations, some energy pairs will
continue oscillating. It can also be seen that for a given pair, the lower the energy,
the more it oscillates.
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Fig. 4. Surface reconstruction before and after alignment.

Validation for cardiac image processing comes with some important draw-
backs that need to be taken into account. There typically exist no true ground
truth due to the nature of the problems. In the majority of cases the ground truth
relies on quantification values based on clinical segmentation. However expert
segmentation should not be considered as the true ground truth, but more as an
approximation, as it suffers from inter-intra expert variability. Furthermore the
choice of quantification methods is highly variable and can greatly impact the
results.

It can be said that the motion correction algorithm is indispensable for any
cardiac anatomical reconstruction which is clearly shown by Fig. 4. Several arti-
facts can be observed such as non aligned SA contours causing a “waving” sur-
face. Furthermore spatial discrepancies between SAs and LAs produces depth
fissures and ridges of the surfaces and discrepancies between LAs do not allow
for a good reconstruction of the apical region.

We have presented a phase based registration algorithm that corrects for
the misalignment of LGE MRI images. This framework will be used as a pre-
processing step in 3D reconstructions of the heart, leading to accurate anatomical
models.
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Abstract. This paper presents a novel method that combines respec-
tive benefits of the tracking-based methods and the Gabor-based non-
tracking approaches for improving the motion/strain quantification from
tagged MR images. The “tag number constant” concept used in Gabor-
based non-tracking methods is integrated into a recent phase-based reg-
istration framework. We evaluated our method on both synthetic and
real data: (1) on a synthetic data of a normal heart, we found that the
constraint improved both longitudinal and circumferential strains accu-
racies; (2) on 15 healthy volunteers, the proposed method achieved bet-
ter tracking accuracy compared to three state-of-the-art methods; (3) on
one patient dataset, we show that our method is able to distinguish the
infarcted segments from the normal ones.

Keywords: Cardiac tagged MR -+ Strain - Tag number constant
constraint

1 Introduction

The quantification of regional myocardial motion and strains remains a cen-
tral challenge for diagnosing heart diseases. Tagged magnetic resonance imaging
(TMRI) is currently the gold standard for quantifying local myocardial deforma-
tions. The underlying technique is based on the creation of non-invasive magnetic
markers (tags) that move with the myocardium over the cardiac cycle. Tracking
these tags permits the recovery of underlying cardiac deformations.

As for the state-of-the-art on cardiac motion tracking from TMRI, the reader
is referred to [1] for a thorough analysis. We provide here a brief discussion
relevant to this paper. All the developed algorithms can be roughly classified into
two categories: the tracking-based and the Gabor-based non-tracking methods.
The tracking-based methods consist in (1) tracking the myocardial motion by
HARP [2], optical flow or any other non-rigid registration technique and (2)
deriving the strain from the tracked field. One limitation of such methods is that
© Springer International Publishing AG 2017
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the computed strain is highly sensitive to the regularization parameter used for
the tracking [3]. As a result, Qian et al. [3], Bruurmijn et al. [4] and Kause et al.
[5] opted for bypassing the tracking issue. They proposed to directly compute
Eulerian strain maps from spatial tag frequencies that were filtered out by Gabor
filters. The idea is that temporal variations in spatial tag frequencies reveals the
stretch /shortening of the myocardium. For example, an increased spatial tag
frequency means that the tissue undergoes a local contraction. All of the above
groups made use of this concept to compute the deformation gradient tensor
which is further related to strain. They all used the assumption that the Number
of Tags between two myocardial points remains Constant over the cardiac cycle
(denoted as NTC hereinafter). This assumption is implicit in [3] while explicit
in both [4,5]. The authors claim that it makes their strain estimate independent
to any tracking field. However, they overlook that a tracking is always required
for reporting strain evolution at all time points per material point, which is of
clinical importance in diagnosing heart diseases like dyssynchrony, infarction etc.
In this paper, we propose to integrate the NTC into a recent phase-based reg-
istration framework [6]. By exploiting NTC as constraints defined in the anatom-
ical directions of the heart, we aim to reduce the dependency of the strain output
to the amount of regularization and report strain curves per material point. The
constraints are used as an additional step for refining the tracking of myocardial
points located in the middle of the myocardium. The role the NTC plays in
improving the quantification is evaluated on both synthetic and real data.

2 Data Acquisition and Preprocessing

A full description of the acquisition of the TMRI used can be found in [1].
The data consists of three sequences with orthogonal tagging directions. In the
following, the sequence is identified by the index k (k =0, 1,2).

We follow the preprocessing steps described in [1]. It consists of (1) the com-
putation of HARP phase; (2) the manual segmentation of the left ventricle (LV)
at end-diastole and its resampling to a volumetric mesh. The resampled mesh has
three layers in the radial direction: endocardium (endo), epicardium (epi) and
a middle layer located between them (mid); and (3) the division of LV domain
into local windows according to the AHA standard. The apex segment (n° 17)
was further subdivided into three equal parts, resulting in 19 windows in total.
Gaussian window functions (Fig. 2(b)) were then defined for each window.

3 Methodology

We chose to track each of the endo/mid/epi layers independently (This choice
is justified later in Sect. 3.1). First, we track each of the endo/epi/mid layers by
the purely phase-based registration (Sect. 3.2) using a recent parametric motion
model (Sect. 3.1). Second, we refine the motion of the mid layer using the phase-
based registration with NTC constraints (Sect. 3.3). We chose not to refine the
endo and epi layers because they subject to tracking artifacts which impact the
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computation of accurate number of tags that we impose as constraints. The way
we implement the NTC constraint is later detailed in Sect. 3.3.

3.1 Motion Model

We use the parametric model proposed in [1] to represent the motion. With the
acquisition protocol used, there is a poor tag resolution in the radial direction
(only 2 or 3 line tags), making it difficult to capture accurate transmural motion
variations [1]. As a result, we decided to remove the three parameters that rep-
resent the transmural gradients of Rad., Long. and Circ. (RLC) displacements
from the model. This leads to a 9-parameter model per window per layer:

=> P (x)v(x)
i
with vV (x) = (ax)l(i)(x) +alD e (x) 4 bg))éT x
(af 19 (%) + af D (x) + b)),
(a319(x) + al)e® (x) + ) p(x)8c(x)

where v is the local motion inside the window i, ¢(* are Gaussian window
functions, and v is the global motion that results from mixing local motions.
&4(x) (d = r,1,¢) are RLC directions. (V) and ¢(¥ are local coordinates along
Long. and Circ. directions respectively. p is the distance to the long axis [1]. In
this way, {bg),b(i) b(i)} represent translations, {a”i , Cic)} are Long. and Circ.
strains, and {al(z), a, } are Long. - Circ. shearings. {aﬂ ,aSQ} are Rad. displace-
ment gradients in Long. and Circ. directions (not transmural). We then have
9 x 19 parameters for modeling the motion of each of the endo/mid/epi layers.
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Fig. 1. Illustration of (a) the TMRI image, (b) the HARP phase, (c) the unwrapped
phase computed taking a pixel’s phase value as reference.

3.2 Phase-Based Registration Without Constraint

We aim to optimize the motion v according to phase-based SSD [6]:

Ephase(v /szk x, u(x Aref( ) — Ai(x+u(x)+v(x))2dx (2)

k=0
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Fig. 2. The surface layer mesh with windows and the d_eﬁnition of control point pairs.
(a): LV mesh and windows; (b): the window function ¢ (x); (c), (d) show respectively
the control point pairs in Clirc. and Long. directions.

Where k indicates the sequence, and ref indicates the reference time (the last
frame in our case). Al is the unwrapped phase as is illustrated in Fig. 1. We use
the unwrapped phase for the formulation because it facilitates the computation of
tag numbers which will be described later in Sect. 3.3. Both u and v are motions
from ref to t. u is the current motion which is known, while v is the motion
model in Eq.1. We opt for registering all other frames to ref for avoiding the
accumulation of errors during the tracking. wy is a weight function introduced
in [6]. The reader is referred to [6] for more details.

3.3 Phase-Based Registration With Constraint

In this section, we describe how to implement the NTC for refining the motion. It
is rather intuitive that the number of tags between two material points remains
unchanged throughout the cardiac cycle. As a consequence, we propose to add an
additional constraint energy to Eq. 2 for penalizing the deviation of tag numbers
to that at ref.

First, we select a number of myocardial point pairs following the circ. and
long. directions as shown in Fig.2(c) and (d). For each window, the boundary
mesh nodes are paired in circ. and long. directions. Those node pairs are chosen
for defining the constraint. We take all such point pairs from the mid-level and
apical windows. Those from the basal windows are excluded because segmen-
tation errors are more severe [1|. We denote these point pairs by (p;,q;) with
j =0to J — 1 where p; and q; are the material coordinates at ref time.

The number of tag between p; and q; is then computed by normalizing their
unwrapped phase difference by 27. The constraint energy is defined as follows:

J—-1 2 1 1 2
E0=3 3 (5o - o)
j=0 k=0
with Dy = 45 (a;) — Ay (py) ¥

Dp.,; = Au(Tulay) + v(q))) — AL (Tu(p)) + v(py))
Tu(x) = x + u(x)

where u has the same definition as that in Eq.2 and v is given by Eq. 1.
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Fig. 3. Ground truth meshes, short- and long- axis slices of the synthetic TMRI (three
sequences of line taggings are multiplied for better visualization).

E. can be decomposed into a number of local quadratic forms. Actually, it
is upper-bounded by the sum of those quadratic forms. The reader is referred to
the appendix for more details on the derivation of the following equation:

v) <Y EPWY) (4)

where i indicates the window, v(?) is the local motion described in Eq.1, and
Egi) is the local quadratic form corresponding to the window .

Similarly for Eppqese(V), we have Eppase(v) < Y, Ef(fhase( ) with E;Qase
being local quadratic forms according to [6]. Finally, by combining the phase-

based term Epp,sc. and the constraint energy E., we have E defined as:
B(¥) = Eprane(¥) + ME(v) €3 (Bl V) + AEEDv)) - (5)

Where ¢ is a normalizing factor. We set it to 10* empirically in our experiments.
A is the weight of the constraint. It is tuned later in Sect. 5.1. Equation 5 means
that F is upbounded by the sum of local energies F ,wse+,\§E( . F is minimized
by optimizing each of the local quadratic form through solving a linear system.
The whole process is iterated until convergence.

4 Generation of Synthetic Images

We combined a real 3D TMRI recording denoted as Z}, and an electro-mechanical
(E/M) model simulating the cardiac electrophysiological activation and the
myocardial contraction [8] for generating synthetic images.

It consists of four steps: (1) we track the LV in the real recording by [1].
The output is a sequence of volumetric meshes denoted as M?; (2) we use the
E/M model to simulate myocardial deformations corresponding to the LV geom-
etry M, leading to another sequence of meshes S*; (3) since M and S are
equivalent, it is easy to build a Thin Plate Spline (TPS) transformation that
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warps the real images Z}, to the simulation S'; and (4) we correct the appar-
ent motion extracted in (1) by transformations contained in S* sequence so
that the motion in the simulated images corresponds to the E/M model. Each
myocardial voxel position at time ¢ is mapped back to the first frame. The new
intensity is then computed by linearly interpolating Z,g. In this study, we simu-
lated a synthetic data for a normal heart shown in Fig. 3. The spatial resolution
is 0.96 x 0.96 x 7.71 mm and line tag spacing is 7mm.

5 Result

5.1 Synthetic Data

We use the synthetic data for tuning the constraint weight A (Eq.5) and inves-
tigating whether the constraint helps improving strain accuracy. Here the eval-
uation only involves the mid layer where the constraint was used. We display
in Fig.4(a) the evolution of RMSE motion errors at end-systole with A. From
the result, we observe that there is an optimal value around A = 1.5. We then
compared the performance between using A = 0 and A = 1.5 on strain quantifi-
cation in Fig.4(b) and (c). We used the Engineering strain as described in [1].
We see that for both strains, using the constraint gives smaller RMSE strain
errors. This confirms the interest of utilizing the NTC constraint.

RMSE motion Err. (mm)
RMSE Long. strain (%)

0 0.5 1 1.5 2 25 3 35 10 20 30 40 50
2 Frame number

(a) Tuning A (b) Long. strain

—— =15
— =0

RMSE Circ. strain (%)
I S

10 20 30 40 50
Frame number

(c) Circ. strain

1g 4. (a):Evolution of motion errors at end-systole with the constraint energy weight
A; (b): Temporal evolution of Long. and (c): Circ. strain errors.
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Fig.5. (a): Volunteer data landmark tracking errors using A = 1.5 compared to the
state-of-the-art; (b) Circ. strain curves on a patient with fibrosis. Solid lines show
normal segments while curves with markers show segments with fibrosis.

5.2 Real Data

We also evaluated our method on 15 healthy volunteer datasets which are pub-
licly available from [9]. Each volunteer data has 24 manually tracked landmarks
located in the basal, mid and apical myocardium. These landmarks were warped
forward in time by computing barycentric coordinates in the first frame and prop-
agating them through the sequence of volumetric meshes. From Fig. 5(a), we see
that the dispersion of motion errors is reduced when compared to the purely
phase-based registration (without NTC constraint) PPM [6]. This result is fur-
ther confirmed by Levene’s test. The returned p-value is below 0.05, rejecting
the null hypothesis that their variances are equal. Besides, our method slightly
outperformed the other two recent methods HARPAR, (regularized HARP) [1]
and MEVIS (quadrature-filter based) [9] in both median and variance values.

Moreover, our method was evaluated on a patient who had fibrosis at the
entire inferior wall, part of the inferolateral wall and part of the inferoseptal
wall (AHA n° 3,4,5,10,11,15) confirmed by late-enhancement MR. In Fig.5(b)
we observe reduced Clirc. strain values for those infarcted segments, showing a
clear discrepancy between normal segments and those with fibrosis.

6 Conclusion and Discussion

This paper integrates the NTC constraints into a recent phase-based registra-
tion framework for refining the tracking. On synthetic data, we observe that
integrating the constraint improved both motion and strain (Long. and Cire.)
accuracies. On healthy volunteers, the proposed method gives better accuracy
compared to three state-of-the-art algorithms. On a patient with infarction, we
observe reduced Clirc.strain values for those AHA segments with fibrosis. We
admit that a more thorough validation needs to be done both synthetically and
clinically in the future. However, our aim is to show the potential benefits of com-
bining respective advantages of both methods (tracking-based and Gabor-based
non-tracking), which we consider as an interesting research field.
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Appendix
In Eq. 3, conducting 1%*-order approximations on A! leads to:

E.(v) =

A () = A7 (py)  AL(Talqy)) — ALTu(p))) +0L(v)?
ZZ< K (q)% b @y)  AL(Tu(qy)) ;75 (P;)) + G ))

(6)
with 67 (v) = VAL(Tu(q))) - v(a;) — VAL(T.(p;)) - v(P;)

Instead of computing A}, maps by phase unwrapping which is highly sensitive
to image artifacts, we chose to circumvent the issue by (1) computing V.A%
from HARP phases by the method described in [2] and (2) further computing
Aj(q;) —AL(pj) (1 =ref and t) by curvilinear integration of V.AJ,. The path of
integration is easily defined using our mesh topology. Equation 6 then becomes:

=S i)
J k

_ i 1 (U ref 1 fTu(ay) .
with 3 = o VA, (x)dx — o VAL (x)dx
P

i Tu(p;)

(7)

where ﬁj is known and &7 (V) contains the model parameters.

' )
We first replace both o) (p;) and ¢ (q;) in &7 (v) by g( D= M
This is justified by the fact that p; and q; are symmetric to the WlndOW center
(see Fig.2), thus ¢ (p;) ~ ¢ (q;). §.(v) then becomes:

I(v) ~ Zgji)ﬁ;i) (V(i))

with £ (v) = VAL (Tu(qy)) - v (ay) — VAL(Tu(p;)) - v (p))

(®)

Then, applying the Partition-of-Unity property [7] of g§i) leads directly to [7]:

) < Zzg< i) Z (ﬁﬂ _ v > ZE@) () 9)

Where Eéi) is quadratic since £§-i) is linear in the motion parameters of v(¥).
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Abstract. Estimating regional deformation of the myocardium from
Cine MRI has the potential to locate abnormal tissue. Regional deforma-
tion of the left ventricle is commonly estimated using either segmentation
or 3D +t registration. Segmentation is often performed at each instant
separately from the others. It can be tedious and does not guarantee
temporal causality. On the other hand, extracting regional parameters
through image registration is highly dependent on the initial segmenta-
tion chosen to propagate the deformation fields and may not be consistent
with the myocardial contours. In this paper, we propose an intermediate
approach that couples segmentation and registration in order to improve
temporal causality while removing the influence of the chosen initial seg-
mentation. We propose to apply the deformation fields from image reg-
istration (sparse Bayesian registration) to every segmentation of the car-
diac cycle and combine them for more robust regional measurements. As
an illustration, we describe local deformation through the measurement
of AHA regional volumes. Maximum regional volume change is extracted
and compared across scar and non-scar regions defined from delayed
enhancement MRI on 20 ST-elevation myocardial infarction patients.
The proposed approach shows (i) more robustness in extracting regional
volumes than direct segmentation or standard registration and (ii) better
performance in detecting scar.

Keywords: Regional volumes : Segmentation - Registration - Infarct
diagnosis

1 Introduction

Local tracking of the myocardium has shown to help determining the local via-
bility of the heart from MRI [10] or echocardiography [4]. Two ways to mea-
sure regional deformation are reported in most papers: (i) the sequence of 3D
segmentations (named here Segmentation) and (ii) the sequence made of an
initial 3D geometry propagated in time using the output of the image registra-
tion along the sequence (named here 3D segmentation + registration). Manual
© Springer International Publishing AG 2017
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or semi-automatic segmentation as offered in commercial software is straight-
forward, does not rely on any hypothesis from a registration algorithm and is
usually considered as ground truth. However, it is a fastidious process leading
to variable results between observers, non-consistency between slices or frames
and requiring several manual adjustments. To tackle this issue, many research
groups have worked on automatic segmentation [11], with some recent meth-
ods that include spatio-temporal information to propagate the segmentation
[7,13]. Despite these progresses, routine delineation of the ventricles is still semi-
automatic, which offers more confidence and flexibility to the cardiologists. 3D
segmentation + registration, on the other hand, gives smooth results in space and
time and better consistency between frames. However, full temporal consistency
is still not guaranteed and the method can be inconsistent with the myocar-
dial contours (Fig.1 left). Moreover, standard 3D segmentation + registration
heavily depends on the first 3D segmentation used to propagate the deformation
fields (Fig. 1 right) leading to high uncertainty on the quantification of the defor-
mation. The dependence on the frame selection and the temporal consistency
issue have already been considered in the design of registration algorithms, for
instance on 3D echocardiographic data [3,12], although the segmentation from
a single instant is considered.

We suggest to combine both the segmentation (of all time frames) and
an independent registration algorithm by averaging the propagated mesh from
every frame (and not only the first frame) in order to leverage the drawbacks
of both while maintaining their assets. This approach is simple, registration-
independent, and could be directly translated to clinical practice using already
available segmentation software and image registration algorithms. Using this
approach reduces the need for a temporally consistent segmentation or registra-
tion, since all frames of the cardiac cycle are used to propagate the registration
output.

Segmentation Vs Registration \ /Multiple Registrations

Mid-diastole End-diasty

Segmentation B == ED Seg + Reg

Fig. 1. (Left) Segmentation (green contours) compared to registration (purple con-
tours) on short-axis and long-axis view. (Right) Comparison between segmentation
(pink contours), the registration propagated from end-diastole (green contours) and
the registration propagated from mid-diastole (frame 20, blue contours), for a mid-
systole short-axis slice. (Color figure online)
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The ultimate goal of registration or segmentation is to extract quantitative
parameters in order to understand, estimate, and classify patient’s motion, defor-
mation or shape abnormalities. As an application, we intend to detect abnormal
AHA zones from regional volume changes using the standard two approaches
and our proposed coupling method. Regional volumes are clinical indices already
measured in clinical practice from echocardiography [2] in some cases but rarely
measured in MRI partly due to insufficient reliability of the current methods.
Previous work also used regional volumes as a way to personalise an electro-
mechanical model as it overcomes the aperture problem of tracking contours
using Cine MRI only [9].

2 Methods

2.1 Patient Population and Pre-processing

Image Acquisition. To validate the proposed method against alternatives, 20
patient scans were collected from 3 different clinical studies. The first 10 patients
were recruited after ST-elevation myocardial infarction and images were acquired
on a Siemens 3T mMR. The next 10 patients were scanned on a Philips 3T
Ingenia after ST-elevation myocardial infarction. Ethical approval and written
consent were obtained for all patients. Imaging protocol consisted of 2 chambers,
3 chambers, 4 chambers and short-axis stack Cine images to evaluate the car-
diac function as well as short-axis delayed enhancement (LGE) sequences 10 min
after injection of 0.4 mmol/kg of Gadolinium. Image resolution varied between
1.32 x 1.32 x 9mm? and 1.42 x 1.42 x 10 mm? and contained 25 to 30 frames per
cardiac cycle.

Short-axis image processing. All images were analyzed by 3 experts on Seg-
ment! and then manually corrected after consensus. Image processing of the
Cine MRI images consisted of semi-automatic segmentation of the left ventricle
endocardium and epicardium on all the short-axis slices and every time frames.
Image processing of the LGE MRI required manual segmentation of the left
ventricle and semi-automatic segmentation of the scar using Otsu thresholding
model [5], as thresholding methods and manual corrections are still the clinical
standard despite progress [1,6] towards automatic infarct delineation as demon-
strated in the STACOM’12 challenge.

3D modelling. MR spatial resolution of both the Cine and the LGE sequences
is highly heterogeneous with a slice thickness of 9 to 10 mm leading to a staircase
effect when creating a mesh directly from the stack of short-axis binary masks. To
smooth this effect, the short-axis 2D segmentations were first realigned around
the long-axis to prevent from potential artifacts due to to different breath holding
positions. For this, the long-axis was defined as the line linking the barycentres
of the apical and basal endocardial contours. For each slice, the barycentre of

! Segment is a freely available software available at http://segment.heiberg.se.
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Cine MRI LGE MRI

[\
barycenter
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g
Segmentation + Meshing + AHA zones creation
-> Regional volumes computation

Segmentation + Scar delineation + 3D Scar mapping
-> Scar % per AHA zone

Fig. 2. (Left) Division of the 3D mesh into AHA zones for the creation of regional
volumes defined as the volume between the barycentre of the LV and the endocardial
surface of the AHA zone. (Right) 3D mapping of the scar regions from short-axis LGE
images.

the endocardium was then translated to the long-axis. Second, the polygons
formed by each 2D binary masks were linearly interpolated in the z dimension
to allow homogeneous resolution. 3D meshes were then created using the CGAL
4.8 library?. A sequence of 3D segmentations was therefore obtained from Cine
MRI. From LGE images, a 3D geometry was created similarly from the endo-
cardium and epicardium delineation. The 2D binary masks of scar delineation
were then mapped onto this mesh after iso-resampling. 3D meshes were divided
into 17 AHA zones and regional volumes for Cine MRI and scar percentage
(number of mesh elements with a scar over the total size of the AHA zone) for
LGE MRI, were computed for each AHA zone. Each AHA zone containing at
least 1% scarred tissue was labeled as a scar zone. Figure 2 illustrates these two
pipelines. The effect of spatial interpolation errors was minimized by averaging
the measurements over the AHA zones, larger than the slice resolution.

2.2 Proposed Segmentation and Registration Coupling

Evaluation of local properties such as regional volume change, is usually per-
formed by studying a time sequence of meshes created by segmentation or by
propagation of deformation fields on an initial mesh. An intermediate approach
that takes the advantages of both approaches is presented here.

Sparse Bayesian Registration. Image registration was based on the sparse
Bayesian algorithm presented in [8]. Images were first upsampled to an isotropic
resolution using a linear interpolator. Pairs of consecutive images are registered
and the estimated transformations are chained along the cycle. Our implemen-
tation uses a three-level multiresolution scheme and the parameters described in
[8], which were evaluated on the STACOM’11 registration challenge dataset.

Coupling segmentation and registration. In order to soften the heavy influ-
ence of the segmentation on the results of a registration, all 3D segmentations

2 The Computational Geometry Algorithms Library is available at www.cgal.org.
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of the cardiac cycle are used in our approach as an initial mesh to which the
corresponding registration is applied. More precisely, let’s call M; the mesh cre-
ated from the segmentation of the cardiac frame ¢ and f;_.;4; the deforma-
tion field computed from the registration of frames j to j + 1. These deforma-
tion fields may be composed and inverted to register any frame into another
one: fi—; = fik o0 fi_1-;. Therefore, if the cardiac cycle is imaged into
N frames, there exists N possible meshes for each frame: {MZJ biep,n) where

M/ = fi_.;(M;) is the deformed mesh at time j coming from the segmentation
of frame 1.

2.3 Regional Volumes

In this paper we decided to focus on regional volume changes as an index for
local contraction deficiency caused by the presence of scar tissue (as previously
shown using a electromechanical model of the heart in [9]). Regional volumes are
defined as the volume formed by the endocardial surface of the AHA zone and the
barycentre of the LV (Fig. 2 left). This measure is segmentation-based and can be
easily measured from independent meshes. Additionally, this measure is robust
to small registration or segmentation errors since it averages the displacements
of all points of the selected surface. We compute it via three different ways:

(i) Segmentation: Regional volumes are computed for each mesh created
directly from the segmentation and compiled as a time sequence for each
AHA zone a:

Vil (7) = Viega (M;)

Te€Gdao

(ii) 3D segmentation + registration: AHA zones are created on the end-
diastolic mesh and this mesh is deformed under the registration deformation
fields. Consistent regional volumes sequences are then extracted for each
zone:

y/3DSeg+Reg () = Viego (fo—j(Mp))

Tega
(iii) Our coupling: segmentation + registration: Regional volumes are
computed for every combination of 3D segmentation + registration and

the mean value measured for each time point:

N
VR () = 3 Vieg, (fing (M)
=0

2.4 Statistical Analysis

We hypothesize that maximum regional volume change enables to detect zones
containing scar tissue. Regional volume changes were computed as the relative dif-
ference between the regional volume at time t and the regional volume at time 0
(end-diastole). The maximum regional volume change was then measured as the
minimum over time of the regional volume change (also called regional ejection
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fraction). Maximum regional volume change of scar and healthy zones were com-
pared statistically using Student’s t-test and the level of statistical significance
was set to a p-value < 0.05. Additionally, in order to evaluate the accuracy of the
regional volumes in predicting the position of a scar zone, ROC analysis was per-
formed and the Area Under Curve (AUC) computed. A perfect prediction tool cor-
responds to an AUC of 1 while a AUC of 0.5 corresponds to a coin toss.

3 Results

3.1 Comparison of Volume Changes Between Methods

Differences in the application of the deformation fields from the end-diastolic
frame or any other frame were noticed for every case. Figure3 (bottom) illus-
trates three examples on the same patient where the propagation from the first
frame (red contours), the segmentation (green contours), and the coupling curve
(blue contours), lead to different contraction levels. These differences impact the
computation of the regional volumes (Fig. 3 top). The left column illustrates ideal
cases where all three methods agree with a small difference. The middle column
illustrates examples where the segmentation is unreliable and inconsistent in time
leading to noisy regional volumes, probably due to inclusion/exclusion of papil-
lary muscles as shown in the bottom row. For these cases, using a registration
algorithm enables to smooth the results and improve the temporal consistency,
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Fig. 3. (Top) Examples of regional volume change (between each frame and the first
frame, leading to a change of 0% at time O for all methods) of 1 patient, for 3 AHA
zones: (red) 3D Segmentation + registration, (green) segmentation, (blue) distribution
over the set of segmentations where the mean is the selected value for our coupling
approach. (Bottom) Corresponding short-axis images where yellow circles highlight
the AHA zone to consider. Contours are colored with the same code as the above
curves. (Color figure online)
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for both the standard registration or the proposed coupling. For the right col-
umn, both the standard approaches are incorrect: the segmentation is noisy but
within an acceptable level, however the registration using the first frame leads
to overestimated contraction. The standard deviation of volume changes over all
the segmentations propagated to a given frame is represented by a blue errorbar.
Its average amplitude at end-systole around 20% illustrates the high influence
of the initial mesh for the quantification of the deformation.

3.2 Ability to Locate Scar Zones

As shown in Fig. 4, all methods agree that maximum regional volume change
is lower for scar zones (in red) than for healthy tissue (in blue) for every AHA
zone. This difference is even significant (p < 0.05) for 7 or 6 of the 17 AHA zones
depending on the method used to calculate the regional volumes. Note that
lateral zones (5, 6, 11, 12) present only 0 to 3 scar regions making statistical
significance unreachable. It is also interesting to note that the mean healthy
regional volume is highly dependent on the AHA zone. A unique threshold for
the full myocardium would therefore be inadequate.

More precisely, segmentation seems to be the least reliable of the three meth-
ods and fails to differentiate the scars on zones 1 and 16. Moreover, 3D seg-
mentation + registration fails to separate healthy from scar tissue on zone 11.
Our coupling approach, on the other hand always differentiates scar vs non-scar
regional volume changes.

°
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Fig. 4. Maximum regional volume changes for each AHA zones using the 3 methods.
Blue (resp. red) bars represent the means and standard deviations for healthy (resp.
scar) areas. Stars (*) indicates significant differences (p < 0.05). Green ellipses highlight
failed differentiation. (Color figure online)

Additionally, AUC values are presented Table 1 and examples of ROC curves
that led to the measurements of AUC values are shown Fig. 5. The mean accuracy
of the coupling method (0.84 + 0.10) is significantly higher than the standard seg-
mentation method (0.78 + 0.14) and higher than the standard 3D segmentation
+ registration approach (0.82 £ 0.10) although not significantly. Additionally,
the coupling methods reaches the best detection in 8 zones. In contrast, segmen-
tation is better than our coupling in 5 zones and 3D segmentation + registration
in 3 zones. Finally, the proposed approach never shows the worst performance.
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Table 1. AUC (Area under Curve) values from ROC analysis for each AHA zone and
each method for the accuracy in the detection of the scar zone. Bold values represent
best accuracy.

AHA zone 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
n. of scars 9 17 12 3 0 1 13 17 13 4 2 3 15 17 8 5 15
4D Seg 0.56 |0.76 | 0.77|0.82 |0.00|/0.74|0.68 |1.00|1.00|0.63 |0.78 |0.75 | 0.85 |0.96|0.72|0.61 | 0.87

Our coupling |0.75/0.96|0.73 | 0.90 |0.00|0.63 |0.76 | 1.00/0.96 |0.75 | 0.81|0.76|0.96 | 0.92 | 0.67 |0.73|0.88
3D Seg + Reg|0.74 | 0.88 |0.71 |0.92|0.00|0.53 |0.71 | 0.86 |0.89 |[0.92/0.78 |0.75 | 0.96 | 0.92 | 0.66 | 0.72 |0.89
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Fig. 5. Examples of ROC curves measuring the accuracy of the infarct detection for
each 3 methods on 3 AHA zones.

4 Discussion and Conclusion

In this paper, we highlighted the lack of consistency between the two standard
approaches for deformation estimation and the need for a more robust, interme-
diate approach. We proposed a coupling method that combines both the output
of the registration and the segmentation of all the cardiac frames. We illus-
trated this method by measuring the regional volumes and studied their ability
to detect infarct tissue on 20 patients. Results showed that segmentation, stan-
dard registration and our approach can all be accurate in the scar detection.
However, the detection was more systematic using the proposed coupling, which
gathers the best assets of both methods (ground truth segmentation, spacial
and temporal smoothness) without their drawbacks (noisy segmentation, exclu-
sion/inclusion of papillary muscles, influence of the initial frame). Moreover, this
method can easily be translated into clinical practice and applied routinely from
already available segmentation and registration tools. A larger database would
be required to validate these results and allow a more precise localization of the
scars from regional volumes. Future work will investigate better fusion algorithms
for a more robust coupling approach than the current simple averaging. We will
also study the extension of this approach to tagged images for the evaluation of
cardiac motion through radial, circumferential and longitudinal strains.
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Abstract. Cardiac motion is inherently tied to the disease state of the
heart, and as such can be used to identify the presence and extent of dif-
ferent cardiac pathologies. Abnormal cardiac motion can manifest at dif-
ferent spatial scales of the myocardium depending on the disease present.
The importance of spatial scale in the analysis of cardiac motion has not
previously been explicitly investigated. In this paper, a novel approach
is presented for analysing myocardial strains at different spatial scales
using a cardiac motion atlas to find the optimal scales for (1) predict-
ing response to cardiac resynchronisation therapy and (2) identifying the
presence of strict left bundle-branch block in a patient cohort of 34. Opti-
mal spatial scales for the two applications were found to be 4% and 16%
of left ventricular volume with accuracies of 84.84+8.4% and 81.3+12.6%,
respectively, using a repeated, stratified cross-validation.

1 Introduction

Cardiac motion is driven by the underlying electromechanics and perfusion, and
has been increasingly assessed to predict the state and extent of cardiac disease.
The comparison of cardiac motion across subject cohorts has been facilitated
in recent years by the development of statistical motion atlases. A motion atlas
entails the normalisation of subjects’ cardiac geometry and motion both spa-
tially and over time. Motion atlases have been used to identify abnormal cardiac
motion [6,7,13], to predict scar location in the left ventricle (LV) [8,14], and to
parcellate the LV based on motion as an alternative to AHA segments [1].

The importance of spatial scale in the analysis of cardiac motion has not been
extensively investigated, despite the importance of scale in cardiac structure and
function. As an example, the branching structure of the coronary vasculature
follows power law relationships [3], and vessel generation has been shown to
follow a power law in relation to downstream myocardial volume [12,17]. Disease
in the coronary circulation is also known to manifest at different scales, both in
the large coronary arteries and also at the microvascular scale [5]. Disease in the
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coronary circulation at different vessel scales entails different manifestations of
perfusion abnormalities affecting function. This suggests that abnormal cardiac
motion may manifest at different spatial scales depending on the disease, and
that by extension there may be a characteristic tissue spatial scale at which
cardiac deformation may be most predictive for different applications.

In this paper we present a novel framework based on computing strain at
different spatial scales in the LV. This framework incorporates the use of a
motion atlas with dimensionality reduction using principal component analysis
(PCA) and classification using linear discriminant analysis (LDA) to identify
the unique scale at which cardiac strain is most strongly predictive of different
clinical parameters. We analyse myocardial strain due to its intrinsic link to
tissue contractility, and due to its increased use in the clinical literature for
the assessment of regional cardiac function (eg. [9]). In this study we apply our
framework to the assessment of cardiac deformation at different scales in a cohort
of cardiac resynchronisation therapy (CRT) patients, as detailed below.

