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ABSTRACT OF THE DISSERTATION

Deformable Models and Machine Learning for Large-Scale

Cardiac MRI Image Analytics

By DONG YANG

Dissertation Director:

Dimitris N. Metaxas

The analysis of left ventricle (LV) wall motion is an important step for understanding cardiac
functioning mechanisms, and clinical diagnosis of ventricular diseases. For example, ventric-
ular dyssynchrony is one of the major causes for heart failure; treatment of dyssynchrony,
e.g. Cardiac Resynchronization Therapy (CRT), can help some patients preventing failure.
Conventional diagnosis methods, including electrocardiogram (ECG) and ultrasound imaging,
provide only coarse characterization of dyssynchrony patterns, such as global function indices
or qualitative assessment of motion patterns. To achieve a more comprehensive understand-
ing of ventricular dyssynchrony, we propose a novel approach to study the regional patterns of
left ventricle (LV) wall using cardiac magnetic resonance imaging (MRI). Firstly, we extract
the myocardial contours from long- and short-axis cine MRI, and compensate for respiration
offsets through rigid transformation to reconstruct the 3D shell of the heart wall. Then an
unsupervised learning method using deep neural networks is adopted to compute the in-plane
deformation field. Next, the 3D volumetric LV wall motion and deformation fields are recov-
ered by using deformable models and spatial interpolation. Finally, in order to characterize the

regional motion of the LV wall, a conventional 17-segment model is utilized for dividing the

il



reconstructed 3D model, so that the local dyssynchrony patterns can be well-determined. Our
proposed approach has a great potential to be applied in the analysis of large-scale MRI datasets
of various cardiovascular diseases, and used to guide the administration of CRT. Moreover, we

include other applications for further demonstration of our approaches.
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Chapter 1

Introduction

Cardiovascular diseases, such as ventricular dyssynchrony, heart attack, and congestive heart
failure, are major causes for human death all over the world. A comprehensive analysis of
3D heart wall motion is fundamental for not only understanding the ventricular functioning
mechanism, but also early prevention and accurate treatment of the related diseases. Classical
diagnostic tests, including electrocardiogram (ECG), echocardiography (echo), chest X-ray,
and cardiac catheterization, are not able to provide sufficient spatial information for 3D motion
modeling in detail. 3D echocardiography can be used to study cardiac motion and strains, but
its visual appearance may not be clear due to the limited imaging quality.

In the dissertation, we adapt images from cardiac cine magnetic resonance imaging (MRI),
which is an a non-invasive imaging technique to visualize the heart conditions both in time
and space. MRI is widely used nowadays to study the regional motion of heart chambers [1,
2., 13]]. Cardiac MRI is able to provide scans with higher temporal and spatial resolution for
the heart wall motion, compared with other imaging techniques. Conventional 2D cine MRI is
acquired along both the short-axis and long-axis planes for LV imaging. Short-axis scanning
planes are normally parallel to each other, while the long-axis planes are rotated around the
main axis of LV shell from base to apex. Typically, 20~30 cardiac phases are reconstructed
within a full cardiac cycle. The MRI scans of individually imaged planes are acquired from
different suspended respiration, which means there can be a spatial offset of the heart between
the individual long-axis and short-axis planes. Although full 3D MRI scanning can be achieved
with free-breathing or breath-holding, it often has a relatively poor imaging quality (e.g. clear
artifacts, blurry muscle boundaries). Because the 3D MRI takes much longer to acquire than 2D
cine MRI, covering multiple cardiac cycles, subjects typically cannot stop breathing completely

for such a long time.



The sequence of 2D MRI acquired along the long-axis (LAX) and the full cardiac cycle
provides a complementary view of the shape and function of the left ventricle (LV) for the
sequence of 2D MRI acquired across the short-axis (SAX) and time. Thus, analyzing a set of
2D cine MRI sequence can provide a feasible way to fully recover 3D LV wall motion. In order
to accomplish the analysis of 2D cine MRI, reconstruct the 3D LV wall motion, estimate the
wall motion in 3D and use it to characterize disease such as cardiac dyssyncrhrony, we will
provide new methods and solutions to the following open problems. Using those solutions we

have developed a system for end-to-end cardiac analytics from from cine MRI data as input.

1.1 Left Ventricle Segmentation in 2D MRI

In order to analyze cardiac motion, one of the most essential clinical tasks is extracting LV
contours for myocardium muscle layers at both end-diastolic volume (EDV) and end-systolic
volume (ESV) in cardiac MRI. The contour extraction, used for computing ventricular global
functions, is equivalent to the heart wall segmentation. In the conventional wall segmentation,
the task is done either manually, interactively placing a contour at the best visual estimate of
the boundaries of the solid wall, or more automatically, using mathematical optimization and
learning-based methods with some smooth outer hull being placed around the “blood” and
“muscle” pixels. There are effectively three concentric “zones” in the ventricle: 1) solid mus-
cle zone consisting of the outer wall and the endocardium wall, 2) transitional zone with mixed
blood and muscle structures, and 3) mostly blood zone (with possibly a few muscle bundles
running through it). The principal challenge associated with the conventional segmentation
methods [4] is the difficulty in reliably distinguishing the trabeculae (and papillary muscles)
from the underlying solid muscle wall, especially in cardiac phases near end-systole, when the
blood is largely squeezed out from between the trabeculae, making them blend with each other
and the wall. This causes conventional approaches to tend to fail for the end-systole determina-
tion in many cases, especially when there is hypertrophy of the wall and trabecular structures,
with a resulting under-estimation for the end-systolic cavity volume and an associated over-
estimation of the ejection fraction (EF).

We propose an automatic heart wall (myocardial muscle) segmentation approach using the
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Figure 1.1: The flowchart of the proposed approach.
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deep neural networks coupled with a new multi-component deformable model [5]. First, the
2D-3D neural network model provides fine segmentation masks of muscle layers with tem-
poral continuity. Then, the multi-component deformable model is adapted to extract contours
dynamically along the cardiac cycle, for both inner and outer heart walls, from the segmentation
masks. The neural networks provide external force for the deformable models. The global and
local constraints in the deformable model help avoid having the apparent detected boundary

move artifactually inward, especially for epicardium/inner wall.

1.2 Blood/Muscle Segmentation in 2D MRI

Figure 1.2: The transition zone (marked with a red circle) is the mixed with both blood and
muscle. The MRI appearance becomes fuzzy at the transition zone.



The pixels in the transitional zone commonly have mixed contributions from both muscle
and blood, shown in Figure we can consider them as characterized by pixel/voxel-wise
percentages in calculating the segmentation results. It can provide better understanding of
cardiac wall motion, comparing with the conventional 2D cine MRI analysis, as it allows for a
more realistic modeling of the transition region near the solid wall. Moreover, it can be used
for both improved calculation of global function measures, and the dynamic characterization
of the transitional zone itself.

Starting at end-diastole (when the ventricular cavity is most open), we can generally pro-
duce a good segmentation of the solid portion of the wall from the rest of the cavity with the
use of simple conventional thresholding for the muscle intensity, combined with a smoothness
constraint to suppress the derived muscle boundary from sticking to smaller structures within
the cavity. This can be augmented with the use of machine learning approaches, trained on
expertly segmented images. We can then define the transition zone as the region between the
solid boundary and the clear cavity. The trabeculae (which can be smaller than or on the order
of the size of the pixels/voxels) and blood are mixed inside the transitional zone, which can be
seen as a blurry appearance in 2D cine MRI.

The challenging task is to maintain a consistent definition of the boundary of the solid wall,
when heart moves into the later phases of the cardiac cycle. Because blood is ejected from the
spaces between the muscle structures in the transition zone as we go into systole. It has the
effect of causing these structures to appear to merge with each other. And the solid portion of
the overlying wall likely to over-estimate the degree of inward motion (squeeze) of the solid
wall boundary, even if using some variants of deformable contours for the boundary.

Therefore, a robust blood/muscle segmentation approach is necessary for estimation of the
transitional zone. Such segmentation approach would assign probability values to each pixel
about how likely it belongs to solid wall (myocardium). Adding the partial label (probability) to
the segmentation process, that the total amount of muscle of the transition zone should remain
about the same during cardiac cycle (neglecting through-plane motion effect). The total amount
of muscle can be obtained by summing the area of the potential pixels in the zone, and weighted
by their probability of being muscle rather than blood. As the heart contracts, the initial inner

solid wall contour for a given phase would be moved outward (expansion) until about the right



amount of muscle is included in the transition zone, to match the initial condition. That will
provide a more reliable way to segment the solid portion of the wall, using this probabilistic
segmentation scheme as part of the process.

The “conservation of transition zone muscle” approach provides a reasonable way to ap-
proximately correct the simple initial segmentation of the apparent contour of the solid wall
for the changing appearance of the transition zone, we can use the statistics of the transition
zone to estimate the corresponding changing blood content of the transition zone. This could
potentially be a new regional “ejection fraction” rate calculated, which would provide a novel
way to characterize cardiovascular functions. While it would likely correlate overall with the
regional wall motion, it provides a different way to assess function (independent of an eternal
reference frame). The condition of LV non-compaction is also associated intrinsically with
local alterations in the degree of trabeculation. And hypertrophy of the heart wall is usually
associated with hypertrophy of the trabeculations as well, so that would need to be accounted
for. The approach will give us some novel insights into the local function, even just using im-
ages from conventional cine imaging. This would be different from the CT approach, in that
we are looking overall and regional statistics on the transition zone, rather than attempting to
find point correspondence based on the trabecular structure. Codella et al. proposed a fuzzy
segmentation approach purely based on image intensity for the global blood content of the ven-
tricle [[6]. It did not provide any regional information about blood content of the transitional
zone. Also, their approach could be problematic because it was only applied on the 2D cine
MRI data (neglecting through-plane motion effect), not in 3D space.

We explore the “partial blood content” approach to estimate the presence of boundary pixels
near the trabeculae (and papillary muscles) as well as the solid wall. Adaptively adjusting the
associated threshold according to the cardiac cycle phase, we should be able to improve our

sensitivity to the smaller bits of blood between the trabeculae near end-systole.



Figure 1.3: For example segmentation: the raw images (left) are segmented by FCN (middle),
which are close to the ”ground truth” (right).

1.3 3D Left Ventricle Model Reconstruction

3D LV model is critical for heart wall motion analysis. We introduce two model reconstruction
approaches for 3D solid LV wall reconstruction and 3D blood/muscle segmentation reconstruc-

tion, respectively. They are for understanding LV functions from different perspectives.

1.3.1 3D Left Ventricle Wall Model Reconstruction

In order to analyze the global function and the regional heart wall motion, the contours of the
epicardium and endocardium of LV need to be annotated or delineated, either by human ex-
perts or machines. However, the annotation procedure is often time-consuming and tedious
for doctors and physicians, which becomes a bottleneck for extraction of functional cardiac
data in the clinical practice. An automatic method for LV segmentation (or contour extraction),
which would reduce both manual labor and annotation time dramatically, has been sought for
decades to increase the clinical efficiency of cardiac MRI. Recently, some scholars have pro-
posed several methods to address them. For example, Paragios proposed a level-set method
for cardiac MRI segmentation [7] with the gradient vector flow and geodesic active contour
model. Jolly also introduced an automatic segmentation method for both CT and MRI images,
using multi-stage graph cut optimization in the image plane [8]]. In addition, Zhu et al. devel-
oped a statistical model, named subject-specific dynamic model (SSDM), to handle the cardiac
dynamics and shape variation [9]]. Although the ring-shaped structure formed by the paired

epicardium and endocardium contours is fairly simple, the cardiac MRI imaging quality can be



inconsistent, because of factors such as different acquisition settings or potential artifacts intro-
duced by respiration during the slow acquisition process. Furthermore, the endocardial contour
is intrinsically somewhat ill-defined, due to the presence of the papillary muscles and trabecu-
lations, which tend to be considered as part of the ventricular cavity. Thus, the contours of LV
wall segmentation may need to be estimated even when the local image contrast is partially cor-
rupted; conventional intensity-based segmentation methods may fail in such cases. Moreover,
the prevailing approaches [10, [11} 4] are mostly concerned with the SAX MRI slices. Without
further study of the LAX slices and slice alignment, the calculation of the global functions for
LV may not be accurate.

Removal of motion artifacts caused by varying respiration is another important issue to
accommodate for analyzing the function of the heart. Although the cine MRI sequences are
captured at fixed spatial locations during breath-holding, it is unlikely that the respiration phase
would remain the same at different slices of the cine MRI. The MRI slices at different locations
are inevitably misaligned with spatial offsets and in-plane deformation. Such misalignment is-
sues can seriously affect the precision and representativeness of a 3D heart model that is built up
on the unaligned MRI sequences. Therefore, we need to solve this image registration problem
between different MRI slices. In [12]], Lotjonen et al. proposed an alignment method maxi-
mizing normalized mutual information of image appearances between SAX and LAX slices.
However, the optimization procedure is highly non-convex and easily falls into a local mini-
mum. Although Garlapati et al. [[L13] proposed an effective method to solve the misalignment
problems in brain imaging, based on the local boundary detection, it is not applicable in our
case because the boundary of LV wall is not always clear in cardiac MRI.

Once the in-plane segmentation and alignment are achieved, 3D LV wall modeling and
motion reconstruction of LV wall is the next steps in analysis. The 3D wall shape and motion
provide quantitative and visual characteristics to study the normal and abnormal heart function-
ing mechanisms in a comprehensive way. Park et al. studied the shape and motion of LV using
a volumetric deformable model based on tagging MRI [14]. The dynamic deformation of the

ventricular wall is computed with Lagrangian dynamics and finite element method.



We present a novel approach to reconstruct 3D shape and motion of LV wall for under-
standing ventricular functioning mechanisms [[15]. First, we adopt a fully convolutional net-
work (FCN) to extract epicardium and endocardium contours from the MRI slices. Second,
we develop a new algorithm to align MRI slices in space, compensating the respiration effect.

Finally, a deformable model is utilized to recover the 3D shape and motion of LV wall.

1.3.2 3D Blood/Muscle Segmentation

It is also desirable to use the blood/muscle segmentation approach to provide 3D results for
the transitional zone at each cardiac phase, because the through-plane motion of the tapered LV
wall introduces systematic artifacts into the simple 2D segmentation. In order to recover the full
3D information from multiple separately acquired 2D cine slices, it is necessary to understand
the motion in space. Recently, generative adversarial networks (GAN) have been proposed to
model the appearance distribution of the image domain for many applications. Fully-connected
or fully-convolutional neural networks have been utilized successfully for image generation
from 1D noise vectors [16, [17]. The idea of GAN can be further extended for image under-
standing, completion, reconstruction, segmentation [18]], and other similar applications.

We propose a novel 3D blood/muscle cardiac segmentation approach given only 2D cardiac
cine MRI acquisitions [[19]], as shown in Fig. [5.1] In the proposed approach, 2D epi- and endo-
cardial contours are first extracted to provide the 2D in-plane blood/muscle segmentation, and
to compensate spatial offset artifacts caused by inconsistent respiration. Each pixel is assigned
a probability value characterizing how likely it is to belong to the myocardium. Then, we adopt
a generative adversarial network (GAN) to transform multiple 2D blood/muscle segmentation
maps in space into a fully 3D blood/muscle segmentation. With the results of the 3D segmen-
tation over the cardiac cycle, we would have a better understanding of the cardiac wall motion.
Our work is the first attempt to reconstruct such a 3D blood/muscle segmentation from 2D cine
MRI, to the best of our knowledge.

The motivation of using GAN to reconstruct 3D blood/muscle segmentation in our method
is as follows. GAN is capable of describing the distribution of contextual appearances, and it
has achieved state-of-the-art results on several image-related tasks, for instance, image super-

resolution, image denoising, MRI reconstruction, etc. We treat the blood/muscle segmentation



as one kind of contextual appearance, and our goal is to process the partial signals for full-
information reconstruction based on the appearance population of training samples, which is
equivalent to the aforementioned tasks. Although GAN is not the only way to process such

tasks, it is a more efficient way than many others, in terms of accuracy and speed.

1.4 Assessment of Ventricular Dyssynchrony

Heart diseases, including heart rhythm problems, heart defects, etc., are the leading cause of
human death around all over the world. Among them, cardiac dyssynchrony is quite com-
mon, and one of the major reasons for heart failure. In clinical practice, the electrocardiogram
(ECG) signal of LV motion is analyzed to detect dyssynchrony patterns, such as a prolonged
QRS complex (for three of the graphical deflections on a standard ECG), and determine the
corresponding treatment plans, including cardiac resynchronization therapy (CRT). Although
the ECG based QRS provides global quantitative measurements related to the heart motion, it
does not have a strong correlation with dyssynchrony symptoms. For example, it is possible for
dyssynchrony patients to have relatively normal ECG curves and QRS, as well as for healthy
people without dyssynchrony symptoms to have an abnormal ECG. As a result, it is impor-
tant to study in addition to the electrical ECG-based signal, the regional motion of the cardiac
chambers to determine cardiac dyssynchrony. Moreover, studying the regional motion of the
cardiac chambers is critical to evaluate the effectiveness of cardiac CRT in improving cardiac
pump function. For patients with ventricular dyssynchrony and heart failure, CRT is a popular
treatment to reduce heart failure. However, the outcomes of CRT cannot be guaranteed, even
when the ECG signal/QRS becomes normal after CRT. The regional analysis also provides use-
ful information for the related surgical planning, for example, how to place pacemaker leads
most effectively into the cardiac chambers. This in turn can impact a clinicians assessment on
whether CRT will be helpful or not for a particular patient.

We propose an efficient approach to analyze ventricular dyssynchrony, using 2D cardiac
MRI and deep neural networks, as shown in Fig. Based on the short- and long-axis MRI
scanning planes, the boundaries of myocardium are segmented using full convolutional neural

networks [3]]. Then, any respiration offset is compensated using an iterative method based on
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Figure 1.4: The flowchart of the proposed approach.

the location of the boundary contours in 3D [[15]. Furthermore, the 2D displacement field within
LV contours can be approximately computed using an unsupervised learning method, and the
3D displacement field can be computed through spatial interpolation. Then, the full LV wall
and displacement field are reconstructed in 3D at multiple phases of the cardiac cycle. Finally,

the regional motion of LV wall is analyzed following the way of 17-segment LV model [20].

1.5 Other Applications in Medical Imaging

In Chapter 7-8, several other applications in medical image analysis using deformable models
and deep neural networks will be further discussed. The core of the presented applications is
relevant to 3D anatomy understanding. Combining deformable models and deep neural net-
works is an efficient and robust to enforce local and global constraints for the reconstructed 3D
models. Those applications indicate that our proposed approach can be generalized and applied
among different scenarios with moderate changes. Therefore, the potential of the proposed ap-

proach for large-scale medical image analysis is further validated.

1.6 Dissertation Structure

The structure of the dissertation is as follows. In Chapter 2, we conduct literature reviews for
cardiac MRI segmentation, 3D LV modeling, and assessment of ventricular dyssynchrony. In
Chapter 3, we consider the novel approaches for LV segmentation and blood/muscle segmen-
tation in 2D cine MRI. In Chapter 4, we discuss how to reconstruct 3D LV wall model with
2D LV segmentation, and 3D blood/muscle segmentation is further explored in Chapter 5. In
Chapter 6, the proposed framework is applied for ventricular dyssynchrony assessment. From
Chapter 7-8, other applications with deformable models and deep neural networks are further

investigated. We reach the conclusions of our proposed framework in Chapter 9.
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Chapter 2

Related Work

2.1 Cardiac MRI Segmentation

The LV myocardium segmentation has been addressed by many researchers in the past decades,
in order to alleviate the human effort for the time compsuming annotation procedure. For
example, Paragios developed a segmentation pipeline using level-set optimization and gradient
vector flow (geodesic active contour) [7]. Jolly proposed a multi-stage graph-cut method for
cardiac segmentation in both MRI and CT [8]]. These methods rely on the image appearance,
and they would probably fail when the image contrast is changed. Zhu et al. [9] introduced
a subject-specific dynamic model to delineate the ventricular shape variance. However, their
results tend to move a bit inward to the blood pool, which may introduce errors for the global
function estimation. Recently, the cardiac segmentation has been addressed using deep neural
networks [211 22} [15] 23], benefiting from its advanced feature learning capacities. However,
most of these learning models are trained and used to infer the boundaries for individual images,
which tend to lead to lack of temporal continuity in the segmentation.

Huang et al. proposed a tracking approach for contours/meshes in echocardiography us-
ing sparse representation and dictionary learning [24]. They used the assumptions that high-
dimensional local image appearance can be sparsified into a multi-scale apprearance dictionary.
Such online dynamic dictionary was utilized in a level set algorithm together with intensity and
shape for contour tracking. Their results on 3D + ¢ echocardiography of human subjects and
animal are promising. And there are few points which can be further improved. Firstly, the ini-
tialization of contours/meshes at the first cardiac phase with good quality can be generated with
the contemporary state-of-the-art approaches (e.g. neural network based approaches) to reduce
human interaction. Second, the computing efficiency can be further improved. In their ap-

proach, computing the endo- and epi-cardium contours using the level set algorithm consumes
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approximately one minute per cardiac phase.

As an alternative, Codella et al. tried to get the best estimate of the total “true” blood
volume in the chamber, by weighting each candidate voxel by its fractional blood content and
then summing them [6} 25]]. This would then be used for calculation of the conventional global
function measures (based on differences in the blood in the ventricle between end-diastole
and end-systole), including stroke volume and ejection fraction (EF). It was presented as an
alternative to the conventional method of defining the “cavity,” the trabeculae, and the papillary
muscles, in order to segment out the “solid” wall only. In their approach, the voxel probability
distribution was computed directly from the intensity scale, which may cause errors when the
imaging quality is compromised. Our approach addresses previous limitations and correctly

segments the 3 zones based on the coupled U-Net and the multi-component deformable model.

2.2 Assessment of Ventricular Dyssynchrony

While the diagnosis of ventricular dyssynchrony is fairly accurate in case of dyssynchrony, its
treatment usually with CRT is not always successful. The shape and duration of the QRS com-
plex, measured from the ECG, is commonly adopted as an indicator to detect left/right bundle
branch block or cardiac hypertrophy in the regular clinical work flow [26]. However, the mea-
surement of QRS is not always reliable to characterize dyssynchrony, because the dyssynchrony
motion patterns could exist even with relatively normal QRS values, while QRS prolongation
can be associated with relatively normal motion patterns. Without further analyzing interior
motion, thus, cardiac dyssynchrony cannot be well characterized purely based on the global
electrical conductivity-based metrics and the ECG. Currently, cardiac ultrasound imaging is
widely used for clinical diagnosis and surgical planning. Although its imaging process is effi-
cient (effectively real-time), the imaging quality for wall motion assessment is limited because
many imaging artifacts are introduced, and the boundaries of the muscle/blood regions can
be blurry in the reconstructed images. Thus, ultrasound only provides relatively coarse visual
guidance, and it is limited for studying regional cardiac wall motion during dyssynchrony. Car-

diac CT is an alternative imaging technique to analyze the cardiac diseases, with high imaging
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resolution in 3D space. The cardiac vessels and veins are visualized clearly with contrast-
enhanced CT, and the sites to lace pacemaker leads for CRT can be accurately determined [27].
However, cardiac CT has a relatively low temporal resolution for capturing dyssynchrony, and
it relies on ionizing radiation, which is harmful for the human body.

Cardiac MRI has sufficient spatial and temporal resolutions to study cardiac functioning.
[1] analyzed the ventricular dyssynchrony using cardiac tagging MRI. The MRI-based strain
analysis was conducted naturally using the in-plane tagging line movement. Later, [2]] used
delayed enhancement cardiac MRI as the scar imaging, to study the relationship to circumfer-
ential mechanical dyssynchrony before and after CRT. Recently, [28] proposed a study com-
bining evaluation of motion patterns, scar, and electrical timing of CRT using 2D+t cardiac
MRI cine displacement encoding with stimulated echoes (DENSE). The imaging technique
naturally provides the in-place strain and displacement field. However, it requires a long acqui-
sition period, and 2D-based study can be limited for monitoring the through-plane motion of
the myocardium.

Deep neural works (DNN) have been successfully deployed on image processing many ap-
plications . The variants of DNN provide efficient solutions for various tasks, such as image
classification, image segmentation, and image super-resolution. They can be fitted into dif-
ferent learning settings, including supervised learning, unsupervised learning, semi-supervised
learning. Recently, researchers proposed to use DNN to compute optical flow from video
clips [29]. The differentiable bi-linear interpolation is embedded in the DNN to transform one
frame towards next frame. The loss for training DNN is the difference between the next frame
and transformed current frame. After optimization, the network provide dense displacement
field as optical flow for videos. Similarly, [30] adopted a similar strategy for 2D/3D medical
image registration. The deformation field is achieved when the distance between deformed ini-
tial images and target images is minimized. Such an unsupervised learning setting is helpful
to estimate displacement field, especial when it is hard to collect the ground truth field. The
experiments indicated that such a learning strategy works better and much more efficiently than

classic optical flow or image registration methods, given large-scale datasets.
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Chapter 3

Myocardium Segmentation in 2D Dynamic Cardiac Magnetic

Resonance Imaging

Figure [I.4] shows the flowchart of our proposed approach for myocardium segmentation in
cardiac MRI. Initially, coarse segmentation results are generated from the 2D U-Net for in-
dividual images. Then, the previous results are stacked into 3D volumes according to their
order of cardiac phases and cropped into a centralized region-of-interest (ROI) according to
the coarse segmentation for segmentation refinement with a 3D U-Net. Finally, we utilize a
multi-component deformable model to determine the myocardium boundaries with global and
local constraints. We also compute the probability of pixels belonging to blood, based on the

features learned from deep neural networks.

3.1 2D-3D U-Net Model

The concept of U-Net, first proposed in [31]] has been successfully applied in many applications
of medical image analysis. It has been validated to possess good generalization capacity with
few annotated samples. The network consists of a convolutional encoder and decoder, and its
U-shape generates multi-scale features and computes them with multi-step convolution and up-
sampling. The output of the U-Net shares the same size as input. There are skip connections in
between the encoder and decoder to concatenate multi-level feature maps, allowing the decoder
to store back the relative features that are lost in the prior stage.

Our 2D-3D U-Net model is described in the Fig. 3.1} For individual phases of MR se-
quences, we adopt two 2D U-Nets [31] to segment epicardium and endocaridium masks, re-
spectively. Direct predicting myocadium muscle using only one network is also possible. How-
ever, in that scenario, the positive samples in the gold standard are generally much less than the

negative samples, which makes the learning procedure biased and affects the performance later.
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After achieving preliminary segmentation using 2D U-Nets, we crop the region-of-interest
(ROI) according to the center of segmentation for both image and segmentation. The same
cropping region is applied for all phases in one MR sequence. Then, we stack all the cropped
images at the same location, and segment them along the temporal dimension into 3D vol-
umes as input, and adopt 3D U-Nets [32]] to refine the previous segmentation. The 3D U-Nets
would enforce the smooth prediction in-between consecutive cardiac phases. It may not be
easy to directly apply 3D U-Net to the entire image and segmentation regions, since the input
with the original size would have large memory consumption and become a bottleneck during
computation with GPUs.

Our key point here is to use a convolutional model instead of a recurrent model to handle
the temporal data. Although the recurrent model is well established for time-series problems,
recent research shows that a fully convolutional model could outperform a recurrent model in
some sequential problems, for instance, language translation [33]],and video segmentation [22].
Furthermore, similar 2D-3D network models have been adopted for a few medical image seg-

mentation applications and achieved excellent results [34].

3.2 Multi-Component Deformable Model

In clinical practice, doctors and physicians often manually correct overestimated regions of the
inner wall contour, relying on playing the serial frames of the cardiac cycle as a movie of the
imaged slice to locate trabeculae pretty reliably at end-systole. Then their associated motion
can be estimated over the cardiac cycle from the moving animated display, including when they
are too close together to reliably detect in an isolated frame. Similarly, we propose a multi-
component deformable model to finalize the contours of endo- and epicardium, to simulate the
manual correction. At each cardiac phase, the energy function of the deformable model for

epicardium can be written as follows.

Eepi = aFexternal + BEcontinuity + 7 Esmooth (3.1)

The energy function of the deformable model for endocardium is different from Eq.[3.1] shown

as follows.

Eendo = aEexternal + ﬁEcontinuity + Y Esmooth + ®FAarea (3.2)
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The external energy is Eexiemal = J [|vs — vg||§ ds. vs and v/, are the corresponding points of

the current deformable model and targeting contour from previous deep neural networks. The

dvs

- 2 . . .
continuity term Econginuity = f | = lls ds ensures that the neighboring points are close. The

2
smoothness term Egnooth = | H %

2
) ds guarantees that the model is always a convex smooth
shape. Here, o, 3,7, ¢ are all positive constants. In practice o = 1.0, 8 = v = ¢ = 0.2. The

epicardium deformable model has an extra energy term

Enarea = ‘/ H'Us - wSH;dS - / H’U;’ - nggds . (3.3)

wy are the points of the fixed epicardium contour in the current phase. v/ and w” are the corre-
sponding points from the previous endo- and epicardium deformable models. [ ||v) — w 15 ds
is equivalent to the myocardium area in the previous phase. The assumption is that the area of
myocardium muscle can only change within a limit range among neighboring cardiac phases
because the muscle volume is almost unchanged during the cardiac cycle. At inference, we
start from the contours of the first phase (normally EDV). The epicardium contour of the next
phase is computed by solving Eq. [3.1]and moving contour points along their normal directions,
till reaching a minimum status. Then the endocardium contour is computed by minimizing
Eq. together with the updated epicardium contour. The myocardium contours are derived
phase-by-phase in sequence; and the sample results are shown in Fig.[3.2]

In order to calculate the probability of being blood for pixels inside myocardium wall, we
apply extra 2D U-Nets to segment pure muscle and blood regions, respectively, and extract the
features (length 64) from the second last layers of networks. A logistic regression model is
learned with pixels from regions of pure muscle/blood and their extracted features. The pixels
of pure blood are labeled as 0, and those of pure muscle are labeled as 1. The probabilities
of the other pixels inside the ventricle would be computed using the learned model. For cases
where the apparent blood spaces in the transitional zone seem to entirely disappear, we are able
to estimate where the corresponding transitional zone was moving to at the times (in earlier
systole and later diastole) when we could more reliably see and track it. While this is inherently
uncertain, it should still be better than purely relying on image intensity, which can result
in significant errors in the estimation of the end-systolic volumes, due to the effective initial

assignment of the “wall” contour to the solid wall-transitional zone boundary at end-diastole,
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but then moving it inward toward the transitional zone-blood boundary at end-systole.

3.3 Experiments

3.3.1 Dataset and Myocardium Segmentation

We adopted a cardiac MRI dataset consisting of 22 normal volunteers and 3 patients with
cardiac dyssynchrony disease. All LV contours of these SAX images over different spatial
locations and different cardiac phases are manually annotated by experts. In-plane resolution
of images ranged from 1.17 mm to 1.43 mm, and size varied from 224 x 204 pixels to 240 x 198
pixels. Each cardiac cycle contains 25 phases. As for [11} 35], we conducted our evaluation
procedure in the following way. We run the 5-fold cross validation, and make sure that each
of the 25 subjects (containing both normal subjects and patient, around 4000 2D slices with
manual annotation) in the test set exactly once.