2 Methods and Materials
2.1 Clinical Data

CRT is used to treat patients with electro-mechanical dyssynchrony which dimin-
ishes systolic function and can result in heart failure. Current clinical selection
criteria for patients to undergo CRT include a NYHA functional class of II
to IV, a QRS duration > 120ms, and an LV ejection fraction (EF) < 35%
[11]. Response to CRT is defined as a decrease in end-systolic volume > 15%.
Under the current criteria, approximately 30% of patients undergoing CRT are
non-responders, and improving on these criteria is an active field of research
[11]. One factor influencing CRT response is the presence of strict left bundle-
branch block (LBBB), defined by a longer QRS duration (> 140ms in men and
> 130 ms in women) and a mid-QRS notching [19], and characterised by dyssyn-
chronous contraction of the septum relative to the LV lateral wall. While LBBB
has a characteristic large-scale motion abnormality, it is yet unknown whether
there is a particular scale of cardiac motion that distinguishes CRT responders’
hearts from those of non-responders. A cohort of 34 CRT patients was considered
in this study. LBBB was identified in 23/34 patients pre-CRT, and at a 6 month
follow-up 26/34 patients were determined to be responders to CRT. The classifi-
cation tasks considered in this study (see Sect. 3) are the identification of LBBB
and the prediction of CRT response. Note that the prediction of CRT response
was performed prospectively, i.e. using pre-CRT imaging data.

All patients underwent MR, imaging before CRT using a 1.5T scanner
(Achieva, Philips Healthcare, Best, Netherlands), with the acquisition of ECG-
gated, breath-hold cine-MR and T-MR (3D-tagged) sequences. A single multi-
slice short axis (SA) and three single-slice long axis (LA) cine-MR sequences
were acquired. Slice thickness was 8 mm and 10mm for SA and LA sequences
respectively, with an in-plane resolution for both of ~ 1.4mm. Three orthogo-
nal T-MR sequences were combined to produce a 3D + t image with ~ 1.0mm
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isotropic resolution. The SA and LA cine-MR sequences were rigidly aligned
to the T-MR coordinate system, compensating for motion occurring between
sequential breath-holds. The T-MR sequence was chosen as reference as it was
free from respiratory motion.

2.2 Spatio-Temporal Motion Atlas

A motion atlas of the LV was formed to allow comparison of motion between
patients. This process was based on frameworks proposed in a number of pre-
vious works (e.g. [6,13]). The main novelty in this study is the computation
of myocardial strains at different spatial scales from a deforming LV point-
cloud, and the investigation of application-specific scales for subsequent analysis.
A framework for this approach is shown in Fig. 1, with the steps therein detailed
below.

(A) LV Geometry Definition. The LV myocardium was manually segmented
in the end-diastolic (ED) SA stack and 3 LA slices, excluding papillary muscles.
The segmentations from the SA and LA images were subsequently fused and
manually smoothed at a 2mm isotropic resolution. Following the identification
of anatomical landmarks, a statistical shape model (SSM) was optimised to fit
to the endocardial and epicardial surfaces of the LV binary segmentation [2],
providing point-correspondence between patient hearts. The overlap of the SSM
with each patient’s LV geometry was visually assessed and the above process
refined if necessary to ensure suitable overlap for subsequent motion tracking.
In order to reduce the number of vertices of the SSM surface mesh (a~ 22000),
a medial surface with regularly sampled vertices (= 3000) was generated via
a combination of ray-casting and homogeneous downsampling followed by cell
subdivision. Point-correspondence was retained by applying the same approach
to each patient based on the initial point-correspondence of the SSM.

Motion Multiscale Strain Principal Component Analysis

LV geometry definition estimation in atlas space and Classification
Sect 2.2 (A) Sect. 2.2 (B) Sect. 2.2 (C, D) Sect. 2.3 and Sect. 3
_ D=2 D;=3
medial surface t=0 ! !
P 4 [ ] °© °
. . L4 °
Optuimsed SSM ~V=1% 72 > D;=5
: |
® ... D=5
D;=5

Fig. 1. An illustration of the proposed framework, with reference to relevant sections.
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(B) Motion Tracking. The high resolution 3D + ¢ T-MR sequence was then
used for motion tracking. DICOM header information was used to determine the
fraction of the cardiac cycle over which each 3D+t T-MR sequence was acquired,
and temporal normalisation was performed for each patient, so that ¢t € [0,1),
with 0 being ED and 1 being the end of the cardiac cycle. A 3D GPU-based
B-spline free-form deformation (FFD) registration was used [16] to estimate LV
motion between consecutive frames of the T-MR sequence. Subsequently, the
inter-frame transformations were composed to estimate motion between each
time frame and the ED time frame, producing a 3D +t B-spline transformation,
1. In order to compare cardiac phases between patients, the reference ED medial
surface was warped using ¢ over ¢t € [0,1] at 30 equally spaced cardiac phases.
The typical available fraction of the cardiac cycle from each T-MR sequence
was 80%, so the first 24 frames of each transformation were used, t € [0,0.8].
The motion of each patient’s LV was therefore fully represented by 24 deformed
meshes.

(C) Multiscale Strain Calculation. In addition to producing a medial sur-
face, the myocardial volume enclosed by the fitted SSM was sampled in a reg-
ular grid with half the resolution of the T-MR images (i.e. with an isotropic
spacing of ~ 2mm). This produced point-clouds with ~ 30000 points for each
patient LV. The 3D + ¢ motion transformation v was applied to the point-cloud
to transform it to each of the cardiac phases at times, ¢, for each patient. At
time t=0, at each point, ¢, on the medial surface, P;_y, a neighbourhood of
K nearest-neighbour points in the point-cloud, {P’; ,_o},k = 1,..., K, were
selected. These points were selected based on a percentage volume of the LV,
representing a spatial scale. Six spatial scales were chosen following a power law,
namely V; = 25%, s € [0,1,2,3,4,5], (i.e. 1%, 2%, 4%, 8%, 16%, 32%) of the total
LV volume, corresponding to approximately K, = 300 x 2°,s € [0,1,2,3,4,5]
points in a neighbourhood at each respective scale. The method for computing
strain at each PJ} from its deforming neighbourhood {P; ;},k = 1,..., K is
described below.

From large deformation mechanics, the deformation gradient tensor F' maps
the relative spatial position of two neighbouring particles before deformation
(dX) to their relative spatial position after deformation (dx) [4]. The mapping
from the relative position at the ED time frame (dX) to that at every other time
frame (dax;) in the cardiac cycle can be expressed as de; = FidX . Considering a
point on the medial surface P;;_, and its point-cloud neighbourhood at a given
scale (s), {Py .—o}, k = 1,..., Ky, the vector dX; € R3 expresses the [z, , 2]
distance between the pair of points P/}_, and PE}?,t:o at the undeformed ED
time frame, t = 0. Stacking these vectors for all k£ neighbours gives a matrix of
distances at ED, dX; € RE=%3_ At each consecutive time point, t, computing the
distances between the deformed medial surface point P} and the same (as at
ED) but deformed neighbours {Py; ,},k = 1,..., K, we get the deformed dis-
tance matrices d#;; € R¥:*3. The deformation gradient F;, € R3*? satisfying
de;; = Fi’thi at medial surface point, i, and time, ¢, is then computed from
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L 112
the least-squares minimisation of ) i Hdii,t — F; ,dX;|| . Neighbourhood strain

is computed using the Green-Lagrange strain tensor, E;; = %(Fi,tTFi,t —1I).
For each patient, this computation was performed for every time frame, at every
medial surface vertex and for neighbourhoods at each spatial scale V. Compute
time for strain at all medial surface vertices for a given patient for a single frame

ranged from approximately 3s at Vo = 1% to 100s at Vs = 32% on 8 CPUs.

(D) Spatial Normalisation. Differences in patient-specific LV geometries
result in a biased comparison of motion between patients, which spatial nor-
malisation is used to correct. Strains were reoriented from the patient-specific
to the atlas coordinate space, similarly to how displacements [15] and velocities
[6,7] have previously been reoriented. For each patient n, strain in atlas space,
Ef';l?f, was computed via the Green-Lagrange strain tensor from the reoriented
deformation tensor F7f'as = J; 5  FP} th;;n ,» where J; 4, , is the Jacobian at
time ¢ of the patient-to-atlas transformation ¢,. Finally the reoriented strain
Ef“'jgl?f was projected into a local atlas coordinate system in radial, r, longi-
tudinal, [, and circumferential, ¢, directions. The main diagonal of the locally
transported Green-Lagrange strain tensor provided the local strain components,
e?ftlfi}f = [€} 1> eimn, €5t nl, for each patient, n, cardiac phase, ¢, and medial sur-
face point, i, consistent with a clinically used coordinate system [9]. Figure 2
illustrates the scale-dependent strains (the mean of e** at each vertex) at an

end-systolic time frame for a patient with LBBB.

2.3 Dimensionality Reduction and Classification

The local strains in atlas space e2}% were concatenated into a single row vector
it

such that for patient n, &, € RM where M = (3 x T x N,;,), T is the number
of cardiac phases and N, is the number of points in the atlas medial surface

8% 16%

A 3 N A : 2
'OE4 'OE2 'OES OOES O)EO ‘
—0.14 —0.14 —0.17 —0.18 —0.18 —0.17
Fig. 2. Mean local strain displayed at different spatial scales on the LV medial surface
at end-systole for a patient with LBBB (and septal flash), in a SA view (top) and a
posterior LA view (bottom). Positive strains (stretching) are observed more distinctly

in the septal region (red arrow) and negative strains (compression) are observed in the
LV lateral wall (blue arrow), most strongly at Vs = 16% (Color figure online).
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mesh. The row vector for each patient was then stacked to produce a matrix
T
X = [é?, e ,éjj\}p} € RN»*M ' where N, =number of patients. PCA was used

to reduce the dimensionality of X to form X € RN»*P (D « M). LDA was used
to classify patients from this low dimensional embedding X . Different numbers
of PCA dimensions, D;, were considered in the analysis.

In order to quantify accuracy as well as its standard deviation (SD) from this
dataset, a repeated, stratified cross-validation (RSCV) was performed on X s €
RN*Pj for each scale Vi and number of dimensions D;. This involved dividing
X j,s into training and validation data by randomly sampling from X j,s Without
replacement, while ensuring balanced classes in both training and validation
datasets (‘stratified’), and repeating this process to obtain a range of accuracy
values at each D; and V. A stratified approach to sampling was used since there
are imbalanced classes in the data for the classification tasks.

3 Experiments and Results

A ~75/25 split was deemed suitable for the training data X]“Sam (26/34 patients)

and validation data X]Vasl (8/34 patients), to allow for at least 2 observations from
the smallest class (CRT non-responders, 8/34) to be represented in the valida-
tion set of each RSCV repetition. Experiments showed that accuracies and SDs
stabilised after around 100 repetitions of the RSCV, which has been used for
all results below. The optimal scale and number of dimensions for prediction of
CRT response and identification of LBBB was selected as the combination of Vj
and D; that maximised the classification accuracy from the RSCV. Given the
small size of the patient cohort (34 subjects), only up to the first 5 PCA dimen-
sions were assessed to avoid over-fitting, specifically D; € [2,3,4, 5]. Accuracies,
sensitivities and specificities are visualised in grids with respect to Vi (y-axis)
and D; (x-axis), as shown in Fig. 3.

Application 1: Predicting CRT response. The cohort included 26 respon-
ders (class 1) and 8 non-responders (class 0). The prediction outcomes at dif-
ferent values of D; and V, are shown in Fig.3 (top row). The optimal spatial
scale for predicting CRT response was V, = 4% at D; = 2, producing a pre-
diction accuracy = 84.8 + 8.4% (1SD), sensitivity = 94.0 & 8.1% and specificity
= 52.5 + 34.2%.

Application 2: Identifying LBBB. The cohort included 23 patients with
strict LBBB (class 1) and 11 without it (class 0). LBBB identification outcomes
at different values of D; and V; are shown in Fig. 3 (bottom row). The optimal
spatial scale for classifying LBBB presence was V, = 16% at D; = 3, producing
an accuracy = 81.3 + 12.6%, sensitivity = 90.2 + 12.9% and specificity = 63.7 +
25.9%. This large spatial scale shows correspondence to the strong signal at 16%
in the ED medial surface strain maps in Fig. 2.
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4 Discussion

We have proposed a novel method for analysing strain at different spatial scales
in the LV to identify an optimal scale for the classification of clinical parame-
ters. Myocardial strain has not previously been analysed in the context of a
motion atlas, nor has it been applied to the prediction of CRT response in the
literature to the authors’ knowledge. The accuracy achieved with our approach
is comparable with the current state-of-the-art, where a volume-change systolic
dyssynchrony index reported in [18] produced 85% sensitivity and 82% speci-
ficity. A 76% sensitivity and 100% specificity was reported in [10] by identifying
a type II activation pattern.

Our results reveal that CRT response and LBBB are best predicted and iden-
tified, respectively, at different spatial scales. The larger optimal spatial scale of
16% for LBBB identification is consistent with the expected motion abnormality,
i.e. septal flash. Figure 2 also illustrates that at end-systole, for a patient with
LBBB, a visibly distinct difference in strains in the LV free wall and the septum

Accuracy (%) Sensitivity (%) Specificity (%)
: 54.4
e 45.8
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=
(3
S 37.2
] .
g
=
S
16% 28.6
32%}
20.0
1% 60.8
78.0
e 50.6
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)
N 40.4
E 8% 69.0
2
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Fig. 3. Accuracy (left), sensitivity (middle) and specificity (right) of the RSCV for
CRT response (top) and LBBB (bottom) classification. CRT response prediction has
the best accuracy at a spatial scale of 4%, showing high sensitivity at lower scales,
and peak specificity at 4%. LBBB identification has peak accuracy, sensitivity and
specificity at a scale of 16%, performing best at lower D; values.
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becomes apparent at the larger scales. This distinct pattern is present in most of
the patients with LBBB, and contributes to the high sensitivity (90.2 + 12.9%)
of LBBB identification, whereas the lower specificity (63.7 £ 25.7%) may be due
to the presence of more varied deformation patterns amongst patients without
LBBB. Similarly, the high CRT response prediction sensitivity (94.0 &+ 8.1%)
suggests responders are generally easily distinguishable by small scale strain
patterns, whereas correctly predicting the non-responders remains a challenge
given the low specificity (52.5+34.2%), and may also be due to the small number
of non-responders in the cohort.

With the limited cohort size of 34, we restricted the learning techniques
employed to simple methods (PCA and LDA) which would limit over-fitting
by minimising the number of parameters. A larger cohort would permit use of
more advanced techniques with more parameters, such as manifold learning and
non-linear classifiers (e.g. SVMs), as well as reduce the variance in our results.
Our framework could also be applied to other cardiac pathologies for which
abnormal deformations might be expected, and could be assessed with respect
to a healthy subject motion atlas, and in conjunction with clinical indicators to
predict disease occurrence or treatment outcome in the future.
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Abstract. Cardiac resynchronization therapy (CRT) is an effective
treatment for patients with congestive heart failure and ventricular dys-
synchrony. Despite the overall efficacy of CRT, approximately 30% of
patients receiving CRT do not improve. One of the main technical prob-
lems related to the CRT procedure is inadequate visualisation in X-
ray fluoroscopy of the venous anatomy in relation to accurate cardiac
chamber visualisation. This paper proposes a novel approach for 3D
reconstruction of coronary veins from a single contrast enhanced intra-
operative fluoroscopy image. For this application, the method uses back-
projection geometry and a Euclidean distance/angle-based cost func-
tion. The algorithm is validated on a phantom and five patient datasets,
comprising six view-angle orientations for the phantom dataset and two
view-angle orientations for each of the patient datasets. Median(inter-
quartile range) 3D-reconstruction accuracies of 1.41(0.55-3.00) mm and
3.28(2.10-4.89) mm were established for the phantom and patient data,
respectively. The technique can facilitate careful advancement of the can-
nulating guide over a guidewire or a diagnostic catheter positioned in
the coronary sinus, and consequently, improve the chances of response
to CRT.

Keywords: Coronary veins + 3D reconstruction - X-ray fluoroscopy

1 Introduction

Cardiac resynchronization therapy (CRT) has been shown to improve outcomes
in a growing subset of patients with congestive heart failure. Although the major-
ity of patients who meet the criteria for CRT under current guidelines derive

© Springer International Publishing AG 2017
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benefit, approximately one-third of patients do not respond to this pacing modal-
ity [15]. Most of these failures are due to difficulty accessing the coronary sinus
(CS) ostium or advancing the pacing lead into an adequate, stable position [11].
In order to maintain the accuracy of the guidance information, thereby allow-
ing accurate determination of pacing treatment sites, volumetric coronary vein
roadmaps overlaid on X-ray fluoroscopy can be used. Coronary vein anatomy
can be provided pre-operatively with multislice computed tomography (CT) [9].
However, CT requires an additional use of ionizing radiation and nephrotoxic
contrast agents. Cardiac MR (CMR) imaging is also used to depict the anatomy
of the venous system of the heart [3], although a high-spatial resolution and
longer scan time is required to adequately depict the relatively small coronary
vessels.

The standard visualisation method is a 2D X-ray examination using an injec-
tion of contrast material, called a venogram. This uses less radiation than CT
and is able to visualise vessels that cannot be seen in CMR [5]. Many methods
exist for reconstruction of coronary arteries from venograms [4]. The vascular
tree can be reconstructed in 3D by triangulation from venograms if at least two
views of the coronary vascular tree are obtained. For reconstruction of the vas-
cular tree, however, corresponding vessels must be identified either manually or
by use of the vessel hierarchy [6]. Corresponding points along the vessel center-
lines can then be established by means of an epipolar-line technique [13]. Paired
images for 3D coronary vein reconstruction can be acquired using a biplane X-ray
system [2,14], although these are less common than a monoplane system in the
clinical setting, and involve increased radiation exposure for both the patient and
the clinician. Alternatively, 3D reconstruction of coronary veins can be achieved
using a monoplane system. This requires either acquisition of a rotational X-
ray sequence [1], which involves a long radiation exposure, or two sequences at
arbitrary orientations [10]. Such techniques require both cardiac and respiratory
phase matching of the images.

In this paper, a novel semi-automatic approach is presented for 3D recon-
struction of coronary veins to overcome the limitations of the already proposed
techniques. Unlike all previous techniques the proposed technique can recon-
struct the coronary vein centrelines from a single contrast enhanced X-ray fluo-
roscopic image registered to an MR segmentation. This technique reduces radi-
ation dose and simplifies clinical workflow.

2 Methods

In this section the formation of a 3D model of the coronary veins, reconstructed
from a single contrast injected X-ray fluoroscopy image, is described. The work-
flow of the image analysis framework is illustrated in Fig. 1. Initially, the left
ventricle (LV), segmented from preoperative MR, is registered to an intraoper-
ative X-ray fluoroscopic image. The coronary veins are manually annotated on
the contrast injected X-ray fluoroscopic image and back-projected to the 3D reg-
istered LV mesh. The algorithm makes use of the 3D intersection points between
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(a) Registration (b) CS annotation
(2.1) (2.1)
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- . |
| . X B ! T T —x 1 T my
(c) Back-projection (d) Reconstruction
(2.2) (2.3)

Fig. 1. Illustration of the proposed workflow. The section numbers (2.1, 2.2, etc.) refer
to the corresponding section numbers in the text.

the back-projected rays and the surface of the LV mesh to search for and locate
the position of the coronary veins around the LV surface.

2.1 Registration of LV Mesh and Coronary Vein Annotation

The LV is automatically segmented from pre-procedural MRI. A fully-automatic
slice-by-slice segmentation and propagation of the epicardial LV borders in long
(two-, three- and four-chamber) and short axis images is computed. The system
then generates a mesh of the epicardial cavity that follows the epicardial contours
at end diastole, using a model-based segmentation algorithm [8].

A single contrast enhanced (end diastolic, end expiration) frame from the X-
ray sequence is automatically selected using Masked-principal component analy-
sis motion gating [12]. As part of the proposed workflow, manual annotation of
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the centrelines of visible vessels is required on the chosen X-ray image (Fig. 1b).
The method requires that the first annotated 2D point should correspond to a
point on the posterior side of the LV. This can easily be identified, as the CS
ostium is always visible in these images and based on the CS cardiac anatomy
it lies on the posterior side of the LV mesh at standard angulations. Finally,
a clinical expert manually registers the segmented LV mesh to the X-ray flu-
oroscopic image using a custom-made visualisation software. This is also done
intra-procedurally (Fig. 1a).

2.2 Back-Projection of 2D CS Vessel Annotated Points

X-ray fluoroscopy follows the ideal pinhole camera model that describes the
relationship between a 3D point and its corresponding 2D projection onto the
image plane. The back-projection of a 2D point in the image plane is a line,
called the projection line, calculated using the camera parameters of the X-ray
fluoroscopy projective modality [7]. The camera parameters are obtained from
the DICOM header of the X-ray images. Using projection geometry, each of the
2D coronary venous positions annotated in Fig. 1b is back-projected to form a
3D line, illustrated in red in Fig. lc.

2.3 3D Reconstruction of Coronary Veins

To reconstruct the coronary veins in 3D (Fig. 1d), the algorithm uses the 15t
reconstructed point and a Euclidean distance/angle-based cost function to deter-
mine subsequent points along the vessel. The first 3D point, part of the coronary
sinus, lies on the 3D line back-projected from the 1% 2D annotated point. This
line intersects the mesh at two points and the correct point must be chosen for
the reconstruction. The 1% 3D point is known to be the posterior point. Follow-
ing the determination of the 1%¢ 3D-reconstructed point, subsequent 3D points
are defined according to

p; = argmin[D(pi; Pi—1) + AA(Pi; Pi—1, Pi—2)] (1)

Pi

where D(p;;pi—1) is a function that computes the Euclidean distance between
the previously defined 3D point, p;_1, and the candidate points, p;, as defined
in Eq. (2). A(p:;pi—1,Pi—2) is a function that computes the angle between p;
and the two previously defined 3D points, p;_1 and p;_2, as defined by Eq. (3)
and illustrated in Fig. 2.

D(pi;pi-1) = [|pi — Pi—1]| (2)
0, ifi<2

1 —cos(0;), otherwise

A(Pi; Pi-1,Pi-2) = { 3)
— Pi—2Pi—1"Pi—1Pi

) ||pi72lpi—1HHP.z‘71pi||. )
angle functions. For this algorithm A = 2 was found to favour a smoothly curving

path of points, which is important at the edges of the projection where the two
distances are very similar.

where cos(6;) A is the weight given to the distance and
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Fig. 2. Illustration of angle, 6, computation. p;—1 and p;—2, illustrated in orange and
green colours, respectively, are the two previously defined 3D points. The two blue
points are the two candidates for point p;. (Color figure online)

3 Experiments

3.1 Data Acquisition

The proposed algorithm was quantitatively and qualitatively evaluated on a
phantom data set and clinical images acquired from 5 different patients under-
going CRT; these comprised a total of 6 view-angle orientations for the phantom
dataset and 2 view-angle orientations for each of the clinical datasets. The phan-
tom experiments were performed to evaluate the proposed approach in a clinical
imaging environment with a known ground truth registration. The LV epicardial
surface (segmented from an MR image) was 3D printed and wires were attached
to model the vascular tree. Intra-operative data were then obtained by acquiring
a cone beam CT, which provided the registered LV mesh and 6 X-ray images.

Imaging of three of the clinical datasets was carried out using a monoplane
25 cm flat panel cardiac X-ray system (Philips Allura Xper FD10, Philips Health-
care, Best, The Netherlands) while imaging of the phantom dataset and the
remaining two clinical datasets was carried out using a biplane cardiac X-ray
system (Artis, syngo X Workplace VC10N, Siemens Healthcare GmbH). This
study was approved by our Local Ethics Committee.

3.2 Gold Standard 3D Reconstruction of Coronary Veins

Multiple view-angle orientations were used to obtain a manual ground truth
coronary vein reconstruction for each of the tested datasets. Using projection
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Fig. 3. Illustration of ground truth 3D-reconstruction workflow. (a) 2D manual coro-
nary vein annotation. (b) Use of epipolar line to manually annotate corresponding
points in the second view. (c) Back-projection of annotated points from each view
angle. (d) 3D coronary vein reconstruction from closest points of intersection between
the back-projected rays from each view angle.

geometry, each of the 2D coronary vein positions was carefully annotated
(Fig. 3a). Each annotated point was back-projected to form a 3D line, which was
then forward projected to generate a 2D epipolar line (Fig. 3b) in a 2" view that
contains the corresponding 2D coronary vein position. For each epipolar line gen-
erated, the corresponding coronary vein position was manually detected. Each
pair of matching points from the two projection planes was then back-projected
(Fig. 3c) to reconstruct the coronary veins in 3D (Fig. 3d).

3.3 Success Rate and Accuracy of Reconstruction

A successfully reconstructed vessel was defined as one that was reconstructed
on the correct side of the LV mesh, following a path similar to the gold
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standard reconstruction. In cases where the wrong path of a vessel was cho-
sen by the algorithm the reconstruction of the specific vessel was considered
a failure. Percentage success rates were computed as the proportion of vessels
that were successfully reconstructed, for the phantom and patient datasets. The
accuracy of the successfully reconstructed vessels, for both the phantom and the
patient datasets, was calculated as the mean of the mm distance from each 3D
reconstructed point and the nearest point on the gold standard reconstruction.

4 Results

For both the phantom and patient datasets the algorithm was applied on all
available view-angle orientations and the coronary veins were reconstructed from
each view. Example results of the reconstructions are shown in Figs. 4 and 5. For

Primary angle: —0°

I[Erimgry angle: —60.3°] [Primary angle: 89.6°]

(a)

Fig. 4. (a) Registration of the LV printed mesh to the X-ray image for three view-
angle orientations. (b) 3D-reconstructed coronary veins (red) and gold standard (blue).
The black arrows illustrate the vessels that were unsuccessfully reconstructed by the
algorithm. (¢) 3D-reconstructed coronary veins overlaid onto the 16 segment colour
coded LV epicardium mesh. (Color figure online)
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Primary angle: 29.5

(a) (b)

Fig. 5. Example reconstructions of patient data. See the caption to Fig. 4 for the mean-
ing of each image.

the phantom dataset, the gold standard registration of the segmented LV mesh
to the X-ray fluoroscopic image is illustrated in Fig. 4a, for the three view angles
that included failed reconstructions. Figure4b illustrates the 3D-reconstructed
coronary veins. As part of the planning stage of the CRT procedure the LV
surface is divided into 16 segments using the standard 16-segment American
Heart Association (AHA) model of the LV for regional analysis. Since clinical
decisions for the optimal pacing site are made per segment, Fig. 4c illustrates
the 3D-reconstructed coronary veins overlaid on the 16-segment colour coded
LV mesh. Figure5 is a similar illustration, with manual registration of the LV
mesh, for one of the patient datasets.

The success rates of the phantom and patient datasets were computed to be
86% and 100%, respectively. The accuracy of the successfully reconstructed ves-
sels is 1.41 mm (inter-quartile range 1.15-2.01 mm) for the phantom and 3.28 mm
(2.2-3.72 mm) for patient data. As shown in Fig. 4, the accuracy of the algorithm
is reduced for vessels at the edge of the LV projection, and this is where all of the
failures occurred. This is because the distance between the two possible recon-
structed points is considerably smaller at the edges, and consequently the angle
constraint increases in importance resulting in the algorithm failing to choose
the correct 3D point. The accuracy of the unsuccessfully reconstructed vessels
varies between 3.5-8.19 mm. Even though these vessels are considered failures
of the algorithm when compared to the gold standard vessels, they will usually
reach the same segments when overlaid onto the 16-segment colour coded mesh
given that the average segment width is around 5cm. As a result, this will not
negatively affect the guidance during the CRT procedure, as the clinicians only
need to know the segments through which the coronary veins pass.
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5 Conclusions

This paper presents a novel and clinically useful algorithm for 3D-reconstruction
of the coronary veins from a single contrast enhanced intra-procedural X-ray
image. Unlike all previously developed techniques, this technique does not dis-
rupt the CRT clinical workflow, it does not require any additional radiation
dose to the patient and staff, and there is no requirement to phase match X-ray
images or to find the correspondences between points along the vessels in differ-
ent projections. This technique enables a superior single shot 3D visualisation of
the coronary venous system in relation to the regions of the LV. This may enable
placement of the LV lead in the optimal location and therefore improve response
rates to CRT. It could also be applicable to other procedures, such as percu-
taneous coronary intervention for chronic total occlusions and radio frequency
ablation procedures. A limitation of the method is that the 3D reconstruction
may be inaccurate in cases where a vessel is found at the edges of the LV reg-
istered mesh. The accuracy is also very dependent on an accurate registration
of the mesh to the X-ray. Future work will focus on automating the procedure
by replacing the manual centreline annotation step with an automatic coronary
vein detection using a deep learning technique, and by using an automatic reg-
istration method.
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Abstract. Magnetic Resonance Imaging (MRI) has evolved as a clini-
cal standard-of-care imaging modality for cardiac morphology, function
assessment, and guidance of cardiac interventions. All these applications
rely on accurate extraction of the myocardial tissue and blood pool from
the imaging data. Here we propose a framework for left ventricle (LV)
segmentation from cardiac cine MRI. First, we segment the LV blood
pool using iterative graph cuts, and subsequently use this information to
segment the myocardium. We formulate the segmentation procedure as
an energy minimization problem in a graph subject to the shape prior
obtained by label propagation from an average atlas using affine regis-
tration. The proposed framework has been validated on 30 patient car-
diac cine MRI datasets available through the STACOM LV segmentation
challenge and yielded fast, robust, and accurate segmentation results.

1 Introduction

The World Health Organization (WHO)! estimated 17.5 million deaths from
cardiovascular diseases in 2012, representing 31% of all mortalities, rendering
cardiovascular conditions the main cause of death globally. Hence, the timely
diagnosis and treatment follow-up of these pathologies is crucial. High image
quality, good tissue contrast, and no ionizing radiation has established MRI as
a standard clinical modality for non-invasive assessment of cardiac performance.
Cardiac contractile function quantified via the systolic and diastolic volumes,
ejection fraction, and myocardial mass represents a reliable diagnostic value and
can be computed by segmenting the left (LV) and right (RV) ventricles from
cardiac cine MRI. Although manual delineation of the ventricle is deemed as the
gold-standard approach, it requires significant time and effort and is highly sus-
ceptible to inter- and intra-observer variability. These limitations suggest a need
for fast, robust, and accurate semi- or fully-automatic segmentation algorithms.

! http://www.who.int /mediacentre/factsheets /fs317 /en/.
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Various segmentation techniques for cardiac MR images have been proposed
in the literature [1]. The image-based approaches with weak or no prior infor-
mation, such as thresholding, edge-based and region-based approaches, or pixel-
based classifications methods, require user interaction for proper segmentation
of the ill-defined regions. On the other hand, shape prior deformation models,
active shape and appearance models, and atlas-based approaches are more likely
to overcome this problem at the expense of manually building a training set.

Multi-atlas based approaches have shown promising results in biomedical
image segmentation [2]. However, they rely on a number of computationally
demanding and time limiting nonrigid image registration steps followed by label
fusion. Hence despite its accuracy, it has experienced minimal to no adoption in
actual clinical applications primarily due to its complexity, high dependence on
parameters variability, and computational demands.

On the other hand, combinatorial optimization based graph-cut techniques
are fast and guaranteed to produce results within a known factor of the global
minimum, for some special classes of functions (termed as regular functions) [3]
and have proved to be powerful tools for image segmentation. Moreover, adding
a shape constraint into the graph cut framework has been shown to improve the
cardiac image segmentation results significantly [4-6]. However, these methods
require a manual input to introduce a shape constraint at the right location in
the image.

In this work, we leverage the performance of the graph cut framework and
augment it by incorporating shape constraints in the form of an average atlas-
based segmentation of the anatomy whose label was generated and propagated
using a single affine registration. Subsequently, we iteratively refine the segmen-
tation using techniques similar to those described in [7,8], to obtain an accu-
rate and robust segmentation of the myocardium. Hence, we do not require any
manual input to introduce shape constraint into the graph-cut framework and
simultaneously take advantage of the prior knowledge in the form of atlas-based
segmentation requiring affine as opposed to nonrigid registration, which is more
computationally efficient and less sensitive to parameters variability.

2 Methodology

Whole heart cine MRI images are generated by stacking 2D+T short-axis slices
acquired during a single breath hold. Since this acquisition approach introduces
an intensity difference between the slices, as well as slice misalignments, we can
follow one of two approaches to segment tha data: one approach is to implement
a slice motion correction protocol to realign the slices into a coherent 3D volume.
The other approach, also implemented here, resorts to slice-wise processing and
segmentation instead of a 3D segmentation.

Another challenge is the ill-defined contrast of the LV myocardium in MR
images, which makes the image-driven segmentation difficult. As such, to obtain
better segmentation of the apical and basal regions, we exploit the prior knowl-
edge in the form of an average atlas. The proposed methodology formulates
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the segmentation problem in the context of a graph based energy minimiza-
tion framework. The blood pool is first segmented using an iterative graph cut
technique; then, this information is used to segment the myocardium.

2.1 Data Preprocessing

This study is conducted on 30 cardiac cine-MR images taken from the DETER-
MINE [9] cohort available as a part of the STACOM Cardiac Atlas Segmen-
tation Challenge Project database?. The semi-automatically segmented images
obtained by applying the method described in [10] accompany the dataset and
serves as gold-standard for assessing the proposed segmentation technique.

We select a reference patient volume with good contrast, average size, and
preferred LV-RV orientation. All patient volumes are rotated about the z-axis
(i.e., slice-encoding direction) to roughly align their orientation with that of the
reference patient using the DICOM Image Orientation Patient (IPP) field. The
region of interest (ROI) (in the xy-plane) enclosing the left and right ventricles is
extracted using the method described in [11] by correlating the 2D motion images
generated from the 3D volumes across the cardiac cycle. The only manual input
required by our algorithm is the start and end slices of the LV, such that the ROI
is restricted in the z-direction, preventing over/under segmentation of slices that
do not belong to the desired anatomy. The patient volumes are cropped to the
above ROI, and, to compensate for any intensity differences (due to the slice-wise
acquisition), each slice is normalized (0-255) prior to further processing.

2.2 Atlas Generation

The cropped 3D volumes (at the end diastole phase) for all patients are first
histogram matched and then affinely registered to the reference patient image
volume using the intensity based Nelder-Meade downhill simplex algorithm [12]
available in SimpleITK. The resulting 3D affine transforms are applied to the
respective ground truth segmentations. The transformed volumes and trans-
formed ground truths are then averaged to obtain an average appearance atlas
and a probabilistic atlas, respectively (Fig.1).

The average appearance atlas is registered to a test volume using intensity-
based affine registration. The resulting registration transformation is used to
transform the myocardial probabilistic label to the test data, which, in turn,
serves as a shape constraint for the graph cut framework.

2.3 LV Blood Pool Segmentation Using Iterative Graph Cuts

To leverage the 3D LV geometry, we use the blood pool (BP) segmentation of
a given slice to help refine the BP ROI in the neighboring slices. As such, we
first segment the BP from the mid-slice, followed by its neighboring slices, and
proceed accordingly, until the complete volume is segmented.

2 http://www.cardiacatlas.org.
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Fig. 1. All patient images are affinely registered to the reference patient, and the
obtained optimum transformation is applied to the corresponding ground truth images.
An average intensity image is obtained by averaging the intensities of all transformed
patient images, while, the averaging of the transformed ground truth images yields a
probabilistic atlas.

Intensity Distribution Model. The myocardium probability map for each
slice is normalized and inverted to produce the probability map corresponding
to the blood pool (BP) and background (BG). The resulting BP/BG probability
map is thresholded at 0.5 and the inner connected component is isolated to obtain
the high confidence BP ROI. Otsu thresholding [13] is applied within this ROI
to obtain the initial BP region. The intensity values within this extracted BP
region are then fitted to a Gaussian distribution to generate the BP intensity
model.