To boost the robustness of our model, we used data augmentation by 90-degree rotation
and mirroring. All images were scaled to resolution of 1.25 mm and padded with zero to gain
the same image size. The filter numbers of 3D U-Nets was reduced by half to fit the data and
reduce GPU memory consumption. We adopted the soft Dice loss [36] during training. For
both tasks, we used ADAM optimizer with a fixed learning rate 0.001 and weight decay of
2.075. The results reported below were obtained after training for 30 epochs with batch size
32 for 2D U-Net and 15 epochs with batch size 16 for 3D U-Net. Training one model takes 12
hours on one NVIDIA K80 GPU, and inference takes about 1 sec. for a full cardiac cycle.

In order to make the fair comparison, we re-implemented the state-of-the-art methods[22,
23|, and ran them on the same dataset with our proposed method. For endocardium, the average
Dice’ score of the original 2D U-Net is 0.864 better than the FCN8 (0.855), FCN16 (0.848) and
FCN32 (0.639). Our proposed method gains much better results, i.e., 2D-3D U-Net is 0.886 and
2D-3D U-Net + Deformable Model is 0.902 which is the highest one to date. In addition, our
proposed methods outperform others in terms of the Jaccard index and APD. To further evaluate
our method, we also calculated the percentage of good contours (a perentage of the predicted
contours, out of all contours, that have APD less than 5 mm from the gold standard [33]).

Among all the segmentation results, Our best model 2D-3D U-Net + Deformable had 97.5%
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Table 3.1: Evaluation of endo- and epicardium segmentation, A, B, C represents 2D U-Net,
2D-3D U-Net (Ours), and 2D-3D U-Net + Deformable Model (Ours), respectively.

| Method | Dice Jaccard | APD (mim)
FCN8 [ 0.8554+0.218 | 0.759 +0.195 | 3.845 + 4.950
FCN16 | 0.848 +0.212 | 0.738 +0.214 | 3.134 +5.595
FCN32 | 0.639 +0.274 | 0.475+0.238 | 8.094 + 7.534
Endo. | [22] | 0.850+0.204 | 0.742+0.219 | 6.278 +17.801
[23] | 0.859+0.203 | 0.758 £0.213 | 2.470 + 3.967
A | 0.86440.180 | 0.764+0.196 | 3.799 + 8.930
B | 0.88640.035 | 0.821+0.038 | 2.768 + 1.946
C | 0.902+0.035 | 0.847 +0.037 | 1.647 % 0.609
FCN8 | 0.877+0.177 | 0.731+£0.276 | 1.964 +4.986
FCN16 | 0.88340.244 | 0.763 +0.2553 | 2.994 +4.213
FCN32 | 0.833+0.165 | 0.716 £0.172 | 4.318 £3.619
Epi. | [22] | 0.857+0.194 | 0.746 +0.204 | 3.050 + 7.291
23] | 0.8214+0.231 | 0.712+0.243 | 4.071 +4.976
A | 0.886£0.168 | 0.797 £0.187 | 2.821 & 4.922
B | 0.89540.327 | 0.839+0.035 | 2.387 +0.839
C  ]0.905=+0.037 | 0.855+0.039 | 2.094 +0.535

good contours. In the epicardium experiment, both our proposed model 2D-3D U-Net (0.895)
and 2D-3D U-Net + Deformable Model (0.905) achieved very high Dice’s score as well. Also,
it’s obvious that the average Jaccard index of the 2D-3D U-Net + Deformable Model (0.855)
is higher than that of both 2D U-Net (0.797) and 2D-3D U-Net (0.839), and the good contour
percentage of the 2D-3D U-Net + Deformable Model is 93.3%. Some good segmentation
examples of our 2D-3D U-Net + Deformable Model are shown in Fig. [3.3] As the 2D-3D
U-Net utilizes three dimensional information, it outperforms the traditional 2D U-Net in all
three evaluation metrics. Moreover, the 2D-3D U-Net + Deformable Model uses the temporal
information to further refine the result. Overall, our methods generate results very close to the

gold standard compared with other methods for both endo- and epicardium.

3.3.2 2D Blood/Muscle Estimation

Since it is hard to define a gold standard for the probability maps of partial blood estimation,
we only evaluated our results visually, as shown in Fig. We can see that the region where
muscle and blood mix are assigned with a probability value between 0 and 1, not purely affected

by the local appearance.
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Figure 3.1: The flowchart of the proposed 2D-3D U-Net method. The 2D U-Net is used for
generating segmentation priors at each individual cardiac phase, and the 3D one further refines
the segmentation results along the temporal dimension with a small cropping region.

Figure 3.2: The contours before and after applying deformable models. Left: the contours from
previous frame, right: the updated contours. The yellow arrows indicate the updating direction
of contours.
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Figure 3.3: Sample results of proposed methods. Green contours are the gold standard, and red
contours are the prediction.

Figure 3.4: Sample results of partial blood segmentation. Left: original image, right: probabil-
ity map of blood. The yellow circles denote the transition zone.
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Chapter 4

3D Modeling and Reconstruction of LV Wall

4.1 Myocardium Contour Extraction

In this section, we introduce an alternative approach for endo- and epi-cardium contour extrac-
tion from 2D short-axis cine MRI. The approach utilizes the deep neural networks and group
sparsity.

In our framework, LV segmentation is defined as a pixel-wise semantic classification prob-
lem, that is, segmentation with class labels. The pixels of myocardium muscle within a semi-
ring shape (formed by the epicardium and endocardium) are labelled as one class; pixels of
blood pool and other contents are labelled as another class. We adopt the fully convolutional
network (FCN), U-net [31]], as the learning model following the end-to-end convention during
the training and testing. The initial segmentation results are shown in Figure which don’t
all resemble the golden standard.

We enforce strong shape constraints for the segmented contours resulting from the previous
step, since the ring-shaped structure of the LV contours is an important prerequisite and the
smoothness of contours needs further refinement. However, the raw prediction from the FCN
sometimes forms ring-shapes with unreasonable patterns, e.g., zig-zag curves or the intersection
of two contours, as shown in the fourth example of Figure [4.2] The initial shape is generated
from the shape pool and can be reliably placed in the image plane even when the appearance
cue is misleading. The shapes of the LV wall vary from the phase of end-diastole (ED) to that
of end-systole (ES), and from the slices near the aorta to those near LV apex. For instance, the
contours close to the aorta may be partially merged together, particularly in the membranous
portion of the interventricular septum, and the myocardium muscle close to the LV apex is
thinner compared to the muscle at other locations (although the typically oblique intersection

of the image plane with the apical LV wall in SAX images can result in apparent increased wall
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Figure 4.2: Four sample results before and after applying the group sparsity constraints: red
contours are the results from the proposed fully convolutional network (FCN), green ones are
the refined results after applying group sparsity constraints.

thickness, due to volume averaging). We cluster training shapes into different groups by the
geometry and muscle thickness, and compute the refined contours of testing data by optimizing

the dictionary learning formulation with the group sparsity constraints shown in Equation 4.1}

minimize } ||T(y, 8) — Dz — eHg + M g lzslly + A2 ]lelly 4.1)
x,e
€y SQS

where T'(y, 3) is the similarity transformation with parameter /3 for aligning the initial shape v,
generated by FCN, to the mean shape of the shape pool. Matrix D = [d;, dg, - - - , di| represents
the training shape pool, column vector d; € R3" contains the coordinates of n vertices on the
contours. S = {1,2,---,k} is the set of indices of x. The clustering process divides S
into several non-overlap subsets, S = |J; s;, si(|s; = 8,Vi # j. Vector z € R* contains
the weights for the linear combination of shapes in the pool. z is the sub-vector for the group
s € S, and the term ) ¢ |||, is a standard group-sparsity regularization (/2,1 norm). Vector
e models the non-Gaussian error in the case that partial contour information is missing. A; and
Ao control the weights of two sparsity terms. After solving the optimization, the myocardium
contours are refined with the most correlated shapes from a small group of shapes from the
training pool. The sample results are shown in Figure[4.2] The similar process is conducted for

the LAX slices as well.
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Figure 4.3: Results (before and after) MR slice alignment. (a,b): SAX myocardium contours
and intersection points with LAX contours; (c,d): LAX myocardium contours and intersection
points with SAX contours; (e,f): all contour points in 3D space; bottom: four sample slices
with intersection points before and after alignment.

4.2 Rigid Image Registration for Spatial Alignment

The heart motion under respiration is mainly a rigid-body translation in the craniocaudal (CC)
direction, with minimum deformation[37]]. Therefore, we assume that in-plane rigid translation
is sufficient to compensate the respiration effect for SAX. We also assume the offset of one
cardiac phase in a slice can be applied for all cardiac phases at the location, because the respi-
ration phase is almost identical in one-slice acquisition with breath-holding. For simplicity, the
registration is carried out only at the state of end-diastolic (ED) for all slices simultaneously.
We propose a novel slice alignment algorithm, described in Algorithm [T} to adjust both
SAX and LAX slices, using the contours from the previous step and slice intersection relations.
Since SAX slices are almost parallel to each other, we take intersections between SAX and
LAX slices, or different LAX slices, into consideration. At SAX slice s, the corresponding
image plane is T and 2D contours (epicardium and endocardium) are vs. Contours v; in LAX
slice [ have intersection points p; with slice s. Then, the closest points ps € v, are computed

corresponding to all points in p;. ||ps — pi||, = 0 ideally if no respiration effect exists during
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(d)

Figure 4.4: 3D yellow models are the LV models, red curves are the 2D aligned contours from
SAX and LAX slices in space. (a) Initial model from the referenced LV model at the phase
of ED using CPD; (b) fitted model for the phase of ED using deformable model based on the
contours; (c) LV model at the phase k£ — 1 and contours at the phase k; (d) final fitted model at
phase k.

the acquisition. However, as shown in Figure [4.3] ps and p; may not intersect with each other.
The difference ps — p; provides the direction to shift the image plane (or shift the contours
equivalently). Computing all the intersection points from LAX contours, the final translation
displacement can be determined by taking the average on p; — p;. The procedure is analogous
for LAX slices. The whole procedure is repeated if the marginal update of alignment is greater
than a fixed threshold. The complete algorithm, shown in Algorithm I} is guaranteed to con-
verge to a stable condition where most intersection points are on the in-plane contours among

all slices and frames.

4.3 3D Shape Modeling and Motion Reconstruction

Deriving 3D shape and motion of LV wall from the well-aligned contours of different slices
is essential for understanding heart functioning mechanism. Analyzing motion of a sequence
of 2D contours along an axis and time is able to show some characteristics of heart motion.
However, 2D image slices, at the same location but at different phases of the cardiac cycle,
actually may present different parts of heart, due to the 3D ventricular motion. Thus, the
sequence of 2D MRI slices does not show the true pattern of heart dynamics (shape, strain, etc.).
In order to achieve better analysis, we recover the 3D LV wall shapes over the whole cardiac
cycle from the sparse in-plane contours. We propose a new method, shown in Algorithm 2]
to reconstruct 3D LV shapes and motion, adopting the deformable model. We use the rigid

point-wise registration method, coherent point drifting (CPD) [38]], to initialize the 3D shape
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for the cardiac phase of end-diastolic (ED) from a reference shape towards the aligned contours
in space. The shapes for the whole cardiac cycle are computed along the direction from ED to
end-systolic (ES). Next we construct the deformable model directly on the triangular mesh from
results of CPD registration. The point locations of the deformable model [39] are a function of
time t and vector q:

z(g,t)=c+ R(s+d) 4.2)

where c is the origin of local coordinates, R is a rotation matrix, s and d are global and local
deformation, respectively. ¢ is defined as a vector of parameters in kinematics and dynamics
and & = Lq, where matrix L is derived from Equation4.2] According to Lagrangian dynamics,
we have the following equation:

D¢+ Kq=fi 4.3)

where D is the damping matrix, and K is the stiffness matrix. The external force f; at phase
t is proportional to the Euclidean distance between contour points and initial shape .S within
a local neighborhood. Once we have the initial shape, we can update the deformable model
and the corresponding mesh by solving Equation [4.3] Therefore, the shape at each phase can
be computed using the computed shape of the previous phase as initialization for deformation
(Figure [4.4). Then, we can recover the whole motion of the LV wall phase-by-phase with

proper smoothness (guaranteed by the deformable model).

4.4 Experiments

We used a cardiac MRI dataset containing MR image sets of 22 normal volunteers and 3 patients
for the initial study. The patients all had heart failure with dyssynchrony, and were scheduled
for cardiac resynchronization therapy (CRT). We manually annotated LV contours for all LAX
and SAX images at each location over different cardiac phases, except the slice planes that did
not cut through the LV. Image size varied between 224 x 204 pixels and 240 x 198 pixels,
and its resolution varied from 1.17 mm to 1.43 mm. In total, 25 subjects (approximately 5625
images, both SAX and LAX) were used from our dataset, randomly divided into training set
(20 subjects) and testing set (5 subjects). The SAX and LAX network models were trained

separately. A 5-fold cross-validation was used in the training set. We compared the results for
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Figure 4.5: Two views of LV model at three frames: first row for a volunteer, second row for a
patient.

FCN and the proposed methods, using Dice’s coefficient as the evaluation metric for segmen-
tation. The result in Table 1 shows that the proposed method has better performance than FCN,
because the shapes of output contours are regularized. For the motion reconstruction, some
manual adjustment of segmented contours is necessary in terms of accuracy, which takes a few
minutes for each case, on average. Once the adjustment of contours is finished, we conduct the
processing steps without any further update for the contours.

We also evaluated our methods with the public dataset from the cardiac MRI segmentation
challenge of MICCAI 2009 [33], as well. The dataset, from the Sunnybrook Health Sciences
Center, contains 45 cine SAX slices, covering both normal and abnormal cardiac conditions.
Image size is 256 x 256 pixels, and its resolution varies from 1.2500 mm to 1.3672 mm. Expert
annotations of endocardium and epicardium contours are provided for some slices at EDV and
ESV phases. We only evaluated the cases where both endocardium and epicardium annotations
are given for the same image. The dataset is divided into three subsets: training, validation, and
online, following the standard nested cross-validation. We trained our model with the training
set (135 images), evaluate the model with the evaluation set (138 images) and tested with the
online set (147 images). Accuracy was measured with the Dice’s coefficient, as well shown in
Table[.T] The accuracy is slightly less than previous experiments since the training set is fairly
small.

The average distance between the contour points and the reconstructed model is utilized as

the metric to evaluate the performance of the rigid alignment. The result for the whole dataset
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Table 4.1: Evaluation results

Dice’s coefficient our dataset | challenge dataset
U-Net (mean) 0.70 0.53
U-Net (std) 0.07 0.15
proposed method (mean) 0.86 0.70
proposed method (std) 0.04 0.12

along the cardiac phase is shown in the Figure [4.6] We find that the distance at each time point
is much smaller when applying alignment than that without any alignment. This means our
alignment strategy well improves the consistency of contours in 3D space well. The model
from the aligned contours is also improved, as shown in Figure

Figure 4.5 shows the reconstructed shapes at different frames of the cardiac cycle. There
is a clear difference between LV motions of normal volunteers and those of patients with heart
dyssynchrony. In the ES phase, the LV contracts well to pump the blood out for normal people;
whereas, it does not deform as much for patients, which means the patients’ hearts are unable
to function properly. Based on the reconstructed model, we can study the LV volumes along
time for normal volunteers and patients shown in Figure Comparing with normal people,
the patient’s LV contains more blood and it does not contract much during the cardiac motion
(which also can be proved by the ejection fraction rate: 55% for a normal volunteer and 28% for
a patient). 2D myocardium contours in tagged MR slices, which are useful for further studying
the interior dynamics of the LV wall, can also be located and mutually registered, based on the

reconstructed 3D LV model and its intersection with the MR planes (as shown in Figure [4.9).