A binary mask enclosing the myocardium is obtained by thresholding the
myocardial probability map at a very small value (i.e. 0.1). Holes in the binary
mask are filled to obtain a ROI enclosing the BP, myocardium, and BG. To
generate the BG intensity model, we fit the intensity values within the ROI,
excluding the initial BP region, to a Gaussian Mixture Model (GMM) comprising
two Gaussians. Figure 2a shows the resulting BP log-likelihood map.

Note that we propose the Gaussian distribution for modeling intensity noise
in MR images instead of a more appropriate Rician distribution [14]; this sim-
plifies our model and is a good approximation when the signal-to-noise ratio is
high.

Blood Pool/Background Probabilistic Map. To obtain a ROI that includes
the myocardium and BP, we threshold the myocardial probability map at 0.5,
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Fig. 2. Log-likelihood image obtained from: (a) the intensity distribution model, (b)
the BP probabilistic map, (c) weighted sum of (a) and (b); (d) segmentation obtained
from graph cut, (e) convex hull of (d) yields the BP segmentation.

fill in the blood pool, and erode the resulting ROI by 15% (selected empirically)
of the radius of its smallest circumscribed circle to obtain the BP ROI. The
BP/BG probability map masked by the BP-ROI represents the BP probability
map, and its inverse represents the BG probability map. Figure 2b shows the
BP log-likelihood map.

Graph-Cut Segmentation. We construct a graph with each node (i.e., pixel)
connected to its east, west, north, and south neighbors. Two special terminal
nodes representing two classes — the source (blood pool), and the sink (back-
ground) — are added to the graph and all other nodes are connected to each
terminal node. The segmentation is formulated as an energy minimization prob-
lem over the space of optimal labelings f:

ZDp(fp) + Z Vo (fps fa), (1)

peEP {p.a}eN

where the first term represents the data energy that reduces the disagreement
between the labeling f, given the observed data at every pixel p € P, and the
second term represents the smoothness energy that forces pixels p and ¢ defined
by a set of interacting pair N (in our case, the neighboring pixels) towards the
same label.

The data energy term is represented by the terminal link (t-link) between
each node and the source (or sink), which is defined as the weighted sum of the
log probabilities of the intensity distribution model and the probabilistic map
corresponding to the BP (or BG):

Dy(fp) = exp (1) * [=InPr(Ip|f,)] + (1 — exp (=7)) * [=InPr(fp)]  (2)

where, 7 is the iteration number, Pr(I,|f,) is the likelihood of observing the
intensity I, given that pixel p belongs to class f,, and Pr(f,) is the prior proba-
bility for class f, obtained from the BP/BG probability map. The log-likelihood
difference between BP and BG labels for 7 = 1 is shown in Fig.2c. The inten-
sity likelihood term (first term) allows the expansion of the BP region in the
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first few iterations, whereas the prior probability map (second term) restricts its
“spilling” (due to over-segmentation) in subsequent iterations.

The smoothness energy term is computed over the links between neighboring
nodes (n-links), which are weighted based on their intensity similarity:

[1p—14| : _
Vp,q<fp7fq)={g*exp(_ ) ij:;j:

where I is the pixel intensity. To avoid the “spilling” of the BP into the
myocardium or BG, the smoothness term changes with each iteration, such that,
in order for the neighboring pixels to be assigned to the same label during the
current iteration, their intensities must be closer than in the previous iteration.

Once weights are assigned to all edges in the graph, the minimum cut equiv-
alent to the maximum flow is identified via the a-expansion algorithm described
in [15]. This approach yields the labeling (graph-cut) that minimizes the global
energy of the graph that corresponds to the optimal segmentation (Fig.2d).
Lastly, the convex hull applied to the graph-cut result constitutes the final
BP segmentation, such that, the papillary muscles are included within the BP
(Fig. 2e).

3)

Myocardial Probability Map Refinement. The myocardial probability map
is thresholded at 0.5, and the inner hollow circular region representing the BP
is extracted. The signed distance map corresponding to the boundary of the
extracted BP region is affinely registered to the signed distance map generated
from the boundary of the graph-cut extracted BP (Sect. 2.3) segmentation. The
optimum affine transformation that minimizes the sum of squared differences
between the two distance maps is applied to the myocardial probability map,
such that, it fits the shape of the segmented BP.

Iterative Refinement. The latest BP segmentation obtained from the graph
cut is used to update the intensity distribution model. The refined myocardial
probability map is used to construct a new BP/BG probability map. The pix-
els within the latest BP segmentation are assigned very high likelihood (for
belonging to the BP), and hence their labels do not change. An updated BP
segmentation is obtained via another graph cut operating on the new graph
energy configuration. This iterative process is repeated until the changes in the
affine transform parameters for the myocardium probability map are below a
predefined threshold; this iterative process usually converges within three iter-
ations. Upon convergence, the convex hull defined by the latest segmentation
result constitutes the final BP segmentation. Figure 3 illustrates the iterative
refinement process.

2.4 Myocardium Segmentation

The information from the BP segmentation along with the refined myocardial
probability map is used to segment the myocardium.
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Fig. 3. (a) Probability map and intensity distribution model for current iteration, (b)
BP segmentation obtained from graph cut using (a), (¢) updated probability map and
intensity distribution model obtained using (b), (d) new BP segmentation obtained
from graph cut using (c).
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Fig. 4. Log-likelihood image obtained from: (a) the intensity distribution model, (b)
the refined myocardium probability map, (c) distance from the endocardium; (d) the
weighted sum (w1, w2, and w3) of (a), (b), and (c), respectively; (e) final myocardium
segmentation obtained from graph cuts

Intensity Distribution Model. We select a ROI in each slice based on the
refined probability map, and we match the histogram of the pixel intensities
within this ROI to the histogram of the mid-slice. We select the mid-slices (i.e.
no apical/basal slices) to obtain a single intensity distribution model for the
whole volume. The intensities of the pixels within the refined myocardial mask
with probability higher than 0.5 are fitted to a single Gaussian GMM to obtain
the myocardium intensity distribution model. Similarly, the intensities of the
remaining pixels are fitted to a three Gaussian GMM to obtain the BG intensity
distribution model. Figure 4a shows the log-likelihood map for the myocardium.

Distance from the Endocardial Border. The endocardial border is obtained
from the outer edge of the final BP segmentation (Fig.2e). The knowledge that
myocardium should be closer to the endocardial border is encoded in the data
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term represented by the truncated distance map (empirically selected as 10 pix-
els). This constraint increases the likelihood of pixels near the endocardial bor-
der to be labeled as myocardium, while reducing this likelihood for the pixels
located further away. Furthermore, to prevent the BP region from being labeled
as myocardium, it is assigned the lowest likelihood value (Fig. 4c).

Graph-Cut Segmentation. A graph is constructed similar to the formulation
described in Sect. 2.3, but this time to classify the myocardial rather than blood
pool pixels. The data term is defined as the weighted sum of the intensity dis-
tribution model, refined myocardial probability map (as described in Sect. 2.3
and Fig. 4b), and the distance from endocardial border, with increasing relative
influence, respectively. The smoothness term varies spatially according to the
intensity difference between the neighboring pixes, as discussed in Sect. 2.3. The
minimum cut in the graph yields the final myocardium segmentation (Fig.4e).

3 Results

The proposed algorithm was implemented in Python and required 45 seconds
on average to segment the BP and myocardium from cine MRI volumes on an
tel® Xenon® 3.60 GHz 32GB RAM PC.

Adhering to the collated results reported for the LV segmentation challenge
in [16], we evaluated our segmentation on 30 patient datasets according to the
following metrics: dice index, jaccard index, sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive value (NPV) [16]. To maintain
approximately equal number of myocardium and non-myocardium pixels for
evaluation, such that the NPV conveys some useful information, we dilated each
slice of the myocardium region, for the provided gold standard segmentation,
by one fourth of the radius of the disk with equivalent area. The segmentation
results for a patient dataset are overlaid onto each slice of the patient volume
and shown in Fig. 5a. Figure 5b shows a visual comparison of our segmentation
results vis-a-vis the provided semi-automated segmentation serving as a gold-
standard. The metrics are summarized in Table 1 for all slices together, as well
as for the mid-slices and apical/basal slices (first and last two slices, respectively)
separately.

4 Discussion, Conclusion, and Future Work

Our validation experiments show that the overall segmentation results are com-
parable to those reported in [17]. Specifically, the mean values for reported
indices were: dice index — 0.68 to 0.88, jaccard index — 0.53 to 0.80, sensi-
tivity — 0.63 to 0.90, specificity — 0.73 to 0.99, PPV — 0.66 to 0.96, and NPV
— 0.81 to 0.94. However, it should be noted that the metrics reported in [17] were
evaluated against the consensus segmentation estimated based on the participat-
ing seven raters (manual and automatic) obtained using STAPLE algorithm on
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Table 1. Evaluation of our segmentation results against the provided gold-standard
semi-automated segmentation for the mid-slices, apical/basal slices according to Dice
Index, Jaccard Index, Sensitivity, Specificity, PPV, and NPV.

Assessment metric | Mid-slices Apical/Basal-slices | All slices

Dice Index 0.811 £ 0.068 | 0.568 + 0.241 0.740 £ 0.180
Jaccard Index 0.687 £0.091 | 0.433 £0.222 0.613 £0.183
Sensitivity 0.854 £0.104 | 0.596 + 0.268 0.783 £0.195
Specificity 0.788 £0.103 | 0.725 £ 0.180 0.770 £0.134
PPV 0.789 £0.079  0.714 £ 0.160 0.767 £0.114
NPV 0.866 £ 0.086 | 0.640 + 0.224 0.800 £ 0.174

o O O O
O O 0O

O O

b) Our segmentation result versus the Gold-standard segmentation

a) Segmentation result superimposed on the original volume

Fig.5. (a) Final myocardium segmentation of all slices of a patient dataset (shown
in blue) superimposed with the patient volume (shown in red); (b) Final myocardium
segmentation assessed against the provided gold-standard semi-automatic segmenta-
tion; white regions represent true positives, red regions represent false negatives, and
blue regions represent false positives. (Color figure online)

18 test patient datasets, whereas ours is compared against the provided semi-
automatic gold standard segmentation on 30 training patient datasets. Hence,
the metrics provide only an approximate estimate of our algorithm’s performance
compared to the ones that participated in the challenge. Moreover, the average
segmentation time of 45 s per volume for an unoptimized code in Python presents
a great potential of our algorithm for near real-time clinical applications.

Since the BP region in the mid-slices are better defined than in the api-
cal/basal slices, the segmentation results are consistently better for the mid-
slices. We also observed that the slice-wise processing and iterative refinement
might compromise the segmentation of the apical/basal slices due to ill-defined
BP regions, suggesting the need for special processing for these slices.

As part of our future work, we plan to automate the ROI detection in z-
direction to eliminate the manual input required by our algorithm. In addition,
instead of using a constant truncating endocardial distance constraint, we plan
to use image-derived edge information to enable spatially varying truncating
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distances to improve the myocardium segmentation. Similarly, we will study the
effect of selecting different thresholds for the probability maps, weight variability
on the likelihood terms and, in turn, on the final myocardium segmentation.
Lastly, we plan to extend the work and evaluate the segmentation performance
on all 100 patient datasets and report performance according to the metrics
outlined above.
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Abstract. Muscle fibers in healthy hearts follow a regular geometry,
with streamlines that lie along close to parallel helical curves. This regu-
larity is disrupted in the presence of myocardial infarction which results
in a loss of contractile function due to the necrosis of myocytes and the
build up of collagen. However, intermediate situations also exist with
partly functional surrounding border zones. The precise manner in which
fiber geometry is remodeled following the occurrence of an infarct is not
known. Here we demonstrate the promise of Cartan frame fitting to dif-
fusion magnetic resonance images of the heart to address this question.
We use the error of fit of these models to the first principal eigen vec-
tor of the diffusion tensor to capture the degree of local fiber coherence.
The first study of its kind in application to myocardial infarction, our
experiments on porcine hearts reveal measures to assess damage that
are complementary to existing scalar ones, such as the apparent diffu-
sion coeflicient or the fractional anisotropy. Cartan frame fitting provides
valuable additional information about local fiber geometry.

1 Introduction

In North America alone there are almost half a million sudden deaths each
year due to heart defects [16]. In patients suffering from structural heart dis-
ease over 85% of the cases arise from myocardial infarction (MI). Following MI,
the deposition of collagen (the main component of cardiac connective tissue) in
the scar triggers a prolonged ventricular remodelling process [11]. Studies have
shown that by 4 weeks after the occurrence of an infarct, mature fibrosis has
replaced necrotic myocytes [3,5]. This deposition of collagen is heterogeneous due
to surviving blood vessels which continue to supply oxygen to the peri-infarct
area [2], resulting in a mixture of viable and necrotic cells to form a border
zone (BZ), which in turn can generate lethal arrhythmias [12]. Developing non-
invasive methods to characterize the BZ has been the focus of many research
groups.

A common strategy is to use diffusion-weighted (DW) imaging to provide
scalar parametric maps of the apparent diffusion coefficient (ADC) and the frac-
tional anisotropy (FA), which can identify in vivo scar areas in patients with
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prior-infarction [15] and structural changes in infarcted porcine hearts, ex vivo
[8,14]. The molecular diffusion of water molecules reflects microstructural tissue
integrity and there is a gradual loss of fiber coherence in the ischemic BZ and
dense scar regions due to collagen deposition. The loss in fiber coherence leads
to a decrease in FA in these regions, while the deposition of collagen combined
with increased extracellular spacing results in elevated ADC values. This rela-
tionship between ADC and FA is illustrated by the examples in Fig. 1, with the
ADC map (top left) showing increased diffusion (yellowish tones) in the scar
tissue, and the FA map showing a corresponding decrease (dark blue tones) in
anisotropy (top middle) in an infarcted pig heart.

In healthy mammalian hearts myofibers are known to lie along helical curves,
an arrangement that is critical for normal mechanical and electrophysiological
function [4]. Numerous mathematical models for this arrangement have been
proposed in the literature including [1,6,9,10]. Much less is known, however,
about the manner in which heart wall myofibers rearrange in the presence of
infarcts. Qualitatively, in healthy regions the fibers maintain a smoothly varying
helical pattern, as revealed by tractography (Fig. 1, bottom left), while at loca-
tions affected by the infarct their geometry is much more chaotic (Fig. 1, bottom
right).

Motivated by the above considerations, we propose to use the error of fit
of Cartan frames to fiber orientation data from DW images as a measure of
fiber orientation incoherence. We demonstrate the association of regions with a
high error of fit with an infarct, while simultaneously providing parametric maps
of fiber geometry in healthy tissue. We provide experimental results on several
porcine hearts with infarcts and one that is healthy. As a preview of these results,
Fig. 1 (top right) shows that regions of low error of fit (dark blue) are consistent
with the healthy tissue, as corroborated by the ADC and FA maps. Regions
with high error of fit (yellow tones) correspond well with the infarcted regions,
where fiber incoherence is expected, but additionally include locations near the
epithelial and endothelial linings.

2 Methods

2.1 Modeling Fiber Geometry via Connection Forms

We utilize the methods of [7] to describe the geometry of fiber orientation in
the heart wall via rotations of a frame field that is fit to the DW data. Let a
point & = ) x;e; € R? be expressed in terms of e, ez, e3, the natural basis
for R3. We define a right-handed orthonormal frame field f;, fo, f5 : R® — R?.
Each frame axis can be expressed by the rigid rotation f;, = > ; Gij€js where
A = {a;;} € R¥ is a differentiable attitude matrix such that A~* = AT,
Treating f; and e; as symbols, we can write
T T
(f1f2f3] =Aleieses] . (1)
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Fig. 1. Ex vivo diffusion imaging of a pig heart. Top: The ADC map (left), with regions
of high diffusion shown in shades of yellow, the FA map (middle), with regions of low
FA shown in darker blue and the error of fit in degrees generated by fitting 1-forms
(right). Bottom: Streamline tractography seeded in a healthy region of the LV wall
(left) and in a region of the septum affected by the infarct (right). Both tractography
results are visualized from a circumferential direction. See text for a discussion. (Color
figure online)

Since each e; is constant, the differential geometry of the frame field is completely
characterized by A. Taking the exterior derivative on both sides, we have

dfy fo £s] = (A A £ fo £3]" =C[f1 £ £3]" (2)

where d denotes the exterior derivative, and C' = (dA) A™! = {¢;;} € R**3
is the Maurer-Cartan matrix of connection forms c;;. Writing f, as symbols,
(2) is to be understood as df; = > ¢;; f;. The Maurer-Cartan matrix is skew
symmetric with zeros as diagonal entries so there are at most 3 independent, non-
zero 1-forms: 12, ¢13, and ca3. 1-forms operate on vectors through contraction,
written as dw(v) € R for a general 1-form dw = >, w;de; and vector v on
R?, which yields dw(v) = 37, w;de; (35 vje;) = 3, wiv;, since deie;) = dyj,
where §;; is the Kronecker delta. It turns out that the space of linear models for
smoothly varying frame fields is parametrized by the 1-forms c;;. Since only 3
unique non-zero combinations of ¢;; are possible, there are in total 9 connection
parameters c;;i. These coefficients express the rate of turn of the frame vector
J; towards f,; when & moves in the direction f,. With f; taken as the local
orientation of a fiber and f5 taken to be the component of the heart wall normal
orthogonal to f;, Fig. 2 illustrates the connection parameter cj23 describing the
rotation of fibers in the direction of a transmural penetration of the heart wall.
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(a) cies (b) c123 (infarct) (¢) ci123 (healthy)

Fig. 2. Connection forms measure the local rotations of the frame axes f, f,, f5. Here
we focus on the contraction of the 1-form ci2 on the frame axis f; and compare its
values in a short axis slice of a pig heart with an infarct (middle) with those in a short
axis slice from a healthy pig heart (right). See text for a discussion.

Cartan frame fitting applies to smoothly rotating frame fields. In the presence
of infarcts fiber orientation coherence is lost and the fitting errors using this
method increase (Fig. 1 middle left). We shall exploit this association of frame
field fitting error with fiber incoherence.

2.2 Cartan Frame Fitting and Error Analysis

At each voxel we use the first principal eigen vector of a diffusion tensor recon-
struction to represent the fiber orientation as f,. We then estimate the heart
wall normal as the gradient of the distance function to the boundary of the
myocardium and take its component orthogonal to f; to be fs. f, is then taken
to be their cross product. To find the 9 connection parameters at each voxel
we use Nelder-Mead optimization to minimize a fitting energy. This energy is
defined at each voxel as the average of the angle between the measured orien-
tation from DW data at each voxel in a local neighborhood and that given by
rotating the frame field by a particular set of connections. Once this method
has converged to a set of connection parameters the fitting error at the voxel is
taken to be this average angular error between the model and the data.

2.3 Pig Hearts

In this study we used healthy and infarcted porcine hearts. The hearts were
freshly excised, suspended in a plexiglass phantom filled with fluorinert to elim-
inate artifacts and placed in an MR head coil for ex vivo imaging. All DW-MR,
studies were performed on a dedicated 1.5T GE Signa Excite scanner using a
custom FSE pulse sequence. We used the following MR, parameters: TE = 35 ms,
TR =700ms, echo train length =2, b value =0 for the un-weighted MR images
and b value =500s/mm? when the 7 diffusion gradients were applied, respec-
tively. We used a 256 x 256 k-space, FOV =10-16cm and a slice thickness of
1.2mm, yielding a sub-millimetric voxel size. From each heart, select samples
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containing an infarct were cut to align with the short-axis view of the MR images
and prepared for histopathology to confirm the collagen deposition in the infarct
area. The details of the methods used to generate the chronic infarcts are pre-
sented in [8].

3 Results and Discussion

Reconstruction and Filtering. We used an established Rician smoothing method
to reduce noise in the diffusion images [13]. The parameters for this non-local
filtering method guided by voxel to voxel similarity were tuned to prevent over-
smoothing. We used the publicly available MedInria software to carry out the
filtering, and to then reconstruct the diffusion tensor from the raw diffusion
weighted scans, from which fiber orientations were extracted as the first prin-
cipal eigen vector. We used a threshold on the FA map as a mask to restrict
further processing.

Comparison with Histology. We first applied a combination of linear and non-
linear registration transformations using functions readily available in Matlab,
in particular imregtform, to align histological slices to their corresponding DW
slices. We then compared ADC maps with Cartan frame fitting-based error of
fit maps. Supplementing the earlier results in Fig. 1, Fig. 3 shows the ADC map
(left) the error of fit map in degrees (middle) and a histology image (right)
for a different slice of the dataset in Fig.1 (top row) and for a selected region
from a different infarcted pig heart (middle row). The histology images show
intact myocytes in the normal tissue and altered tissue microstructure in the
infarcted zones. As depicted by the Masson Trichrome stain, the ischemic bor-
der zones (BZ) had collagen fibrils interdigitated between viable myocytes. In the
dense scar areas, necrotic myocytes were completely replaced by mature fibro-
sis (the final product of collagen degradation), resulting in a loss of myocardial
anisotropy. The bottom row shows tractography results for these cases. As before
there is qualitatively good agreement between regions with high ADC values and
regions with high error of fit (yellowish tones). The results also show regions of
viable tissue (greenish tones in the error of fit maps) within the infarcted areas,
which is corroborated by the tractography results. In particular, there appear to
be regions of coherent fibers within the septum of the first heart (third row left)
and the LV wall of the second heart (third row right and bottom row left).

Quantitative Results. Given the association between ADC and our error of
frame fit, it is natural to compare these measures quantitatively throughout
the myocardium. We did so for the 5 infarcted porcine hearts we analyzed by
computing Dice coefficients to describe the overlap, in the following manner.
For the same heart let A be the set of voxels with ADC value >0.6 and let B
be the set of voxels with error of fit >15°. The ADC threshold is chosen based
on results in [8] which demonstrate the mean ADC value of normal tissue for
these DW scans to be below 0.5 with the mean value of border zone or scar tis-
sue regions being above 0.6. The error of fit threshold was chosen by empirical
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Fig. 3. We now register the histology to the DW images and show the ADC map (left)
the error of fit (middle) and the registered histological image (right) for a different
slice of the dataset in Fig.1 (top row) and for a zoomed-in region of a different pig
heart with an infarct (second row). The corresponding tractography results are shown
in the third row. The bottom row shows tractography for the second case while seeding
separately from locations with low error of fit (left) and high error of fit (right). (Color
figure online)

considerations, but modest changes to it did not significantly alter the standard
Dice coefficient, computed as AN B/AU B, or a modified coefficient computed
as AN B/A. These results, shown in Table 1 (left), demonstrate that typically
over 80% of the locations with increased diffusion also yield a high error of fit
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Table 1. Dice coeflicients between voxels A with high ADC (>0.6) and voxels B with
high error of fit (>15) degrees.

Pig |ANB/AUB|ANB/A
Pig 2 .40 .80
Pig 4| .43 .89
Pig 5| .47 .76
Pig 6| .46 .87
Pig 7| .27 .94

cl23 cl23
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Fig. 4. Histograms of the c123 connection parameter over all voxels with low error of
fit in an infarcted heart (left) and over all voxels in a healthy heart (right).

using our frame fitting method, due to the loss of geometric coherence of fiber
orientations. However there are additional locations where fiber orientations are
not smooth, typically at the linings of the heart wall, or near the edges of a
collapsing and narrow right ventricle. Such regions are not picked up by the
ADC or FA measures likely because there is no increase in collagen or loss in
anisotropy there. As such, we hypothesize that these are regions where the fiber
orientation is simply distinct from that of neighboring locations, i.e., it does not
form a coherent pattern.

We also present histograms in Fig.4 to compare the cj23 connection para-
meter in the infarcted pig heart of Fig. 1, but restricted to locations where the
error of fit is low, with the c123 parameter for the healthy heart. This connection
parameter attains by far the largest values in healthy hearts, because it relates
to the transmural turning of fibers from outer wall to inner wall. The histograms
have very similar distributions and mean values in voxel units, suggesting that
in regions away from the infarct, the fiber geometry remains similar to that of a
healthy heart.

4 Conclusion

We have demonstrated the use of Cartan frame fitting to characterize collagenous
fibrosis and to provide quantitative assessment of fiber coherence in the presence
of structural heart disease, using high resolution DW imaging in infarcted porcine
hearts. Although our Cartan frame fits were applied to a relatively small sample
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size of 5 diseased hearts and 1 healthy one, the results are consistent and the
method holds promise for the measurement of fiber coherence in dense scar
areas and more importantly in the BZ, where the substrate of lethal arrhythmia
resides. In future work we plan to carry out this analysis using in vivo DW MR
data, in an effort to integrate our frame fitting methods into clinical platforms
for better differential diagnosis. We also hope to provide personalized estimates
of fiber directions for use in mathematical models for in silico prediction of
electro-mechanical function in hearts with infarcts.
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Abstract. Radiofrequency ablation is a common procedure to treat
atrial fibrillation, where the objective is to electrically isolate some
regions of the myocardium from others to avoid the transmission of
abnormal electrical signals. This is done with a catheter by delivering
an RF signal in the targeted regions. Ideally, the signal will create a
permanent lesion that would prevent the reappearance of the abnormal
electrical signals and therefore terminate AF. There are many parame-
ters involved in the process and naturally in its success. In this paper we
present a framework for comparing RF ablation related parameters such
as power of the signal, contact force, temperature and impedance with
permanent and effective lesion formation. In order to do that we propose
to use a standardised unfold map that allows us to directly compare atria
with different shapes at different time-points and with different types of
information. We tested the method in 8 real cases showing that it facil-
itates the analysis and comparison of the ablation related parameters
with the outcome of the procedure.

Keywords: Left atrium - Radiofrequency catheter ablation - Contact
Force + Pulmonary vein isolation - Unfold map

1 Introduction

Atrial fibrillation (AF) triggers are mainly located inside pulmonary veins (PV) [9].
Radiofrequency (RF) PV isolation (PVI) is the most frequent procedure to treat
AF [5] by electrically isolating the veins to avoid the transmission of the abnormal
electrical signals. The procedure consists in delivering RF energy (typically 3040
W, 500 kHz) over the tip of a therapy electrophysiology catheter during a certain
time across the perimeter of the (typically) four PV. According to Ganesan et al.
[7] the long-term success rate ranges from 53.1% with a singe procedure to almost
80% with multiple procedures.
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One of the reasons for this low success rate is the incomplete isolation of
the PV due to punctual ablation and the presence of gaps in the lesion (scar or
fibrous tissue). Several authors [8,13], have investigated the influence of these
anatomical gaps in the recurrence rate of AF. Clearly, incorrect RF ablation
(e.g. when the catheter does not touch the LA wall) is a reason for incomplete
PV isolation but also other involved parameters can favour the non formation of
an effective lesion causing AF recurrence. Parameters related to the delivery of
the RF energy such as power of the signal, contact force (CF) [14], temperature
or impedance drop may play an important role.

The objective of this study is to investigate the influence of ablation-related
parameters on the scar formation around the PVs assessed by a post abla-
tion Late Gadolinium Enhancement (LGE) Cardiovascular Magnetic Resonance
(CMR) study. Recent studies have reported the capability of identifying RF
ablation lesions in the LA in a 3months post ablation LGE-CMR study [12],
and even to identify lesion gaps in the PV circumference ablation line [1,4]. The
task is challenging due to several reasons: during the ablation parameters are
recorded at discrete locations (points, coordinates) and a method is needed to
merge the information about the LA shape (previously extracted to help guiding
the catheter) and the recorded points; additionally, there is LA remodelling due
to the ablation procedure and to AF itself [11] and therefore it is difficult to
directly compare different atrial shapes; LA segmentation is complicated due to
insufficient image resolution to capture thin atrial wall and the segmented LA
shapes may appear even more different than they actually are due to segmenta-
tion errors.

Trying to overcome these complications several alternative representations
of the LA have been proposed. For example, Karim et al. [10] implemented a
surface flattening method where one of the clinical applications was to display
and compare the unfolded electroanatomical map (endocardial voltage) obtained
from mapping systems with the unfolded LGE-CMR map. However, the gener-
ated maps are patient-specific and the method does not allow direct comparison
between different patients. Therefore, we propose to use the standardised unfold
map of the LA defined in [16] that allows us to represent in the same reference
system the LA tissue information obtained from the LGE-CMR study and the
ablation parameters sampled during the procedure. Having this standard repre-
sentation we can locally or globally correlate all the parameters involved in the
ablation with the scar formation. In addition, we can directly compare results
from different patients and investigate the existence of optimal values.

2 Method

The complete framework has four main stages, each of which is explained next.
A complete scheme can be seen in Fig. 1.

1. Acquisition of RF-ablation Related Parameters.
In order to integrate the parameters of the RF ablation in a common space
the first step is to obtain a representation of the LA shape. Previous to the
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Fig. 1. Complete framework. A. Extraction of the pre-ablation atrial shape and projec-
tion of the RF-ablation related parameters (automatically recorded during the ablation
and saved in text files (the numbers shown here are unimportant)). In the figure, con-
tact force is shown. B. Extraction of the post-ablation atrial shape and LA wall tissue
characterisation: binary classification into either scar or healthy tissue (gaps would be
classified as healthy tissue). C. Standardised unfold map of the LA shapes. D. Regional
analysis and comparison of the two standardised unfold maps. The upper disk shows
the two maps superimposed and the table shows results from the numerical analysis
per region (this is an example and the numbers are irrelevant). In the small disk it can
be seen the regional division of the LA.

ablation procedure and with the aim of helping guiding the catheter all patients
undergo an image study (Computed Tomography (CT) or CMR). The anatom-
ical information is obtained by delineating the LA shape followed by some pre-
process (smooth and mesh correction basically) in order to eliminate artefacts
due to imaging. This pre-process reduces the potential differences between the
two acquisition methods used. During the intervention the mesh is imported into
the navigation system and aligned with the current view by rigid registration
(rotation and translation). Using the registration matrix it is possible to realign
the original mesh and the recorded points afterwards. In the proposed framework
this alignment is done by calculating the inverse transformation and applying it
to the ablation-related points.

During the ablation the following parameters are saved into the system with
a sampling period of 17 ms: position of the catheter tip, power, contact force,
temperature and impedance. All this information is projected onto the LA mesh
as follows: for each ablation-related sample we find its closest point (vertex) in the
mesh. It is noticeable that several ablation-related points may lie on the same LA
mesh point. In that situation information is accumulated in the corresponding
vertex. Accordingly, vertices of the LA mesh without projected ablation-related
points have an assigned value of 0 and are not used in the numerical analysis.
The output of this stage is a LA mesh showing the pre-ablation LA anatomy
with that information projected (see Fig. 1A).
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2. Tissue Characterization of the Post Ablated LA.
Delayed-enhancement CMR images of patients that underwent ablation ther-
apy are typically acquired some months after the procedure in order to assess its
success. The regular clinical practice at Hospital Clinic (Barcelona) is to perform
the CMR study 3 months after the ablation. From these images, the shape of
the LA is extracted by manual segmentation of the LA wall. Binary tissue clas-
sification (scar or healthy) is then performed according to the method presented
in [3]: Local Image Intensity Ratio (IIR) is calculated as the ratio between the
pixel and the mean blood pool intensities. The authors established thresholds
based on healthy volunteers and post-ablation patients: an TR < 1.20 identifies
normal atrial tissue, and an ITR > 1.32 identifies dense scarring (see Fig. 1B).

3. Standardised Unfold Map (SUM).
A standardised unfold map (SUM) was proposed in [16] and its main steps
are:

1. Mesh standardisation: the PVs and the left atrial appendage (LAA) are semi-
automatically clipped. The algorithm requires to manually place a seed close
to the ending point of each PV and the LAA. After that, the PVs and LAA
are automatically clipped at a distance of the ostium that can be set by the
user. Also the mitral valve (MV) is automatically clipped using the informa-
tion of the placed seeds. We decided to clip the LAA because it is not directly
related to PVI. It is important to note that it can extremely vary between
different subjects and therefore with that decision we minimise its influence
in the following steps.

2. Surface registration of the template where the regions were defined to the
standardised atrium resulting from the previous step. This is done by a non-
rigid registration based on currents [6] after an initial affine registration.

3. Projection of the registered template to a disk: the MV is mapped to the
boundary of the disk and the PV and LAA holes are mapped to predefined
holes within the disk.

The resulting disk is a parcellated 2D standard representation of the LA that
permits the comparison of the pre- and post-ablated atria that, it is important to
remember, have different shapes. In addition, the parcellation of the disk permits
performing regional analysis. Finally, representing atria in a 2D map favours fast
interpretability and visualisation of the data.

4. Analysis and Comparison of the Ablation and Scar SUMs.

The output of the previous step is a pair of SUMs for each patient: one
with ablation-related parameters (i.e. power, contact force, temperature and
impedance) and the other one with binary scar segmentation. Let us name these
maps ablation-SUM and scar-SUM. For comparing these two maps we propose
the following;:

1. Use the parcellation provided by the SUM to evaluate RF-ablation related
parameters in each region of the ablation-SUM. As we are interested in evalu-
ating the success of PVI we focus in regions representing the surroundings of
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each PV. For each vein, its surroundings are divided in four quadrants, thus
16 regions are analysed. We compute the mean and total values of power,
contact force and temperature in each SUM region.

2. Localise gaps in the scar-SUM. For doing this we follow a strategy similar
to the one we recently presented in [8]: we define the isolating path as the
scar-path that encircles a PV with the minimum amount of gap. We then
identify the regions of the SUM where a gap is present. In this study we do
not consider the relative amount of gap, only if there is a gap or not. If the
gap is less than 10% of the isolating path is ignored.

3. Correlate the information about the gaps (yes/no) with the ablation para-
meters in all regions: mean and total power, contact force and temperature.
With regard to the impedance it is interesting to analyse the impedance drop.
In this initial version of the framework we project all the samples to the LA
mesh loosing the time reference. We need to take into account the particular
temporal instant in order to be able of analysing impedance drops. This could
be done complementing the framework adding temporal information but it
was left to future work.

Ultimate objective is then to find differences regarding the parameters
between regions with and without gaps.

3 Experiments and Results

We applied the proposed method to 8 real cases. The RF catheter used was
the Thermocool SmartTouch! and the ablation information was acquired with
CARTO (See footnote 1). Anatomical information was incorporated from pre-
interventional CT or CMR images and the LA shape was extracted from the
DICOM images using a research software (ADAS?) or CartoMERGE in the
case of CT images. The number of ablation-related samples in our data was
98,821+3, 302 samples. As mentioned before the sampling rate for automatically
acquiring these samples was 17 ms, which explains the high number of recorded
points. On the other hand, regarding the scar-SUM, manual segmentations of
the LA wall surface were extracted also using tha ADAS software and tissue
classification was performed according to [3] as explained in Sect.2. For the
generation of the SUMs we decided to keep a PV and LAA length of 3mm
in all the cases. The complete framework (pre-processing, mapping and post-
processing) was coded in Python using the VTK library. We also used reMESH
[2] for correcting mesh imperfections.

Figure 2 and Table 1 show the SUMs generated for one patient and its numeri-
cal analysis. The power of the signal was not studied since the recommended power
(40 W) was used for all cases. Nevertheless, we found that the mean value is slightly
inferior because there are growing and decreasing slopes when passing from 0 W
to 40 W and vice versa. With relation to the temperature it can be seen that it is

! Biosense Webster Inc, Diamond Bar, CA.
2 ADAS, Galgo Medical SL. Barcelona, Spain.
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Fig. 2. Example of the 2 SUMs generated for one patient. From left to right: template
with region labels; ablation-SUM showing in this case the information about contact
force; scar-SUM showing the segmented scar (magenta) and the detected gaps (yellow).
(Color figure online)

Table 1. Some results from the numerical analysis of the example in Fig. 2.