Algorithm 1 Joint alignment of 2D MR short- and long-axis slices
Data: all 2D contours v on different image planes T
Result: in-plane translation (dz, dy), for each MR slice s
initial step coefficient v = 0.5, initial gap threshold § = 0.1 initial (dz, éy), = (0,0) compute
intersection points p of v and T compute the closest in-plane points p’ € v to p iteration
index 7 = 1, maximum iteration number i,,,, = 100 while i < i,,,, and |p — p’|| < 6 do
1+ i+ 1 for each slice s do
0xs 4 ows+vy-3  (p's — ps)z 0ys = dys+v-2-(P's — pS)y Vs Vst (O, 59)3
end
compute intersection points p of v.and T compute the closest in-plane points p’ € v to p
end
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Figure 4.6: The average distance (in mm) between contour points and reconstructed model
along the full cardiac cycle for the whole dataset.

Figure 4.7: Left: the model reconstructed from the contours without aligned; right: the model
from the contours with alignment. The model shape with alignment becomes more proper and
smooth comparing result without alignment.
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Figure 4.8: LV volume change along time within a full cardiac cycle for a normal volunteer
and a patient with heart dyssynchrony.

Algorithm 2 LV wall motion computation over the whole cardiac cycle.
Data: all 2D contours v in space and time, a 3D reference shell shape Sy
Result: shapes of LV wall at all cardiac phases
compute initial ED shape S from Sy to vgp using non-rigid CPD initial threshold 6 > 0,
initial overall displacement update A > 6 while A > 6 do
compute the closest point sets u € S corresponding to points in vgp calculate forces
based on difference vgp — u interpolate forces f for vertices V' € S calculate ¢ and
update ¢ S’ + update surface mesh S using ¢ A «+ [|S" — S|, and S + 5’

end

Sinitial < S for cardiac phase t from ED to ES do

initial overall displacement update A > 6 while A > 0 do

compute the closest point set u € Sj,iti; Of points in v¢ calculate forces based on

difference v; — u interpolate force f; for vertices in S;y;1:41, calculate ¢ and update ¢
S’ + update surface mesh S;,iziq using ¢ A < ||S” — Sinitiatll St < 5" Sinitiat <
S/

end

14 end




Figure 4.9: Intersected contours of fitted model on a tagged MRI slice.
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Chapter 5

3D Blood/Muscle Segmentation using Generative Adversarial
Network

5.1 Blood/Muscle Segmentation on 2D Cine MRI and Respiration Compensa-

tion

Initially, we adopt a LV segmentation framework using 2D/3D U-Net and multi-component
deformable model enforcing the spatial and temporal smoothness on short-axis cardiac cine
MRI [5]. The output from the framework is the epi- and endo-cardium contours during cardiac
cycle. Similarly, we apply the framework to the long-axis cine MRI to extract the LV wall with
the single-component deformable model. Once the LV contours are finalized from the seg-
mentation framework and verified by doctors, they are adopted for generating 2D probabilistic
segmentation and compensating artifacts caused by respiration.

Based on the epi- and endo-cardial contours, we adopted a novel approach to estimate
the presence of boundary pixels close to trabeculae, papillary muscles, and solid wall, and to
estimate the corresponding classification probability [S]. Initially, to compute the probability
of belonging to blood or myocardium for the boundary pixels in the LV cavity, a 2D U-Net [31]]
is trained with pure LV cavity blood and pure myocardium regions (determined by intensity).
Next, the features from the second-to-last layer of the U-Net are extracted from each pixel
accordingly, and a logistic regression classifier is further trained using those features. The
clear myocardium pixels are labeled as 1, and the clear blood pixels are labeled as 0. Finally,
the trained classifier assigns the probability values to the pixels inside the transitional zones
with fuzzy appearance between myocardium and cavity shown in Fig. Normally, in the
transitional zones, with mixed blood and muscle, we cannot reliably determine the regional
proportion of blood or muscle from their appearance alone. Using the proposed approach,

we are able to track the mixed spaces and estimate the regional percentage of blood/muscle
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SAX/LAX Contours 3D Contours and Seg.

Aligned Contours

2D Probabilistic Seg.

Figure 5.1: 2D probabilistic segmentation and respiration offset artifact removal, using in-plane
contours for both short-axis (SAX) and long-axis (LAX) cine MRI that may initially not be well
aligned. The output is the aligned contours and the aligned 2D probabilistic segmentation in
space.

using the fuzzy classifier. By adjusting the threshold of the classifier within the range [0,1]
at different cardiac phases (especially near end-systole), the sensitivity to the relatively small
amount of blood near boundary pixels is increased. The adjustment of the threshold can be
made based on the the criterion of maintaining a consistent amount of muscle at each cardiac
phase.

The epi- and endo-contours are further utilized to remove imaging artifacts caused by incon-
sistent respiratory state between image acquisitions [[15,[23]]. The artifacts are seen as apparent
mis-alignment between different cine MRI slices in space, which increases the difficulty of
recovering the full 3D heart motion. Different cine MRI image slices are typically acquired
at different suspended respiration phases, with associated different spatial offsets, even though
they are all synchronized by ECG according to cardiac phases; Conventional breath-holding
MRI cannot completely diminish this effect, even with cooperative subjects. We assume that
the mis-alignment primarily causes an in-plane translation for 2D MR images. Thus, we iter-
atively minimize the overall distance between the intersectional points of contours recovered
from slices perpendicular to a slice and contours within the slices, by serially translating all

contours within the planes of their slices. After several iterations, the intersecting contour
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points would approximately meet the in-plane contours. When we have thus derived estimates
of the translation vectors of the MRI slices that best align the contours,, we then apply them to
shift the aforementioned 2D probabilistic segmentations for better spatial consistency between

slices.

5.2 3D Label Propagation using Generative Adversarial Network

In order to propagate the label information (probabilistic segmentation) of 2D slices to the
whole 3D volume, we propose a generative adversarial network (GAN) [16] based model for
the propagation. The proposed GAN based model is shown in Fig.[5.2] The generator (G) is
fed with the 3D volume containing multiple 2D slices of probabilistic segmentation, denoted by
x. The in-plane label is probability of belonging to myocardium region of each pixel, obtained
from Section 2, the voxels outside slices are valued to be 0 by default. With the 3D U-Net, we
predict the label for the whole 3D volume. The discriminator (D) is fed by ground truth of 3D
volume label as real sample, and the output of the G as fake sample. It aims to discriminate the
ground truth from the prediction results. The learning objective is designed to be the weighted
combination of 1) the prediction error of G, evaluated by the MSE error with ground truth; 2)
the minimax loss of the GAN model. Those two parts are weighted by A, which is

minmax V(G, D) =Eyrpy,, () [108(D(2))] + Eznp () [log(1 — D(G(2)))] 50

+ AMuse(Y,G(z2))
where [ is the empirical estimate of expected value of the probability; Y denotes the ground
truth of the 3D volume (probabilistic segmentation). The model parameters in G and D are
learned by iteratively maximizing V' (G, D) with respect to D and minimizing V' (G, D) with
respect to (G. After the model learning, the 3D U-Net in G is used for label propagation. The
probabilistic estimation of myocardium region is obtained from label propagation result.

For the 3D U-Net in generator G, we adopt the structure defined in [32]], with the same
layer number and convolutional filter number in each layer.The 3D CNN in discriminator D
is designed to be a 7-layer convolutional neural network including five convolutional layers,
single fully connected layer, and a sigmoid layer. For both networks, batch normalization is

used between each two neighboring layers and leaky ReLLU are used as the activation functions.
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Figure 5.2: The proposed GAN model for label propagation.

CT Volume

Figure 5.3: Left: synthetic data of 3D probabilistic segmentation using CT volume and its label;
right: four samples of pattern masks used for synthetic data (probabilistic segmentation of CT
volumes).

5.3 Experiments

There is no ground truth for 3D probabilistic segmentation for 2D MRI acquisitions. Because
the 2D MRI is sparsely sampled around the LV area. So we adopt a synthetic dataset from
CT to train our neural networks. The CT dataset contains both appearance volumes and the
corresponding labels, including both blood pool and myocardium [40]. All volumes and labels
are re-sampled to 1.0 mm isotropically for simplicity. We follow the similar strategy in Section
2 to generate ground truth of 3D probabilistic segmentation, and use a 3D U-Net instead for
feature extraction. Then, we randomly sample 10 planes (with arbitrary angles and locations)
crossing the volume as a pattern, and make them the binary masks with the same size shown
in Fig. [5.3] The input to the neural network is the element-wise multiplication of 3D proba-

bilistic segmentation and a pattern, and the output is the probabilistic segmentation itself. The
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Figure 5.4: Left: the cross sections of 2D probabilistic segmentation maps in space before and
after 3D reconstruction; right: 3D myocardium model from the 3D probabilistic segmentation
with threshold 0.5.

problem formulation is similar to the task of image completion. During training, we have 15
segmentation maps and 1000 different patterns, which gives us 15000 training samples. We
collect another 5 segmentation maps for testing, and in total we have 5000 testing samples.
The training details follows the setting in [35]]. X is set as 1000 in our experiments.

In Table we can see that our proposed method using GAN performs much better than
the baseline 3D U-Net in terms of peak signal-to-noise ratio (PSNR) and mean squared error
(MSE). If we provide more planes of probabilistic segmentation (e.g. 15 planes) as input to
the neural network, and the output would be closer to the ground truth. It fits the intuition that
more information introduces better local and global constraints. After the model is finalized,
we deploy it to the real 2D cine MRI dataset. The multiple 2D probabilistic maps in space
as a volume are directly treated as input of the generator. The output is full 3D probabilistic
segmentation shown in Fig. [5.4] We can achieve myocardium segmentation simply by placing
a threshold to the 3D probabilistic segmentation.

We applied our generative adversarial network in the domain of 3D probabilistic segmen-
tation, instead of CT/MRI volume domains, because the synthetic training data is difficult to
generate in terms of appearance. Both 2D cine MRI and high-dose CT have excellent image
quality, from which the details of trabeculae can be well-observed. Directly acquired 3D car-
diac MRI commonly suffers from respiratory motion, and the appearance is generally more
blurry and noisy with artifacts, compared to 2D cine MRI. However, we are able to obtain 3D
probability segmentation from CT volumes, and can learn the generative model using it. The

generative model perfectly fits the domain of 2D probability segmentation from 2D cine MRI



PSNR (dB)

5 Planes | 10 Planes | 15 Planes
U-Net 13.57 14.13 14.61
GAN 15.01 15.22 15.34

MSE

5 Planes | 10 Planes | 15 Planes
U-Net | 0.0442 0.0388 0.0348
GAN | 0.0331 0.0316 0.0301
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Table 5.1: Evaluation on the test dataset.

in space. Therefore, it would be ideal to study the 3D cardiac motion using 2D cine MRI in this
way (normally 3D CT acquisitions have low temporal resolution).

Fig. [5.5] shows the calculated myocardial volumes at different cardiac phases, using two
different methods, from 2D MRI sequences of a patient with cardiac dyssynchrony. The or-
ange curve is from the volumes of shells built using 3D deformable models recovered with
simple thresholding [15]], and the blue curve is computed by summing up myocardium prob-
abilities over all voxels. We can observe that our 3D probabilistic segmentation clearly has
larger volumes comparing to the deformable shell, because our probabilistic model is able to
capture the fractional volume components of trabeculae and papillary muscles in the transition
zone inside LV cavity. Moreover, the volume quantity of the probabilistic segmentation is more
stable temporally, which meets the assumption that myocardium volume should be close to a
constant value during cardiac cycle. The appearance of our 3D probabilistic segmentation is
qualitatively verified by clinicians, and it has a potential for improved basic understanding and
clinical study of cardiac function (e.g., improving the estimation of ejection fraction and related

global measures).
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Chapter 6

3D Motion Field Reconstruction and Assessment of Ventricular

Dyssynchrony

6.1 3D Motion Reconstruction

For the motion reconstruction, we start from the 2D LV myocardium segmentation using 2D-
3D neural networks [5]. Slight manual correction for the extracted contours is required based
on the guidance of radiologists and cardiologists. Because none of the segmentation methods
could achieve perfect results without downgrading the performance of latter motion recon-
struction. Then, the respiration offset, caused during acquisition, is compensated using rigid
transformation [[15]. The 3D shell model is created using a deformable shape model at each
cardiac phase [13].

Meanwhile, we train an individual U-Net [31] to compute dense displacement field between
neighbouring phases for each subject. The problem is defined as an unsupervised learning
problem, and we use the U-Net model to “overfit” the MRI image pairs. When optimization
is finished, the network is able to generate 2D displacement field (no prior assumption in the
displacement except necessary smoothness) for current subject. Our proposed network model A
follows the design of U-Net shown in[6.2] It takes the pair of images I, I;, 1 at two neighboring
phases as input, and produces 2-channel output corresponding to X, Y values of the dense
displacement field. We add a sampler at the end of the network after the displacement field is
generated. The sampler warps I to I] towards I, through differentiable bilinear interpolation.
Then the difference between I and I, is treated as optimization target. The training loss

consists three components listed as follows.
L= M || I = LT[y + A2 Ih (T)lly + As b (T) [y 6.1)

The first component is the standard image reconstruction loss, and minimizing [; loss keeps
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Figure 6.1: A/C. Image segmentation; B/D. segmentation after alignment, the green dots are
the intersection points from other contours; E. interpolated 3D displacement field.

the majority of the high-frequency parts of images. The second component is the Euclidean
loss on the magnitude of displacement to suppress unreal large displacement. And the third
component is the total-variation loss on displacement A (I;) to make sure the displacement is
locally smooth.

Based on the aligned contours in 3D space, a deformable shape model is adopted for 3D
shell model reconstruction from sparse contours [15]. Apparently, the reconstructed shell at
each cardiac phase does not have actual vertex correspondence with each other. Based on
the shell information, we use the 2D in-plane displacement and conduct interpolation for 3D
displacement field. Each sampled grid p inside shell gathers the displacement from all other
grids within the neighborhood ép. The deformation d,, is the weighted sum of all displacement
vectors from neighbors. The weights are the reciprocal of distances between the grid itself and
p with normalization. The whole process is repeated for several times until the displacement
field is converged. Therefore, the dense point correspondence (3D displacement field) is built

approximately for the shell models of neighboring frames.

6.2 17-Segment Shell Model Analysis

The American Heart Association (AHA) writing group on myocardial segmentation and regis-
tration for cardiac imaging introduced a 17-segment shell model of the left ventricle to study the
regional activities for various cardiovascular diseases, given several imaging techniques [20].
We follow the same way to divide our LV shell model into sub-regions. Additional annotation is
further required to distinguish septum and free-wall regions given an LV shell model. Here we

use the contours of LV and RV muscle boundaries within a mid-level short-axis plane, and the
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Figure 6.2: The convolutional encoder-decoder we used for displacement field estimation. The
numbers next to convolutional layers indicate the quantity of convolution kernel. Image ¢’ is the
warped image t using dense displacement field for the training loss computation. The images
on the right are the color-coded displacement field, and warped image I;. We notice that the
majority of motion is around the myocardium muscle, which meets our expectation.

Phase 1

End of Diasto

Figure 6.3: The 17-segment shell model of LV at different cardiac phases from a patient data.
The green contours indicate boundaries of LV and right ventricle (RV) muscle in the mid-level
short-axis plane. Regional colors represents non-overlapping segments of LV wall.

region between LV and RV blood pools is clearly the septum region. Based on the location of
septum, we can easily separate the shell model into 17 segments. The motion of each segment
is tracked using the computed 3D displacement field. Then we study the regional information

based on the segment-wise displacement.

6.3 Experiments

Dataset We utilize a cardiac cine MRI dataset, consisting of 50 patients with potential ven-
tricular dyssynchrony (QRS value greater than 120) with CRT outcome, from GE medical
systems. For each subject, the dicom dataset contains 10~12 short-axis planes during car-

diac cycle, and 3 long-axis planes (2-, 3-, and 4-chamber view). In-plane resolution of images
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Table 6.1: The Dice’s score and Hausdorff Distance of the proposed U-Net displacement model
and other methods

Methods Dice Hausdorff Distance

Neighbouring | 0.9129 4+ 0.0631 2.5841 £ 0.5209
Lucas-Kanade | 0.9079 4+ 0.0551 2.8530 £ 0.4621
U-Net 0.9250 + 0.0427 2.4392 4+ 0.4649

ranged from 1.25 mm to 1.33 mm, and size varied from 240 x 180 pixels to 256 x 256 pixels.
The full cardiac cycle consists of 20~30 phases.

Methods Because it is almost impossible to obtain the golden standard of dense displace-
ment from cardiac MRI, the evaluation of displacement field computation is conducted using
segmentation accuracy between neighboring images of one subject’s full MRI scans. We com-
pared our U-Net displacement model with two baseline methods in terms of two common
segmentation metrics: Dice‘s score and Hausdorff Distance. Specifically, Neighbouring is a
naive method that simply calculating the metrics using original segmentation of neighbouring
phases. Lucas-Kanade [41]] is a differential method to compute optical flow. And we first
estimate optical flow between image pairs, and then compute the metrics based on warped seg-
mentation mask for the target image. Our method calculates the metrics between the ground
truth segmentation mask and the estimated warped segmentation mask. Particularly, to achieve
the best accuracy, we set A} = 1.0, Ay = 50.0 and A3 = 0.01 of Eq. . We adopt Adam
optimizer with initial learning rate of 10~* with decreasing rate of 0.5 at the 20-th,40-th and
60-th epochs. The batch size is 16 and the maximum number of epochs is 150.

Validation with segmentation The results are reported in Table [6.1] and we mainly ob-
serve two following aspects. First, our method (U-Net) achieves the highest Dice‘s score of
0.9250 and the smallest Haudorff Distance of 2.4392 among all tested approaches. For exam-
ple, the Dice‘s score of our method is 0.0121 higher than that of the second highest Neighboring
method. The Hausdorff Distance of our method is 0.1449 smaller than that of the second best
Lucas-Kanade method. Second, the standard deviation of our method is the smallest in Dice‘s
score and comparable to others in Hausdorff Distance. This indicates that our method is more
robust compared with other approaches, which is also an important factor in practical medical

applications.
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Figure 6.4: Anatomical landmarks (circled) on LV wall: two mitral valve points, and one LV

apical point.

Table 6.2: The Euclidean distance errors (mm) of the proposed U-Net displacement model and

other methods

Methods Mean Median Max. Min. 90%

Neighbouring | 1.6300 1.4577  9.4240 0.0000 2.9546
Lucas-Kanade | 1.1945 0.6422 18.3515 0.0673 2.3761
U-Net 1.0194 1.0272 14232 0.6718 1.3803
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Validation with landmark localization To further validate our proposed approach, we adopt
the task of landmark localization in 2D cine MRI images to track the landmark between neigh-
boring cardiac phases. Since segmentation task is an indirect way to validate the displacement
output without necessary point-to-point correspondence, landmark location tracking is pre-
ferred to validate the point-to-point correspondence. As shown in Fig. three pre-defined
anatomical landmarks are manually annotated by experts: two mitral valve points, and one
LV apical point. Here we assume the landmarks remain the same physical points at the entire
cardiac cycle, which means the through-plane motion of LV is neglected. We firstly initialize
the landmark locations (ground truth locations) for 2D long-axis (LAX) MRI at one phase, and
track the movement of landmarks for the next cardiac phase. The validation metric is the Eu-
clidean distance between the ground truth landmark locations and moved landmark locations
from the previous phase given the displacement field (output of 2D encoder-decoder). The fi-
nal results are shown in[6.2] From the table, our proposed approach outperforms the baseline
approaches, with the minimum average distance error, the minimum median distance error, and
the minimum of the largest distance error. Combining the validation of both segmentation and
landmark localization, our proposed approach is validated to be effective and accurate.
Dyssynchrony analysis Based on the 17-segment model, we track the radial movement of
each segment at cardiac cycle according to LV axis. In our dataset, the acquisition starts from
end-diastolic volume (EDV), and ends at the same phase. According to the normal ventric-
ular functioning mechanism, we expect that each segment would move inward together, and
outward later after the end-systolic volume (ESV) for the regular cases. Then the regional
dyssynchrony pattern can be easily determined. In general, there are mainly two categories for
the dyssynchrony patterns detected in our dataset. First, one or two segments move irregularly.
For instance, we study one patient’s data shown in Fig.[6.5] So clearly the 14-th segment works
differently than others, and that segment is corresponding to apical septal. Second, the majority
of segments moves much less than the regular patterns. We can see it from another example
shown in Fig.[6.6] The 12-th segment moves unexpectedly, and that segment is correspond-
ing to mid anterolateral. There are also some segments not moving much at the cardiac cycle,
which is also a reason causing irregular QRS values.

Dataset We evaluate our approach on a cardiac cine MRI dataset that contains 22 normal
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Figure 6.5: Radial movement for segment 1 to 16 from one patient. X-axis represents cardiac
phase. Clearly the abnormality is from the 14th segment.

people and 34 ventricular (LBBB type) dyssynchrony patients, whose QRS value are greater
than 120 and treated with CRT. In every cardiac cycle, there are around 10~12 short-axis planes
and 3 long-axis planes (2-, 3-, and 4-chamber view). Image is of size varied from 240 x 180
pixels to 256 x 256 pixels and with in-plane resolution from 1.25 mm to 1.33 mm. Each cardiac
cycle contains 20 to 30 phases. All the analysis results are based on re-sampling cardiac cycle
to 20 phases for the purpose of fair comparison. We start to analyze the normal and those with
LBBB type dyssynchrony. Meanwhile we have the outcomes of CRT in terms of categories
1, 2, 3. Category 1 means “not improved”, category 2 means remain the same”, category 3
means “improved”. The outcome of CRT is mostly conducted by asking feeling of patients
after treatment.

We set things up so as to be able to analyze the cine data in these cases, so as to be able
to objectively show which areas moved first in the images of the ectopic beats. The initially
outward motion of the remote areas followed by inward motion there and outward motion
of the initially activated areas, as novel sort of generalized septal flash. It is fairly common
to qualitatively observe such feature in some cases. Our hypothesis is that the patients that
didnt get improved (category 1-2) from CRT treatment exhibit pumping pattern (or patterns)

that differs from the patients that experienced improvement (category 3). When it comes to
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Figure 6.6: Radial movement for segment 1 to 16 from another patient. The abnormality is
from the 12th segment.

insertion of the leads, the operators have done what they thought was best at the time.

From the Fig.[6.7] we can see that there are intrinsic difference in various regions. Three
curves representing average values of normal subjects and patients in three categories. For
example, at mid anteroseptal segment, the patient benefiting from the CRT treatment would
be the one with larger regional contraction. Similarly we can find other types of difference
in various regions. Fig.[6.8] shows the cavity volume change at the cardiac cycle. Then, the
patients heart has more contraction capability would benefit from the CRT treatment. Fig.[6.9]
indicates the apex displacement according to its location at the first phase (EDV). The red curve
(category 1) has the smallest temporal displacement, which meets our expectation.

There are some interesting things to see, even with this small initial data set: (a) Although
the stroke volumes are similar, the initial volume of the patient is higher, and the associated EF
is lower, as expected for conventional systolic heart failure patients. (b) The delay in the drop
in the volume of the patient LV may reflect the delayed opening of the aortic valve that is often
part of LBBB dyssynchrony, if this is a LBBB patient. (c) The behavior of the diastolic filling
phase will also be very interesting to characterize; that looks to be different between the normal
and patient curves that presented here.

In the patient case we can see that the LV cavity starts to get smaller later compared to the
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Figure 6.7: Regional radial distance towards LV axis for each segment. Different colors in-
dicates average values for specific categories. Red curve represents category 1, green curve
represents category 2, blue curve represents category 3, and black curve represents normal
subjects.

normal subject, and this is because the build-up of pressure inside the cavity is delayed. This is
very difficult to discern other than looking at when the aortic valve opens ie this is a measure
of delayed opening of the aortic valve. Also, we see that the patient almost does not have any
plateau during diastole. This can either be due to a relatively higher heart rate, or, as we talked
about, diastolic dysfunction.

The pattern of the dyssynchronous motion is likely to be different for both the different
cycle lengths and for different positions within the ventricle. That is, the initial, normally ex-
cited beat (which may actually be shorter if it is interrupted by a PVC) would be expected to
have a uniform and prompt synchronous contraction pattern (assuming a normal conduction

system), while the subsequent PVC beat in a bigeminy cardiac cycle pattern would have a more



47

— Category 1

—?D 1 1 1 1 1 1 1 1 1
2 4 G 8 10 12 14 16 18 20

Fhase

Figure 6.8: The volumes of LV cavity at the cardiac cycle. Different colors indicates average
values for specific categories.

prolonged excitation and dyssynchronous contraction pattern. Furthermore, there are likely to
be regional differences in the evolution of the contraction in different regions (although not in
different image orientations at a given region). Thus, the site of the earliest inward motion may
actually more outward when the rest of the ventricle contacts, similar to the septal flash phe-
nomenon we can see in LBBB conduction system abnormalities. The specific temporal/spatial
contraction pattern seen may depend on the site (and likely timing) of the initial excitation.
However, in this case, it is due to the ectopic excitation spreading around the ventricle through
the muscle system rather than the specialized conduction system, even though there is no in-

trinsic abnormality of the conduction system.
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Figure 6.9: The displacement distance of LV apex at the cardiac cycle. Different colors indi-
cates average values for specific categories.

6.4 Case Analysis of Different Categories

Here we describe the detailed analysis for the several subjects with different categories of CRT
outcomes. For each individual categories, we describe the common patterns in-between differ-
ent patient data. With the detailed understanding of the LV motion of patients, the study will
help doctors/physicians to make better decision about pace maker placing or CRT treatment.

Similar approach can be adopted for the analysis of other cardiovascular disease.
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Figure 6.10: Left: the AHA 17-segment LV model, the green contours are the boundary of LV
and RV myocardium; right: The transparent visualization of 17-segment model in 3D space.
Both inner and outer wall are visible. And the myocardium contours are for dividing 3D models

into 17 segments through coarsely defining septum. The blue axis is shown as the LV axis.
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Figure 6.11: Regional motion of normal subjects. Left: the radial distance of 16 segments
between itself and LV axis at the entire cardiac cycle. Positive value means moving outward,
and negative value means moving inward. Right: 17-segment definition as reference. The

colors indicate the correspondence with the results in the left figures.
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Figure 6.12: Regional motion of one category 1 patient (not improved). Left: the radial distance
of 16 segments between itself and LV axis at the entire cardiac cycle. Positive value means
moving outward, and negative value means moving inward. From the figure, it is clear that not
every segment moves inward simultaneously at the ES phase. From segment 14 and 16, we can
notice the rapid apical rocking (twice). It is the common pattern for patient belonging to this
category. Right: 17-segment definition as reference. The colors indicate the correspondence

with the results in the left figures.
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Figure 6.13: Regional motion of one category 2 patient (remain the same). Left: the radial
distance of 16 segments between itself and LV axis at the entire cardiac cycle. Positive value
means moving outward, and negative value means moving inward. From the figure, it is clear
that not every segment moves inward simultaneously at the ES phase. From segment 3 and 6,
we can notice the septal flash. It is the common pattern for patients belonging to this category.
Right: 17-segment definition as reference. The colors indicate the correspondence with the

results in the left figures.
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Figure 6.14: Regional motion of one category 3 patient (improved). Left: the radial distance
of 16 segments between itself and LV axis at the entire cardiac cycle. Positive value means
moving outward, and negative value means moving inward. From the figure, it is clear that
not every segment moves inward simultaneously at the ES phase. From segment 14 and 16,
we can notice very slow apical rocking. It is the common pattern for patients belonging to this
category. Right: 17-segment definition as reference. The colors indicate the correspondence

with the results in the left figures.
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Figure 6.15: LV cavity volumes comparison between normal subjects and one category 1 pa-
tient (not improved). Left: the dynamic LV cavity volume of normal subjects. Right: the
dynamic LV cavity volume of the patient. We can notice that the quick apical rocking causes

the sudden jump of the cavity volume change.
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Figure 6.16: LV cavity volumes comparison between normal subjects and one category 2 pa-
tient (remain the same). Left: the dynamic LV cavity volume of normal subjects. Right: the
dynamic LV cavity volume of the patient. We can notice that the cavity volume goes up first,

which is not a healthy pattern and affected by septal flash.
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Figure 6.17: LV cavity volumes comparison between normal subjects and one category 3 pa-

tient (improved). Left: the dynamic LV cavity volume of normal subjects. Right: the dynamic

LV cavity volume of the patient. We can notice that the LV is activated is delayed, which is the

clear indicator for heart diseases.
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Figure 6.18: LV radial motion of surface centroids of 16 segments for a normal subject. Left:

inner wall; right: outer wall. We are able to validate with the plot. Our results fit the fact that

inner wall has a larger motion compared with outer wall.
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Figure 6.19: Dynamic thickness of 16 segments for a normal subject. We are able to validate

with the plot. Our results fit the fact that wall becomes thicker at ESV, and turns thinner after

ESV.

S

hort-Axis Slice

Long-Axis Slice

Figure 6.20: Graphical user interface of our proposed framework for MRI visualization.
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Figure 6.21: Graphical user interface of our proposed framework for MRI segmentation, 3D

motion reconstruction, and 17-segment model analysis.

6.5 Conclusions

We have proposed an automated framework to conduct both 3D LV wall motion analysis and
3D blood/muscle segmentation from 2D cardiac MRI. The regional motion and global function
of LV are properly studied for MRI acquisitions of both normal subjects and patients, given
the reconstructed 3D models from our framework. Our experimental results demonstrate the
effectiveness of the proposed approach. From the applications in the thesis, we are able to
observe that the CRT outcome is implicitly correlated the LV wall motion. Moreover, our
proposed approaches can be applied for the analysis of other heart diseases. We also implement
a prototype tool with graphical user interface for concept proof of our entire framework, shown
in[6.20 and

The proposed framework can be further extended in many medical imaging applications,
such as vertebra localization, liver segmentation, and knee joint analysis for which 3D model
reconstruction is critical for understanding human anatomy. We will apply our framework to

several other important applications in the following chapters.
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Chapter 7

Other Applications I: Vertebra Localization

7.1 Background

Automatic and accurate landmark positioning and identification, e.g. for human spine detec-
tion and labeling, have been developed as key tools in 2D or 3D medical imaging, such as
computed tomography (CT), magnetic resonance imaging (MRI), and X-ray, etc. General clin-
ical tasks such as pathological diagnosis, surgical planning [42] and post-operative assessment
can benefit from such locate-and-name tool. Specific applications in human vertebrae detection
and labeling include vertebrae segmentation [43, 44], fracture detection [45], tumor detection,
registration [46l 47] and statistical shape analysis [48, 49], etc. However, designing such an
automatic and accurate vertebrae detection and labeling framework faces multiple challenges
such as pathological conditions, image artifacts and limited field-of-view (FOV), as shown in
Figure Pathological conditions can arise from spinal curvature, fractures, deformity and
degeneration, of which spinal shapes are significantly different compared to normal anatomy.
Image artifacts such as surgical metal implants change the image intensity distribution and
greatly alter the appearance of vertebrae. Furthermore, limited FOVs given by spine-focused
scans also add difficulty to the localization and identification of each vertebra due to the repeti-
tive nature of these vertebrae and the lack of global spatial and contextual information. In order
to address these challenges, an accurate and efficient spine localization algorithm is required
for the potential clinical usage.