Region | Mean Mean contact | Mean Mean time (min) | Gap?
power (W) | force (g) temperature (°C)

9 37,56 5,29 41,98 2,60 Too small
10 39,32 3,85 42,14 5,05 Yes
11 34,99 9,18 41,37 1,12 Yes
12 38,49 7,40 41,53 2,41 No
13 39,33 6,10 42,02 0,36 No
14 36,79 3,61 42,74 1,33 No
15 36,17 5,64 41,30 2,17 No
16 36,65 4,87 40,01 0,17 No
17 37,56 4,73 41,57 1,12 Yes
18 39,93 6,42 42,12 1,28 No
19 38,66 7.36 41,49 3,25 No
20 35,83 6,76 41,68 3,15 Yes
21 39,96 4,22 42,41 2,23 No
22 38,77 6,87 41,92 2,17 No
23 35,13 9,46 40,16 1,37 No
24 39,88 4,47 42,45 0,33 No

Table 2. Numerical analysis results: comparison between regions with and without gap.
Shown is the mean £ standard error of power, contact force, temperature, number of
CARTO samples and time.

Power (W) |Force (g) |Temperature (°C)|# CARTO samples| Time (min)
No gap 34.74 £ 1.88|7.82 +1.00|39.55 £ 0.94 5035.09 £ 1566.39 |1.43 +0.44
Gap 34.95 £1.34|8.01 £ 0.80(39.35 £ 0.67 7550.80 £ 1857.57 |2.14 £0.53
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Fig. 3. Examples of pair of SUMs generated: the first row shows ablation-SUM and
the second row their corresponding scar-SUM (each column is a different patient).
Regarding the ablation-SUMs examples of contact force, temperature and power are
shown.

significantly lower than the typically target temperature (i.e. 50-55 °C). This is
due to the fact that the ablation was done with an irrigated catheter (in order to
induce a deeper lesion) which is a type of cooled tip ablation [15,17].

In the example shown in Fig. 2, it can be observed that there are two gaps:
one in the left superior PV (LSPV) and the other one in the right superior PV
(RSPV). Results in Table 1 suggest that the gap in region 10 can be due to low
CF even though the ablation time is quite high. We could also hypothesise that
the gap in region 11 corresponds to an area insufficiently ablated (see ablation-
SUM in that region). If we compare regions 17 and 18 we can see that the two
regions were ablated during a similar period of time but in region 17 the mean
CF and mean power were lower than in region 18. This fact could explain why
we see a gap in region 17 and not in region 18. Likewise, if we compare regions
19 and 20 that were also ablated during a similar period of time, we observe
again that the mean CF and mean power are lower in the region where there is
a gap (20). However, we observe that in other regions good scar patterns were
obtained with lower CF, power and in less time. Examples of efficient ablations
can be seen in regions 13, 16 and 18 where a good scar pattern was created in a
short period of time (see Fig. 2).

We compared the numerical analysis of all patients trying to find common
patterns relating the parameters and the presence or absence of anatomical gaps
but statistically significant differences were not found (see Table2). We also
analysed the influence of the ablation time: we investigated whether it is more
effective to ablate during a shorter period of time with a higher contact force or
with lower contact force during a longer period of time but there was not any
consistent pattern. Even more, unexpectedly, we found that regions with gaps
were ablated (in average) much time and with a higher CF (Fig. 3).
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4 Discussion and Conclusions

We have presented a framework to analyse the influence of RF-ablation parame-
ters in the formation of a permanent lesion that would, ideally, terminate AF.
For that, we decided to use a standardised unfold map that permits directly
compare atria with different shapes and with different kind of information. Our
aim was to identify optimal values of the parameters but we did not find clear
thresholds from our experiments. Some potential reasons are: (1) The dataset is
too small for extracting well founded conclusions; (2) The LA wall is very thin
and its segmentation is complicated: there are segmentation errors that can affect
the results; (3) Patients with AF may have natural fibrosis (not induced by the
ablation) that would be classified as scar in the tissue classification process. It
would be convenient to perform tissue classification previous to the RF-ablation
in order to be able to differentiate between natural and ablation induced fibrosis.
For this study we did not have access to the pre-ablation images but we plan to
enrich the method by including this information in the future; (4) The objective
during the ablation is to have as less gaps as possible and therefore in the data
there are not many of them.

For future work we plan to have access to a bigger dataset and improve the
segmentation method used. We also plan to automatically analyse the amount
of gap in each of the SUM regions and not only its presence or absence. Similarly
to what was done in [8], we will investigate if there is correlation between the
parameters and a quantitative measure describing the amount of gap in each
region.
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Abstract. Cardiac magnetic resonance (CMR) imaging is becoming a
routine diagnostic and therapy planning tool for some cardiovascular dis-
eases. It is still challenging to properly analyse the acquired data, and
the currently available measures do not exploit the rich characteristics of
that data. Advanced analysis and modelling techniques are increasingly
used to extract additional information from the images, in order to define
metrics describing disease manifestations and to quantitatively compare
patients. Many techniques share a common bottleneck caused by the
image processing required to segment the images and convert the seg-
mentation to a usable computational domain for analysis/modelling. To
address this, we present a comprehensive pipeline to go from CMR images
to computational bi-ventricle meshes. The latter can be used for bio-
physical simulations or statistical shape analysis. The provided tutorial
describes each step and the proposed pipeline, which makes use of tools
that are available open-source. The pipeline was applied to a data-set
of myocardial infarction patients, from late gadolinium enhanced CMR
images, to analyse and compare structure in these patients. Examples
of applications present the use of the output of the pipeline for patient-
specific biophysical simulations and population-based statistical shape
analysis.

1 Introduction

Patient-specific simulations and population-based modelling are becoming
increasingly popular in analyzing cardiac disease to extract important infor-
mation about causes of arrhythmogenic or mechanical dysfunctions, and remod-
elling that occurs as a result of a disease. Such computational models have proven
useful, for example, in detecting re-entry sites for arrhythmias [1] and to quantify
structural abnormalities [2].
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Computational patient-specific simulation requires segmentation of the
anatomy from imaging. In the case of population-based modelling, pre-alignment
of all subjects to a common frame is required, to remove differences in pose. For
electrophysiology simulations of ischemic heart disease, segmentation of the scar
or ischemic regions has to be performed. These regions are important pre-cursors
in many arrhythmic disorders. Going from medical images to computational
geometries can be time-consuming, laborious and prone to human error.

Since CMR imaging enables tissue characterisation through late gadolinium
enhancement (LGE) imaging, the use of LGE is becoming increasingly popu-
lar. Due to the lack of openly available and automated tools, we developed a
pipeline from LGE images to computational geometries that makes use of a
freely available and widely used cardiac image segmentation software tool (Seg-
ment, Medviso). The proposed pipeline processes the segmentation to remove
slice misalignment, to align all segmented data to a common reference (for com-
parative analysis and statistical shape modelling), and to build three-dimensional
(3D) volumetric models of the geometry and scar regions (for electrophysiolog-
ical simulation). A tutorial provides detailed steps of the proposed open-source
pipeline and potential uses of the pipeline are described in our examples applied
to myocardial infarction patients. 3D model generation and the techniques used
to process the scar information are detailed in Sects. 2 and 3.

2 Bi-ventricle and Scar Segmentation

In the present work, 3D segmentation of the left and right ventricular endo-
cardium, bi-ventricular epicardium, and scar (infarct) region from LGE images
(in the end-diastolic phase) is performed. For this task, Segment; a software pack-
age for medical image analysis from Medviso [3], is used. A screenshot showing
the functionality of Segment is given in Fig. 1. A full tutorial describing how to
perform segmentation in Segment is provided on their website!.

Ventricle segmentation is accomplished by either manually or automatically
drawing contours around the endocardium and epicardium surfaces of both ven-
tricles on each two-dimensional (2D) image slice. Automatic segmentation within
Segment is performed using level-set and deformable contour algorithms [4]. The
algorithm creates both endo- and epicardial borders for the left ventricle (LV),
which the user can adjust if necessary. Because of the complexity in shape of
the right ventricle (RV), segmentation in Segment is performed semi-manually.
In proposed pipeline, the tool for segmentation of the right ventricle epicardium
is used to define the bi-ventricular epicardium. Segmentation is performed up to
the last basal slice before the valve plane, defined as the first slice which divides
into inlet and outlet of either ventricle. The bi-ventricular epicardium is required
to generate a volumetric mesh for biophysical simulations. Sets of data points,
which describe both epi- and endocardial borders of the ventricles, are saved
from the image itself for each slice of the LGE stack.

! www.medviso.com.
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The scar region is automatically delineated with an algorithm that also incor-
porates partial volume effects by weighting the infarct volume by pixel intensity [5].
The underlying algorithm for finding infarct is based on Expectation Maximiza-
tion (EM algorithm). It is necessary to perform segmentation of the left ventricle
first, as the ischemic regions are found between the endo- and epicardium of the
LV. The method for computing scar in Segment is described in [6].
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Fig. 1. Annotated screenshot of the Segment user interface with highlighted main units,

which shows functionality of the tool. Segmented ventricles with defined scar regions
can be seen in the main viewing area.

3 Automatic Pre-processing Pipeline
3.1 3D Model Generation

From the slice-wise segmentation, a point-cloud defining the boundary (surface)
points on each slice is exported. Acquired point-clouds are then processed in
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order to locate them in the same space [6]. Breath-hold artefact correction is
achieved through calculating linear least square estimation of the vertical axis
of the LV, according to the 2D barycenters of each slice. The barycenter of a
given slice is then aligned to the slice above and the slice below. This is applied
to point-clouds corresponding to both ventricles as well as to the scar regions.

Performing statistical shape analysis on meshes created in further steps
requires both ventricles of every subject to be in the same physical space (i.e.
to be rigidly aligned). Therefore, spatial alignment is performed to shift and
rotate all subjects to a reference subject. This is necessary to reduce the bias in
construction of the mean and to focus on calculating differences in the anatomy
instead of position and/or orientation of given subjects. Alignment of all subjects
is performed by taking the 3D barycenter of each ventricle from the endocar-
dial point-clouds, and then a line-segment joining the LV and RV barycenters
is computed. The rigid transformation from the line-segment of each subject
to the line-segment of the arbitrarily chosen reference subject is computed. All
point-clouds are then transformed by the computed line-segment transformation
to align all 3D point-clouds. Translation parameters are based on the difference
in positions of the barycenters in 3D space. Rotation is performed about the Z
axis with angle 0 defined as (Eq. 1)

0 = cos! (M) (1)

with v and v being vectors joining the line segments. This yields the following
rotation matrix (Eq. 2)

cos —sinf 0
Rz(0) = | sinf cosf 0 (2)
0 0 1

Once all patients are aligned to a common space, the volumetric 3D tetrahedral
meshes are generated by combining the RV endocardium with the LV endo- and
epicardium, and the bi-ventricular epicardium.

3.2 Scar Post-processing

A binary image of scar regions is used to calculate coordinates of scar points in
3D. For each subject, the scar regions are defined with a 3D boolean array, and
are transformed along with the ventricular segmentation (slice correction and
pairwise alignment). In order to retrieve the coordinates in the same space as
the segmented and aligned ventricles, indices of the positions with boolean ‘one’
are found. These indices correspond to the X and Y position of the scar regions
in each slice. Obtained coordinates are then adjusted to the image resolution.
The third (Z) coordinate is found by inserting the voxel depth for each slice,
equal to the gap between slices in the ventricles plus the slice thickness. The
point-cloud is then shifted along the Z axis, to the location of the left ventricle.
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Obtained point-clouds (defining the scar/ischemic zone) are processed in
order to create a proper, uniform volume of the scar on which further analy-
sis can be performed. This scar volume must also be projected to the ventricular
volumetric space, to keep it in the correct location. For this purpose, several
image processing tools have been applied to the scar data sets (see Fig. 2) to:

Eliminate outliers

Resample voxels to be isotropic
Smooth

Calculate iso-contours

The first step in the processing pipeline is performed to remove noise in the scar
image using a median image filter, which eliminates non-physiological outliers.
By applying the filter, every pixel/data point is replaced with the median of
its neighbours. The value of the radius, defining the furthest neighbour of the
pixel/data point in each direction, can be selected depending on the desired level
of noise reduction.

The second step is to account for the large inter-slice spacing in the acquired
images, which may result in loss of important information encoded in the third
dimension (along the Z axis). In order to make the images useful for further
steps of image analysis, re-sampling of the data-set is conducted. Resampling of
the voxel size in the Z direction is performed to obtain voxel sizes equal to the X
and Y directions (which are equal). This results in an isotropic 3D image, which
provides more insights and information in the 3D space than rigid connection
of slices. Thirdly, a Gaussian smoothing to remove the staircase-effect in the
images is performed.

Finally, the iso-contours are calculated to allow for visual analysis. This is
essentially achieved by extracting the surface of the scar. The used filter defines
the borders of an object and uses them to create a 3D mesh. The extracted
surface is surrounding the pixels that define the scar region. The created pipeline
is summarized in Fig. 2.

3.3 Implementation

As mentioned in Sect. 2, ventricular and scar segmentation was performed using
Segment, a software package for medical image analysis from Medviso (FDA
approved), freely available for research purposes. A licensed version is available
for clinical use. The software not only allows segmentation with an easy-to-
use interface, but also provides additional tools such as 3D visualisation of the
obtained model, calculated volumes of both ventricles, and scar volume.

The described pre-processing pipeline steps were written in MATLAB (ver-
sion R2015b). Point-clouds containing data describing the scar regions were saved
as Insight Segmentation and Registration Toolkit (ITK)? .mhd images using the

2 http://www.itk.org.
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3D MODEL GENERATION
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Fig. 2. The presented pipeline to go from a LGE image to point-clouds describing the
endocardial surfaces of the left and right ventricles, the bi-ventricular epicardium, and
scar regions (ventricle and scar segmentation), then to correct of slice misalignment
caused by breath-holding (breathhold artefact correction), then to align subjects spa-
tially to shift and rotate all subjects to a common space (spatial alignment), then to
compute 3D scar volumes from the scar (ischemic) segmentation (scar extraction) and
finally to post-processing of scar, which eliminates the outliers, and creates a 3D mesh
(scar processing).
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Medical Image Processing Toolbox®. The volumetric mesh generation is per-
formed using Gmsh?.

For the scar processing pipeline, the (ITK) was used which is an open-source,
cross-platform system. Filters used for isotropic resampling, smoothing, and
computing contours were written based on open-source examples®. Filtering was
performed with shell script. Final results were visualised using Paraview from
Kitware®. All codes used in this work are available open-source on Github repos-
itory”. Conversion of the Matlab code to python will be added in the near future
to provide a pipeline that uses only open-source software.

4 Scar and Anatomy Analysis

4.1 Patient Data

The patient data used to develop the presented pipeline comes from an ongoing
study in Denmark on genetic causes to ventricular arrhythmia in patients during
first ST- elevation myocardial infarction (GEVAMI) [7]. LGE CMR images for
these patients were collected from a retrospective database within approximately
four weeks post-infarction period. A data-set of 8 patients, with varying extent
of myocardial infarction, was studied: mean age + standard deviation (years)
=59+£9. The final meshes for the two patients with the most significant ischemia
are shown in Fig. 3, compared with 3D models of the segmentation from Segment.
Slice misalignment, visible in 3D models, has been corrected for all patients.
Infarct volumes were calculated using Simpsons rule [8].

4.2 Applications of the Presented Pipeline

To show how the presented pipeline can be used in practice, two examples are
briefly described; one for patient-specific analysis and one for population-based
modelling. The first example uses the volumetric mesh and scar segmentation to
perform patient-specific electrophysiology simulation. The second example used
the aligned surfaces to perform population-based statistical shape analysis.

Patient-Specific Electrophysiology Simulation: The presented pipeline
was used to extract full 3D heart models with tissue characterisation
(healthy /ischemic) for electrophysiology simulations on the MI patient data-set.
A mono-domain electrophysiology model was used, modelling ischemic regions as
having reduced conductivity, as described in [9]. An example of the electrophys-
iology solution for one of these patients is shown in Fig. 4. The electrophysiology
simulations were run using the CARP software® (licensed software).

3 www.mathworks.com /matlabcentral /fileexchange/41594-medical-image-processing-

toolbox.
* http://gmsh.info.
5 https://itk.org/Doxygen/html/examples.html.
5 http://www.paraview.org.
" https://github.com/MAP-MD/Cardiac/tree/ Cmr2Mesh.
8 https://carp.medunigraz.at.
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Patient 1

Ischemic Zone: 11 ml

Fig. 3. The final meshes acquired with the pipeline in row B shown against the 3D
model of the segmentation from Segment in row A. Presented patients have the greatest
extent of ischemic zone.

a) Extracted geometry b) Electrophysiology solution
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Fig.4. (a) Example of a 3D heart model and tissue characterisation for one patient
and (b) corresponding electrophysiology solution showing a reentrant circuit. Fiber
directions were generated and integrated into the models using a rule-based algorithm.

Population-Based Ventricular Shape Analysis: Statistical shape analysis
was applied to 8 patients to compute the most common shape features in the
population (i.e. the shape modes). The ventricular surfaces were extracted and
aligned using the presented pipeline. Principal component analysis (PCA) was
used to compute the shape modes, following the methods described in [10]. Four
shapes (modes) captured 90% of the shape variance in the population (see Fig. 5).
The methods used to perform the statistical shape analysis are available open-

source”.

9 www.deformetrica.com.
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Fig. 5. The first four PCA shape modes (accounting for 90% of the shape variability in
the population) are shown from low values (—2 standard deviations, bottom row), to
high values (+2 standard deviations, top row), with the percentage of shape variance
described by each shape given in brackets. Arrows highlight the important regions
where changes are visible.

5 Discussion

This study describes the pipeline to go from CMR images to bi-ventricular
meshes with scar and infarct regions extracted, with results applicable for both
simulations and analysis. There have been a number of methods proposed for
segmentation, scar extraction, image processing, and mesh generation, but only
some of them are openly available. The tools used in the proposed pipeline were
chosen for their usability, applicability, and availability. Our objective is not to
create the optimal pipeline (given that gold standards do not exist and applica-
tions are varied), but rather to create a pipeline that could be easily adapted to
other segmentation/scar extraction/mesh generation tools, and easily applicable
to other modelling and analysis applications. There are many limitations to the
currently available tools and methods, which are discussed below and will be
addressed in future releases.

Tissue Characterisation: In the created pipeline, LGE was used for locating
ischemic regions. It was considered in this study because despite its limitations
and occurring variability of signal-to-noise ratio, LGE is still the most com-
monly used biomarker for tissue characterisation among clinicians. A different
approach, such as T1 mapping, could be used for accurate in-vivo identification
of fibrosis as an alternative, but is not widely used in clinical practice for scar
quantification. More robust tools for scar detection are continuously being devel-
oped (e.g. those submitted to the 2012 STACOM challenge!'’) and might be of
higher accuracy and wider use in the future.

Segmentation Method: Segmentation was performed using Segment, which was
chosen for the presented pipeline due to the accessibility and easy-to-use inter-

0 http://stacom.cardiacatlas.org/ventricular-infarction-challenge/.
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face. What’s more, it contains all the information needed to calculate the volumes
of the scar and both ventricles, show weighted infarct transmurality, and visualise
the pre-processed model. These utilities, contained in one software tool, comply
with the requirements for full pipeline generation. The daily download rate of
Segment is 5-6 downloads (including upgrades), with the number of unique new
users per year reaching around 1500 (those that use unique email addresses). In
addition, 17 clinical hospitals around the world use the commercial version of
Segment (Segment CMR). To date, there are close to 600 journal publications
that reference Segment. Therefore, it is a widely used tool and because it is
continually improved with new methods as they become available, it will likely
continue to be used for both research and clinical purposes. Potential expansion
would include choosing different segmentation algorithms, such as those pro-
posed in the STACOM 2011 challenge'!. Furthermore, other open-source tools,
such as Slicer'?, could have been used for segmentation and will be investigated.
The proposed pipeline was applied to LGE images, but in the case where tis-
sue classification is not required, the same pipeline could be applied e.g. to cine
CMR images or T1 images.

Segmentation Area: In this study, valve segmentation is omitted due to the
nature of exemplary applications. In general, statistical shape analysis and
patient-specific electrophysiology simulations are conducted on computational
ventricle models segmented from the frame below the valve plane. In future stud-
ies, valve modelling will be included using methods such as the one described
in [11] to further increase the usability, provided that such tools become openly
available.

Alignment and Correction: Slice correction and spatial alignment were both per-
formed rigidly (i.e. no stretch or shear). Slice misalignment is not necessarily a
rigid translation of the image slice, and could indeed include non-rigid transfor-
mation depending on the how consistently the patient held their breath for each
scan. For simplicity, only rigid translation was considered in this pipeline, i.e.
by calculating the vector joining the barycentre of each ventricle. Other rigid
alignment techniques that consider the full geometry could be used, such as the
robust point-set registration algorithm using Gaussian Mixture Models'3.

Image Processing Tool: In order to process the scar images, filter them, and
compute contours, ITK was used. ITK is a cross-platform, open-source tool,
which provides great functionality. Moreover, it is well documented and numer-
ous examples of use are published on the official website. Filters and functions
are constantly in development and added by independent users. ITK is the most
commonly used tool for processing medical images, which was the main crite-
rion for the choice of software in this study. Other tools for computational mesh

' http:/ /www.cardiacatlas.org/challenges /Iv-segmentation-challenge,/ .
2 https://www.slicer.org.
13 https://github.com/bing-jian /gmmreg.
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generation, such as CGAL' or iso2mesh'® could have been used as well and can
be easily adopted in lieu of the tools used in the proposed pipeline.

Applications: Two potential applications were described: patient-specific bio-
physical simulation and population-based statistical shape analysis. The for-
mer is conducted with CARP software, which is only available under license.
Although the purpose of describing this simulation was to show the applicability
of the output of the pipeline, it is worth mentioning that open source tools, such
as Fenics'®, ECGSim!”, Chaste'® or CellML'?, or different methods [12] could be
used for similar simulations. In addition, other statistical shape analyses could
be applied to the computational ventricle meshes, for example those applied to
the STACOM 2015 challenge?®°.

6 Conclusion

A full pipeline from LGE CMR images to aligned computational surface meshes
for population-based modelling or volumetric meshes with scar information for
patient-specific biophysical simulations is presented. The pipeline includes steps
to correct for breath-hold misalignment common in CMR images, to align all
subjects in a common space, to process scar information to obtain physiological
volumetric models of scar, and to build 3D models of both the ventricles and
the scar regions. A tutorial outlining how to apply the pipeline, which makes
use of open-source segmentation and image and mesh processing, is provided.
Examples of potential applications of the pipeline to perform electrophysiology
simulations or statistical shape modelling in myocardial infarction patients are
given. All code is available open-source on Github repository, for use by other
researchers.
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Abstract. Increasing interest in quantification of local myocardial prop-
erties throughout the cardiac cycle from tagged MR (tMR) calls for treat-
ment of the cardiac segmentation problem as a spatio-temporal task. The
method presented for myocardial segmentation, uses dynamic program-
ming to choose the optimal contour from a set of possible contours sub-
ject to maximizing a cost function. Robust Principle Component Analysis
(RPCA) is used to decompose the time series into low rank and sparse
components and initialization of the contour is done on the low rank
approximation. The 3D nature of the images and tag grid location is
incorporated into the cost function to get more robust results. 3D+t
segmentation of patient data is achieved by propagating contours spa-
tially and temporally. The method is ideal as a pre-processing step in
motion quantification and strain rate mapping algorithms.

Keywords: Dynamic programming - Tagged MR image analysis -
Robust PCA - Deformable contours - Tracking - 4D cardiac images - Tag

1 Introduction

Currently cardio-vascular magnetic resonance (MR) is the gold standard for
assessing global as well as regional heart function due to its high spatial and
temporal resolution [2]. In 1988, Zerhouni et al. [9] introduced a MR based non-
invasive method for imaging called tagged MRI. Since then tagged MR tech-
niques have shown great potential for noninvasively measuring local mechanical
wall function. Segmentation and tracking of the heart wall boundaries and tags
is an important step in tMR image analyses tasks. There has been some amount
of research efforts on the automated myocardial contour segmentation. Many
rely on suppression or removal of tags before segmentation [3,4,8]. Active shape
models have been used with learning based methods [6]. Segmentation of tagged
MR images still remains a difficult task due to the common presence of clut-
tered objects, complex object textures, image noise, intensity inhomogeneity,
and especially the complexities added by the tagging lines.

We have devised a flexible, fast, non-iterative algorithm that exploits inten-
sity and geometrical priors intrinsic to the image task. It uses Dynamic Pro-
gramming (DP) to localize the contours and propagate them through subsequent
© Springer International Publishing AG 2017

T. Mansi et al. (Eds.): STACOM 2016, LNCS 10124, pp. 118-126, 2017.
DOI: 10.1007/978-3-319-52718-5_13



Segmentation and Tracking of Myocardial Boundaries 119

spatial and temporal frames. The key contributions of this paper are highlighted
as follows

1. Novel use of Stable Principle Components Pursuit (SPCP), a variation of
RPCA, to obtain a low rank approximation which is used to automatically
obtain initial contour.

2. A robust and effective segmentation framework for segmenting myocardial
boundaries in tagged MR images that exploits tag information, which is usu-
ally neglected or not well exploited. The method also exploits intensity and
geometric information inherent to the images.

3. The spatio-temporal approach of the algorithm makes it suitable to be used
along with deformation mapping algorithms of the myocardial tissue.

2 Data

The data used hosted by the Cardiac Atlas Project, originally for the Motion
tracking challenge in 2011 [7], consists of 15 scans of healthy volunteers. Each
volunteer case consists of cardiac MRI and 3D ultrasound images. The MR
acquisition includes: (1) cine SSFP sequences in 2-chamber, 4-chamber, and
short-axis views, (2) a whole-heart SSFP sequence gated at end-diastole and
end-expiration; and (3) a 4D tMR sequence. The tMR volumes are of size
112x112x 111 (in pixels) with a resolution of 1 mm/pixel and around 25 volumes
per cardiac cycle. Tagging is present in three orthogonal directions.

3 Method

Firstlyy, RPCA and intensity based thresholding is used to initialize a rough
endocardium border, which is fit into a circle and sampled to get an initial
list of candidate points for endocardium. Using sample points from a circular
contour introduces an implicit shape prior and incorporates robustness against
missing edges and non-myocardial structures. Each point is used to define a
search list around it and DP is used to select one point from each search list
by minimizing a cost function. Both geometry and intensity information from
the 3D volume is used to define the cost function. The identified endocardial
boundary is then used to initialize a rough epicardial boundary and the algorithm
proceeds as before except for a change in the cost function. The contours are then
propagated spatially and temporally. Apart from traditional applications, this
method is particularly suitable for elastography, strain and strain rate imaging
etc. to delineate myocardial tissue as the region of interest. The entire procedure
of our framework is demonstrated in Fig. 1.

3.1 Robust Principle Component Analyses

Robust PCA (RPCA) [1] is a technique that decomposes a given matrix into
a low-rank component and sparse component. In this paper, we have used the
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Fig. 1. Workflow of the algorithm

technique of Stable Principle Components Pursuit [10] which seeks an explicit
noise component within the RPCA decomposition. If Y is the given matrix of
dimensions N, Ny x N, then the method decomposes the matrix into a low-rank
matrix L and a sparse matrix S by solving the following convex optimization
problem.

i 2]+ A 1S]1

subject to [[L+S—-Y||r <e

Here ||.||r is the Frobenius norm. The 1-norm ||.||; and the nuclear norm ||.||
are given by

11l = D 1Sis Il 121 = oi(L)

(3:9) @

and o;(L) is the vector of singular values of L.

Physiologically, the low-rank part L appears as a static component while the
sparse component S captures motion, in this particular case mostly heartbeats
(Fig. 3(b) and (c)). The parameter g, controls the relative importance of the
low-rank term L vs. the sparse term S, and the parameter € accounts for the
unknown perturbations Y — (L+.S) in the data not explained by L and S. Higher
the Agym value, faster the convergence rate and sparser the S matrix. The low
rank approximation is seen to be robust to the value of \y,,,. We have taken
Asum = 0.1 for the entire study. When ¢ = 0, the SPCP reduces to the standard
RPCA problem. € is chosen to be a small value, as 0.05 times the norm of Y.
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3.2 Grid Extraction from Tagged MR Images

To deal with ‘bleeding’ of the contour into the tags, the grid information is
incorporated through an additional term in the cost function. The tags in one
direction are extracted using a bandpass filter to isolate the spectral peak cen-
tered at the lowest harmonic frequency in the corresponding tag direction. The
inverse fourier transform of the bandpass region returns a complex harmonic
image comprising of a harmonic magnitude image and harmonic phase image.
The harmonic phase image gives a detailed picture of the tags. Following edge
extraction, a binary image G is obtained from the grid image such that a pixel
on the grid and outside the grid gives values of 1 and 0 respectively (Fig. 2).

o .. AT T i
20 40 60 80 100 20 40 60 80 100

Fig. 2. Raw image (a) and the extracted grid (b)

3.3 Endocardial Segmentation

Initialization. If IV, x N, are the dimensions of each image over IV; time points,
SPCP is performed on the matrix of dimension N,N, x IN; following intensity
homogenization to get a low rank image and sparse component. The low rank
image approximates a ‘'mean’ image across all timepoints. The low rank image
is pre-processed (Fig.3(d) and (e)) and an initial boundary is found from this
image using intensity based Otsu’s method to separate the blood pool from heart
walls. The largest non-boundary blob is then extracted to get an initial contour
Rt for the endocardium.

Contour localization. The initial contour R** is fit to a circle to approximate
the ventricle. The circle is then sampled to get M points, Ry, Ra, R3--- Ry, the
number of points required in the final contour.

A search space is defined around each point, where it is allowed to move.
A point is allowed to move perpendicular to the line joining the previous and
next points in the contour. If the m‘* point of the circular contour is R,,, the
search space is defined as from R,, — q to R, + ¢, in the radial direction, where
q is an appropriate search space size (See Fig.4). To simplify the computation,
we choose T points showing highest gradients in the defined direction. Lower
T values result in noisier contours whereas higher values result in redundant
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Pre-processing

Fig. 3. (a) Original image. (b) Low rank image (c) Sparse image (d) Smoothed Low
rank image (e) Histogram truncation (f) Initialized contour fitted into a circle

\,
\ pl
\ Rn

Fig. 4. T candidate points are found around R,.:, the direction perpendicular to the
line joining R;—1 and R4

information with longer computation time. In our case, we have taken T' = 5
throughout the study.

DP is used to explore the search lists and find the optimal combination based
on a cost function, which gives us the final contour R/.

Cost function: For any endocardial candidate point p with indices (i, j), three
terms contribute to the cost associated with that point.

Gradient term: This energy term ensures that the contour is attracted to the
edges.
Fy = e MV (1)

where ||V, I| represents the average magnitude of the gradient at point p
in image I and its two neighbourhood slices. Using gradient information from
three adjacent slices is found to improve robustness and accuracy and is a valid
assumption due to thin slices. The grid penalty term described below is used to
exclude high gradient terms arising in the tag regions.

Smoothness term: An approximate smoothness term is used,

Fy = e~ A2*lllp—C0lI—[p0—-COll| (2)
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where p0 is the point preceding the point p in the contour being found and C0O
is the centre of a circle fitted to initial endocardial boundary R™¥. This term
prevents any drastic changes in relative radii of points and consequently controls
the curvature.

Grid penalty: A binary term is used to penalize pixel regions with the tags.
The cost of a point p on tagged image with the corresponding grid image G is
given by the indicator function

Fa = xa(p) 3)

F¢ is 0 when the point being considered does not fall on any tags. The additional
cost from the presence of a tag is sgFg, where sg is the corresponding weight.
The total cost associated with a point is therefore s; Fy + soFy + sgFg where
s1, S2 and sg are appropriate weights.

3.4 Epicardial Segmentation

Initialization. The delineated endocardial boundary R’ is used in initializing
the epicardial boundary. At a point R, on the endocardium, an intensity profile
is considered radially and fit to a standard Gaussian. The standard deviation
of the Gaussian is taken as the thickness th of the myocardial wall at that
point. The corresponding point S;, in the initial epicardial contour is found by
displacing R/, radially outwards by th to get the initial epicardial contour .

Contour localization. S is fit to a circle and sampled to get N points
S1,S52,55...5 and search lists of size T are defined around every point. DP is
used to explore the search lists and choose points from the candidate points.
However a widely observed property of the epicardium is used to make a small
modification to the cost function.

Cost function: Epicardial boundaries are often marked by a fall in intensity level,
which in addition distinguishes the epicardial boundary from other boundaries
nearby. To exploit this information an addition term is used, which we call the
falling-edge term.

The falling-edge term at a point p is defined as the difference in directions of
the gradient at that point and a ray through p, emanating from the centre. C'O
is the centre of a circle fitted to initial endocardial boundary R,

Fy = |4Vl = Z(CO = p)| (4)

where Z operator represents the direction. This term is zero when the gra-
dient points to the centre and preferentially supports radially falling gradients.
The total cost function for an epicardial point is then, s1 F + s Fo+s3F3+sqFa,
where s3 is the weight corresponding to F3. The contours found in one slice are
used to propagate both spatially to segment the volume and then temporally to
segment all phases of the cardiac cycle.
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4 Contour Propagation

The contour initialization is done on an initial slice (mid ventricle) chosen from a
volume acquired mid-diastole. Segmentation of the entire volume is done slice by
slice. The contour on each slice is initialized using the final contour obtained on
the adjacent slice. The final contour of the mid-ventricle slice is then transfered
to the mid-ventricle slice of the volume acquired at a successive time point in the
cardiac cycle and adjusted using DP (with appropriate cost functions described
in the previous sections).

5 Results and Discussion

The algorithm is tested on database of tagged MR cardiac volumes of healthy
individuals. Image volumes acquired throughout the cardiac cycle for all patients
were segmented. The tMR images are noisy as they capture a single cardiac cycle
for all patients. In spite of this, the algorithm gives good contour localization and
propagation. Typical segmentation results propagated across the cardiac cycle
as well as the volume are shown in Figs. 5 and 6 respectively. Apical slices give
slightly less accurate segmentation results due to their difficulty in segmentation.
The results are almost instantaneous due to the computational simplicity.
Propagating the contours sometimes result in the contours accumulating
errors due to weak boundaries, noise, sudden geometry changes etc. This can
be remedied by re-initialization of the contour. The algorithm also faces dif-
ficulty in providing accurate results at the apical slices. The cost function is

i)Systole ii)Diastole

Fig. 5. Results of segmentation propagated across time

i)Apex ) ii)Mid iii)Base

Fig. 6. Segmentation propagated across volume. Slices at apical, mid and basal level
are shown
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Table 1. Hyper-parameters used

Endocardium Epicardium

Parameters | A\1,s1 | A2,s2 | s | Al,s1|A2,82 |s3 | sa
Values 3,3 0.1,1.210.45| 3,3 0.1,0.3/0.2, 0.4

Phantom images

i)Diastole ii) Systole

Fig. 7. Validation on cardiac phantom

tuned by setting A1 and s; to adjust the gradient term. For epicardium, the
falling-edge term is increased to around a third of the gradient term. Then the
smoothing term is increased to smooth out kinks in the curve while maintain-
ing the shape. The grid penalty term, if present, is adjusted to a similar range
as that of smoothing term. The values of the various hyper-parameters used for
segmenting patient volumes are given in Table 1. The hyper-parametes are tuned
on one patient and the algorithm performs effectively on the other volumes. It is
expected that for images acquired using different scanners the parameters would
have to be modified and validated using representative data-sets.