To meet the requirements of both accuracy and efficiency, many approaches have been pre-
sented in the recent decade. Generally, they can be divided into two categories: conventional
machine learning based approaches and deep neural network based approaches. Schmidt ef
al. [50] proposed an efficient method for part-based localization of spine detection which incor-

porates contextual shape information into a probabilistic graphic model. Features for detecting



59

Figure 7.1: Demonstration of uncommon conditions in CT scans. (a) Surgical metal implants
(b) Spine curvature (c) Limited FOV

parts are learned from the training database and detected by a multi-class classifier followed
by a graphical model. Their method is evaluated on an MRI database and demonstrates robust
detection even when some of vertebrae are missing in the image. Glocker et al. [51]] presents
an algorithm based on the regression forests and probabilistic graphical models. This two-stage
approach is quantitatively evaluated on 200 CT scans, which achieves an identification rate of
81%. Furthermore, Glocker et al. [52] extends this vertebrae localization approach to address
the challenge in pathological spine CT scans. Their approach is built on the supervised clas-
sification forests and evaluated on a challenging database of 224 pathological spine CT scans.
It obtains an overall mean localization error of less than 9 mm with an identification rate of
70%, which outperforms state-of-the-art on pathological cases at that moment. Recently, deep
neural networks (DNN) have been achieving great progress in solving low-level computer vi-
sion tasks such as image classification, scene segmentation and object detection. DNN has
been highlighted in the research of landmark detection in medical imaging and demonstrated
its outstanding performance compared to the conventional approaches. Chen et al. [53] pro-
posed a joint learning model with convolutional neural networks (J-CNN) to effectively localize

and identify the vertebrae. This approach, which is composed of a random forest classifier, a
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Figure 7.2: Proposed method which consists of three major components: deep Image-to-Image
Network (DI2IN), message passing and shape-based refinement.

J-CNN and a shape regression model, improved the identification rate (85%) with a large mar-
gin with smaller localization errors in the same challenging database [52]. Suzani et al.
presented a fast automatic vertebrae detection and localization approach using deep learning.
Their approach first extracts intensity-based features from the voxels in the CT scans; then
applied a deep neural network on these features to regress the distance between the center of
vertebrae and the reference voxels. It achieves a higher detection rate with faster inference
but suffers from a larger mean error compared to other approaches [52} [53]. While most ap-
proaches are conducted on CT scans, Sun et al. [55] proposed the method of structured support
vector regression for spinal angle estimation and landmark detection in 2D X-ray images. Their
method has strong dependence on the hand-crafted features. The original work is published in
an international conference [56]].

In order to take the advantage of deep neural networks and overcome the limitations in
vertebrae detection, we propose an effective and automatic approach, as shown in Figure [7.2]
with the following contributions.

a) Deep Image-to-Image Network for Voxel-Wise Regression

Compared to the approaches that require hand-crafted features from input images, the pro-
posed deep image-to-image network (DI2IN) performs directly on the 2D X-ray images or 3D
CT volumes and generates the multi-channel probability maps which are associated with differ-
ent vertebrae. The probability map itself explicitly indicates the location and type of vertebra.
Additionally, the proposed DI2IN does not adopt any classifier to coarsely remove outliers
in pre-processing. By building the DI2IN in a fully convolutional manner, it is significantly

efficient in terms of computation time, which sets it apart from the sliding window approaches.
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b) Response Enhancement with Message Passing

Although the proposed DI2IN usually provides high confident probability maps, sometimes
it produces few false positives due to the similar appearance of vertebrae. The anatomical struc-
ture of spine provides a strong geometric prior for vertebral centroids. In order to fully explore
such prior, we introduce a message-passing scheme which can communicate information of
the neighborhood in space. At first, the chain-structured graph is constructed based on the
prior on vertebra structure. The graph connection directly defines the neighborhood of each
vertebra. Second, for the neighboring centroids, we learn the convolutional kernels between
the probability maps. At inference, the probability maps from previous step are further convo-
luted with the learned kernels to help refine the prediction of neighbors’ probability maps. The
messages are passed via the convolution operations between neighbors. After a few iterations
of message passing, the probability maps converge to a stable state. The probability maps of
vertebrae are enhanced, and the issues, such as missing response or false positive response, are
well compensated.

c) Joint Refinement using Shape-Based Dictionaries

Given the coordinates of vertebrae, which are the outputs of DI2IN and message passing,
we present a joint refinement approach using dictionary learning and sparse representation.
In details, we first construct a shape-based dictionary in the refinement, which embeds the
holistic structure of the spine. Instead of learning a shape regression model [53] or Hidden
Markov Model [51]] to fit the spinal shape, the shape-based dictionary is simply built from the
coordinates of spines in the training samples. The refinement can be formulated as an ¢1-norm
optimization problem and solved by the sparse coding approach in a pre-defined subspace. This
optimization aims to find the best sparse representation of the coordinates with respect to the
dictionary. By taking the regularity of the spine shape into account, ambiguous predictions
and false positives are removed. Finally, the coordinates from all directions are jointly refined,
which leads to further improvement in performance.

In the previous published version of this section [S6], we validated our proposed method in
a large-scale CT database. In this journal version, we extend our work with more analysis, re-
sults and implementation details. Several typical failure cases are well studied and solved with

sufficient explanation. In addition, we validate our method in another large-scale database, 2D
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feature concatenation

' Convolution ﬁ Max-Pooling ' Upsampling @ Supervision deep supervision

Figure 7.3: Proposed deep image-to-image network (DI2IN) used in 3D CT images experi-
ments. The front part is a convolutional encoder-decoder network with feature concatenation,
while the backend is a multi-level deep supervision network. Numbers next to convolutional
layers are the channel numbers.

chest X-ray scans, which is also challenging due to similar imaging appearance. The exper-
imental results show that our method has large potentials for any general applications of the
anatomical landmark location.

The remainder of this section is organized as follow: In Section II, we present the details
of the proposed approach for vertebrae localization and identification, which consists of three
subsections. In Section III, we evaluate the proposed approach on both 2D X-ray and 3D CT
databases. Our results are compared with other state-of-the-art works. Section IV presents the

conclusion.
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7.2 Methodology

7.2.1 The Deep Image-to-Image Network (DI2IN) for Spinal Centroid Localiza-

tion

In this section, we present a deep image-to-image network (DI2IN) model, which is a multi-
layer fully convolutional neural network [57, I58] for localization of the vertebral centroids.
Figure shows the configuration of 3D DI2IN used in the 3D CT images experiments. The
2D DI2IN used in X-Ray experiments has similar structure except all layers are 2D-based. As
can be seen, the deployment of DI2IN is symmetric and can be considered as a convolutional
encoder-decoder model. DI2IN follows the end-to-end learning fashion, which also guarantees
the efficiency at inference. For such purpose, the multi-channel ground truth data is specially
designed using the coordinates of vertebral centroids. The 3D Gaussian distribution I =
ﬁe‘”x_““z/ 20% i3 defined around the positions of the vertebrae in each channel. Vector
x € R3 denotes the voxel coordinate inside the volume, and vector s is the ground truth
position of each vertebra. Variance o2 is predefined, which controls the size of the Gaussian
distribution. The prediction of each channel Ipegiction 18 corresponding to the unique vertebral
centroid. It shares the same size with the input image. Thus, the whole learning problem
is transformed into a multi-channel voxel-wise regression. In the training process, we use the
square loss of HI ot — Iprediction ‘ ‘ 2 in the output layer of each voxel. The reason that we define the
centroid localization as a regression task instead of classification, is that the highly unbalanced
labeling of voxels is unavoidable in the classification approach, which may cause misleading
classification accuracy.

The encoder part of the proposed network uses convolution, rectified linear unit (ReLU),
and maximum pooling layers. The pooling layer is vital because it helps increase the receptive
field of neurons, while reducing the GPU memory consumption at the same time. With larger
receptive field, each neuron in different levels considers richer contextual information, therefore
the relative spatial positions of the vertebral centroid is better understood. The decoder section
consists of convolution, ReLLU, and upsampling layers. The upsampling layer is implemented
as the bilinear interpolation to amplify and densify the activation. It enables the voxel-wise end-

to-end training scheme. In Figure[7.3] the convolution filter size is 1 x 1 x 1 at the final output
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layer (1 x 1 for 2D images), and 3 x 3 x 3 for other convolution layers (3 x 3 for 2D images).
The filter size of the maximum pooling layers is 2 x 2 x 2 (2 x 2 for 2D images). The stride
number in the convolution layer is set to 1, so that each channel remains the same size. The
stride number in the pooling layer is set to 2 which down-samples the size of feature maps by 2
in each dimension. The number of channels in each layer is illustrated next to the convolution
layers in Figure In the up-sampling layers, the input feature maps are up-sampled by 2
in all directions. The network takes a 3D CT image (volume) or 2D X-ray scans as input and
directly outputs probability maps associated with vertebral centroids within different channels.
Our framework computes the probability maps and the centers of gravity positions, which is
more efficient than the methods of classification or regression methods in [53}154]].

Our DI2IN has adopted several popular techniques. We use feature concatenation (skip
connection) in the DI2IN, which is similar to the references [59, 36]. The short-cut bridge is
built directly from the encoder layers to the decoder layers. It forwards the feature maps of
the encoder; then concatenates them to the corresponding layers of the decoder. The outcome
of concatenation is used as input of the following convolution layers. Based on the design,
the high- and low-level features are clearly combined to gain the benefits of local and global
information into the network. In [60]], the deep supervision in neural network depth monitoring
enables excellent boundary detection and segmentation results. In this work, we introduce a
more complex deep supervision method to improve the performance. Multiple branches are
separated from the middle layers of the decoder in the master network. They up-sample each
input feature map to the same size of the image, followed by several convolution layers to
match the channel number of ground truth data. The supervision happens at the end of each
branch ¢ and shares the same ground truth data in order to calculate the loss item /;. The final
output is determined by another convolution of the concatenation of all branches’ outputs and
the decoder output. The total loss i, is @ sum of the loss from all branches and that from the

final output, as shown in the following equation:

ot = Y bi + linal (7.1)
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7.2.2 Probability Map Enhancement with Message Passing

Given an input image I, the DI2IN usually generates a probability map P (v;|I) for the cen-
troid coordinate v; of vertebra ¢ with a high confidence. The location with highest probability
shall be marked as the prediction of v;. However, the probability maps from DI2IN are not
always perfect, which may result in errors in the vertebra location prediction. In the worst-case
scenario, there are no clear responses in the corresponding probability maps for few vertebrae
because the imaging appearance of those vertebrae are very similar. In order to handle the issue
of the missing response and reduce the false positive response, we propose a message-passing

scheme to enhance the probability maps from the DI2IN utilizing the spatial relationship of

vertebrae.
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Figure 7.4: (a) The chain-structure model for vertebra centroids shown in CT image; (b) Several
iterations of message passing (landmarks represents vertebra centers): the neighbors’ centroid
probability maps help compensating the missing response of centroids. (c) Sample appearance
of the learned kernels.

The concept of message-passing algorithm, also known as belief propagation, has been
brought up on the graphical models for decades [61]. It is used to compute marginal distribu-
tion of each unobserved nodes (sum-product algorithm) or infer the mode of joint distribution
(max-product algorithm). The algorithm has been prevailing in the field of computer vision for
many applications [62} 63} [64]. The key idea is to pass mutual information between neighbor-

ing nodes for multiple iterations until convergence and enable the model to reach the global
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optimization. Similarly, we introduce a chain-structured graph based on the geometry of spine.
Each node 7 represents a vertebral centroid, and has at most two neighboring nodes (verte-
brae). We propose the following formulation to update the probability map P (v;|I) at the ¢-th
iteration of message passing.

o Z.iEai Mj—i 4 Pt (UZ’I)

ot
P (5] = Ej . (7.2)
o Seor Pt(rél‘[)*k(vi‘vj) + P (v]])

= 7 (7.3)

where 07 denotes the neighbors of node 7 in the graph, which is also corresponding to the adja-
cent vertebrae. «v is a constant to adjust the summation weights between the passed messages
and the previous probability map. Z is another constant for normalization. The message m;_,;
is passed from node j to its neighboring node i, defined as P; (v;|I) * k (v;|v;). * denotes
the convolution operation and the kernel & (v;|v;) is learned from the ground truth Gaussian
distributions of ¢ and j. The convolution using the kernels actually shifts the probability map
P (v;|I) towards P (v;|I). If DI2IN provides a confident response at the correct location of
vertebra 7, its message would be strong as well around the ground truth location of vertebra j
after convoluting with the learned kernel. The messages from all neighbors are aggregated to
enhance the response. After several iterations of message-passing, the probability maps will
converge to a stable state and the issue of the missing response would be compensated. The
locations of vertebrae are determined at the peak positions of the enhanced probability maps at
the moment. The underlying assumption of message-passing is that DI2IN has given the correct
and confident prediction for most vertebrae, which has already been proved in the experiments.
Another advantage of the scheme is that it enables the end-to-end training (or fine-tuning) to-
gether with DI2IN for better optimization when the iteration number is fixed.

Several recent works have applied the similar message-passing schemes in different appli-
cations of the landmark detection. Chu et al. [65] introduced a similar message-passing method
for human pose estimation (or body joint detection). However, the effectiveness of their implicit
passing method may not be clear because it is conducted between feature maps of different land-
marks. Our message-passing is directly applied between the probability maps of vertebrae. It is
more intuitive to understand how the kernel works and justify the quality of messages. Yang et

al.[66] also proposed an analogous message-passing method for human pose estimation. They
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used the hand-crafted features, which usually have limitation on generalization, to describe the
spatial relationship of landmarks. Our method uses the learnable kernels to describe the geo-
metric relationship of vertebrae. The convolution kernels enables the pair-wise communication
between vertebrae. Payer et al.[67] brought up a one-time message passing method for the
anatomical landmark detection. Their passing scheme used dot-product for message aggrega-
tion and mainly for outlier removal. But in our framework, the missing response is the major
issue instead of noisy probability maps, then the dot-product is not applicable for our passing

scheme.

7.2.3 Joint Refinement using Shape-Based Dictionaries

Given the probability maps generated by DI2IN and message-passing enhancement, it may
still generate some outliers or false positives. For example, even though the DI2IN followed
by message-passing enhancement outputs quite clear and reasonable probability maps, there
is still false positive as shown in Figure This might arise from the low resolution scans,
image artifacts or lack of global contextual information. In order to overcome these limitations,
localization refinement has been introduced in many works[51} |53]]. In [51]], a hidden Markov
model (HMM) with hidden states is defined for vertebrae location, appearance likelihoods and
inter-vertebra shape priors, which could yield a refined localization based on several thousands
of candidate locations from the forest prediction. In [53]], a quadratic polynomial curve is
proposed to refine the coordinate in the vertical axis. By optimizing an energy function, the
parameters for the shape regression model are learned to refine the coordinates of vertebrae.
However, this model assumes the shape of the spine could be represented by a quadratic form.
In addition, only coordinates in the vertical axis (head to foot direction) are refined.

Inspired by dictionary learning and sparse representation [68169], we design a joint refine-
ment using a shape-based dictionary. For illustration purpose, we are using 3D representation
in this section which is used in 3D CT experiments. Given a pre-defined shape-based dictio-
nary, the coordinates are refined jointly in all x, y and z axes. The refinement itself can be
formulated as an £1-norm optimization and solved by the sparse coding approach. In details,

RMXN

given the shape-based dictionary D € and the coordinate prediction v € RY, we pro-

pose a joint refinement algorithm as shown in Algorithm[3]to solve the sparse coefficient vector
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Figure 7.5: Demonstration of two prediction examples in CT images. Only one representative
slice is shown for demonstration purpose. Left: CT image. Middle: Output of one channel
from the network. Right: Overlaid display. The most predicted responses are close to ground
truth location. In the second row, a false positive response exists remotely besides the response
at the correct location.

a € RM. Then the refined coordinate vector is defined as v = Da. Specifically, the shape-
based dictionary D is simply built by the coordinates of vertebrae in training samples. For
example, the notation D, indicates the shape-based dictionary associated with vertical axis or
z direction. d ; € RM  which is a column of D, is defined as [2i1 2i2 ... zi,%]T. For instance,
2;,1 denotes the vertical ground truth coordinate of ith sample corresponding to vertebrae C1.
The D, and D, denote the dictionaries associated with z and y directions, respectively. They
are both build in the same manner as D,. Similarly, v,, defined as [v, 1 v, 2 ... v; 2], is the
vertical coordinate of prediction. v, and v, are defined in the same manner.