Unlike methods that require specific shape templates for points in the cardiac
cycle, using image cues and gradients, the proposed method is able to segment
the myocardium (and the LV) over all cardiac phases. This makes the algorithm
suitable for region of interest analysis of displacement fields in the myocardium.
Our method uses the tag grids to modify the cost function and has minimal
computational cost since the tag extraction is done in most algorithms to calcu-
late displacement fields and strain rates [5]. We validated our method qualita-
tively on the cardiac phantom which mimics the cardiac cycle (Fig. 7). The inner
and outer walls are localized accurately which is evident on visual inspection.
Our method as presented, would be an excellent pre-processing tool for cardiac
deformation analysis algorithms. Since methods like HARP contain grid extrac-
tion as a necessary step, the computational demand is also lower. The validation
done here ascertains that the myocardium is isolated from the background tissue
effectively. For applications that involve estimating LVEF, systolic and diastolic
volumes, a thorough validation in the form of dice scores or Hausdorff distance
against expert drawn contours would be required.
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6 Conclusion

In this paper, we have presented a method to extract the contours of the
myocardium in tagged MR cardiac volumes. Contour initialization is done using
SPCP and propagated by minimizing(using DP) a cost function based on inher-
ent image properties. It is able to successfully segment tagged MR images which
pose serious challenges to traditional methods due to the presence of tags. The
method is particularly suitable as a pre-processing step for cardiac deformation
analysis & strain rate imaging.
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Abstract. The clinical applications and benefits of multi-modal image
registration are wide-ranging and well established. Current image based
approaches exploit cross-modality information, such as landmarks or
anatomical structures, which is visible in both modalities. A lack of cross-
modality information can prohibit accurate automatic registration. This
paper proposes a novel approach for MR to X-ray image registration
which uses prior knowledge of adjacent anatomical structures to enable
registration without cross-modality image information. The registration
of adjacent structures formulated as a partial surface registration prob-
lem which is solved using a globally optimal ICP method. The prac-
tical clinical application of the approach is demonstrated on an image
guided cardiac resynchronization therapy procedure. The left ventricle
(segmented from pre-operative MR) is registered to the coronary ves-
sel tree (extracted from intra-operative fluoroscopic images). The pro-
posed approach is validated on synthetic and phantom data, where the
results show a good comparison with the ground truth registrations. The
vertex-to-vertex MAE was 3.28 + 1.18 mm for 10 X-ray image pairs of
the phantom.

1 Introduction

Multi-modal image registration is a fundamental research area in medical imag-
ing. Spatially aligning complementary information from two or more imaging
modalities has a wide range of applications, including diagnostics, planning,
simulation and guidance.

Registration of multiple modalities has been extensively studied and many
solutions have been proposed [1] using landmarks, image intensity, gradients,
© Springer International Publishing AG 2017
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mutual information and learning similarity functions. These approaches often
assume cross-modality information, e.g., anatomical structures, landmarks or
objects that are visible in both imaging modalities. The presence of cross-
modality information is a reasonable assumption for many clinical applications.
However, the lack of such information can prohibit automatic and accurate reg-
istration.

In image guided interventions, such as cardiac resynchronization therapy
(CRT), pre-operative MR or SPECT images are used to analyse tissue char-
acteristics or function and intraoperative X-ray fluoroscopy is used to guide the
procedure. The pre- and intra-operative modalities are fundamentally different
and do not share significant cross-modality information. In such cases alternative
registration strategies are required.

Cross-modality registration for CRT procedures can be performed using fidu-
cial markers and optical tracking devices [2], however, this requires the pre-
operative MR imaging immediately before the procedure and additional hardware
in the operating room. Anatomical registration has been proposed where the posi-
tion of the vessels is inferred from catheters and aligned to vessels segmented from
pre-operative images [3,4]. However, catheters may induce deformations in the
anatomy and the quality of MR images may be too low to identify vascular struc-
tures accurately. Registration of pre-operative SPECT to fluoroscopic images has
been proposed by manually matching landmarks (intraventricular grooves to coro-
nary artery tree), performing an iterative closest point (ICP) refinement and finally
anon linear warping [5]. This method is dependent on accurately identifying land-
marks in pre-operative data which is challenging and variations of the anatomy
may result in inaccuracies. Additionally, since the epicardium is not visible in the
SPECT images, the center of the myocardium is detected and a constant myocar-
dial thickness is assumed. Considering this, and that the vessels are warped to the
generated epicardial surface, the accuracy of the algorithm is questionable.

In this paper, a novel approach is presented for registering multi-modal
images by using adjacent anatomical structures which does not rely on cross-
modality information. The registration of adjacent structures is formulated as a
partial surface registration problem which is solved using a globally optimal ICP
(Go-ICP) algorithm. The practical clinical application is demonstrated on an
image guided CRT procedure by registering the left ventricle (LV) (pre-operative
MR) to the coronary vessel anatomy (intra-operative fluoroscopy). The method
is validated on synthetic and phantom data.

2 Methods

At the core of the proposed registration approach is the use of anatomical struc-
tures that are adjacent or share a common surface. For example, in cardiac
anatomy the epicardial surface of the LV is adjacent to the coronary sinus (CS)
vessel tree. The LV is visible in preoperative MR but the vessel tree is not. The
vessel tree is visible during contrast injected X-ray fluoroscopy, however, the LV
is not. This concept is illustrated in Fig. 1. The following section outlines how
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this prior anatomical knowledge can be exploited to register multi-modal images
without cross-modality image information.

2.1 Extracting Adjacent Anatomical Structures

The LV is automatically segmented from pre-operative MRI. The epicardial con-
tour is detected in long (two-, three- and four-chamber) and short axis images
using a combination of machine learning landmark detection and gray level
analysis [6]. A mesh is fit to the contours to generate a surface representation of
the LV epicardium at end diastole as shown in Fig. 1(a).

Two contrast injected fluoroscopy images are acquired during the interven-
tion. The images and the corresponding venous tree (CS and the venous branches
that drain into the CS) are illustrated in Fig. 1(b). The sequences are acquired
at different angulations and time points. As a result the sequences capture the
anatomy at various points in the cardiac cycle. One (end diastolic) frame from
each sequence is automatically selected using masked principle component analy-
sis motion gating [7]. In the method, cardiac motion is extracted by band pass
filtering the variation of the first principle component. Corresponding points on
the CS are manually selected and reconstructed by epipolar triangulation to
create a point cloud that represents the venous tree in 3D.

Fig. 1. Registration of adjacent landmarks in a cardiac procedure. (a) The MR data
is segmented to extract the LV epicardial mesh (green). (b) The point cloud of the
coronary vasculature (red) is reconstructed from two contrast injected venograms. (c)
The segmented LV mesh is registered to the reconstructed point cloud (d) to show a
valid overlay that can be used for interventional guidance. (Color figure online)

2.2 Registration Algorithm

Registering the reconstructed vessel point cloud « (data) and the vertices of the
LV epicardial shell y (model) can be described as a partial point cloud matching
problem with unknown point correspondences and can be formulated as

Ze (R, 1) Z||le+t— (1)
i=1
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where e; is the error of point ¢ depending on the rotation R and the translation
t, N represents the number of data points and y;. the optimal correspondences.
However, j* is a function of R, t and x;. If the optimal R and t were known, the
correspondences could be found easily and if the correspondences were known,
the optimal R and ¢ would be easy to calculate. The well established approach
for such a problem is the ICP algorithm, however, it always finds the nearest local
minimum. To find the global minimum, the Branch and Bound (BnB) algorithm
can be used [8]. Convergence to the optimal solution is guaranteed, however, the
whole search space may have to be processed.

BnB and ICP were combined to overcome their individual weaknesses, thus to
provide a fast globally optimal solution [9]. The search space for the registrations
is the special Euclidean group SF(3), that incorporates all real 3D motions and
can be subdivided into the rotation group SO(3) and the translations of R3.
SO(3) is parametrized by a solid sphere of radius 7, and is simplified by using
the cube [—m, 71]3. The translations in R? can be parametrized by a cube [—£, £]?,
where £ is the half side length of the cube.

The algorithm uses two priority lists, one for the rotation cubes C). in the
outer BnB, and one for the translation cubes C; in the inner BnB. The lower the
lower error bound of a cube, the higher its priority in the list. The outer BnB
calculates the lower bound

N N
E = Zﬁ? = Z ma‘X(ei(R'I‘oa tO) -7 0)2 (2)
=1 =1

for the initial cube, where (rq, to) represents the center of the 3D motion domain
Cy x Cy and ~ is the uncertainty radius [10]. If the current error estimate E*
is close to E, the solution is found. Otherwise, the cube is subdivided and the
subcubes are processed. The upper error bound

N N
E=) "2 =Y e(Rp,, to), (3)
=1 =1

and the corresponding optimal translation is calculated for each subcube C; by
the inner BnB algorithm. If the upper error bound is smaller than E*, ICP is
run to update the error and the transformation (R, t). The lower error bound E
for the current subcube is calculated and if it is above E*, the cube is discarded,
otherwise it is added to the priority list. The above steps, starting with removing
the first item from the priority list are repeated until the lower error bound and
the current error estimate are both within a set threshold (E — E* < tresh).

The algorithm guarantees convergence to the globally optimal solution. It is
additionally much more efficient than the standard BnB algorithm, since even if
it explores the whole possible solution space, it refines the intermediate results
with the ICP method, thus benefitting from the good attributes of both algo-
rithms. It has been shown that the algorithm is well suited to registering partial
surfaces, has high noise tolerance and is robust to outliers [10].
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3 Results and Evaluation

The evaluation of the approach on in vivo patient data is extremely challenging.
The lack of cross-modality information in the available images makes the gener-
ation of an accurate ground truth registration very difficult, since no automatic
approach is capable of registering the images and there is only minimal infor-
mation present (heart shadow) for a clinical expert to perform the registration
manually. Therefore, the proposed method was quantitatively and qualitatively
evaluated on synthetic and phantom data. The practical clinical application is
demonstrated on a CRT intervention.

3.1 Synthetic Data

A synthetic dataset of the LV and coronary tree was created from a patient MR,
dataset. The LV point cloud is segmented from MR as described above, however,
the coronary tree is not visible in the MR and therefore it is artificially created
by sampling points from the vertices of the LV mesh. Four experiments were
performed to evaluate the proposed approach.

A baseline comparison between ICP and Go-ICP was performed by register-
ing two LV meshes to each other where one mesh was artificially transformed by
a rotation (-25° to 25° around all three axis with 5° steps). For each initialization
the mean absolute error (MAE) of the corresponding vertices (vertex-to-vertex
error) was calculated, see Table 1. The Go-ICP method always finds the optimal
alignment, compared to the high fail rate (MAE > 5.0mm) of the conventional
ICP method. The registration of the coronary tree to the LV is a partial registra-
tion problem. An experiment was performed to determine the minimum number
of coronary tree points required for a successful registration, the datapoints were
a random subset of the model vertices and the number of the randomly selected
vertices was varied. The average error decreases significantly as the number of
selected points increases. A minimum of 20 points representing the coronary tree
was chosen since then the error decreases below 0.025 mm.

Partial surface registration performance was evaluated with ICP and Go-
ICP using 20 points to represent the coronary tree and transforming the data as
described above. The results shown in Table1 demonstrate the proposed app-
roach is robust even in the partial surface registration. To inspect the noise

Table 1. Results of the evaluation performed on the synthetic data for registering the
complete mesh and only a subset of the vertices (point cloud) with the ICP and the
Go-ICP methods.

Mesh Pt. cloud

ICP | Go-ICP |ICP | Go-ICP
Mean MAE (mm) | 12.59 | 0.00 18.76 | 0.02
Std. dev. (mm) 3.92 |0.00 6.92 |0.03
Fail rate (%) 99.10 | 0.00 98.90 | 0.00
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tolerance of the method the same, 20 vertex, realistic point cloud was used as
in the previous experiment. In addition to the transformation, white Gaussian
noise was added to the data with varying standard deviation. For no added noise
the vertex-to-vertex error is close to 0, however, as the noise increases from 1 mm
to 2mm, the error increases from 1.63 & 0.12mm to 3.68 & 2.02 mm.

3.2 Phantom Data

Phantom experiments were performed to evaluate the proposed approach in
a clinical imaging environment with known ground truth. The LV epicardial
surface (segmented from an MR) was 3D printed and wires were attached to
model the vascular tree. Intra-operative ground truth data was obtained by
acquiring a cone beam CT (CBCT). The LV point cloud, from CBCT, was
registered to ten pairs of X-ray fluoroscopy.

The mean 3D vertex-to-vertex MAE between the ground truth and the auto-
matically registered mesh was 3.28 + 1.18 mm. The mean Hausdorff (surface-to-
surface) distance was 1.12mm with a mean maximal distance of 3.36 mm. The
mean Dice score of the projections was 0.98+0.01. A summary of the results can
be seen in Table2. The overlay and the Hausdorff distance mapping is shown
for one setup in Fig.2. Small registration errors are attributed to inaccuracies
in the reconstruction of the vascular tree and LV segmentation.

3.3 Clinical Application

The practical clinical application of the approach is demonstrated on a CRT
procedure, see Fig. 3. The clinician must place electrodes in healthy tissue, how-
ever, it is not possible to differentiate between healthy and scarred tissue using
conventional X-ray fluoroscopy guidance. Scar tissue (red), segmented from late
gadolinium enhancement MR, images, can be overlaid onto X-ray fluoroscopy
images using the proposed approach, after the acquisition of two contrasted
venograms. The presented overlay of scar tissue meshes onto X-ray fluoroscopy
guides the clinician towards healthy tissue which can potentially increase respon-
der rates and reduce procedure time. Since the orientation of the heart is approx-
imately known, the rotation space was limited to +25° in all three degrees of
freedom. The registration time with the set limits for the case was 45s on an
Intel i7 with 8 GB of RAM.

Table 2. Quantitative results of the evaluation on phantom data. The vertex-to-vertex
MAE was calculated in 2D and 3D, the dice score in 2D and the Hausdorff distance in
3D for the ground truth and the automatically registered meshes.

2D 3D
MAE (mm) 2.79 + 0.68 | 3.28 + 1.18
Dice score 0.98 £0.01
Hausdorff distance (mm) 1.12 (max. 3.36)
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Fig. 2. (a) Anterior-posterior (AP 0°), (b) right anterior oblique (RAO 30°) and (c) left
anterior oblique (LAO 30°) X-ray projections of the LV Phantom with the Hausdorff
distance mapped to the surface vertex color. (Color figure online)

(a) (b)

Fig. 3. Registration application for a CRT procedure. (a) Overlay of the epicardal mesh
(green) and (b) the segmented scar tissue mesh (red). The electrodes of the multipolar
lead (yellow) are placed to avoid scar tissue. (Color figure online)

4 Conclusion

This paper presents a novel method for automated registration of multi-
modal images using adjacent anatomical structures. The approach does not use
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cross-modality image information. Adjacent structure alignment is formulated
as a partial surface registration problem which is solved using a globally optimal
ICP method. The presented approach is validated on synthetic and phantom
data. The method is capable of fast registration making it well suited to clinical
workflows.
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Abstract. Modelling the cardiac electrophysiology (EP) can help
understand pathologies and predict the response to therapies such as
cardiac resynchronization. To this end, estimating patient-specific model
parameters is crucial. In the case of patients with bundle branch blocks
(BBB), part of the Purkinje system is often affected. The aim of this work
is to estimate the activation of the right and left Purkinje systems from
standard non-invasive techniques: magnetic resonance imaging (MRI)
and 12-lead electrocardiogram (ECG). As it is difficult to differentiate
the contribution of the Purkinje system, this work relies on a particu-
lar intermittent left BBB (LBBB) case where both LBBB and absence
of LBBB (ALBBB) were recorded on different 12-lead ECGs. First, an
efficient forward EP model is proposed by coupling a Mitchell-Schaeffer
cardiac model with a current dipole formulation that simulates the ECG.
We used the Covariance Matrix Adaptation Evolution Strategy (CMA-
ES) algorithm to optimize the 3 parameters by minimizing the error with
the real ECG. The estimation of conduction velocity (CV) parameters
for LBBB and ALBBB shows a good agreement on the myocardial CV
(0.39m/s for ABBB, 0.40m/s for LBBB), while the estimation of the
left Purkinje CV seems to identify the pathology (1.32m/s for ALBBB,
0.49m/s for LBBB). Finally, the plots of the simulated 12-lead ECGs
together with the ground truth ECGs indicate similar shapes.

Keywords: Electrophysiology - Electrophysiological model - Forward
EP model - Parameter estimation - Purkinje system

1 Introduction

Modelling the cardiac electrophysiology (EP) can help understanding patholo-
gies and predicting the response to therapies such as cardiac resynchronization
therapies (CRT). To this end, estimating patient-specific model parameters is
© Springer International Publishing AG 2017
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crucial. In the case of patients with bundle branch blocks (BBB), part of the
Purkinje system is often affected. The Purkinje fibers are located just beneath
the endocardium and are able to conduct cardiac action potentials quickly and
efficiently: typical conduction velocity (CV) ranges from 2 to 3m/s while it
ranges from 0.3 to 0.4m/s for myocardial cells [1]. Stimulus arrives from the
atrioventricular node through the His bundle and separate the network in two
branches, the left bundle and the right bundle. When a block occurs in a bundle
(LBBB for left, RBBB for right), the Purkinje system is not as efficient and the
contraction of the ventricles isn’t synchronized.

Some studies have been focusing on the understanding of LBBB patterns
by simulating ECGs with different parameters from precise cardiac and torso
models [2,3]. Because of their complexity, we defined a simpler model for the
estimation of patient-specific parameters. A study has also recently proposed an
EP parameter estimation from ECG data [4]. It uses two features from the 12-
lead ECG to recover 3 electrical diffusivity parameters using a boundary element
method forward model and a polynomial regression. As it is difficult to differ-
entiate the contribution of the Purkinje system, our work relies on a particular
intermittent LBBB case where both LBBB and absence of LBBB (ALBBB) are
recorded on 12-lead ECGs. First, an efficient forward EP model is proposed by
coupling a 3-parameter cardiac EP model based on the Mitchell-Schaeffer model
with a current dipole formulation. We used the CMA-ES algorithm to optimize
the 3 parameters by minimizing the error with the ECG signals.

2 DMaterials and Methods

2.1 Clinical Data

In this study, we considered cardiac imaging data from MRI and electrical data
from the 12-lead ECG. The MRI acquisition allows a precise myocardial geom-
etry at end diastole. The 12-lead ECG represents the cardiac electrical activity
recorded from 9 body surface electrodes. Because the locations of the electrodes
were not registered, we manually position them guided by the conventional ECG
placement (Fig.1(a)). The 12 standard Einthoven, Goldberger and Wilson leads
(12-lead ECG) measures the potential differences between selected electrodes.

2.2 Pre-processing

The myocardial mesh was generated using the VP2HF platform [6] and the
VP2HF meshing pipeline! creating a tetrahedral mesh with roughly 90 K tetrahe-
dra. Rule-based fibre directions were estimated with an elevation angle between
—70° and 70°. The right and left Purkinje regions were manually delineated
(Fig. 1(b)). The 12-lead ECG were digitized using the opensource Engauge Dig-
itizer followed by a resampling at a rate of 1 kHz. Only the 200 ms following the
Q wave were used (QRS window).

! VP2HF is a European Seventh Framework Program, http://www.vp2hf.eu/. The
VP2HF meshing pipeline is based on CGAL, VTK, ITK and VMTK opensources
libraries.
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Myocardial cells
(([®)]

Fig.1. (a) The 9 ECG electrodes and the cardiac mesh. (b) Long axis view of the
cardiac mesh with delineated regions: Myocardial cells region (blue), right Purkinje
system region (orange) and left Purkinje system region (beige). The red dots are the
modeled right and left onset activation locations (Color figure online).

2.3 Forward EP Model

Mitchell-Schaeffer Cardiac Model: We simulated the electrical activation of
the heart using the monodomain version of the Mitchell-Schaeffer’s EP model [7].
The monodomain formulation considers that the extra-cellular and intra-cellular
anisotropies are proportional and therefore we can solve directly the transmem-
brane potential. It is governed by:

Cm@"FIion:V'O'VU (1)
ot

with v the transmembrane potential, C,, the membrane capacitance and I;,,, the
current through the cell membrane per unit of area. The anisotropic conduction
tensor o is defined as o = o - diag(1,r,r) where the anisotropy ratio r enables
conduction velocity in the fibre direction to be larger than in the transverse plane
(we used 7 = (1/2.5)?). The conductivity o is a local parameter that depends
on the capability of the tissue to propagate the electrical activation. o can be
’ Uifae :
The reduction of the monodomain model implies ¢* = Ao® for some scalar A
resulting in a linear relationship between o and o. The diffusivity d (in m2s~!)
can be expressed as a conductivity o (in £2.m) by using o = C,,, 8 d with C,,, the
membrane capacitance and 3 the surface-to-volume ratio. Finally, the diffusion
d is linked to the conduction velocity ¢ in m/s by ¢ = kv/d, where the constant

k was estimated numerically in our simulations as 0.35s~ /2.
In this work, we considered 3 different domains with uniform conduction
velocities: the myocardial cells (MC), the left Purkinje system (LP) and the

written in terms of intracellular and extracellular conductivities: ¢ =
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right Purkinje system (RP). The MC was modelled as one single domain for
simplification reasons and because the patient was non-ischaemic. We modelled
the LP and RP as a thin layer covering the endocardial surfaces. By considering
that the Purkinje geometry is unknown, this simplification to a layer allows also
a rapid computation. Concretely, the layer is composed of all the tetrahedra
connected to the endocardial surface.

We manually selected the onset activation locations on the septum near the
valves, see Fig. 1(b). This was driven by the fact that the electrical wave arrives
from the His bundle to the left and right bundles located on the septum.

From Cardiac Simulations to BSPM, Current Dipole Formulation:
We computed simultaneously the cardiac electrical sources and body surface
potentials. Our forward method is based on a simplified framework composed
of sources and sensors in an infinite and homogeneous domain. As in [5], we
modelled every myocardium volume element (tetrahedron) as a spatially fixed
but time varying current dipole. The equivalent current density j., writes as:

jeg = —0'Vo (2)

Jeq is a current dipole moment per unit of volume and the local dipole moment
p in the volume V writes as p = fv JeqdV. According to the volume conductor
theory, the electric potential at a distance R in a homogeneous volume conductor
of conductivity or is:

1 . 1
WE) = e [ G ViV Q

The infinitesimal dipole moment of the volume dVx located at position X
is defined as px = jeqx dVx = —0% VuxdVx. As we use linear tetrahedra in
the FEM discretization of the myocardium, the potential v is linear and Vv is
constant over the tetrahedron. We get the following formulation of the dipole
moment of the charge in the volume Vg of tetrahedron H of the myocardial
mesh: py = —U%IVUHVH. From [8], the gradient of the electric potential in
tetrahedron H can be computed from the potentials v(X I’?I) at the nodes X I’?I,
and the contribution ¥y of the tetrahedron H to the potential field calculated
at position X is:

. E—
1 O’}{VH (VUHHT)
—
4o |HT|3

Vg (XT) = (4)

with ﬁ the vector from centre of the tetrahedron H to the torso electrode
location 7. Finally, we sum over the whole mesh to get the potential field at X.
The implementation was performed using the SOFA platform?, with a direct
coupling to the Mitchell-Schaeffer model. One iteration of the model is computed
in 0.1ms (dual-Xeon X6570 with 12 cores at 2.93 GHz).

2 SOFA is an Open Source medical simulation software available at http://www.
sofa-framework.org.
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Fig. 2. Best score versus the number of iterations of the CMA-ES algorithm. The score
is identified as the mean error between the simulated and real 12-lead ECG, in mV.

2.4 Parameter Estimation Using CMA-ES Algorithm

We estimated the 3 conduction parameters using a Covariance Matrix Adap-
tation Evolution Strategy (CMA-ES) [9]. It is a derivative-free and stochastic
algorithm that is suited for non-convex continuous optimization problems. At
each iteration, new candidate solutions are sampled from a multivariate nor-
mal distribution whose covariance matrix is adapted according to the ranking
between the candidate solutions of the previous iteration. We define the score of
a simulation S as its error to the ground truth 12-lead ECGs Ygr:

 %rl
7(8) /tONZw s i.t) (5)

with N the number of leads (N = 12), T' the final time (T = 200ms), Yo7 (4,1)
the ground truth difference of potential of the lead 4 at time ¢ and ¥g(i,t) the
simulated difference of potential of the lead ¢ at time ¢t. We used a population
of 100 simulations per generation and optimized over 20 generations. We initial-
ized the algorithm by a multivariate distribution of mean zg = (0.6,0.6,0.6) m/s
and standard deviation std = 0.1m/s in each direction. We fix the parameter
searching range at [0.05,2.5] m/s to avoid non-physical solutions. The best score
vs, the number of iterations for a parameter estimation is plotted on Fig. 2.

Table 1. Estimated conduction velocities for LBBB and ALBBB.

CV (m/s) Myocardium | Left Purkinje | Right Purkinje
Initially 0.6 0.6 0.6

LBBB 0.39 0.49 0.95

Absence of LBBB | 0.40 1.32 1.22
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3 Evaluation on an Intermittent LBBB Patient

3.1 Intermittent LBBB Patient Data

As an evaluation of the proposed method, a patient with intermittent LBBB was
chosen. The data has been acquired at St Thomas Hospital (London) as part of
the VP2HF project. Both LBBB pattern and absence of LBBB (ALBBB) were
documented on two 12-lead ECG, the ALBBB being recorded after the LBBB.
The parameters were estimated separately for the LBBB and ALBBB. Only the
right onset location was activated for the LBBB whereas both right and left were
activated for ALBBBm because in an LBBB the left bundle is not active.

3.2 Results

Table 1 shows the CV before the parameter estimation, after the LBBB parame-
ter estimation and after the ALBBB parameter estimation. First, all Purkinje
CV are higher than myocardial CV which is to be expected. We can see that
the myocardial cells CV (as for the right Purkinje) is very similar between the
LBBB and the ALBBB estimations. For the left Purkinje, we found 0.49 m/s for
LBBB and 1.32m/s for ALBBB, indicating that the model seems to identify the
LBBB pathology (affected LP system). Moreover, the MC CV values lie in the
myocardial CV range found in the literature [1]. The RP CV (as well as the LP
CV for the ALBBB) is close to the Purkinje CV range found in the literature.

Figure 3 shows the simulation results after parameter estimation. Figure 3(a)
represents the true (black) and simulated (blue) 12-lead ECG for the LBBB
case and Fig.3(b) the corresponding cardiac activation map. We can see that
the shape of the ECG is coherent with the ground truth and especially the
clear notched R wave on leads V5 and V6, indicator of an LBBB pathology.
Figure 3(c) and (d) depict the results for the ALBBB, where both QRS on ECG
and activation times are shorter than for the LBBB. The real and simulated
ECG for ALBBB have similar shapes even though we can notice the notched V2
and V3 R waves (so RV and LV are not perfectly synchronous). It may indicate
that our Purkinje zone delimitation could be improved.

4 Discussion

We showed a promising non-invasive parameter estimation and identified the
activation of the Purkinje system. The fact that the RP and LP conductions are
smaller than the literature range may be because we model the Purkinje system
as a layer (not a small fiber network). For consistency reasons, we initialized the
LBBB with only the right onset. However, it leads to different initial settings
between ALBBB and LBBB parameter estimation. That is why we also ran the
ALBBB using only the right onset: we found a similar myocardial CV (0.39 m/s),
a higher left Purkinje CV (2m/s) and a smaller right Purkinje (0.17m/s). It
seems that the model is compensating the absence of left onset, while still show-
ing a clear left Purkinje activation. We have tested the sensitivity of our method
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Fig. 3. Simulation results after parameter estimation. LBBB: (a) Real 12-lead ECG
(black) and estimated (blue) during the 200 ms after onset activation. (b) Estimated
activation map. ALBBB: (c) Real 12-lead ECG (black) and estimated (blue) during
the 200 ms after onset activation. (d) Estimated activation map (Color figure online).

to the locations of the 9 torso electrode by adding Gaussian noise. After 5 tests
with a perturbation mean of 7.5mm in a random direction for each electrode,
the relative differences to the estimated CVs have a mean of 3% (max = 10%).
We can conclude that our method seems to be stable to small perturbations.
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5 Conclusion

We have shown a method for estimating the activation of the left and right Purk-
inje system of the EP cardiac model based on the 12-lead ECG. The estimation
of CV parameters for LBBB and absence of LBBB (same patient) shows a good
agreement for the myocardium CV (0.39m/s for ABBB, 0.40m/s for LBBB),
while the estimation of the left Purkinje CV seems to identify the pathology
(1.32m/s for ALBBB, 0.49 m/s for LBBB). Moreover, the plots of the simulated
12-lead ECGs and the real ECGs indicate similar shapes. We believe this work
to be an interesting first step for understanding and modelling BBB pathology.

Acknowledgments. The research leading to these results has received funding from
the Seventh Framework Programme (FP7/2007-2013) under grant agreement VP2HF
n°611823.
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Abstract. Segmentation of the heart ventricles from short axis Cine
MRI is an active area of research. However, most of the solutions offered
to radiologists are still semi-automatic. Several commercial software
require from the users to input the centres of the ventricles for every
image to segment which is fastidious and time-consuming. The auto-
matic detection of these centres is challenging, especially, in the case of
the right ventricle (RV). The variability in image quality, heart shape,
thickness and motion, have led researchers to make assumptions not
always valid regarding its position, blood pool intensity or shape. We
aim in this work to offer a fast automatic, robust and accurate solution
to this issue. By using the motion, and the pixel intensity, we are able
to localize, recognize and select centres for both ventricles. First, our
approach focuses on performing a coarse segmentation of each ventricle
at the basal slice at the end-diastolic frame. The coarse segmentation of
the left ventricle (LV) is then propagated to the following frames and
below slices to reduce the region of interest. The greater reliability of
the LV centre detection allows its use to define an area of search for the
RV. We tested our method on 32 patients from the MICCAI 2012 RVSC
Testl and Test2 datasets and 10 volunteers, totalling 7485 images. We
achieved a 99.3% success detection rate in the case of the LV, and 89.8%
for the RV. We also show how the LV centre detection can be applied
to define the LV central axis, and used to detect and correct misaligned
slices.

Keywords: Centre detection - Left ventricle - Right ventricle -+ Align-
ment - Central axis

1 Introduction

The segmentation of the ventricles of the heart remains an active area of medical
image analysis. It is of key interest to radiologists who use the results to evaluate
the cardiac function. Many fully automatic solutions have been presented in the
literature for the left ventricle (LV) [5], and the right ventricle (RV) [6]. However,
most of the tools available to clinicians are semi-automatic and require manual
input. This manual input is usually required for every image and, therefore,
represents a tedious task prone to observer variability.

© Springer International Publishing AG 2017
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DOI: 10.1007/978-3-319-52718-5_16
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Fig. 1. Examples of short-axis slices illustrating the variability between images in terms
of (i) image quality (a # d), (ii) RV shape (a # b), (iii) respective position (a # ¢) and
(iv) contrast (d # c).

In this paper, we focus on the automatic detection of the centres of the ven-
tricles. Localizing the centres of the ventricles will remove the need for manual
input in commercial software such as Segment Medviso', CMR tools from Car-
diovascular Imaging Solutions? or Circle Cardiovascular Imaging®. Additionally,
the centres are necessary to define the LV central axis. From the LV central axis,
3D reconstruction can be performed after realignment of the short axis slices.
Moreover, LV central axis and RV centres allow the definition of the 17 AHA
zones for regional measurements.

The automatic detection of these centres is challenging, especially, in the
case of the RV. Despite the variability in image quality, heart shape, thickness
as illustrated in Fig.1, current methods make assumptions such as [7] on the
respective position, or [2] on the intensity profile, which remains difficult to
predict because of the blood flow, the fat, and the trabeculations. We tackle
this centre detection without these assumptions by a coarse-to-fine approach to
detect the centre of each ventricle in every single image of a 4D sequence.

The proposed method was tested on 32 patients from the MICCAI 2012
RVSC Test1 and Test2 datasets and 10 volunteers. We also present an application
of the LV centre detection algorithm to realign misaligned short-axis slices.

2 Methods

The proposed method uses motion and pixel intensity to detect, recognize, and
select centres for both ventricles. First, the heart is located and cropped by
estimating the motion throughout the frames at the basal slice. Then, a coarse
segmentation of each ventricles is performed at the basal slice at the end-diastolic
(ED) frame. The segmented LV is then propagated through the slices and frames
to reduce the area of search. The LV centres are used to define a region of interest
for the RV. The pipeline is illustrated in Fig. 2.

! http://medviso.com/products/segment /.
2 http://www.cmrtools.com/.
3 http://www.circlecvi.com/.
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Fig. 2. Pipeline for 4D automatic centre detection. First, a cropping is performed on
the 4D image. Then at the basal slice, both ventricles are detected, recognized and
centres are selected. The result of this detection is then used to search in the 4D
volume the centres of the LV. Finally, the LV centres are used to define elliptic areas
of search around the RV centres.

2.1 Cropping

The first step of the proposed coarse-to-fine approach consists in cropping the
image to delimit the heart. This will help in the detection by preventing possible
false positives, and also reduce the overall computational time. The cropping
method is first used on the basal slice. The basal slice is selected manually,
as the first slice where the ventricles are the biggest and form a full ring (for
instance Fig. 3a). However, automatic selection will be considered in the future
using recently published method [4].

This cropping method is quite similar to the heart localization approach
presented in [2], as we look for the region presenting most of the motion in the
image. To observe the motion, we compute the sum of the absolute pixel-wise
difference between 2 images of the cardiac cycle:

N
Ia=> | - I
=2

where I; is the 2D image representing the basal slice at time ¢.

The effect of the background noise is reduced by summing the absolute dif-
ference between the first frame and the following frames. Moreover, the small
motions are attenuated by smoothing I 4 with a Gaussian kernel (choosing a large
o to reduce the amount of noise). Otsu’s thresholding algorithm is then applied
to approximate the shape of the heart (Fig.3), which may contain surrounding
objects. The bounding box is defined as the smallest window W containing every
pixel of the mask. In order to make up for possible errors W’s size is increased
by 5 pixels in every directions. The bounding box defined at the basal slice is
then used for all the slices.
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Fig. 3. Illustration of the cropping step. (a) Original image (size 192 x 192). (b) The
smoothed Ia. (c) Otsu’s binarization with in red the bounding box. (d) The result of
the cropping (size 94 x 88). (Color figure online)

2.2 Centre Detection at Basal Slice

The ventricles are the most filled with blood in the ED frame, where they appear
as big structures with high intensity. At that specific time, the ventricles can
easily be discriminated from the background by using a thresholding method. In
the literature, Otsu’s model has been used for the same purpose [7].

The result obtained is an approximation of the blood pool of the ventricles,
on which is applied a morphological reconstruction [3] to fill the holes present in
all connected components and remove small papillary muscles.