In order to address the challenges such as outliers and limited FOV in spinal scans, we
define the original space ¢¢ and a subspace ¢; in proposed refinement approach. The original
space denotes a set which contains all indexes of 26 vertebrae. In our case, ¢ contains the
indexes from 1 to 26 which are corresponding to vertebra C'; to So. Compared to the original
space ¢y, the subspace ¢ denotes a subset which only contains the partial indexes of ¢. Based
on the subspace ¢1, we define sub-dictionary D, and sub-coordinate vector v, . Intuitively,

D. 4, indicates the sub-dictionary associated with axis z, which is also simply a sub-matrix of
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Figure 7.6: Maximum errors of vertebra localization before and after the joint shape-based
refinement in 3D CT experiments.

D. 4, Basically, the optimization problem is solved based on the subspace ¢; instead of the
original space ¢g.

The details are demonstrated in Algorithm 3] Taking the shape regularity into account, we
firstly find the maximum descending subsequence in the coordinate prediction v via dynamic
programming. The reason we choose the vertical axis z to determine the maximum subse-
quence instead of v, and v, is the vertical axis of the human spine naturally demonstrates the
most robust geometric shape compared to x and y axes. Based on the subspace ¢; generated in
Step 1, we further remove the indexes of neighboring vertebrae of which distance is too large
or too small. Given the subspace ¢, we define the sub-dictionary and sub-coordinate vector
for each axis, respectively. Then, the ¢; norm problem in Step 5 is optimized for z, y and z
individually based on the same subspace ¢;. Finally, all coordinates are refined based on the
original space ¢ (i.e. D 4, and v 4,). Intuitively, we remove the ambiguous outliers from
the preliminary prediction and then jointly refine the coordinates without these outliers. Based
on the subspace, we optimize the refinement problem to find the best sparse combination in the
shape-based sub-dictionary. By taking the advantage of the original shape-based dictionary, all

coordinates are refined jointly as shown in Figure
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Algorithm 3 Joint Refinement using Shape-Based Dictionary

Require: The dictionary D, 4., D, 4, and D, ,, € RM*¥ the predicted coordinates vector v,
v, and v, the error threshold €, and €5, and the coefficient \. M and N indicate the number
of landmarks and size of items in dictionary, respectively.

1: Given the predicted coordinates v, from the DI2IN and message passing, the maximum
descending subsequence is found via dynamic programming.

2: Add the indexes associated with the maximum descending subsequence into the set ¢;.

3: Remove the pair of neighboring indexes if |v.; — v, ;| < e or |v,; — v, ;| > €2, where
i,j€¢rand|i—j| =1.

4: Based on the subspace ¢, define the sub-dictionary D, 4,, D, ¢,, and D 4, and the sub-
coordinate predictions v ¢,, Vy.¢, and v, 4.

5: Solve the optimization problem below by ¢; norm recovery for the vertical axis z:

1
HzllniHvz,(ﬁl - DZ7¢1aZ||§ + /\HazHl'

6: Solve the same optimization problem in Step 3 for v, 4, and v, 4, , respectively.
7: Return the refined coordinate vectors v, = D, ¢,a,, vy = Dy 4,2, and v, = D, 4 a..

7.3 Experiments

In this section, we evaluate the performance of the proposed approach on two different and
large databases. The first one has been introduced in [52] which contains 302 spine-focused
3D CT scans with various pathologies. These unusual appearances include abnormal curvature,
fractures and bright visual artifacts such as surgical implants in post-operative cases. In addi-
tion, the FOV of each 3D CT scan varies greatly in terms of vertical cropping. The whole spine
is visible only in a few samples. Generally, most of the 3D CT scan contain 5-15 vertebrae. In
particular, in order to boost the performance of our approach and validate that DNN favors more
training data, we further introduce extra 1000+ 3D CT scans in our experiments. The second
database consists of 1000+ 2D X-ray scans described in [[70} (71} [72]]. The ground truth of each
database is marked on the center of each vertebra. The location and label of each ground truth
is manually annotated by clinical experts. It should be noted that there is no overlap between
the training and testing samples.

For 3D CT scans, there are two different settings that have been adopted in previous
works[52} 153} 154]]. The first setting uses 112 scans as training samples and another 112 scans

as testing samples in[S52| |54]. The second setting uses overall 242 scans as training samples
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and the other 60 scans as testing samples in[352, 53]]. In order to fairly compare to other state-
of-the-art works[52, 53} 154]], we follow the same training and testing configurations, which are
denoted as Set 1 and Set 2 in Table and respectively. For 2D X-Ray scans, we adopt
1170 images as training samples and 50 images as testing samples.

Table and [/.3| summarize the quantitative results in terms of localization mean error,
identification rate defined by [S1] on Set 1 and Set 2 and other metrics. We compare our
approach to other results reported in[52, 154, 53] on the 3D CT scans. In details, “DI2IN”,
“MP” and “S” denote the deep image-to-image network, message passing and shape-based
refinement, respectively. “1000” indicates this model is trained with additional 1000 scans and
evaluated on the same testing samples. In order to show the improvement of the performance,
we list the results after each step for comparison.

Overall, our approach outperforms the state-of-art approaches[352, 53] by 13% and 6% on
the same evaluation settings respectively. For Set 1, the DI2IN itself improves the Id. Rates
by a margin of 6% compared to the approach in [52]. Message passing and shape-based re-
finement further increase the Id. Rates to 77% and 80%, respectively. In addition, we have
demonstrated that extra 1000 samples boost the performance to 83%. Similarly, the proposed
approach also demonstrates better performance in Set 2 compared to [52),1531154]. Our approach
has achieved a Id. Rates of 85% and a localization mean error of 8.6 mm, which is better than
the state-of-art work[53]]. Taking advantage of extra 1000 samples, the Id. Rates has achieved
90%. Furthermore, other metrics such as stand deviation (Std), median (Med) and maximum
(Max) also intuitively demonstrate the efficiency of our approach. For example, the maximum
errors in both sets are significantly reduced to 42.3 mm and 37.9 mm. Figure intuitively
illustrates the refinement of proposed shape-based refinement in vertical direction. As shown in
Figure the shape-based refinement takes the shape regularity of spine into account and re-
moves the false positive coordinates. Specifically, the maximum error is significantly reduced.

Additionally, in order to demonstrate the robustness of our approach, we extend our ex-
periments into a 2D X-ray database for training and evaluation. For 2D X-ray scans, the
database[70} (71, [72]] is randomly divided into two parts: 1170 scans as training samples and 50

scans for testing samples. It is the first time by our knowledge to evaluate such an approach on
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2D X-ray scan for human vertebrae localization and identification task. We conducted experi-
ments using the input images with two different resolutions: 0.70 mm and 0.35 mm. They are
both re-sampled from the original database. Due to 4 times larger input and output data size,
the DI2IN used in 0.35 mm experiment has less number of filters in the convolution layers
comparing to the network in 0.70 mm experiment, as well as smaller batch size in training.
Table and demonstrate the performance of each step using our approach in terms of
localization error and identification rates on input images with 0.70 mm and 0.35 mm resolu-
tion, respectively. Because most of vertebrae in X-ray scans belong to the thoracic region (7} -
T12), we only present the overall results instead of showing results in individual region. In de-
tails, the DI2IN itself achieves a localization error of 8.4 mm and 7.8 mm and an identification
rate of 80% and 82% on 0.70 mm and 0.35 mm resolution, respectively. We also introduce
message passing scheme and shape-based refinement to evaluate the performance. The quality
of performance is further improved compared to the DI2IN itself. The identification rate is
also greatly improved after the introduction of message passing and shape-based refinement.
Overall, the identification rate has been significantly increased by the message passing and re-
finement and finally reached 91% on higher resolution settings. Our experiment demonstrates
the proposed approach is able to achieve better performance on higher resolution database.
Given more memory allocation and model capacity, our approach could further improve the
quality of landmark detection.

Although our approach has achieved high identification rates on various pathological cases
in both 3D CT scans and 2D X-ray scans, there are still some challenging cases. As shown in
Figure the proposed approach occasionally fails to refine the coordinates which are jointly
offset. This limitation might arise from special pathological cases, limited FOV and low reso-
lution input images. In our approach, the underlying assumption is that majority of the vertebra
probability maps are confident and well distributed around the true locations, which is guaran-
teed by the powerful DI2IN. In order to address this limitation, more sophisticated network will
be further studied in the future. From Figure we can see that vertebrae in thoracic region
are comparatively harder to locate because those vertebrae share similar imaging appearance.

All experiments are conducted on a high-performance cluster equipped with an Intel 3.5
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Figure 7.7: Maximum errors of vertebra localization in challenging CT cases before and after
the message passing and shape-based network refinement.

GHz CPU as well as a 12 GB Nvidia Titan X GPU. In order to alleviate the pressure of mem-
ory, experiments on 3D CT scans and X-rays scans are conducted on a resolution of 4 mm,
0.7 mm and 0.35 mm, respectively. The size of convolutional kernel in message-passing is
23 x 23 x 23 for 3D volume, and 49 x 49 for 2D images. The evaluation time of our ap-
proach is around three seconds per 3D CT case on average using GPU. In order to extract
valid information from noisy probability maps, the response maps of DI2IN are compared to
a heuristic threshold in an element-wise manner. Only channels with strong response are con-
sidered as valid outputs. Then vertebra centroids associated with these channels are identified
to be present in the image. The vertebrae associated with other probability maps are identified
as non-presented in the image. Therefore, we are able to localize and identify all vertebrae

simultaneously in an efficient way.

7.4 Conclusions

We proposed and validated a novel method for vertebral labeling in medical images. The
experimental results in both 3D CT volumes and 2D X-ray images show that the proposed

method is effective and efficient comparing with the state-of-the-art methods. In addition,
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Figure 7.8: Average localization errors (in mm) of the testing database set 1 and set 2 using
the proposed methods with extra 1000 training volumes (line "DI2IN+MP+S+1000” in Ta-
ble[7.2]and [7.3)). ”C” is for cervical vertebrae, ”T" is for thoracic vertebrae, "L” is for thoracic
vertebrae, and ”’S” is for sacral vertebrae.

the extra 1000+ training data in 3D CT experiments evidently boost the performance of the
proposed DI2IN, which further acknowledges the importance of large database for deep neural

networks.
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Table 7.1: Comparison of localization errors in mm and identification rates among different

methods for Set 1.
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Table 7.2: Comparison of localization errors in mm and identification rates among different
methods for Set 1.

Set 1
Mean | Std | Id.Rates | Med | Max
Glocker et al.[52] 124 | 11.2 70% 8.8 -
Suzani et al[54] 182 | 114 - - -

Region Method

Chen et al.[53]] - - - - -
DI2IN 135 | 320 | 76% | 6.7 | 396.9
All DI2IN+MP 117 | 197 | 77% 6.8 | 396.9
DI2IN+MP+S 91 | 7.0 | 80% | 7.1 | 423
DI2IN+1000 106 [21.5| 80% | 5.5 | 4304

DI2IN+MP+1000 94 | 162 82% 6.0 | 430.4
DI2IN+MP+S+1000 | 8.5 7.7 83% 6.2 | 59.6
Glocker et al.[52] 7.0 4.7 80% - -
Suzani et al[54]] 17.1 8.7 - - -

Cervical Chen ez al.[53] - - - - -

DI2IN+MP+S 6.6 39 83% - -
DI2IN+MP+S+1000 | 5.8 39 88 % - -
Glocker et al.[52] 13.8 | 11.8 62% - -
Suzani et al[54] 17.2 | 11.8 - - -
Thoracic Chen et al.[53] - - - - -
DI2IN+MP+S 9.9 7.5 74% - -
DI2IN+MP+S+1000 | 9.5 8.5 78 % - -
Glocker et al.[52] 143 | 123 75% - -
Suzani et al[54] 203 | 12.2 - - -
Lumbar Chen ef al.[53] - - - - -
DI2IN+MP+S 109 | 9.1 80% - -
DI2IN+MP+S+1000 | 9.9 9.1 84% - -
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Table 7.3: Comparison of localization errors in mm and identification rates among different
methods for Set 2.

Set 2
Mean | Std | Id.Rates | Med | Max
Glocker et al.[52] 132 | 17.8 74% - -
Suzani et al[54] - - - - -

Region Method

Chen et al.[53] 88 | 13.0 | 84% - -

DI2IN 136 | 375 | 76% | 5.9 |410.6

All DI2IN+MP 102 | 139 | 78% 5.7 | 153.1
DI2IN+MP+S 86 | 7.8 | 8% | 52 | 75.1

DI2IN+1000 71 | 118 | 87% | 43 | 2359

DI2IN+MP+1000 6.9 8.3 89% 4.6 | 108.7
DI2IN+MP+S+1000 | 6.4 59 90 % 45 | 379
Glocker et al.[52] 6.8 | 10.0 89% - -
Suzani et al[54]] - - - - -

Cervical Chen et al.[53] 51 | 82 | 92% - -

DI2IN+MP+S 5.6 4.0 92% - -
DI2IN+MP+S+1000 | 5.2 4.4 93 % - -
Glocker et al.[52] 174 | 223 62% - -
Suzani et al[54] - - - - -
Thoracic Chen et al.[53] 114 | 165 | 76% - -
DI2IN+MP+S 9.2 7.9 81% - -
DI2IN+MP+S+1000 | 6.7 6.2 88 % - -
Glocker et al.[52] 13.0 | 125 80% - -
Suzani et al[54] - - - - -
Lumbar Chen et al.[53] 8.4 8.6 88% - -
DI2IN+MP+S 11.0 | 10.8 83% - -
DI2IN+MP+S+1000 | 7.1 7.3 90 % - -
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Table 7.4: Comparison of localization errors in mm and identification rates among different
methods for 0.70 mm X-ray Set.

) 0.7 mm
Region Method
Mean | Std | Id.Rates | Med | Max
DI2IN 8.4 14.7 80% 3.7 | 2834

All DI2IN+MP 7.7 9.6 82% 3.7 | 459
DI2IN+MP+S | 7.1 9.2 88 % 4.2 | 4.2

Table 7.5: Comparison of localization errors in mm and identification rates among different
methods for 0.35 mm X-ray Set.

. 0.35 mm
Region Method
Mean | Std | Id.Rates | Med | Max
DI2IN 7.8 | 12.1 82% 3.1 | 114.0

All DI2IN+MP 7.4 9.8 84% 3.6 | 579
DI2IN+MP+S | 6.4 7.8 91% 3.0 | 46.2
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Chapter 8

Other Applications II: Liver Segmentation

8.1 Background

Accurate liver segmentation from three dimensional (3D) medical images , e.g. computed
tomography (CT) or magnetic resonance imaging (MRI) is essential in many clinical applica-
tions, such as pathological diagnosis of hepatic diseases, surgical planning, and postoperative
assessment. However, automatic liver segmentation is still a highly challenging task due to the
complex background, fuzzy boundary, and various appearance of liver in medical images.

To date, several methods have been proposed for automatic liver segmentation from 3D
CT scans. Generally, they can be categorized into non-learning-based and learning-based ap-
proaches. Non-learning-based approaches usually rely on the statistical distribution of the in-
tensity, including atlas-based [[73]], active shape model (ASM)-based [74], levelset-based [75],
and graph-cut-based [[76]] methods, etc. On the other hand, learning-based approaches take the
advantage of hand-crafted features to train the classifiers to achieve good segmentation. For
example, in [77], the proposed hierarchical framework applies marginal space learning with
steerable features to handle the complicated texture pattern near the liver boundary.

Until recently, deep learning has been shown to achieve superior performance in various
challenging tasks, such as classification, segmentation, and detection. Several automatic liver
segmentation approaches based on convolutional neural network (CNN) have been proposed.
Dou, et, al. [7/8] demonstrated a fully convolutional network (FCN) with deep supervision,
which can perform end-to-end learning and inference. The output of FCN is refined with a fully
connected conditional random field (CRF) approach. Similarly, Christ, et, al. [[79]] proposed
cascaded FCNs followed by CRF refinement. Lu, et, al. [80] used a FCN with graph-cut based
refinement. Although these methods demonstrated good performance, they all used pre-defined

refinement approaches. For example, both CRF and graph-cut methods are limited to the use
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of pairwise models, and time-consuming as well. They may cause serious leakage at boundary
regions with low contrast, which is common in liver segmentation.