The previously computed I, is then used to reduce the number of potential
ventricles. Only the 3 largest connected components sharing pixels with I are
kept as illustrated in Fig.4. We identify the LV as being the object with the

2
and A the area. The centre of the LV is chosen as the barycentre of the object

and denoted LV,.
The RV is then estimated between the two other objects (21, {25, by optimis-
ing the following function

highest circularity measure C' [1] defined as C = ;— where P is the perimeter,

Cgq,

i

For {max(cgl,cgz) b man(| 2], |22])  maa(dist(21 — LV,), dist(22 — LV2))

Fig. 4. (a) Original basal slice. (b) Otsu’s binarization, in colours the 3 connected
components kept. (c¢) The LV extracted with its centre (green star). (d) RV’s distance
map. (e) The RV extracted with its chosen centre (red star), and its barycentre (blue
star). (Color figure online)
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Fig. 5. (a) Original image. (b) The LV extracted at the previous slice (in green) is
intersected with the result of Otsu on the original image. (¢) The result of the inter-
section. In yellow, the centre of the previous slice, and in green the LV segmentation
chosen for this slice. (d) The result of the detection in green. (Color figure online)

The largest and closest object to the LV with the highest circularity measure
is selected. The centre of the RV is chosen as the maximum of the distance map
(Fig.4d and e) to account for the potential presence of fat and the non-circular
shape of the RV, that will misplace the barycentre.

2.3 Left Ventricle Centre Detection on the 4D Sequence

To detect the centre of the other slices and frames, the area of search is reduced
to allow faster computation, to prevent false positive due to fat tissue around the
heart and to take into account the muscle narrowing toward the apex. Both the
coarse segmentation of the LV and the detected centre (Fig. 4c) from the basal
slice at ED are used to detect the LV centre of first the other slices and then the
other frames of the cardiac cycle. First, for each new slice, Otsu’s binarization
is performed and intersected with the coarse mask from the previous slice, as
described Fig.5b. This intersection may contain several disconnected objects
(Fig. 5¢) from which the LV is detected as the object containing, or closest to,
the LV centre from the previous slice. The centre of this LV is then defined as
the barycentre of the selected coarse object (Fig.5d).

To detect the centre of the LV for the other time frames, a similar process
is applied using the coarse LV masks and the LV centres detected at ED. How-
ever, instead of performing Otsu on the whole image, it is only applied on the
intersection with the coarse mask in order to give an apriori localization of the
blood pool at end-systole (ES). Using the same ED inputs for all time frames
allows parallel computing.

2.4 Right Ventricle Centre Detection on the 4D Sequence

Even more importantly for the RV, the area of search needs to be reduced to
prevent the risk of detecting fat tissue which presents brighter intensity and
sharper contrast than the very thin RV muscle. Similarly to the LV, the centre
detection is first performed on all slices at ED, then on the other time frames of
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Fig. 6. From left to right. (a) Definition of the ellipse. (b) Binarization of the inside of
the ellipse. (¢) The selected centres.

the cardiac cycle. Due to the reliability of the LV detection, the LV centre can
be used as a landmark to define the area of search in which the RV blood pool is
assumed to be found. First, an ellipse is defined around the RV centre obtained
from the previous slice at ED. Based on geometrical observations, the main axis
size is set to a fourth of the distance between the current LV centre and the
previous RV centre, and the minor axis size is set to a sixth of this distance
(Fig. 6a). The ellipse is assumed to follow the narrowing of the RV towards the
apex, and its motion during contraction. Otsu’s algorithm is once again used
to differentiate the blood pool from the background within the ellipse (Fig. 6b).
Similarly to LV detection, the RV is chosen as the closest object to the centre
of the ellipse and its barycentre defined as the centre of the RV for the current
slice. The ellipses defined at ED are used to detect the RV centre in the other
frames of the cardiac cycle, which allows parallel computing.

3 Results

We evaluated our algorithm on 32 patient short-axis volumes from the Test1 and
Test2 datasets of the MICCAI 2012 RVS challenge [6] acquired on a Siemens
Symphony Tim 1.5T MRI, and 10 volunteer scans acquired on a Siemens 3T
Prisma. In total, the algorithm has been tested on 7485 images. The cropping is
done on average in 65 ms, the detection on the basal slice (all frames) in 250 ms,
and the detection on a slice (all frames) in 110ms. The overall time for a 4D
detection of 1 subject is less than 2s. The tests were done on a Intel Xeon CPU
ES-1650 3.20 GHz (12 cores). The detection is considered as successful if the
centre is detected in the middle for the LV, and in the blood pool for the RV.
Examples of successful detection are shown in the first row of the Fig.7, for 2
apical and 2 basal slices.

The algorithm performs extremely well for the LV with a 99.3% success
rate for all the patients, and a mean of 99.4% per patient. The failed detection
happens only when the blood pool is not visible anymore due to the contraction.
As for the RV, we achieved a satisfying 89.8% success rate over the 7485 images.
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Fig. 7. Example results of the centre detector for the LV (green) and RV (red). (Color
figure online)

There are several reasons to be considered for the 10% failures, Fig.7 second
row illustrates some of them.

In some cases, the presence of fat or fluid around the wall may be detected as
part of the blood pool, especially, close to the apex at ES (Fig. 7e). Similarly to
the LV, it might fail when the ventricle is completely closed by the contraction
which usually happens around the apex at ES as shown in Fig. 7f. Overall, most
of the errors are close to the apical slice, the algorithm fails to follow the sud-
den narrowing of the heart ventricles (Fig. 7g and h). Future improvements will
consider a linear interpolation of the distance between the RV and LV centres
to redefine the area of search towards the apex, and hopefully decrease the error
rate.

3.1 LV Central Axis and Alignment

Misaligned slices are a frequent issue in short axis Cine MRI due to different
breath-hold positions. In order to detect and correct the misaligned slices, we
propose to use the LV central axis. The LV central axis is defined as the line
joining the LV centre of the basal slice and the apex. To estimate the misalign-
ment, the distance between the LV centre of each intermediates slices and the
axis is computed. Then, Tukey’s boxplot method [8] is used to detect the outliers
among the set of distances. The outliers are considered as misaligned slices, and
the translations needed to align them is calculated and applied. In our example,
two iterations of the LV centre detection and alignment algorithm was needed to
perfectly align the slices as shown in Fig. 8. This alignment method can only be
efficient for a small number of misaligned slices. Aligning short-axis slices allows
to perform 3D reconstruction of the LV geometry for further analysis such as
motion tracking.



150 H. Fadil et al.

Fig. 8. First row: results of LV detector on misaligned slices, the middle image is
clearly misaligned. Second row: results of the alignment algorithm, the middle image is
perfectly aligned with the other slices. Last column illustrates on top a LV misaligned,
and in the bottom a LV after alignment, the blue line represents the central axis. (Color
figure online)

4 Discussion and Conclusion

The segmentation of ventricles in cine MRI is a challenging task due to the
large variability in shape, motion, and image quality. Especially, in the case of
the RV where, to the best of our knowledge, no robust automatic method has
been made available to clinicians. We aimed through this work at presenting a
robust technique for ventricle centre detection in 4D. Our goal is to simplify the
traditional usage of segmentation tools by replacing the manual input required
from clinicians. Our solution was tested on a database of 7485 images, presenting
a large variability, in heart sizes, image quality, presence of artefact, and motion.
The LV centre detector showed close to 100% success rate, which makes it
extremely reliable as an add-on to any semi-automatic tool directed to clinicians.
Moreover, its precision allows us to use it to define the LV central axis. This
central axis can be useful to detect and correct misalignment but also for 3D
LV models and AHA regional segments definition. The results of RV detector
were also satisfying as they reached the 90% threshold and represent, therefore,
a usable solution to initialize a centre-based automatic segmentation method.

Acknowledgement. This work has been partially funded by the NMRC NUHS Cen-
tre Grant Medical Image Analysis Core (NMRC/CG/013/2013).
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Abstract. In this paper, a novel 2D-3D cardiac image registration algorithm is
proposed for application in X-ray-guided catheterisation procedures, and relies
on a common technique of inserting a catheter and then looping it inside a
chamber of the heart for visual reference. Registration starts with the
isocentre-supine constraint and then iteratively refined by maximising a
feature-based area metric using an inserted catheter loop and the segmented
cardiac border from one or more X-ray views. Maximisation is done in two
stages: first correcting for translational motion, and then simultaneously cor-
recting for rotations and translations. The two-staged approach is demonstrated to
be more accurate than a similar single-staged approach in an explanted porcine
heart. In this experiment, accuracy was demonstrated to be within the 5-mm
clinical requirement. On average, the algorithm could register images with a
mean target registration error (TRE) of 4.6-mm when using two X-rays (biplane),
and a mean reprojection distance (RPD) of 1.9 mm using a single view
(monoplane).

Keywords: 2D-3D registration *+ Cardiac image registration * Image-guided
procedures + MR - 3DRx - X-ray fluoroscopy - Biplane X-ray

1 Introduction

Catheter-based cardiac procedures, such as cardiac resynchronisation therapy [1],
percutaneous coronary intervention [2] and RF ablation [3], require accurate and
remote manipulation of catheters into the heart via an artery. These procedures are
routinely guided under X-ray fluoroscopy due to its real-time imaging capabilities and
excellent device visibility. Unfortunately, X-ray offers little soft-tissue contrast and no
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Fig. 1. Anterior view of a porcine heart in: (a) X-ray with catheter loops (dashed yellow) formed
within their chambers and arc along the upper cardiac border (solid red); left (translucent red)
and right (blue) ventricles surface renderings from (b) 3DRx and (c) MR scan segmentations.
Five fiducial markers (blue, red, green, orange, cyan) used to obtain a gold standard registration
were visible in each image modality. Catheters looped into the LV (white) and RV (grey) were
in-place in both X-ray-based modalities but not in MR. (Color figure online)

depth information (Fig. 1a), making catheter navigation time-consuming and increases
both the radiation exposure and the danger of perforating vessel walls [4, 5]. To
mitigate these, it is desirable to overlay high soft-tissue-contrast 3D scans of the heart
acquired from either CT, MR or 3D rotational X-ray (3DRx) [6-11] (Fig. 1b, c).
However, the registration of such images is a challenging process. For instance,
real-time registration can be performed accurately and automatically using a hybrid
X-ray/MR guidance [6], but requires a dedicated hardware setup not widely available.
One can use fiducial skin markers [7]; however, accuracy may be lost due to motion.
The source of error due to motion can be avoided using anatomical features from the
heart itself for registration [8]; unfortunately, repeat contrast agent injections may be
needed for a reliable segmentation.

Alternatively, the use of the catheters for registration purposes has been recently
explored, since they are the main instruments of the procedure and have excellent
visibility in X-ray images while being placed directly into the heart [9-11]. In current
clinical settings, a common registration technique involves inserting a catheter and
looping it inside a chamber to provide a visual anchor for the interventionalist. Then,
the preoperative 3D data from several X-ray views is manually aligned using a software
platform such as EP navigator [10]. This technique was automated and its feasibility
was previously explored in a phantom study [11], with the upper border of the cardiac
shadow included as an additional constraint, as in [8]. The upper cardiac border is
typically visible in X-ray and therefore avoids a contrast agent injection (Fig. 1a).

Biplanes help reduce out-of-plane errors associated with X-ray, but sequential
acquisitions negatively affect the clinical workflow since the radiographer needs to
rotate and then readjust the C-arm and the patient table, posing an issue for repeat
registrations. Errors can also be caused by gating and catheter movements between
images. These issues can be avoided using a simultaneous biplane fluoroscopy system
[12]; however, these dedicated systems are expensive and not in widespread clinical
use. On the other hand, single-view (monoplane) registration is advantageous where
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repeat registrations are required, for example, in case of bulk patient motion — a
potential problem when the patient is sedated but not under general anaesthetics [6].
A single-view registration method could be used to detect when bulk patient motion
has occurred and potentially correct a prior registration for this motion.

This paper aims to address these limitations and proposes a novel looped-catheter-
based 2D-3D cardiac image registration algorithm. For evaluation, the algorithm is
applied to an explanted pig heart model (Fig. la—c), where fiducial markers placed
around the heart were used to help quantify the algorithm’s accuracy. For clinical
applicability, our target accuracy was 5 mm or better [5].

2 Method

The proposed 2D-3D registration algorithm is a feature-based approach that extends
from [12] and designed to fit within the clinical workflow of an X-ray-guided catheter
procedure. It relies on the formation of a catheter loop inside a target chamber of the
heart as a constraining feature for registration, in addition to the upper cardiac border
segmentation. The algorithm works with any number of X-ray views, and iteratively
searches for the rigid-body transformation (RBT) M,., that aligns preoperative 3D data

projected onto X-ray images by maximising the metric A = ), ( {Oop - A{mrder).

In each view, Afoop is the intersecting area between the catheter loop from the i"

view and projections of the target chamber segmented from the preoperative 3D data,
while Al_ .. is the separation area between the upper border of the X-ray cardiac

shadow and left (LV) and right ventricle (RV) projections segmented from the 3D data
(Fig. 2).
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Fig. 2. (a) Ajoop is the intersection (green) between the area within the catheter loop [ (orange,
orange circles) and target chamber’s projection ¢’ (blue, blue circles). (b) Separation area Apyder
(purple) is between the X-ray cardiac border S’ (red line) and LV/RV polygon v (pink).
(c) Flowchart of the 2 x BNHC optimisation strategy used in the loop-catheter-based registration
algorithm. (Color figure online)
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2.1 Preoperative 3D and Intraoperative 2D Features for Constraint

Prior to catheterisation, a 3D scan of the heart is acquired followed by a semi-automatic
segmentation of its chambers [13] to obtain points along the endocardial wall of the

target chamber C = {C;} and epicardial wall of the LV: U= {U;} and RV:
W = {W.}. Generally: X = {)?k} will be used to denote 3D point sets, and X' = {)?,i}
for 2D point sets belonging to the ™ view. The volumes of the segmented chambers

and the numbers of vertices that make up the meshes after decimation are listed in
Table 1.

Table 1. Summary of chamber segmentations with the blood pool (b.p.), myocardium (myo.)
and total (ro.) volume V (cm®), and the numbers of vertices (#) that make up their hulls.

Dataset Modality | Target | Target LV RV
chamber
b.p.V|# |tot. V| myo.V |# tot. V| myo. V | #
Porcine heart | MR LV 284 | 149|121.1| 92.7 |396 |85.1 |369 400
RV 482|217
3DRx LV 29.8 1498|1432 |113.4 |1379|78.9 |28.7 998
RV 50.2 | 740

During the procedure, the heart should be at the isocentre of the X-ray system, with
both the catheter loop, formed within the target chamber, and the upper cardiac shadow
always in view. For each view, points are manually selected along the loop part of the
catheter I' and along the upper cardiac shadow S'. Incomplete loops are closed with a
straight line (Fig. 1a). Any number of X-rays can be used in the algorithm but each
must be in the same cardiorespiratory phase as the preoperative acquisition, usually at
end-diastole and end-respiration, when the heart is undergoing minimal motion. The
3D chamber features are brought into spatial correspondence via a perspective pro-
jection onto the X-ray views using camera matrices M’ [14]. For the target chamber,
¢’ = M'C and for the ventricles, u' = MU and w' = M'W. A summary of the catheter
loop configurations and X-ray 2D images is listed in (Table 2).

Table 2. Summary of catheter loop configurations, and points picked along catheter loop and
upper cardiac border in each X-ray view of the configuration. The number of points (#),
encompassing area (A) and perimeter (p) are listed for the catheter loops, along with the number
of points (#) and total linear arclength (/) of the border.

Dataset Target | Configuration | View Catheter loop Border
# |A(mm?®) | p(mm) | # |I(mm)

Porcine heart | LV DAo-LV PA 12| 290.1 | 82.7 |12|67.7
RAO 45° 14| 4947 | 944 |17|85.8

RV SVC-RV PA 1211030.2 |128.2 |12|67.7

RAO 45°| 10| 843.3 | 1144 |17|85.8




156 M.V.N. Truong et al.

2.2 Area-Based Metric for Each View

The positive part of the metric Ay, measures how much of the catheter loop is
contained within the projection of the target chamber in each X-ray view. To quantify
this, convex hulls of the projected chamber ¢’ and of the catheter loop I’ are extracted
using a fast radial sweep hull routine [15]. The intersecting polygon between the hulls
are found using a general polygon clipping routine [16] and Afoop is the area of this
polygon.

The negative part of the metric A} .. measures the separation between the upper
cardiac border in X-ray and combined LV/RV projections v/ = u' Nw' (Fig. 2b). To
calculate this, the curve S’ and polygon vertices V' are arranged in contiguous order and
reparameterised by arclength. Then for each point in §', starting from the middle point,
the nearest unique point in v' is picked to form ', such that |S'| = |n/. Al .. is the area
of the polygon whose vertices are S’ Un'.

The metric is designed to be suitable for any number of X-ray views, although
intuitively, the ideal views are the ones where the catheter loop encloses the largest area
and closely matches the area of the projection of the target chamber (Fig. 1). This
usually occurs in PA view since the points where the catheter enters and exits the
chambers of the heart are almost in-plane. When the loop is viewed from other angles,
its minor axis decreases, resembling a flattened ellipse. In these cases, the catheter loop
still provides two points of constraints. Fitting the loop inside the chamber represents a
circular constraint that could lead to large rotational errors when registering. The
inclusion of the upper cardiac border adds a constraint to minimise this free rotation.

2.3 TIterative Search Strategy

In order to align the 2D and 3D data, the algorithm starts with an initial guess RBT
using the isocentre and supine constraint M ()_(') «— Mjs, and then incrementally
changes the three translational and three rotational degrees of freedom X =
(x,y,2,0, ¢, ) until the area-based metric is maximised: J = argmaxjA()_(}), Mg =
M; (Fig. 2c).

The algorithm makes incremental changes AX using the best neighbour hill
climbing (BNHC) approach as previously described in [11], undergoing 15 rounds of
iteration with each component of AX decreasing by half after each iteration. In many
cases, the supine constraint may provide a good initial estimate for the rotational
parameters of Mg, since the patient usually lies on the table bed in the same,
repeatable way. However, depending on the individual case, the heart may not lie at the
exact isocentre of the imaging systems, and therefore, there may be a large translational
error between the images after applying the isocentre-supine constraint. In these cases,
it is assumed better to first find the translational components of X before finding the
rotational ones as this may increase the efficiency of the optimisation in terms of speed
and accuracy, since the initial, large translational error can be corrected first without
having to spend time considering potentially erroneous rotational corrections. Thus, in
this paper, a variation of the BNHC method is constructed which first finds the
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translational components of M., using the same iteration and stopping criteria as the
BNHC method described above. Then, the algorithm starts to search through the entire
set of parameters of AX. This modification will be referred as the two-staged BNHC
(2 x BNHC), while the former is referred to as the one-staged BNHC (1 x BNHC).
A flowchart of the 2 x BNHC is shown in Fig. 2c.

24 Ex vivo Imaging Experiment Using an Explanted Porcine Heart

To validate the proposed registration algorithm, an ex vivo experiment was designed to
emulate the workflow of a typical cardiac catheterization. In this study an explanted
biventricular healthy porcine heart, previously preserved in formalin and with the atria
removed. The heart was securely placed in a plastic jar, with five ECG chest electrodes
glued onto the jar as fiducial markers visible in both MR and X-ray images. The jar was
then imaged using a GE Signa Excite 1.5T MR scanner at a 0.55 x 0.55 x 2-mm’
voxel size with a spoiled gradient echo pulse sequence (NEX =1, TE = 2.16 ms,
TR = 10.18 ms, 6 = 30°). Subsequently, the jar was placed on an X-ray table equipped
with a Innova 2121'?, GE Healthcare C-arm, followed by a 3DRx image acquisition
(196° arc, 147 views, V, = 60 kV, I = 97 mA). To reduce the streaking artefacts in the
3DRx, it was first smoothened with a 3 Gaussian kernel following a two-fold sub-
sampling, for a final isotropic voxel size of 0.45 x 0.45 x 0.45 mm’. While still on
the X-ray table, catheters were looped into the LV and then the RV (Fig. la, b)
followed by biplane acquisitions in PA and RAO 45° (0.4 x 0.4 mm?® pixel size,
SOD =72 cm, SID = 119 cm) for each catheter configuration. If vessels and atria
were still attached to the heart, the L'V catheter would typically enter via the aorta and
the RV catheter via the superior vena cava.

The LV and RV ventricular chambers of the volumes were then segmented [13].
For the MR, the segmented chamber volume of the LV was 28 mm° and of the RV was
48 mm’>. For 3DRX, these were 30 mm? and 50 mm?> respectively (Table 1). From both
biplane X-ray images of the heart, points along the looping catheter and upper border of
the cardiac shadow were manually selected (Fig. 2a). The LV catheter loop enclosed an
area of 290 mm? in PA and 495 mm® in RAO 45°. For the RV loop, these were
1030 mm? and 843 mm?® respectively. The segmented upper cardiac border’s
arclengths were 68 mm and 86 mm in these views (Table 2).

2.5 Registration and Accuracy Assessment

Once all features were extracted, registration was performed between X-ray and MR
and then between X-ray and 3DRx for both the LV and RV catheter loop configura-
tions. The isocentre-supine constraint provided a starting point for the registration,
which was then iteratively refined using both the 1x and 2xBNHC for comparison. AX
was (2 mm, 2 mm, 2 mm, 3.5°, 3.5°, 3.5°). The translational step sizes were 2 mm,
being sufficiently larger than the image resolution, and the angular step sizes were 3.5°
as this is the rotation needed for a 10-cm diameter heart to have at least 2-mm dis-
placement at its epicardial border. For each catheter-modality configuration, both
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optimising strategies were performed three times: (i) using biplane X-ray views,
(i1) with the left view and (iii) with the right view; for a total of 24 registrations. To
perform these, a custom software was written in C#.NET running on a Microsoft
Windows 7 64-bit laptop equipped with a dual 3-GHz Intel Core 2 CPU and 4 GB of
RAM.

The five fiducial markers were visible in MR, 3DRx and both X-ray views and were
manually selected to provide independent X-ray-MR and X-ray-3DRx registrations
with FREs of 1.47 mm and 1.65 mm respectively [14]. The accuracy of the registration
M., was compared against the fiducial-marker-based registration Mgoq Which acted as
a ground truth. When registering with biplane X-ray images, accuracy was assessed in
terms of a mean 3D target registration error (TRE) which is averaged from the indi-
vidual TREs of each vertex belonging to the segmentation of the regions of interest
(Table 1). For single-view registration, accuracy was measured in terms of a mean
reprojection distance (RPD), averaged over the same vertices. Both TRE and RPD are
established measure of accuracy and therefor enables comparability with other regis-
tration algorithms [14].

3 Results

The 2D-3D image registration algorithm was applied to both looped-catheter config-
urations of the heart. Both IxXBNHC and 2xBNHC variations of the algorithms were
run for comparison. Accuracy was assessed in terms of a mean 3D-TRE for biplane
configurations and in terms of a mean RPD for monoplane configurations, measured
over each ventricular chamber of the heart (RV/LV) and over the whole heart,
respectively. The algorithm was used to register both MR and 3DRx scans of the heart
onto PA and RAO 45° X-ray views, and in both biplane and monoplane modes, for a
total of 24 registrations.

Accuracy of Registration. The isocentre-supine constraint provided an initial starting
point for the algorithm with 13.0-mm mean 3D-TRE (WH) with respect to the gold
standard. Registrations using the (first) LV catheter-loop configuration are shown as
overlays in Fig. 3a—c with a spatial distribution of 3D-TRE over the heart. The 1 x
BNHC yielded an average accuracy of 6.53-mm TRE while the 2 x BNHC yielded an
average accuracy of 4.63 mm.

For monoplane registration, the isocentre-supine constraint started the registration
with a 10.6-mm RPD, on average. The first looped-catheter-configuration overlays are
shown in Fig. 3d—e, showing a spatial distribution of RPD over the heart and use the
same colour scale for visual comparison across all 16 overlays. The 1 x BNHC
yielded an average accuracy of 2.64-mm RPD while the 2 x BNHC yielded an
average accuracy of 1.85 mm. Individual accuracies for both types of registration are
listed in Table 3 below.
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Fig. 3. Colour mapping of the 3D surface renderings show the spatial distribution of registration
error overlaid on the X-ray in PA (top row) and RAO 45° (bottom row) views. Column (a, b, c)
biplane 2xBNHC strategy applied to (a) 3DRx and (b) MR, and (c) 1xBNHC strategy applied to
MR shown for comparison. (d) Monoplane 2xBNHC strategy is applied to 3DRx and (e) MR.
Poor registration has a dominantly red colour. Colour bars are placed side-by-side for

comparability. (Color figure online)

Table 3. Biplane and monoplane registration applied using isocentre-supine initialisation for
2 x BNHC. Computational time (#) recorded along with the registration error over the ventricles
of the heart (LV, RV) and over the whole heart (WH). For monoplane registration, results list
average between PA and RAO 45° views. Results are then averaged over the four
Standard deviations are reported

catheter-modality configurations and compared to 1 x BNHC.

in brackets for the whole heart.

Configuration | Method t(s) | Biplane registration |#(s) | Monoplane

error mean 3D-TRE registration error

(mm) mean RPD (mm)

LV |RV |WH RV |RV |WH
Isocentre-supine | Initial 12.9113.2|13.0 10.4 1 10.9 | 10.6
MR LV loop 2 x BNHC |45.4| 48| 5.0[4.7(0.2)31.7| 2.1| 2.7/2.5(0.7)
MR RV loop |2 x BNHC|33.8| 4.1| 43|4.1(0.2)13.1| 24| 2.6 /2.6 (0.5)
3DRx LV loop |2 x BNHC |324| 44| 5549 (0.7)(21.9 1.0| 1.6|1.2(0.3)
3DRx RV loop |2 x BNHC |35.1| 4.4 55/49(0.7){23.8| 1.0| 1.6|1.2 (0.3)
Average 2 x BNHC |36.7| 4.4 51|46 (04)[22.6) 16| 2.1|1.9 (0.5)
Average 1 x BNHC |38.7| 65| 7.0/6.5(0.4)|135| 25| 2.8/2.6 (0.8)

4 Discussion and Future Work

In this paper, a novel 2D-3D image registration algorithm was developed to overlay 3D
MR and 3DRx data onto X-rays, using a looped catheter visible in fluoroscopy.
Looping a catheter in a chamber of the heart as a constant visual anchor during an
interventional procedure is a commonly used technique in clinical practice, and
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therefore would be a valid assumption. The algorithm was tested using an explanted
porcine heart by mimicking a roadmap for catheter navigation in catheter-based pro-
cedures. The accuracy of the registration was assessed using a fiducial-marker-based
gold standard. The algorithm used a local, iterative approach and therefore required an
initial guess, in this case the isocentre-supine constraint. This provided, on average,
starting accuracies of 13.0 mm TRE for biplane and 10.6 mm RPD for monoplane
setups, which is not accurate enough for clinical applications [5]. However, the algo-
rithm was able to improve accuracy within a mean TRE of 4.6 mm and a mean RPD of
1.9 mm (total average), with all four catheter-modality configurations achieving
whole-heart accuracies within the 5-mm clinical tolerance.

For both mono- and biplane registrations, the two-staged strategy consistently
performed better than the one-staged strategy, while still comparable in terms of speed,
as presented in Table 1. One possible reason the two-staged approach is more accurate,
is that the initial registration error due to the isocentre-supine constraint may contain
larger translational components than angular components, leading to large adjustments
in rotations, which may be an erroneous assumption by the optimising strategy.
Another reason is that in the two-staged approach, when switching between the two
stages, the increments are reset to the initial sizes of 2 mm/3.5°, commonly known as a
reset. Resetting the optimisation has the benefit of escaping a local maximum if it was
trapped in one.

Two catheter-loop configurations were tested, one large loop in the LV and a
smaller, incomplete loop in the RV (Fig. 1a). The LV loop performed better than the
RV, which may be the result of having a larger loop size (Table 2). The positive part of
the metric relies on a good formation of the catheter loop where the catheter is in full
contact with the chamber wall and also on the osculating plane of the loop being
parallel to the X-ray imaging plane. When these are not the case, erroneous translations
and rotations, can move the catheter loop towards the projected target chamber wall,
without impacting the metric. One possible extension to this algorithm would be to
include the ostia of the vessels from where the catheter enters and exits as additional
constraints for registration. This would add two positions along the catheter that are
guaranteed to be touching the wall and therefore help limit the range of movement the
catheter can make in relation to the chamber.

The proposed method requires several manual-interaction steps: the catheter and
heart boundaries need to be manually drawn on the fluoroscopic images, and the heart
chambers needs to be semi-manually segmented from the 3D modality. However, there
has been recent research which show promise towards automating these steps [17, 18].
A further improvement could be to introduce a multi-resolution search as in [19]. Using
a fast low-resolution search could potentially provide a better initial guess than the
isocentre-supine assumptions without significant computational overhead. On the other
hand, a better initial guess could significantly speed up the algorithm due to a smaller
search space.

Overall, the results of this novel registration algorithm look promising. The vali-
dation experiment using the explanted heart provided an ideal scenario to quantify the
registration errors in the absence of motion artifacts; however, the study was limited to
only one heart. Furthermore, while this study is more clinically realistic than a phantom
study, the explanted heart is rigid and stationary. Thus, future work will address the
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potential errors due to cardiac and respiratory motion by applying the method to patient
data. Noticeably, the reduced imaging requirement of single-view registration, com-
pared to biplane registration, is ideal as it fits better with the clinical workflow. This is
particularly well suited for correcting a prior registration affected by bulk patient
motion, in which case the initial guess registration to start the local search is the prior
registration instead of the supine-isocentre constraint. Single-view registration could
also be used to detect if a prior registration has been compromised. In this case, the
correction can be either performed immediately or flagged to the clinician for final
decision.
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Abstract. Due to its complex geometry, the basal ring is often omit-
ted when putting different heart geometries into correspondence. In this
paper, we present the first results on a new mapping of the left ventricle
basal rings onto a normalized coordinate system using a fold-over free
approach to the solution to the Laplacian. To guarantee correspondences
between different basal rings, we imposed some internal constrained posi-
tions at anatomical landmarks in the normalized coordinate system. To
prevent internal fold-overs, constraints are handled by cutting the vol-
ume into regions defined by anatomical features and mapping each piece
of the volume separately. Initial results presented in this paper indicate
that our method is able to handle internal constrains without introduc-
ing fold-overs and thus guarantees one-to-one mappings between different
basal ring geometries.

Keywords: Laplacian + Constrained maps *+ Parameterization - Basal
ring

1 Introduction

Building statistical models (or atlases) of the heart is central for investigating
and understanding tissue functions and properties. A main step in this direction
is the definition of reference frames, or unitary domains, that allow to compare
different geometries in a meaningful way. Ideally, these domains should assign
equal coordinates to corresponding anatomical features and, at the same time,
align the intermediate zones that might present different shapes (i.e. different
trabeculae architectures).

The definition of cardiac atlases is an active field of research and several
methods to put the geometries into correspondence and build atlases have been
proposed [13,19]. Existing methods can be split into two main categories. Meth-
ods that deform a geometry to another one [7,12] and those that build a para-
metric description of the ventricular shapes, using basis functions like thin-plate
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splines [2], hermite functions [11] or B-Splines [5], to define a mapping between
different geometries. Recently, parameterizations using the solution to the Lapla-
cian have been proposed to put cardiac surfaces into correspondence. In [14,16],
a 3-step method to map the left ventricle cut at basal level onto a disk domain
is proposed. A first unconstrained map is generated by solving the Laplacian
with the boundary of the shape mapped to the boundary of the domain. Then,
the apex is fixed to the center of the domain and a final parameterization if
calculated using a quasi-conformal metric. Another example is presented in [10],
where constraints for the atrial surface mapping are imposed by defining bound-
ary conditions inside the domain.

However, most of the methods rely on a simplified geometry of the heart
at the basal region, using a flat “top” and discarding the basal ring due to
its complex shape. A main concern in cutting the geometry using a short axis
plane to build cardiac models is the uncertainty of cutting possible connectivity
of cardiac muscular architecture [15]. Although such connectivity has not been
rigorously proved, several works [1,6] support the importance of fiber orientation
in electromechanical simulations of the heart and, thus, we believe that basal
connectivity should be explored. We propose to use the solution to Laplacian in
order to define coordinates over the basal region of the left ventricle (LV). This
enables to take this region into account when comparing different LV volumes. To
this end, we propose to map the left ventricular basal structure to a normalized
coordinate domain imposing some inner fixed positions on certain anatomical
landmarks that are extended over the rest of the volume.

In this study we investigate the definition of a volumetric left ventricular
base reference frame with constrained coordinates at some anatomical features,
or places, based on the discrete mesh Laplacian presented in [17] and defining
interior fixed coordinates as in [8]. This method presents the following advan-
tages: allows to handle arbitrary polygonal constraints, can be extended to other
organ geometries and it is easy to implement and reproduce.

2 DMaterials and Methods

To develop the method we have used the normal hearts from John Hopkins
Canine Hearts database! [9]. This database consists of ez-vivo magnetic reso-
nance image (MRI) volumes of canine hearts. More precisely, to focus on the
basal ring, we studied the SA slices comprising the 35% (i.e. regions 1-6 of the
AHA division [3]) of the left ventricle (LV) volume. We generated the initial
volumetric meshes defining a vertex for each voxel and their connectivity from
their 26-adjacency in the image.

To constrain interior coordinates, anatomical features and extracted geo-
metric landmarks were fixed. Anatomical features include the basal ring, the
endocardium and the epicardium. Geometric landmarks consist of medial sur-
face of the volumes [18], the boundaries between interoseptal and inferoseptal
and between inferolateral and anterolateral basal regions (see Fig. 1).

! Avaliable at: http://cvrgrid.org/data/ex-vivo.
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2.1 Left Ventricle Volume Parameterization Using Laplacian
Solution

Laplacian operators [4] are powerful mathematical tools that allow to define coor-
dinate systems on manifolds, or volumes, with values fixed at some locations.
These fixed values are called boundary conditions (BC) and can be coordinates
constraints (Dirichlet BC) or derivative constraints (Neumann BC). When defin-
ing coordinate systems, Dirichlet conditions allow to constraint specific coordi-
nates to specific locations, which are then extended by the solution of the Lapla-
cian over the whole domain. This also implies that their setting is central to put
different geometries into correspondence.

Given a 3D mesh M extracted from an MRI volume, we propose to obtain
a parameterization from the Cartesian space to our defined 3D unitary domain
D = [0,1] x [0,1] x [0.65,1] (see Fig.1) using the 3 coordinate functions. We
use a similar nomenclature as spherical coordinates and name our three unitary
domain coordinates radius r for the depth coordinate ranging from endocardium
to epicardium, angular € for a circumferential coordinate defined in short axis
(SA) and elevation ¢ for a coordinate defined in SA along the basal part of the
left ventricles. Mathematically, we want to define a mapping between our mesh
M to the unitary domain D:

RE*ODOM—>DCR?
(‘T7y’z) - (71,0780)

To obtain this mapping, we use the solution to the Laplacian to define each
coordinate:

1. Ar =0 with 7|pm,. =71
2. A9 = 0 with | pq, = bc (1)
3. Ap = 0 with ¢|am, = ¢c

for A the Laplacian operator, M,, My, M, the specific anatomical sites in
the 3D mesh M where the values of each coordinate, r, 8, ¢ are constrained,
respectively, to ro == ro(x,y, 2), 0c = 0c(z,y, 2) and pc = po(z,y, 2).

As our domains are discrete meshes obtained from MRI volumes, we use
the discrete Laplace operator to compute solutions to (1). By the mean value
Theorem [4], solutions to Eq. (1) can be approximated by the following 3 linear
systems (one for each coordinate):

1. Ar = bR; 2. AG = bg; 3. A(p = bcp (2)

with A a sparse matrix defined from the triangulation adjacency, the size of A
being N,zN, with N, the number of mesh vertices [3] and b the independent
term given by the boundary conditions evaluated at each anatomical site (M.,
Mg, My). If N(i) is the 1-ring of V; defined as the n adjacent voxels in the
volume, then A is given by:
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1 if je N(i), i #£J
a={0 it ¢ N(i), i # ) (3)
_Zkyéiaik ifi=j
Given that the matrix A is the same for the 3 coordinates and only depends on
the mesh connectivity defined by the MRI volume, the only thing that remains

to be defined are boundary conditions b,, bg and b, and their corresponding
anatomical meshes.

p=l s

r=0.5"
ey O
0
0=0.7
1
=065

Fig. 1. Schematic description of fixed landmarks and their values in D. Left: vertical
long axis view, with the upper surface in light blue, the lowest plane in dark blue, the
endocardium in green, the epicardium in red and the medial surface in grey. Right: SA
view with colored AHA basal regions. (Color figure online)

2.2 Constrained Coordinates for the Left Ventricle

The fixed coordinates were defined using the following anatomical structures
used by clinicians: the basal ring, the endocardium and the epicardium. The
SA cut defining the lower boundary of the basal region was also considered to
complete its boundary. Moreover, to demonstrate the capacity of the method
to constrain interior boundaries, and have a better definition of the radial and
elevation coordinates at the basal part, we have extracted the medial surface of
each volume, as defined in [18]. In Fig. 2 we show these landmarks with respect to
the volume. These anatomical landmarks are used to define boundary conditions
for each coordinate as follows.

The values of some coordinates are well defined on some of the sites, like
radius equal 0 at endocardium and equal 1 at epicardium. However, it is not so
straightforward to extend such values to the complete basal region. We propose
to use the Laplacian for surfaces to extend the values that are easily identified
to the whole basal ring boundary (endocardium, epicardium, SA lower cut and
basal region upper surface) to define the boundary functions for each coordinate.
Such boundary functions will be used to obtain the coordinate value inside the
whole volume solving each of the systems in (2).
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Fig. 2. Examples of segmentations masks: (a) whole volume, (b) upper surface, (c)
lower plane, (d) epicardium, (e) medial surface and (f) endocardium

Radial Coordinate. The radial coordinate r € [0, 1] normalizes the width of
the basal region and, thus, it should be set to r = 0 at the endocardium and r = 1
at the epicardium. To obtain a more accurate transition we force an additional
interior constraint at the medial surface with » = 0.5. Therefore, the anatomical
mesh M, is given by endocardium, epicardium, basal ring, SA lower plane and
the medial surface. The boundary function b, is obtained from the values fixed
at endocardium, epicardium and medial surface as follows.

We extend the radial coordinate over the basal ring upper surface and lowest
SA plane of the volume ((Fig.2b and c), respectively), using the solutions to the
Laplacian for each surface (basal ring and SA cut). For each surface, the matrix
A in (3) is computed using the connectivity given by their masks in the MRI
volume. As boundary conditions, we set 7 = 0 in the intersection of each surface
with the endocardium, » = 0.5 in the intersection with the medial surface and
r = 1 in the intersection with the epicardium.

Angular Coordinate. The angular coordinate 6 is the circumferential coor-
dinate defined in SA along the volume, counterclockwise positive defined. This
coordinate allows the unfolding of the LV as shown in Fig. 1. To define its origin
6 = 0 we have used the boundary between basal interoseptal and basal infer-
oseptal regions defined by the American Heart Association (AHA). At the same
time, we have fixed # = 0.7 in the boundary between basal inferolateral and
basal anterolateral regions. Although the “natural” coordinate value should be
0.5, we forced it to 0.7 to show the effect of fixing it.
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Angular values defined at the surfaces separating the septal-lateral regions
have to be extended to the whole anatomical site My to define by. Since in
this case My is given by the basal ring boundary, we independently solve the
Laplacian for endocardium, epicardium, basal ring upper surface and SA lower
plane with boundary conditions given by the intersection of the planes defining
the septal and lateral regions with each of the 4 surfaces. The solutions to these
Laplacians are used as boundary conditions in the second system of (2) to extend
the angular coordinate to the whole volumetric mesh.

Elevation Coordinate. The elevation coordinate ¢ is defined in SA along the
ventricular basal region and ranges from 0.65 at the lowest plane to 1 at the upper
surface. These values are extended to M, given as before by the whole basal
region boundary to define b,. To do so, we solve 2 Laplacian systems, one for the
endocardium and another for the epicardium, with boundary conditions fixing
their intersection with the basal ring to 1.0 and their intersection with the lower
SA cut to 0.65. Finally, we propagate this elevation coordinate over the whole
basal volume using these solutions to the Laplacian as boundary conditions in
the 3rd system of (2).

3 Results

To illustrate the performance of the method, we have parameterized the ventric-
ular basal region of 3 normal hearts from JHU canine cardiac database, labeled
as DT080803, DT101703 and DT102403.

Figure 3 shows the 3 coordinate maps (r in 1st row, 8 in 2nd row and ¢ in 3rd
row) and the remeshing for the 3 cases in the last row. Remeshings show each
coordinate isoline in a different color, red for r, green for # and blue for ¢. We
observe that the propagation of each coordinate fixed at its specific anatomical
site is smooth and homogeneous. This guarantees that the parametric map will
be differentiable and will provide regular remeshings. The quality of the remesh-
ing can be observed in the meshes of the last row, where we show the isolines
of each coordinate map. It is worth noticing that their distribution over basal
region is homogeneous in the 3 cases, which is a desirable property for a further
use in cardiac models.

4 Discussion

The definition of reference frames, or unitary domains, that allow to compare
different cardiac geometries in a meaningful way has several applications such as
shape and function analysis or integration of data from different modalities. In
this paper we have presented a method to obtain parameterizations of the left
ventricle basal ring into a unitary domain. Moreover, with our method, we can go
one step further and fix coordinate values in the unitary domain at anatomical
features to force a more meaningful coordinate assignment.
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DT102403 DT101703 DT080803

Fig. 3. Results of constrained coordinate extension. Top row: radial coordinate r. Sec-
ond row: angular coordinate 6. Third row: elevation coordinate ¢. Bottom row: isolines
over the volume for each coordinate by color (red, green, blue) = (r, 8, ¢) (Color figure
online)

In order to be able to compare different anatomies in the unitary domain, the
definition of the anatomical landmarks to be set as interior boundary conditions
plays a central role. Further analysis in this direction will be carried out. But
the simplicity of the method and its robust mathematical background makes it
a promising way to obtain a normalized anatomical space. On the other hand,
other unitary domains, different from the unitary cube should be studied, in
order to allow a clear definition of the apex central point and to take into account
the right ventricle, specially the junction between its free wall and the septum.
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Abstract. Ventricular tachycardia caused by a circuit of re-entry is one
of the most critical arrhythmias. It is usually related with heterogeneous
scar regions where slow velocity of conduction tissue is mixed with non-
conductive tissue, creating pathways (CC) responsible for the tachycar-
dia. Pre-operative DE-MRI can provide information on myocardial tis-
sue viability and then improve therapy planning. However, the current
DE-MRI resolution is not sufficient for identifying small CCs and there-
fore they have to be identified during the intervention, which requires
considerable operator experience. In this work, we studied the relation-
ship of histological data (with 10 um resolution), with in-vivo DE-MRI
pixel intensities (PI) of one human heart. Integrating multi-modal data
provided by different nature (in- vs. ex-vivo; 3D volume vs. 2D slices) is
not straightforward and requires a robust integration pipeline. The main
purpose of this work, is to develop a new technique for integrating his-
tological information into the corresponding DE-MRI one. The proposed
quasi-conformal mapping technique (QCM) integration were compared
with state-of-the-art registration techniques (affine and non-rigid) on a
benchmark of 418 synthetically generated datasets showing a more robust
results. We used the QCM to quantitatively compare DE-MRI PI with the
percentage of fibrosis extracted from histology. We show a positive corre-
lation between the DE-MRI PI and the percentage of fibrosis extracted
from histology (r =0.97; p < 0.0001). Furthermore, we found a significant
amount of viable tissue (up to 50%) in areas commonly defined as core
zone in DE-MRI (PI level > 60% of the maximum intensity value).
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1 Introduction

Ventricular tachycardia (VT) is one of the most critical arrhythmia, since it
can lead to ventricular fibrillation and therefore to sudden cardiac death. Scar
heterogeneous regions are composed by non-conductive tissue (core zone (CZ))
mixed with slow velocity of conduction tissue (border zone (BZ)) that can create
a pathway (conduction channels, CC) responsible of the VT. The recommended
treatment for VT’s elimination (when the drugs failed) is to find pathophysio-
logical electrograms (EGM) and eliminate them with radio frequency ablation
(RFA). Most recently, the so called dechanelling technique proposed to ablate
only the CC entrances reducing both the ablation area and the recurrences [1].
The ablation procedure is guided by a navigation system that fuse the electrical
information integrated with 3D anatomy in an electro-anatomical map (EAM),
which has been used for characterizing the tissue into healthy tissue (HT), BZ
and CZ [2]. But, identifying all CC’s during the procedure requires an expert
operator and it is highly time-consuming. Pre-operative delayed-enhancement
MRI (DE-MRI) can be used for classifying the myocardial tissue and there-
fore identifying CC’s and potential ablation targets. This classification is mainly
based on pixel intensity (PI) thresholds [2]. However, the amount of CC’s identi-
fyed with DE-MRI and EAMs is different, as it was reported by [3], where they
found a CCss match of 79.2% between both modalities. Histological information
is close to be the gold standard for validating DE-MRI tissue classification. Cur-
rent experimental studies have compared MRI and histological data on infarcted
experimental swine models [4,5]. However, they only provide a partial histolog-
ical analysis of some histological slices. Here, we propose to use high resolution
histological data (a total of 80 histological slices with a resolution of 10 ym) of
one ischemic patient for analyzing the relationship between in-vivo DE-MRI PI
and the real scar configuration.

Registering multi-modal information acquired in different physical states,
such as 3D in-vivo DE-MRI and 2D ex-vivo histological data is not straightfor-
ward and requires an advanced integration pipeline. In [6] they reported that
affine registration does not have to improve rigid-based registration results since
the deformations rarely are only stretch or shear, instead they deform in more
complex ways. Free-form deformation (FFD) based on splines has been sucess-
fully used for non-rigid registration purpose [7]. However, no one has tested these
techniques for registering imaging with histological data. In this paper, we intro-
duced a new integration algorithm that successfully integrates histological and
imaging data. We developed a synthetic histological dataset within which we
can validate our method in comparison with affine and FFD non-rigid registra-
tion algorithms. Applying our methodology to histological data we quantitatively
relate each PI level presented in DE-MRI with the percentage of fibrosis observed
in histology.
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1) Qriginal 2) DE-MRI 3) Original histology ~ 4) Histology mask 5) Fibrosis
DE-MRI Segmentation registered percentage

Fig. 1. One slice of Sect.4 (S4) of the heart. (1) Original DE-MRI; (2) DE-MRI seg-
mentation with 40% (green), 60% (red) and 70% (black) of maximum intensity value
contours; (3) Original histological data; (4) High-resolution histological segmentation
registered onto MRI; (5) Fibrosis percentage map. (Color figure online)

2 Clinical and Synthetic Data

2.1 Clinical Data

We analyze in-vivo DE-MRI and histological information of one ischemic patient
with severe heart failure that went transplanted at Hospital Clinic de Barcelona.

MRI. The patient had a DE-MRI examination prior to the explantation, using
a 3T clinical scanner (Magnetom Trio, Siemens Healthcare). The 3D slab of
images was acquired in the transaxial direction. Slice thickness was 1.4 mm,
with no gap between slices. The field of view was set at 360 mm? and the matrix
size was kept to 256 x 256 pixels in order to yield an isotropic spatial resolution
of 1.4 x 1.4 x 1.4 mm and getting a final resolution of 0.7 x 0.7 x 1.4 mm.

Histology. After the heart extraction, a polymere (Vinyl Polysiloxane,
HenrySchein) was introduced inside the heart for preserving the heart shape
and preserved into formol, until sectioned. The complete heart was serially sec-
tioned in the longitudinal apex-to-base direction into blocks of 1cm thickness,
resulting in 7 different blocks. Each block was divided into sections that fit on
a 7.5 x5 mm plate dimension but preserving the zone of interest (scar zone).
Each section was embedded into paraffin wax and sectioned serially into slices
of 10 microns thickness, with a rotation microtome (Microm HM340 E, Thermo
Fisher Scientific, Walldorf, Germany). Every 20th section was stained with Mas-
son trichrome relying in a mean of 20 slices per section. Finally, all the slices
were digitalized with an Epson Perfection V600 Photo scanner, in keeping with
previous studies [8]. Figurel. illustrates one slice of mid-myocardium section
(Sect. 4 of 7) together with the corresponding 2D MRI slice.

2.2 Generation of Synthetic Data

A set of synthetic data was generated to simulate MRI 2D slices (in short axis)
and introducing some deformations to mimic the histological acquisition process.
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1) Original 2) Def: 20% 3) Def: 80%
Rot: -20° Rot: 20°

Fig. 2. Synthetic data: (A) Smooth model (B) Trabeculated model; (1) Model without

deformations; (2) Model after 20% deformation and —20° rotation; (3) Model after
80% deformation and 25° rotation.

A) Smooth

B) Trabeculated

Two different types of synthetic images were generated: (a) one with a smooth
endocardium; and (b) another with a trabeculated endocardium. We simulated
the myocardium as two concentric circles with a myocardium wall thickness of
4 cm. Additionally, we introduced a patch of fibrotic tissue on the septal wall,
while trabecular structures were randomly generated including some cylinders
in the endocardial wall, as can be seen in Fig. 2.

In order to simulate the effect of the heart extraction process, we applied
a stretching in the antero-posterior direction and a dilation in the latero-septal
one. We created the deformation matrix by modifying 8 control points (4 for the
stretching and 4 for the dilatation) on the original image. We placed 2 control
points at each image edge. To each control point, we applied 10 different levels
of deformation, with a maximum deformation of 45°, which resulted in defor-
mations from 0% to 100% with a resolution of 4.5°. Subsequently, we assumed
that the effect of the slicing process in histology could be simulated as a set of
image rotations from —45° to 45°. Finally, for simulating intra-section displace-
ments, we randomly applied translations in the x and y axes with a maximum of
+2.5cm. All these transformations resulted in a dataset composed of 418 differ-
ent synthetic images with different levels of deformations. Figure 2. depicts two
examples with different percentages of rotational angles and deformations.
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3 Methods

The integration and quantitative analysis between histological and imaging data
is performed following 3 different steps: (1) tissue segmentation (in DE-MRI and
histological data); (2) 2D disk mapping and registration; and (3) quantification.

3.1 Segmentation of Ventricular Geometry and Substrate

DE-MRI. The LV geometry is manually extracted from DE-MRI by a consen-
sious of two different experts. Then, the tissue is classified into HT and scar zone
(BZ and CZ) by applying the baseline thresholds based on the maximum inten-
sity value (MIV) proposed by [2] and usually applied to characterize CCs [1,3].
This segmentation results in a mask with 3 different values: 0 as background, 1
as HT and 2 as scar.

Histology. We down-sample each histological 2D slice from 7.8 x 7.6 um to
34 x 28 um for improving the computational performance, such resolution is
acceptable compared with the DE-MRI one (70 x 70 um). Then, we segment
each image into HT (viable myocardium, in red) and fibrosis (collagen and fat,
in green and white respectively), as can be seen on Fig. 1. We use each LAB
color channel for classifying the myocardium into: background (L channel), HT
(B channel) and fibrosis (A channel). We compute a weighted final mask accord-
ing to the DE-MRI segmentation one. Finally, we manually eliminate the right
ventricle and resize the high-resolution (HR) histological mask to the MRI res-
olution prior to the registration.

3.2 Registration Techniques

Each 2D histological slice is automatically associated with its correspondent DE-
MRI one following the sectioning order. For that purpose, we use three different
approaches: (i) An affine 2D registration [6]; (ii) A FFD non-rigid registration [7]
applied after the affine; and (iii) A new method based on a quasi-conformal
mapping (QCM), in concordance with previous studies [9)].

Quasi-conformal Mapping (QCM) on Imaging Data. We extend the
QCM introduced by previoius studies to also integrate multi-modal images [9].
QCM requires a set of vertices and their connectivity, so we transform each
2D image to the mesh domain, meaning a set of vertices and their connectivity
instead of pixels. We consider each pixel inside the myocardium as a vertex of
the mesh, subsequently we applied a Delaunay triangulation for computing their
connectivity. The myocardium in short axis has the shape of a donut and it
is homeomorphic to a disk. This homeomorphism can be computed by requir-
ing that every vertex coordinate of the triangulation has a vanishing conformal
Laplacian. By mapping both DE-MRI and histological 2D slices on the same disk
we can establish a piecewise linear homeomorphism between the two surfaces. In
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order to have an unique solution to the laplacian equation we just need to select
one landmark. We choose one located on the middle of the septum (MS) and it
is mapped to the [—1, 0 ] XY coordinate system. Additionally, we automatically
select another landmark in the gravity center of the mesh that will be mapped on
the center of the disk. Once we know the mapping transformation from DE-MRI
to the disk and the one from histology to the disk, we can consider them as two
different triangulations of the same disk. Based on barycentric coordinates, we
can associate scalars information from histology to DE-MRI vertices. Further-
more, we perform a rigid registration on the disk domain for minimizing the MS
dependence. We apply a spin to the histological disk for maximizing the overlap
with the DE-MRI one. At this point, applying the DE-MRI inverse mapping
will result in the histological information mapped on the DE-MRI coordinate
system. The whole mapping process is also applied to the HR histological mesh.

3.3 Quantification

Having both DE-MRI and HR histology on the same system of coordinates we
can establish relationship between their vertices. First, we associate each HR
histological vertex to the closest DE-MRI one. Then, for each DE-MRI vertex
we compute the percentage of HR vertices classified as fibrosis (fibrosis map)
and the ones classified as HT (tissue map). At this point, for each DE-MRI pixel
intensity level we compute the mean percentage of fibrosis and viable tissue.

4 Results

Registration Accuracy. The registration accuracy was evaluated by comput-
ing the multi-fractional generalized Tanimoto coefficient (T'Cysp) [10] on the
synthetic dataset. Figure3 depicts the TCyrp (mean + standard deviation)
achieved by each registration technique for different applied deformations. A
Wilcoxon signed-rank test was applied to estimate the significance of differences
between the QCM and the other alternatives, a p-value < 0.05 indicates statis-
tically significant differences. The overall mean T'Cy;r was of: 0.80 £+ 0.15 for
affine, 0.93 + 0.08 for FFD and 0.93 4+ 0.04 for QCM. The QCM method per-
formed better than the affine method for both models and independently of the
amount of deformation applied. However, registration accuracy provided by all
strategies depended on the amount of deformation introduced. For the smooth
model, accuracy results were similar for all registration methods up to 50 % of
the maximum deformation, even if QCM was slightly better. For larger defor-
mations (>70%), the affine registration did not work at the same level of the
FFD and QCM methods, which were not significantly different. In general, the
overlap values were lower with the trabeculated than with the smooth model.
The trabeculated model showed that an affine transformation was not enough to
cope with this type of differences between the images to register. Interestingly,
QCM performed slightly better than FFD for deformations up to 40% of the
maximum value, while the opposite behavior was found for larger deformations.
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Fig. 3. Mean T'Cyr overlap per amount of deformation (from 0% to 100%) for: (1)
Smooth model and (2) Trabeculated model; Red: Affine; Green: Affine + FFD; Blue:
QCM. * Represent statistically differences between each method result and QCM.
(Color figure online)

Figure 4 depicts the registration results obtained on the synthetic data shown in
Fig. 2, illustrating how QCM could correctly locate the main features of interest
(e.g. scar zone or trabeculae) independently of the imposed amount of deforma-
tion. Nevertheless, the QCM did not correctly recover myocardial thickness in
some spatial locations with high deformations.

DE-MRI vs. Histological Quantification. Figure 1 depicts the results of the
HR histology QCM registration together with the percentage of fibrosis for one
slice of the mid-myocardium, Sect.4 (S4). After the registration, we performed
a quantification of the percentage of fibrosis at each pixel intensity level, the
results for S4 and for overall sections are illustrated on Fig.5. The two vertical
lines correspond to the 40% and 60% thresholds generally used to characterize
the myocardium [2]. One can observe significant amount of viable tissue (up to
50%) at zones previously considered as CZ (red area on Fig. 5). The percentage of
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Fig. 4. Registration results with: (i) Affine; (ii) Affine +FFD; and (iii) QCM for two
different synthetic models. (1) Both models: (A) Smooth and (B) Trabeculated; (2)
Deformation of 20% and rotation of —20°; and (3) Deformation of 80% with rotation
of 20°.
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Fig. 5. 2D graph for all sections; x axis: percentage of the maximum intensity value;
y axis: percentage of fibrosis (blue circles) and viable tissue (red stars). Healthy tissue
(HT) is considered as pixel intensity (PI) level lower than 40%, border zone (BZ) as P1I
levels between 40% and 60% and core zone (CZ) as PI levels higher than 60%; purple,
green and red colors represent the HT, BZ and CZ zones respectively. (Color figure
online)

fibrosis is positively correlated with the PI level 0.97 p-value < 0.0001 for overall
sections.

5 Discussion and Conclusions

The main objective of this paper was to present a quantitative comparison of
scar characterizations derived from corresponding histological and in-vivo DE-
MRI data on an human heart. The developed computational pipeline improved
the results on synthetic data comparing to other commonly applied methods
such as affine and FFD for amounts of deformations in the range of the studied
data (Fig. 4). However, for larger deformations a combined registration approach
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such as affine+FFD seemed to also provide good registration accuracy, even if
presenting a larger variance than when using QCM. This high variance pointed
out that applying a non-rigid registration without regularization constraints can
substantially deform small structures such as scar or trabecular regions, pro-
ducing aberrant results. These aberrations are minimized with QCM since it
preserves the original shape of the registered surfaces.

The developed computational pipeline successfully integrated both types of
multi-modal information into the same reference system, reconstructing the
multi-slice 2D histological ex-vivo data into the 3D LV geometry defined by
the DE-MRI in-vivo data. In this way, a point-by-point comparison between
relevant indices from both modalities, such as percentage of fibrotic tissue and
PI from histology and DE-MRI, respectively, was possible. The quantitative
multi-modal scar analysis revealed two main findings: (i) DE-MRI PI presents
a positive correlation with the percentage of fibrosis presented on histological
data (0.97 p-value < 0.0001 for overall sections) and therefore it can be used for
tissue classification purposes; and (ii) a significant amount of viable tissue (up to
30%) is associated to regions in DE-MRI usually characterized as CZ using the
standard thresholds. These findings suggest that these thresholds for DE-MRI
should be more restrictive, in particular for defining the CZ (new thresholds
above 60%).

The main limitation of this study was that only a complete dataset from one
patient was available to be processed with the developed computational pipeline.
However, to our knowledge, this was the first study that quantitatively evaluated
the correlation between in-vivo DE-MRI and histological data in a human heart
with such level of resolution.
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Abstract. Abnormal myocardial motion occurs in many cardiac
pathologies, though in different ways, depending on the disease, some
of which can result in negative clinical outcomes. Therefore, a better
understanding of the contractile capability of the tissue is crucial in pro-
viding an improved and patient-specific clinical outcome [4]. Cardiovas-
cular Magnetic Resonance Imaging (CMR) is considered the gold stan-
dard for the assessment of cardiac function and has the potential to also
be used for routine tissue strain analysis because of its high availability
in clinical practice. In this study we estimate the local strain in myocar-
dial tissue over a cardiac cycle using cine MRI imaging to perform the
analysis. To quantify the tissue displacement, we use the diffeomorphic
demons registration algorithm [15] in a multi-step 3D registration, for the
minimization of cumulative errors propagation. Using the displacement
gradient of the deformation, individual voxel strain curves are computed.
We present a novel method for parcellating the myocardium into regions
based on the strain behaviour of clusters of voxels. We define the super-
voxels using the Simple Linear Iterative Clustering (SLIC) algorithm [1]
inside a predefined mask. The results are consistent with late gadolinium
enhancement scar identification.

1 Introduction

Accurate quantification of myocardial contraction and relaxation is fundamental
for a comprehensive analysis of cardiac health. One of the earliest methods for
tracking myocardial motion is based on the implantation of radiopaque fiducial
markers, however due to its invasive nature, this method was never applicable
in clinical practice. Echocardiography, either using Tissue Doppler or speckle
tracking, can be used to estimate myocardial motion and strain. However, the
angular dependence of tissue velocity measurements, the low spatial resolution
of the images, as well as the difficulty to image both ventricles at the same time,
significantly limit its usability.
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Tagged MRI is generally accepted as the current gold standard for quantifi-
cation of myocardial motion in the clinical setting. The method uses spin tagging
prepulses to produce a magnetized rigid grid on the image [2], and subsequently
the grid deformation is tracked over a cardiac cycle. However, one of the main
limitations of the method is that is not used in routine clinical practice, and
therefore restricted to research hospitals. Furthermore the acquisition requires
significant more time in the scanner compared to cine MRI.

Cine MRI is considered the gold standard in clinical practice for tissue char-
acterisation. However, its use for the quantification of tissue deformation and
strain has also been explored. Previous methods include tissue tracking using
diffeomorphic registration algorithms with a superimposed incompressibility cri-
teria for volume preservation [10], or with physical constrains such as divergence
free deformations and myocardium elasticity modelling [11] to extract the strain
curves. More recently, Bai et al. [3] have investigated the division of left ventricle
based on tissue displacements using a hierarchical clustering method, where the
number of clusters were set to be equivalent to the number of segments in the
17 segments model. The method proposed in this paper differs from [3] in that
we are not aiming to divide the myocardium into segments, but to identify the
region/regions that have been affected by pathology. While the concept of local
division, or parcellation, is not new to biomedical image analysis, being exten-
sively used brain applications, it is only recently that has been used in cardiac
applications.

The standard clinical method for the quantification of scarred tissue - post
myocardial infarction, is late gadolinium enhancement (LGE). The concept is
based on the delayed wash-in and wash-out effect in tissue where the space
between cells is significantly higher than normal tissue - e.g. in the case of post
myocardial infarction scar. While LGE provides critical information for patient
diagnosis and management, its combination with motion analysis provides a
more complete picture of structure-function relationship in cardiac disease. More
recently, imaging methods for scar quantification have been proposed based on
motion patterns [12] and quantification of the myocardial deformation [5], where
the aim is to replace the need to use contrast enhancement agents, like in the
case of conventional LGE.

Cardiac strain can be used to summarise tissue deformation and is thus
directly related to structural properties of the tissue. Spottiswoode et al. [13]
use cine DENSE MRI to compute the radial and circumferential strains. Mansi
et al. [11] use Physically Constrained Diffeomorphic Demons to estimate the
circumferential and radial strains from cine MRI.

In this work we present a novel method for the quantification of
myocardial strain from cine MRI sequences using individual voxel
strain curves, grouped using a supervoxel algorithm. Our main contribution
is the development of a parcellation method for the division of the left ventricle
into regions based on tissue characteristic radial strain, which has the potential
of improving tissue strain analysis. For this purpose we also present a method for
spatial tracking of discrete material points (voxels) of the myocardium during
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myocardial motion, and subsequently build strain curves of the tracked voxels
over a cardiac cycle. We provide initial validation by comparing results with
LGE images.

2 Materials

The data set used for this publication is part of the OxAMI (Oxford Acute
Myocardial Infarction) clinical study, which was provided by the University of
Oxford Centre for Clinical Magnetic Resonance Research at the John Radcliffe
Hospital, Oxford. The images were acquired on a 3.0T Siemens TIM-Trio whole-
body MRI scanner, using steady-state free precession (SSFP) for cine imaging,
and were gated to the vector ECG. The LGE images were acquired in the same
session. The dataset used for this publication consist of nine cases, where each
of cases has the following image characteristics: 25 time frames per slice, a voxel
size of 1.56 x 1.56 mm? and a slice thickness of 8 mm.

The segmentation of the left ventricle (LV) was done manually by an expert
cardiologist, where for each time frames the endocardium and epicardium is
segmented using the (cmr*?) software (Circle Cardiovascular Imaging, Calgary,
Alberta, Canada).

3 Methods

3.1 Data Preprocessing

We reconstruct the 4D volume (3D + time), from 2D slices, using trilinear inter-
polation in the z direction, in order to ensure voxel isotropy. The volume gener-
ated has isotropic voxel size of 1.56 x 1.56 x 1.56 mm?.

3.2 Diffeomorphic Log Demons Image Registration Algorithm

Diffeomorphic Demons registration algorithm is a non-parametric, non-rigid,
image registration algorithm. The algorithm consists of two terms: a similarity
criteria, and a regularisation term (a Gaussian smoothing filter in this case). The
displacement of each voxel is calculated using the intensity similarities between
a static (reference) and a moving image. For this paper we use an implemen-
tation developed by Dirk-Jan Kroon [9]. Our method applies this algorithm
within a multiple step registration process, designed to minimise accumulation
of errors. The final motion field is computed as follows: First pass: (a) Consec-
utive frames are aligned to each other in an descending order; (b) Pre-aligned
frames are aligned to the reference frame (last); Second pass: (a) Consecutive
frames are aligned to each other in an ascending order; (b) Pre-aligned frames
are aligned to the reference frame (first). Both deformation fields are then com-
bined, using a weighting function, according to the distance between each frame
and the reference frame. While an incompressible version, iLog Demons, is avail-
able, the lack of an open-source implementation and the good results obtained
by Log Demons made us choose the latter.
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3.3 Strain Estimation

The gradient of the deformation quantifies the change in shape of infinitesimal
line elements in a solid body. To explain the concept let us take a straight, infi-
nitely small line, d,., on an undeformed configuration of a solid, and deform the
volume. Now let us call the deformed line, d,. The infinitesimal segments d, and
d, are related by: d, = F-d,, where F represents the gradient of the deformation
matrix. To quantify the contractile function of the tissue, we compute the 3D
Lagrangian strain tensor E. Here E = 1/2(FTF — I), with I representing the
identity matrix.

The 3D Lagrangian strain tensor quantifies the changes in shape of a piece of
tissue with respect to its original configuration. The analysis of the Lagrangian
strain tensor provides a direct estimation of the magnitude of the deformation
through six indices: 3 normal strains: radial, circumferential, and longitudinal
and 3 pairs of shear strains. In this work we use the radial strain. The radial
strain was chosen to serve as feature for proof of concept of dividing the LV into
sections based on local strain patterns.

3.4 Left Ventricle Parcellation - SLIC Supervoxels

Simple Linear Iterative Clustering (SLIC) is a segmentation algorithm that
divides an image into small clusters of pixels, called superpixels, by using local
k-means clustering - defining a distance metric weighted between the pixel inten-
sity and spatial similarity [1]. Because the superpixel/supervoxel segmentation
is a method for dividing an image into a set of regions, based on local similarity,
in our case, this approach can provide a more natural set of subregions for analy-
sis. In conventional SLIC, k initial cluster centres are sampled on a rectangular
grid, spaced S = /N/k apart [1], where N is the number of pixels/voxels. In
this work a 3D + time adaptation of the SLIC algorithm is used to generate
the supervoxels [7]. The source code is available at (URL: https://github.com/
benjaminirving/perfusion-slic) to facilitate reimplementation. The key novelty is
that we use shape characteristics of the strain curves to define each supervoxel
region.

The main difference of our method with respect to conventional SLIC relies
in the use of strain curves instead of image intensities. PCA modes of variation
for dimensionality reduction [8] was used instead of all the available time points,
in order to remove as much noise as possible from the strain curves. PCA is first
applied to strain curves calculated for each voxel corresponding to myocardial
tissue. The first three modes of variation from PCA are selected, and their values
used to generate the supervoxels. Voxels are assigned to the nearest cluster cen-
tre using k-means clustering, with a 2S x 25 x 25 distance of each cluster, with
a modified distance metric to include a feature distance term, using principal
component analysis to extract these features [7]. An additional adaptation is
that the supervoxalisation is only performed within the mask. This is done by
placing equidistant seed points within the mask to initialise the SLIC using a
distance transform derived method [6].
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A supervoxel based step was used for a number of reasons, first the spatial
regularisation reduces noise in the images and allows more robust features from
each region, second, it provides meaningful regions for visual assessment, and
finally it reduces the computational complexity of the analysis.

3.5 Dividing the Tissue According to Similar Patterns in Radial
Strain Curves

Once the supervoxels have been calculated, we use them to obtain a division of
the left ventricle into regions based on local tissue characteristic strains, as an
alternative to the standard division into the AHA 17-segment model.

4 Results

For this study we used a set of nine myocardial infarction patients. The late
gadolinium enhancement for scarred tissue images (Fig. 1(a) and (b)) were used
to visually estimate the position and dimension of the scarred tissue. The corre-
sponding slices, cine MRI (Fig. 1(c) and (d)) were the only ones used to compute
the radial strain in the left ventricle. Both cine and LGE images were acquired in
the same visit, typically 24 h after myocardial infarction patient was presented
at the emergency care unit.

Fig. 1. Late gadolinium enhancement for myocardial infarction patient, casel (a) and
(b) and cine MRI matching slices for the same case, (c) and (d). One mention is that
the LGE images are for only one time point, beginning of systolic phase.

From the 4D registered volume we extracted the displacement curves over
a cardiac cycle, as explained in Sect. 3.2. Subsequently the LV mask is applied,
and the supervoxels are generated inside the mask using as a feature the voxel
individual strain curves. A 3D representation of the supervoxels distribution, as
well as the three clusters build using tissue characteristic radial strain, can be
seen in Fig.2, for Case I (a) and Case IV (b). We use k-means clustering to
separate the labeled supervoxels into three classes in the attempt to have a class
for each of the following possibility of tissue being healthy, damaged, or affected
but viable. However, this being only preliminary work, validation is needed in
order to assign names to classes.
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Fig. 2. Case I(a) and Case IV(b): From left to right: Left ventricle supervoxels gener-
ated using PCA three modes of variation on individual strain curves. Tissue clustered
into three clusters using k-means, septal view (L =Ileft). Tissue clustered into three
clusters using k-means, lateral view (R =right). Corresponding LGE image.
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For Case 1 (c1), we found that the radial strain curves have a range of peak
values between 10% and 60% as shown in Fig. 3. cl, where the lower value is
believed to be pathology. Case 6 was excluded due to bad slice misalignment.
For six of the cases a figure that summarises the mean strain curves for each
cluster, as well as k-means clusters for each case can be seen in Fig. 3. The rest
of three cases are not presented purely for space reasons, but are available for
visualisation, on request.

The post-processing is done using Matlab and Python. The average process-
ing times using a Intel i7, 16 GB (RAM) and 64-bit Windows operating system,
for 25 volumes of a typical dataset are: complete cardiac cycle displacement
curves - aprox 1h; complete cardiac cycle strains computation per 25 volumes -
aprox 134s.

5 Discussion

Cine MRI is the most commonly used MRI imaging sequence in cardiac MRI
imaging. Although currently used for the assessment of the global heart function
and anatomy, it presents a great potential in the assessment of cardiac tissue
structural changes. One of the advantages over techniques like tagged MRI, is
the general availability, limited need for user interaction as well as the reduction
of study time. However, low resolution in the z direction and limited texture
analysis inside the myocardium, could potentially become limitations in using
the cine MRI sequence for the computation of the strains.

We argue that while the 17 segments AHA model is very useful for the
anatomical localisation of the infarction, this approach can introduce errors by
not taking into consideration features like time to peak or peak strain value
for individual voxels, or averaging curves with different peak times into a low
peak strain curve, which might or might not be ‘signaled’ by the total average
of the segment. Using a parcellation approach, like 3D modified SLIC, gives us
the possibility to investigate individual voxels behaviour and subsequently group
them according to similar motion patterns.

For this work we used only the radial strain, however, in the future we con-
sider introducing both radial and circumferential, as well as longitudinal strain
in the classifier to generate the supervoxels. The LV was chosen due to relatively
easy segmentation compared to the right ventricle (RV), however, we consider
extending the method to the RV in the future.

This work has potential to become a semi-automated tool, where clinicians
could interact with the regions of supervoxels.

Strain calculation methods previously reported in the literature do not always
agree on maximum peak strain. However, they report similar order of magnitude
strains, with consistent strain curves shape morphology across methods. Maxi-
mum peak strain can vary depending on the registration algorithm used, whether
the algorithm has a regularisation term or not, as explained in [14]. Registration
algorithms that have no regularisation term tend to show higher maximum peak
strain values, while registration algorithms that have a regularisation term tend
to underestimate the radial strain in particular.
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In future, there is potential for considering more features to characterise the
strain curves. Once we’ve acquired clinical delineations of the infarcted regions
we can extend this approach to supervised learning, however there is uncertainty
in the clinical delineation in LGE, therefore, region-base cine MRI analysis offers
an alternative. Also, a comparison of our method with other existing methods
for scar quantification, will be considered.

K-means clustering represents a limitation at the moment, due to its ten-
dency to always group into a predefined number of clusters. We plan to evaluate
supervised learning methods in the future.
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Abstract. This paper presents an image database for the Left Atrial
Wall Thickness Quantification challenge at the MICCAI STACOM 2016
workshop along with some preliminary results. The image database con-
sists of both CT (n = 10) and MRI (n = 10) datasets. Expert delin-
eations from two observers were obtained for each image in the CT set
and a single-observer segmentation was obtained for each image in the
MRI set included in this study. Computer algorithms for segmentation of
wall thickness from three research groups contributed to this challenge.
The algorithms were evaluated on the basis of wall thickness measure-
ments obtained from the segmentation masks.

Keywords: Image segmentation + Left atrium - CT - Angiography -
MRI - Image quantification

1 Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia causing chaotic
contraction of the atrium. AF becomes more prevalent with age [1], is frequently
associated with atrial remodelling and fibrosis, and causes loss of atrial mus-
cle mass, the severity of which reflects the duration of preexisting AF. Pul-
monary vein isolation is often the first procedure performed in patients referred
for catheter ablation of AF. The left atrium (LA) is known to undergo changes
in structural and electrical behaviour with conditions that predispose AF [2].
Until recently, structural and electrical remodelling in the LA was not very well
understood. Success of AF is now highly dependent upon the ability to create
fully extent or transmural lesions within the LA wall.

The LA wall is a thin structure. Assessment of the LA has been restricted
because of its size and blood flow. Measurement of the size of its wall has not
been possible in-vivo until recently. At first, echocardiography was the only
© Springer International Publishing AG 2017
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widely available tool for cardiac structural assessment, but it was not well suited
because of its low spatial resolution. Transesophageal Echocardiography (TEE)
provided higher spatial resolution and has been used to measure increases in
wall thickness [3]. The availability of high-resolution imaging technology in CT
and Cardiac Magnetic Resonance (CMR) has provided an accurate means of
measuring its thickness. State-of-the-art image processing algorithms are also
now becoming readily available as open source.

Due to the challenging nature of the problem of wall thickness segmentation
and quantification, the Left Atrial Wall Thickness Quantification challenge was
put forward publicly and three image processing research groups participated.
This work aims to present some preliminary results.

2 Methods

2.1 Imaging Data

The image database consisted of CT (n = 10) and MRI (n = 10) datasets from
separate groups of patients. The images were all obtained from a single centre.
The CT datasets were obtained from coronary CT angiography scans, with an
intravenous contrast agent injection. The scans were ECG-gated and acquired
in a single breath hold. The images were reconstructed to a 0.8 to 1 mm slice
thickness, with a 0.4 mm slice increment and a 250 mm field of view. The image
matrix was kept at a 512 x 512 matrix, constructed with a sharp reconstruction
kernel.

The MRI datasets were acquired with respiratory gating using a pencil-
beam navigator and the average scan time was about 12 min. Cardiac triggering
ensured that data acquisition was carried out in mid atrial diastole. Table 1
specifies the imaging acquisition parameters. Some example images from this
database can be seen in Fig. 1.

Table 1. Image acquisition

cT MRI
Scanner type | Philips Achieva 256 iCT Philips 3T Achieva
Sequence Angiography with ECG-gated | 3D FLASH, respiratory gating
and single breath hold and acquired at mid atrial
diastole
TE, TR, TI - 2.7ms, 5.9 ms, 450-700 ms
Voxel in-plane | 0.8 to 1 mm 1.4 mm
Slice thickness | 0.4 mm 1.4mm

Image acquisition parameters for the challenge CT and MRI data. Abbreviations:
TE - Echo time, TR - Repetition time, TI - Inversion time.
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Fig. 1. MRI database: Example image from the image database (left) and its expert
delineation of wall and blood pool chamber. Abbreviations: LA - left atrium, AO -
Aorta, S - spine.

2.2 Atrial Wall Delineation

The atrial wall, in CT, was semi-automatically delineated by two observers with
expertise on left atrial imaging. In the MRI datasets, these were manually delin-
eated silce-by-slice by a single observer with good experience on atrial scans.
The semi-automatic process on CT images consisted of a pixel-by-pixel dilation
initiated from the atrial blood pool chamber. A single pixel dilation was com-
pulsory followed by subsequent conditional dilations. These conditional dilations
depended on a patient-specific atrial wall intensity range and thickness. This was
followed by manual editing of the wall in each separate section of the image.

2.3 Evaluation of Wall Thickness

To study the performance of the algorithms submitted for the segmentation
challenge, the binary segmentation masks obtained from each algorithm were
analysed for left atrial wall thickness (LAWT). The thickness on the anterior
and posterior sections of the LA were evaluated separately. In order to obtain
LAWT from the binary masks an isotropic dilation process was implemented.

Determining LAWT from binary masks of the wall is not straightforward.
Projecting and traversing normals from the inner boundary of the wall to its
outer boundary to measure thickness has one important limitation. In regions of
high curvature, the normals can be noisy resulting in misestimation of thickness.
In [4], the authors highlighted these limitations and derived thickness from the
length of field lines. These field lines were obtained from the Laplace solution
that spanned the wall from the inner to the outer wall. In this work, a similar
approach was undertaken by deriving such field lines using iterative isotropic
dilation.
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Fig. 2. This figure illustrates how the wall thickness is measured from binary masks
of LA endocardium and wall segmentation (left). Iterative dilation of ten steps of the
endocardial mask determines distance from each dilation layer (right).

Dilation was initiated from the endocardial mask and dilated by a single
pixel in each direction, with up to ten iterative steps covering the entire possible
width of the wall. Each layer of dilation of the endocardial mask determined
the distance from the endocardium. Thus, the LAWT at all points on the LA
wall masks could be measured by correspondence with the dilated layers of the
endocardium. These steps are illustrated in Fig. 2.

2.4 Sectional Analysis of the Wall

The LAWT measured by each algorithm was evaluated on the posterior and
anterior sections of the wall. The LA in each image was subdivided into these
sections. The LAWT statistics in these sections were computed and compared
between algorithms. Sectional analysis of the wall is relevant as several tissue
based studies have highlighted regional differences in atrial wall thickness, even
within superior and inferior aspects of the wall [5]. Different conclusions have
been cited regarding comparative tissue thickness [6,7]. Figure 3 illustrates with
an example how the wall was subdivided in this study.

Left B Ri gbt

Fig. 3. The wall thickness was evaluated on the posterior and anterior sections of the
wall. The image highlights these sections in the LA anatomy.
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3 Results

Three research groups contributed to this challenge. These were INRIA Ascle-
pios in France (INRA), Robarts Institute in Canada (ROBI) and Leiden Uni-
versity Medical Centre in The Netherlands (LUMC). INRA used region-growing
to obtain the LA endocardium, followed by geodesic active contours for the LA
epicardium. ROBI used intensity based thresholding by determining the thresh-
old between ventricular myocardium and surrounding tissue. This was set at two
standard deviations from the mean of myocardium intensity in Hounsfield units
(HU). LUMC employed a multi-atlas registration of ten atlases for locating the
LA chamber and pulmonary veins. A level-set evolution initiated from the LA
chamber segmented the atrial wall based on the HU and incorporating prior
knowledge of wall thickness.

The algorithms were evaluated and compared by computing the LAWT from
their outputs. The expert delineations were also compared. The LAWT of the
posterior wall computed on the CT images were (Mean + SD): 1.1 £0.9 mm,
1.0+ 0.7mm, 1.6 £0.7mm, 0.6 =0.2mm for expert delineations, ROBI, INRA
and LUMC respectively. For the anterior wall, the LAWT were (Mean + SD):
0.9£0.4mm, 1.3£0.9mm, 1.7£0.8mm, 0.7+ 0.3 mm for expert delineations,
algorithms ROBI, INRA and LUMC respectively. Figure4 provides a compari-
son in six separate cases. A sample segmentation from each algorithm is shown
in Fig. 5.

The participating research groups did not choose to segment images from the
MRI database. The expert delineations of the wall were evaluated by computing
LAWT in five random images. The LAWT of the posterior wall computed on the
MRI for the five separate images were (Mean & SD): 2.1 +0.7 mm, 1.9+ 0.7 mm,
1.84+0.6mm, 1.9+ 0.8 mm, 1.94+0.7mm. The LAWT of the anterior wall com-
puted in the five separate images were (Mean + SD): 1.9+ 0.7 mm, 1.5 4+ 0.6 mm,
1.7£0.7mm, 1.6 £0.7mm, 1.8 £ 0.9 mm. The comparison of LAWT in the five
cases is shown in Fig. 6.

4 Discussions

There is good agreement between the algorithms and expert delineations on the
posterior wall. The exception is LUMC which under-estimates the thickness in
most cases. However, there is good agreement between LUMC and the expert
delineation on the anterior wall. Both ROBI and INRA report greater thickness
for the anterior wall. The posterior wall is found to be generally thicker than the
anterior wall in the CT scans. This has also been reported in some meta stud-
ies [8]. Some algorithms have imposed a minimum thickness constraint, usually
one pixel (i.e. 0.4mm), resulting in the slightly skewed box-plots.

The range of LAWT values measured with MRI was in close agreement with
CT, both for the posterior and anterior walls. The MRI and CT images were not
from the same patients. For a more extensive analysis of LAWT in MRI, refer
to [9].
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Fig. 4. Sectional wall thickness analysis of the submitted algorithms in six randomly
selected CT images from the database. In each sub-plot, the bars to the left and right
represent posterior and anterior walls respectively.
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Original Expert ROBI

INRA LUMC

Fig. 5. One example from the CT database comparing segmentations of the atrial wall
in the expert delineation and the submitted algorithms. Abbreviations: L - left side,
R - right side, LA - left atrium, AO - Aorta, S - spine.
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Fig. 6. Wall thickness in expert delineations of five randomly selected MRI images
from the challenge image database
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5 Conclusions

This work collates results of the algorithms on the image database released for
quantification of atrial wall thickness. To our knowledge, this database is the
first of its kind for left atrial wall. Future work will provide an extensive analysis
of the algorithm results.
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Abstract. The thickness of the left atrium wall may be an important parameter
in atrial fibrillation disease mechanisms and subsequent treatment by catheter
ablation. We have previously developed a simple, threshold-based, direct wall
thickness measure from CT that has been found to correlate with clinical out-
comes. In this paper, we describe the application of this method to the seg-
mentation of the left atrium wall in the 2016 STACOM Left Atrium Wall
Thickness Challenge.

Our original method sought to partially automate the way a clinical researcher
manually measures left atrial wall thickness to increase precision and repeata-
bility. We have adapted our method to create a segmented volume instead of
individual measurements in order to meet the challenge goals. We apply the
method to the ten contrast-enhanced CT images provided.

Keywords: Left atrium - Wall thickness - Segmentation + CT

1 Introduction

Left atrial (LA) wall thickness (LAWT) may be an important parameter in the treatment
of atrial fibrillation by catheter ablation [1, 2]. The aim of catheter ablation is to create
transmural lesions in the LA wall, which then heal into non-conductive scar tissue. One
suspected mechanism for ablation failure is lack of transmurality in the formed lesions
due to thicker-than-expected atrial wall tissue. LAWT has also been implicated in the
mechanism of atrial fibrillation [3].

LAWT can be measured directly [1, 2] or by first segmenting, and measuring the
segmented volume [4—-6]. However, no method of LAWT measurement has been
strongly validated. There is a need to standardize and validate LAWT measurement
methods in order to translate this parameter into clinical use.

The 2016 STACOM left atrial wall thickness challenge is a collaborative challenge
with the primary objective of exploring the segmentation of a standard set of cardiac
CT and MR images, and the secondary objective of measuring LAWT. In this study,
we only consider the CT image data.

Segmentation of the LA wall is challenging for multiple reasons. The thickness of
the atrial is roughly 1-3 mm [7-9], which is similar to the resolution of clinical MR
images — the challenge data has an isotropic 1.4 mm resolution. Clinical CT images
have slightly better voxel spacing — approximately 0.5 mm in the axial plane. Image
quality is often poor, with low signal-to-noise ratios, and various imaging artifacts from

© Springer International Publishing AG 2017
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sources such as gating errors and implanted metallic devices. Cardiac anatomy is also
challenging since cardiac morphology varies from patient-to-patient, and extra-cardiac
structures can be difficult to distinguish from the heart itself.

We have previously developed a simple, threshold-based, direct wall thickness
measure from CT that was found to correlate with clinical outcomes [10]. A limitation
of this method is that the point-based methodology is not designed to generate a
segmentation of the entire atrial wall — locations with inconclusive results were man-
ually excluded. In this work, we adapt this method to the challenge format by modi-
fying it to incorporate more automation, and to generate a segmentation based on the
point-based thickness measurements. Atrial thickness maps and segmentation are
generated for the ten CT data sets provided.

2 Methods

2.1 CT Images and Pre-processing

The challenge data consisted of ten contrast-enhanced CT images. Segmented LA
blood pool and eroded LA blood pool volumes were also provided.

For each data set, a patient-specific tissue intensity model was created by sampling
regions of left atrial blood pool and ventricular myocardium, as shown in Fig. 1. For
both tissue types, the image intensity means and standard deviations were collected and
from these samples, two thresholds are calculated: the threshold between blood and
myocardium is calculated as the mean of the image intensities of these two tissues, and
the threshold between myocardium and surrounding tissue is calculated as two standard
deviations below the mean myocardium intensity. The eroded blood pool volume was
also meshed to create a base 3D geometry of the blood pool. Pre-processing was
performed using ITK-SNAP [11].

2.2 LAWT Measure

Our LAWT measure seeks to emulate the way a clinical researcher manually measures
LAWT, augmented with computerized precision and repeatability. The fundamental
principle is to distinguish the atrial wall based on image intensity (thresholding) with
manual vetting of misclassification, and averaging multiple measurements with outlier
removal. For the purposes of this study, manual vetting was not performed, and the
method was adapted for image segmentation by converting thickness measurements
into a labeled volume. A graph neighbourhood-based smoothing operator was used
instead of outlier removal and anatomical region-based averaging.

LAWT is first calculated on a point-by-point basis on a mesh of the LA blood pool.
Using the provided eroded blood pool segmentation, a 3D mesh was constructed and a
line was projected from each mesh vertex, in the direction of the vertex normal. A line
segment extending from 5 mm inside the mesh to 10 mm was defined and the CT
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00 ITK-SNAP Volumes and Statistics
Segmentation volumes and statistics:
Label Id # Voxels Volume (mm~3) | Mean(image) | S.D.(image)
Clear Label a 87812973 7.58811e+06 -361.012 498.162
Blood Fool 1 2851 293,606 36,9938
Myocardium 2 2316 3.12 16.18
Copy to Clipboard Export to File... Close

)

Fig. 1. Sampling the image intensities in in the left atrium blood pool and myocardium. (a) Left
atrial blood pool sample. (b) Myocardium sample taken from left ventricle. (c) Image statistics on
samples: mean and standard deviations used for patient-specific tissue intensity model.

image was resampled along this line at 0.1 mm intervals using trilinear interpolation to
create an intensity profile along this line. The distance from the eroded mesh to the first
blood pool/myocardium (endocardial) crossing to the first myocardium/surroundings
(epicardial) crossings was recorded for each vertex.

The original method included averaging and outlier removal based on multiple mea-
surements — this step was approximated by automated smoothing. A 2-neighbourhood
vertex-based averaging operation was defined to smooth the measurements. This was
applied twice for the endocardial crossings and five times for the epicardial crossings.

For each vertex in the eroded mesh, the thickness was calculated as the distance
between the two crossings after smoothing. For visualization purposes, thicknesses
were mapped to the surface of the eroded blood pool mesh for each patient. These
smoothed crossing points were also used to dilate the eroded mesh to create separate
endocardial and epicardial meshes. The segmented atrial wall was defined as the region
that lay between the two meshes. Thickness measurement and segmentation were
implemented using C++ and MeVisLab (MeVis Medical Solutions AG, Germany).
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3 Results

3.1 Image Characteristics

Baseline image characteristics of the ten CT images are shown in Table 1. There was a
wide variation in both contrast level and noise in the images. Additionally, artifacts
were present in a number of images. Images 5 and 6 appeared to be identical CT
volumes although the provided eroded blood pool segmentations differed. For the
purposes of this study, these two images were processed independently.

Table 1. Baseline image characteristics.

Patient | Axial Slice Blood Blood Myo. Myo. Artifacts
res. thick. mean S.D mean S.D.
(mm) (mm) (HU) (HU) (HU) (HU)

1 0.47 0.39 293.6 37.0 73.1 16.2 a

2 0.43 0.45 653.3 51.3 1244 37.5 b

3 0.39 0.45 589.6 35.6 178.1 36.7 a

4 0.46 0.40 344.4 40.0 77.9 23.2 a

5% 0.38 0.45 241.1 42.6 115.7 31.1 b, c, d

6% 0.38 0.45 252.9 53.9 117.3 34.5 b, ¢

7 0.36 0.45 624.3 55.9 90.5 48.2

8 0.49 0.45 486.6 31.2 86.5 259

9 0.49 0.45 530.0 29.8 95.7 21.8

10 0.41 0.40 406.7 93.5 111.3 45.6 b, d

Types of artifaces: “Gating artifact. "Wires/leads/device. “Uneven contrast in LA. “Eroded
segmentation missing top of atrium. “Volumes 5 and 6 are identical cases, but differed in the
provided eroded blood pool segmentations.

3.2 LAWT Measures

Thickness-mapped LA meshes are shown in Fig. 2. The accuracy of these measure-
ments cannot be established but certain trends are apparent. In the majority of cases,
there is excessive thickening near the center of the posterior wall, corresponding to the
expected location of the esophagus. There also appear to be errors near the ends of the
pulmonary veins, especially the right superior, where the pulmonary artery crosses over
the LA. These locations are less concerning, as they are not typically ablated.

The anterior wall of the LA has more complex geometry, as it is lies internal to the
heart and lies adjacent to the right atrium aorta and intracardiac structures. Two
examples are shown in Fig. 3. The region adjacent to the right atrium (bottom left
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9)

0 mm

Fig. 2. Posterior view of thickness-mapped atrial left atria. Images labeled as per original
challenge data numbers. Dark red regions are excessively thick and likely the result of
measurement errors. The central posterior wall is often adjacent to the esophagus, and difficult to
segment. (Color figure online)
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2)

0 mm

Fig. 3. Anterior view of two thickness-mapped left atria. Images labeled as per original
challenge data numbers. The bottom left region in the image lies adjacent to the right atrium, and
usually exhibits uneven contrast.

section of each image) is particularly error prone due to differences in contrast, but is
generally not a candidate for ablation.

3.3 Segmentation Results

Examples of the segmentations are shown in Fig. 4. In most cases, the atrial wall
segmentations follow the contour of the blood pool, as expected. Overall segmentation
accuracy was not evaluated at this time due to lack of a gold standard.

Areas corresponding to thickening as seen on the thickness-mapped meshes show
obvious errors on the segmentation as well. In many of the segmented volumes, an
excessive number of islands of misclassification were present inside the regions of
atrial wall label. This is likely due to either degeneracies in the endocardial and epi-
cardial meshes, or numerical errors.

Of particular interest is the blood pool contrast in patient 5/6, which appears
unusually uneven. Since the tissue classes are largely separated by thresholding, this
resulted in jagged endocardial and epicardial boundaries; effect shown in Fig. 5.
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Fig. 4. Sample axial slices of segmented volumes. Images labeled as per original challenge data
numbers. Pixels identified as atrial wall are shown in red. Specific areas of obvious errors (very
thick walls) often include regions adjacent to the right atrium, near the mitral valve and
esophagus. (Color figure online)
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Fig. 5. CT image number 6 with narrow windowing (window: 443 HU, level: —114 HU).
Uneven contrast in the left atrium resulted in jagged endocardial (and epicardial) boundaries.

4 Discussion

Segmentations were successfully derived for all ten CT data sets, but the segmentation
quality was highly variable. Image quality, anatomical difficulties (especially the
esophagus, and the conversion from thickness measurement all introduced errors into
the final segmentation results. While standard post-processing steps such as island
removal may allow the correction of some of these errors, large-scale problems such as
excessively jagged boundaries are more difficult resolve. Image intensity levels for
various tissues vary considerably. This is particularly apparently in the blood pool,
where the level of circulating contrast can vary, resulting in patient-to-patient differ-
ences of up to several hundred Hounsfield units.

Due to the sampling method of determining boundaries between tissues, our
technique is sensitive to non-uniform contrast in the left atrium. While this sensitivity
may be acceptable when making expert-supervised individual measurements, the errors
may be problematic for an automated segmentation method. The esophagus, right
atrium and other intra- and extra-cardiac structures can also introduce errors into the
segmentation.

While it is clear that some areas of the LA are more difficult to segment than others,
the relevance of these areas is less clear. Not all regions of the LA are regularly ablated.
Thus, averages and Dice metrics may not be meaningful measures of LA wall seg-
mentation, if applied to the entire left atrium.

Potential applications of a robust, accurate LAWT measurement include the cre-
ation of a prescriptive ablation-dosing model that takes patient anatomy into consid-
eration. Accurate methodology may also facilitate scientific investigation of LAWT as
it correlates with cardiac disease processes.
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4.1 Limitations

Smoothing parameters were arbitrarily selected and applied uniformly to all data sets.
Thus, results are not indicative of optimality using this framework. The conversion
from thickness map to segmentation is also error prone due to possible degeneracies in
the underlying 3D meshes. Many of the small errors in the segmented atrial wall
volumes may be due to the conversion process rather than the LAWT measurement
method.

5 Conclusion

Qualitatively, our method generated plausible segmentation and thickness measure-
ment (<5 mm) results in most cases, but quantitatively validating the accuracy of the
method was not possible due to the lack of an objective ground truth. The compiled
STACOM challenge results may provide insight into the validation accuracy.

Some obvious errors such as small islands in the segmented volume are correctable
through standard post-processing techniques such as island removal or regularization.
Other errors such highly jagged boundaries or misclassification of the esophagus may
be more difficult to correct. More robust handling of noisy images and variations in
internal contrast may improve the performance in low quality images and independent
segmentation and removal of the esophagus before atrial wall segmentation may also
improve results in many cases.
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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 endo-
cardium(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.), 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 surround-
ing environment. 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 manual segmentation. Aimed at facilitating the segmentation of the
left atrial thin-wall structure, this pipeline is partially implemented in
MUSIC software 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 growing - 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
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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.

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 the wall thickness from cardiac CT images. The expertise of clini-
cians 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
segmentation 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 Sect. 2, along with detailed illustration of region growing and
marker-controlled geodesic active contour algorithms. Results and evaluation are
shown in Sect. 3, and a discussion of the limitations of this study in Sect. 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 con-
trast 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
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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).

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 intensity
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 mark-
ers of neighboring tissues.

6. Calculating distance map of the LA epicardium segmentation.

7. Mapping the distance onto meshes of the LA endocardium.

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’(, 0'?). Then we
set a threshold to distinguish these two classes as

_po’ +yplo
o +40o

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.

! For step 1, polygons were 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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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
0.25mm, 0.50 mm to 0.75 mm sequentially.

2.4 Marker-Controlled Geodesic Active Contour (MCGAC)

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

ou

where u is the level-set function under following conditions:

U|t=0 = Up (3&)
ou
Frie glc+ k)|Vu| + VuVy, (3b)
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g
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z
=

Fig. 1. The flowchart of our method.
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where wug 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(%);
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 Eq. 3b, three terms affect the way that a level-set function evolves:

e Advection term: gc|Vu|, related to progression speed of curves.
e Curvature term: gk|Vu|, 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 S},) 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 vy 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 Eq. 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. Lastly, 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 Sect.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 are 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.

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.

I 4

(d)

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. (Color figure
online)

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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Compare Left Atrial Wall Thickness
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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.

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.

Alternating sequential filters may be used to post-process the segmenta-
tion results. The LA epicardium segmentation, using marker-controlled geodesic
active contour, takes into account the heterogeneity of the LA wall, and there-
fore 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 seg-
mentation 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 sub-
regions of the LA wall, cannot achieve a region-wise constraint on curvature,
which could lead to incorrectly assigned pixels. Potential future work to improve
the accuracy of this work: further eliminating the influence of noise; region-wise
segmentation based on different surrounding environment of LA sub-regions;
parameters testing; combining measurement approaches [16] and minimizing
measurement error of the wall thickness.
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Abstract. Assessment of the left atrial (LA) wall can provide valuable
information for treatment of atrial fibrillation (AF) patients. In this work,
we propose a fully automatic workflow to segment the atrial wall from
contrast-enhanced CT angiography (CTA). The workflow consists of 3
steps: (1) global segmentation of LA by multi-atlas image registration
approach, (2) selected enhancement of the atrial wall by nonlinear inten-
sity transformation, (3) segmentation of the inner and outer boundary
of atrial wall by level-set approach.

Keywords: CTA - Atrial wall segmentation - Multi-atlas * Level-set

1 Introduction

Atrial fibrillation (AF) is the most common cardiac electrophysiological disorder
worldwide [5]. Previous studies have shown that tissue characteristics of the left
atrium (LA) wall can provide valuable information for determining the appropri-
ate strategy of catheter ablation for AF patients [3]. However, it remains difficult
to assess the atrial wall with non-invasive imaging techniques, as visualizing the
atrial wall demands both high resolution and high soft tissue contrast. In clin-
ical practice, contrast-enhanced CT angiography (CTA) is frequently used to
examine the LA geometry. CTA delineates the blood pool with high contrast at
sub-millimetre resolution, but has poor soft tissue contrast for visualizing the
atrial wall. To automatically segment the atrial wall from CTA is challenging
in at least two ways: firstly, for initialization of the atrial wall segmentation,
the LA needs to be segmented in the first place, which itself has a complex
geometry with variable pulmonary veins (PV) location; secondly, the contrast
between the atrial wall and surroundings is typically very poor, and can hardly
be appreciated by eye, especially when the layer of atrial wall spans only a few
voxels.

In this work, we propose a fully automated left atrial wall segmentation
workflow which combines three major parts: (1) automatic LA blood pool seg-
mentation; (2) atrial wall enhancement; and (3) atrial wall segmentation.

© Springer International Publishing AG 2017
T. Mansi et al. (Eds.): STACOM 2016, LNCS 10124, pp. 220-227, 2017.
DOI: 10.1007/978-3-319-52718-5_24
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2 Data and Method

2.1 CTA Data

Ten datasets were available from the MICCAI 2016 Left Atrial Wall Thickness
Challenge. For each subject, coronary CTA was performed on a Philips 256
iCT scanner. All patients were injected with an intravenous contrast agent. The
scans were ECG-gated and image acquisition was performed in a single breath
hold. The images were reconstructed to a 0.8 to 1mm slice thickness, with a
0.4mm 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. Figure 1
shows 2 example CTA image from the dataset.

9P\

4

Fig. 1. Two examples of the CTA database from MICCAI 2016 Left Atrial Wall Thick-
ness Challenge.

2.2 Global LA Segmentation

A multi-atlas segmentation approach was used to derive an initial global seg-
mentation of the LA and PV’s connected to it. We used the atlases from our
magnetic resonance angiography (MRA) study [6], in which 10 MRA dataset
were selected based on two criteria: (1) good image quality, (2) representative
of the LA and PV morphology. An experienced observer carefully annotated the
LA and PVs in each of the 10 dataset.

The rationale of the multi-atlas segmentation method is illustrated by Fig. 2:
first each of the 10 atlases was registered to the given image, then the 10 known
segmentations were propagated to the given image so that each voxel has 10
votes; finally the majority-vote was obtained to provide the labeling of the LA
and PV regions in the given image. For each atlas, rigid registration was first
applied to roughly align the atlas to the given image, followed by a non-rigid
registration with B-spline to match them in a flexible and refined manner. Nor-
malized mutual information was used as the optimization criterion, and adaptive
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Fig. 2. Diagram of multi-atlas registration: a. Original CTA image to be segmented,
b. Multiple atlases with known segmentation, c. Votes (in percentage) from different
atlases after registration, d. Segmentation results by majority vote.

stochastic gradient descent method was used as the optimization routine [2]. For
non-rigid registration we set the B-spline grid to the empirical value of 30 mm,
which is sufficiently small to accommodate the inter-subject variability, while
large enough to prevent unrealistic deformation.

2.3 Atrial Wall Enhancement

The limited soft tissue contrast in CTA makes it difficult to visually discern the
thin atrial wall, see Fig. 1. We propose to first enhance the object, i.e., the atrial
wall, using prior knowledge of the tissue Hounsfield unit (HU).

The atrial wall that we intend to segment borders the LA blood pool (inner
surface) and epicardial fat (outer surface). In literature, it is documented that
the HU for myocardial tissue with enhancement ranges between 100 to 300,
while epicardial fat has a HU range of —100 to —50 [1]. Considering the partial
volume effect between the high-HU contrast-enhanced blood, thin atrial wall,
and low-HU fat, we set the dynamic range to [0 400] as the region of interest for
atrial wall search. Figure 3b shows the adjusted CTA image excluding fat around
the LA.
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Fig. 3. a. The original CTA image with high intensity range. b. The CTA image within
range [0 400], with fat tissue removed. c. The CTA image with nonlinear operation to
reduce the dynamic range. d. Zoomed-in part in c.

As the contrast-enhanced blood pool has high brightness, the fine structure
of the atrial wall is often “overshadowed”. We subsequently apply a nonlinear
transform to suppress the bright signals to enhance the atrial wall within the
[0 400] range. In principle, any nonlinear transformation that suppresses large
signals more than small signals, such as logarithm, square root, can be used for
atrial wall enhancement. Figure 3¢ shows the resulting image with square root
operation (from [0 400] to [0 20]), and the zoomed-in version of d illustrates a
thin layer of atrial wall, which is better visible than in Fig.3a or b.

2.4 Dual Atrial Wall Segmentation

The global LA segmentation by the multi-atlas method is robust and reliable,
but it can be relatively inaccurate at border regions where the agreement from
atlases reduces, see Fig. 2c. Consequently, a few voxels displacement may cause
the thin atrial wall being missed. In this step, we use a level-set approach [4] to
obtain the inner and outer atrial surface in a three-dimensional manner.

A level set function @ is defined in three-dimensional space, which has pos-
itive values inside and negative values outside the surface, which is denoted by
&(x,y,z) = 0. The dynamics to evolve the three-dimensional surface can be
imposed in its normal direction, by image forces derived from the original CTA
image, as expressed by

@, + F|V®| =0 (1)
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Fig. 4. a. The original CTA image. b. The enhance image. c. Inner contour overlaid by
the first level set operation. d. Outer contour overlaid by the second level set operation.

where @; = %—f describes the evolving of @, and in this work, the image force F’
is defined as a combination of image gradient and region information to evolve
the implicit surface, as described in [7].

A unique property of the level-set method approach is that it does not have
prior assumptions on the morphology and can thus deal with complex shapes like
the LA plus PVs. Starting from the multi-atlas segmentation, we applied a first
level set to grow the initial segmentation to the inner surface of LA, see Fig. 4c.
Then we applied a second level set using the inner surface as the initialization,
and grow it to the outer boundary as shown in Fig.4d. The second level set
was evolved based on image gradient from the enhanced image described in
Sect. 2.3. Meanwhile, we imposed prior knowledge, i.e. the atrial wall thickness
is in the range of 1-4 mm, by limiting the level-set growth. We have applied
two constraints: first, the level-set to detect the outer wall was confined with a
region of 4 mm thickness from the inner wall; second, the number of iterations
was limited to 4/s, where s is the in-plane resolution of the CTA image. Figure 5
shows two examples of the automatic atrial wall segmentation results in 2D.
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Fig. 5. Two examples of the automatic atrial segmentation result.

3 Results

3.1 Segmentation Results

In total 3 dataset, namely CT2, CT3, and CT5, were manually segmented.
We compared our automatic segmentation results to the manual segmentation.
Figure 6 shows the comparison between manual and automatic segmentation in
3D, while Fig.7 shows the comparison in 2D slices. The Dice indice were com-
puted as 0.51, 0.43, and 0.43 for the three cases, respectively. It is observed that
part of the atrial wall in manual segmentation is missing, possibly due to the
difficulty to discern the signal intensity difference at local areas, while in our
automatic method the atrial wall is always continuous.

3.2 Limitations

The accuracy of atrial wall segmentation is dependent on the CTA quality. A high
resolution in the order of half a millimetre is necessary to differentiate the LA
wall voxels, and meanwhile motion artefacts should be minimal which would
otherwise cause a false low-intensity rim mistaken as the atrial wall.
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N manual

a b

Fig. 6. Comparison of 3D shape between the manual and automatic segmentation in
3 available cases: a. CT2, b. CT3, c¢. CT5.

-
- -
a-b-c-

Fig. 7. Comparison of 2D annotation between the manual and automatic segmenta-
tion in 3 available cases: a. CT2, b. CT3, c. CT5. The upper panel is the manual
segmentation, and the lower panel is the automatic segmentation.

manual

automatic

4 Conclusion

We have developed a fully automatic workflow to segment the atrial wall from
CTA images consisting of three steps, LA blood pool segmentation, LA wall
enhancement, and LA wall segmentation. The method allows objective evalua-
tion of the atrial wall, the underlying substrate of arrhythmias originating from
atrium, potentially leading to improved interventional strategy for the large AF
population.
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