Meanwhile, Generative Adversarial Network (GAN) [81]] has emerged as a powerful frame-
work in various tasks. It consists of two parts: generator and discriminator. The generator
tries to produce the output that is close to the real samples, while the discriminator attempts
to distinguish between real and generated samples. Inspired by [82]], we propose an automatic
liver segmentation approach using an adversarial image-to-image network (DI2IN-AN). A deep
image-to-image network (DI2IN) is served as the generator to produce the liver segmentation. It
employs a convolutional encoder-decoder architecture combined with multi-level feature con-
catenation and deep supervision. Our network tries to optimize a conventional multi-class
cross-entropy loss together with an adversarial term that aims to distinguish between the output
of DI2IN and ground truth. Ideally, the discriminator pushes the generator’s output towards the
distribution of ground truth, so that it has the potential to enhance generator’s performance by
refining its output. Since the discriminator is usually a CNN which takes the joint configuration
of many input variables, it embeds the higher-order potentials into the network (the geometric
difference between prediction and ground truth is represented by the trainable network model
instead of heuristic hints). The proposed method also achieves higher computing efficiency
since the discriminator does not need to be executed at inference.

All previous liver segmentation approaches were trained using dozens of volumes which
did not take the full advantage of CNN. In contrast, our network leverages the knowledge of an
annotated dataset of 1000+ CT volumes with various different scanning protocols (e.g., contrast
and non-contrast, various resolution and position) and large variations in populations (e.g., ages
and pathology). To the best of our knowledge, our experiment is the first time that more than
1000 annotated 3D CT volumes are adopted in liver segmentation tasks. The experimental
result shows that training with such a large dataset significantly improves the performance and
enhances the robustness of the network. The work originally is published in an international

conference [83]].
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Figure 8.1: Proposed deep image-to-image network (DI2IN). The front part is a convolutional
encoder-decoder network with feature concatenation, and the backend is deep supervision net-
work through multi-level. Blocks inside DI2IN consist of convolutional and upscaling layers.

8.2 Methodology

8.2.1 Deep Image-to-Image Network (DI2IN) for Liver Segmentation

In this section, we present a deep image-to-image network (DI2IN), which is a multi-layer
convolutional neural network (CNN), for the liver segmentation. The segmentation task is
defined as the voxel-wise binary classification. DI2IN takes the entire 3D CT volumes as input,
and outputs the probability maps that indicate how likely voxels belongs to the liver region. As
shown in Fig. 8.1} the main structure of DI2IN is designed following a symmetric way as a
convolutional encoder-decoder. All blocks in DI2IN consist of 3D convolutional and bilinear
upscaling layers. The details of the network is described in Fig. [8.3]

In the encoder part of DI2IN, only the convolution layers are used in all blocks. In order to
increase the receptive field of neurons and lower the GPU memory consumption, we set stride
as 2 at some layers and reduce the size of feature maps. Moreover, larger receptive field covers
more contextual information and helps to preserve liver shape information in the prediction.
The decoder of DI2IN consists of convolutional and bilinear upscaling layers. To enble end-
to-end prediction and training, the upscaling layers are implemented as bilinear interpolation
to enlarge the activation maps. All convolutional kernels are 3 x 3 x 3. The upscaling factor
in decoder is 2 for z, y, z dimension. The Leaky rectified linear unit (Leaky ReLLU) and batch

normalization are adopted in all convolutional layers for proper gradient back-propagation.
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In order to further improve the performance of DI2IN, we adopt several mainstream tech-
nologies with the necessary changes [159, 84, [78]. First, we use the feature layer concatenation
in DI2IN. Fast bridges are built directly from the encoder layers to the decoder layers. The
bridges pass the information from the encoder forward and then concatenate it with the decoder
feature layers. The combined feature is used as the input for the next convolution layer. Follow-
ing the steps above to explicitly combine advanced and low-level features, DI2IN benefits from
local and global contextual information. The deep supervision of the neural network during
end-to-end training is shown to achieve good boundary detection and segmentation results. In
the network, we introduced a more complex deep supervision scheme to improve performance.
Several branches are separated from layers of the decoder section of main DI2IN. With the ap-
propriate upscaling and convolution operations, the output size of each channel for all branches
matches the size of the input image (Upscaling factors are 16,4,1 in block 10,11,12 repectively).
By calculating the loss item /; with the same ground truth data, the supervision is enforced at
the end of each branch i. In order to further utilize the results of different branches, the final
output is determined by the convolution operations of all branches with the leaky ReLLU. During
training, we apply binary cross entropy loss to each voxel of the output layers. The total loss
ltotal 18 the weighted combination of loss terms for all output layers, including the final output
layer and the output layers for all branches, as follows:

liotal = Z Wi -l + Winal * Linal

(2

8.2.2 Network Improvement with Adversarial Training

We adopt the prevailing idea of the generative adversarial networks to boost the performance of
DI2IN. The proposed scheme is shown in Fig[8.2] An adversarial network is adopted to capture
the high-order appearance information, which distinguishes between the ground truth and the
output from DI2IN. In order to guide the generator to better prediction, the adversarial network
provides an extra loss function for updating the parameters of generator during training. The
purpose of the extra loss is to make the prediction as close as possible to the ground truth
labeling. We adopt the binary cross-entropy loss for training of the adversarial network. D

and G represent the discriminator and generator (DI2IN, in the context), respectively. For
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Figure 8.2: Proposed adversarial training scheme. The generator produces the segmentation
prediction, and discriminator classifies the prediction and ground truth during training.

the discriminator D (Y; 6P ), the ground truth label Yy, is assigned as one, and the prediction
Yorea = G (X ; 90) is assigned as zero where X is the input CT volumes. The structure of
discriminator network D is shown in Fig. 8.3] The following objective function is used in

training the adversarial network:

Ip = ~Eyp,, log (D (:07)) = By, log (1= D (y/;67))

= ~Eypge 10 (D (4:07)) — Eanpyyy, log (1= D (G (2:69) 5607))

8.1

During the training of network D, the gradient of loss [ is propagated back to update the
parameters of the generator network (DI2IN). At this stage, the loss for G has two compo-
nents shown in the Equation[8.2] The first component is the conventional segmentation loss
voxel-wise binary cross entropy between the prediction and ground truth labels. Minimizing
the second loss component enables the discriminator D to confuse the ground truth with the

prediction from G.

la = ]EprPredyy/Npgt [lseg (y, y’)] — AEy~p,,cq 108 (1 -D (3/; QD))
= Eypyrea/opg Llseg (U U)] = MBampgay, log (1= D (G (5609);67))

Following suggestions in [81], we replace —log (1 — D (G (x))) with log (D (G (X))). In

8.2)

another word, we would like to maximize the probability that prediction to be the ground truth
in Equation [8.2] instead of minimizing the probability that prediction not to be the generated
label map. Such replacement provides strong gradient during training of G and speed up the

training process in practice.
I =Byt g [Lseg (8:9)] + MBanpyy, log D (G (2:69)507)  (83)

The generator and discriminator are trained alternatively for several times shown in Algorithm

[] until the discriminator is not able to easily distinguish between ground truth label and the
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Algorithm 4 Adversarial training of generator and discriminator.

Input : pre-trained generator (DI2IN) with weights HOG

Output: updated generator weights 6§

for number of training iterations do

for kp steps do

sample a mini-batch of training images T ~ pgqt, generate prediction ¥, for z with
G (x; 0§ ) 0P « propagate back the stochastic gradient Vip (Ygt, Ypred)

for k¢ steps do
sample a mini-batch of training images @’ ~ pgata generate y,,. ., for 2’ with

G (a; 0§ ) and compute D (G (z')) 0 < propagate back the stochastic gradient
Vig (y;tﬂ y;)red

|05« oF

output of DI2IN. After the training process, the adversarial network is no longer required at in-
ference. The generator itself can provide high quality segmentation results and its performance

is improved.

8.3 Experiments

Most public dataset for liver segmentation only consists of tens of cases. For example, the
MICCAI-SLiverQ7 [85]] dataset only contains 20 CT volumes for training and 10 CT volumes
for testing. All the data are contrast enhanced. Such a small dataset is not suitable to show
the power of CNN: it has been well known that neural network trained with more labelled data
can usually achieve much better performance. Thus, in this chapter, we collected more than
1000 CT volumes. The liver of each volume was delineated by human experts. These data
covers large variations in populations, contrast phases, scanning ranges, pathologies, and field
of view (FOV), etc. The inter-slice distance varies from 0.5mm to 7.0mm. All scans covers the
abdominal regions but may extend to head and feet. Tumor can be found in multiple cases. The
volumes may also have various other disease. For example, pleural effusion, which brights the
lung region and changes the pattern of upper boundary of liver. Then we collected additional
50 volumes from clinical sites for the independent testing. The livers of these data were also
annotated by human experts for the purpose of evaluation. We down-sampled the dataset into
3.0mm resolution isotropically to speed up the processing and lower the consumption of com-

puting memory without loss of accuracy. In the adversarial training, we set X to 0.01, and the
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Block | Layer | § f | Block | Layer | s f | Block | Layer | s | f | Block | Layer | s
1 Conv. | 1 16 6 Up. 2 - Conv. | 1 | 8 13 Conv. | 1 1
Conv. | 2 16 Conv. | 1 | 128 10 Conv. | 1 8 14 Conv. | 1 | 16
) Conv. | 1 | 32 J Up. 2 - Conv. | 1 | 8 Conv. | 2 | 16
Conv. | 2 32 Conv. | 1 64 Conv. | 1 1 Conv. | 1 | 32
3 Conv. | 1 64 3 Up. 2 - Up. 1 - 15 Conv. | 1 | 32
Conv. | 2 64 Conv. | 1 32 11 Conv. | 1 | 8 Conv. | 2 | 32
A Conv. | 1 | 128 9 Up. 2 - Conv. | 1 | 8 Conv. | 1 | 64
Conv. | 2 | 128 Conv. | 1 16 Conv. | 1 1 16 Conv. | 1 | 64
5 Conv. | 1 | 256 Up. | 16 - 1 Up. 1 - Conv. | 1 | 64
Conv. | 1 | 256 Conv. | 1 8 Conv. | 1 1 Conv. | 1 1

Figure 8.3: Parametric setting of blocks in neural network. s stands for the stride, f is filter
number. Cony. is convolution, and Up. is bilinear upscaling.

number of overall training iterations is 100. For training D, kp is 10 and the mini-batch size is
8. For training G, k¢ is 1 and the mini-batch size is 4. In the segmentation loss, w; is set as 1.

Table 1 compares the performance of five different methods. The first method, the hierar-
chical, learning-based algorithm proposed in [77], was trained using 400 CT volumes. More
training data did not show performance improvement for this method. For comparison purpose,
the DI2IN network, which is similar to deep learning based algorithms proposed in [[78} (79} 180]]
without post-processing steps, and the DI2IN-AN were trained using the same 400 cases. Both
the DI2IN network and the DI2IN-AN were also trained using all 1000+ CT volumes. The
average symmetric surface distance (ASD) and dice coefficients are computed for all meth-
ods on the test data. As shown in Table 1, DI2ZIN-AN achieves the best performance in both
evaluation metrics. All deep learning based algorithms outperform the classic learning based
algorithm with the hand-craft features, which shows the power of CNN. The results show that
more training data enhances the performance of both DI2IN and DI2IN-AN. Take DI2IN for
example, training with 1000+ labelled data improves the mean ASD by 0.23mm and the max
ASD by 3.84mm compared to training with 400 labelled data. Table 1 also shows that the
adversarial structure can further boost the performance of DI2IN. The maximum ASD error is
also reduced. Typical test samples are provided in Fig. [8.4] We also tried CRF and graph cut to
refine the output of DI2IN. However, the results became worse, since a large portion of testing
data had no contrast and the boundary of liver bottom at many locations was very fuzzy. CRF
and graph cut both suffer from serious leakage in these situations. Using an NVIDIA TITAN

X GPU and the Theano/Lasagne library, the run time of our algorithm is less than one second,



Table 8.1: Comparison of five methods on 50 unseen CT data.
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ASD (mm) Dice
Method
Mean | Std | Max | Median | Mean | Std | Min | Median

Ling et al. (400) [77] | 2.89 | 5.10 | 37.63 2.01 092 | 0.11 | 0.20 0.95
DI2IN (400) 225 | 1.28 | 10.06 2.0 094 | 0.03 | 0.79 0.94
DI2IN-AN (400) 2.00 | 095 | 7.82 1.80 094 | 0.02 | 0.85 0.95
DI2IN (1000) 2.15 | 0.81 | 6.51 1.95 0.94 | 0.02 | 0.87 0.95
DI2IN-AN (1000) 190 | 0.74 | 6.32 1.74 0.95 | 0.02 | 0.88 0.95

which is significantly faster than most of the current approaches. For example, it requires 1.5

minutes for one case in [/8]. More experimental results can be found in the supplementary

material.

8.4 Conclusions

In this chapter, we proposed an automatic liver segmentation algorithm based on an adversarial

image-to-image network. Our method achieves good segmentation quality as well as faster

processing speed. The network is trained on an annotated dataset of 1000+ 3D CT volumes.

We demonstrate that training with such a large dataset can improve the performance of CNN

by a large margin.
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Figure 8.4: Visual Results from different views. Yellow meshes are ground truth. Red ones are
the prediction from DI2IN-AN.
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Chapter 9

Conclusions and Future Work

In the thesis, we proposed an efficient approach for cardiac MRI segmentation with deep neural
networks and multi-component deformable models. And we presented a 2D/3D blood/muscle
segmentation to estimate voxel probability distribution, which is an alternative to the conven-
tional approach of defining the “cavity”. Furthermore, we proposed a novel way for 3D dis-

placement field computation using unsupervised learning.

9.1 Cardiac MRI Segmentation in 2D Cine MRI

We have proposed a robust and efficient approach for short-axis cardiac MRI segmentation,
using both deep neural networks and multi-component deformable models. We first utilize a
stack of the segmentation from a 2D U-Net as input of another 3D U-Net. To further improve
the segmentation quality, a multi-component deformable model is proposed to integrate the
temporal correlation of the cardiac cycle. The evaluation results demonstrated that our approach
outperforms other approaches. The similar strategy can be applied on the segmentation of long-

axis MRI or the segmentation of other heart chambers.

9.2 3D Left Ventricle Wall Model Reconstruction

In the thesis, we proposed a novel approach to reconstruct 3D shape and motion of LV wall
from 2D cardiac cine MRI. The approach is effective and efficient. The further direction is to
extend the proposed approach to the tagged MRI, which alignment is still challenging due to
the fuzzy imaging quality. It would be also interesting to see the similar analysis conducting on

other modalities of cardiac imaging.
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9.3 2D/3D Blood/Muscle Segmentation

We have also proposed a probability-based segmentation approach to estimate the fractional
blood/muscle classification of boundary pixels near the trabeculae, between the solid wall and
the clear blood, in full 3D space, from 2D cardiac MRI acquisitions, through using genera-
tive adversarial networks. Our results are quantitatively validated on a synthetic dataset, and
also visually validated on a real MRI dataset. This is the first attempt to reconstruct such a
3D probabilistic segmentation from 2D cardiac cine MRI, to the best of our knowledge. The
proposed approach has a good potentials for providing improved cardiac motion understanding

and clinical applications.

9.4 Assessment of Ventricular Dyssynchrony

Our proposed approach has been applied to study regional motion in 3D space for ventricu-
lar dyssynchrony in 2D cardiac MRI. The 3D motion of LV models are created using deep
neural networks and deformable models. Then, the 17-segment model is applied for regional
motion analysis. Based on the comparison between motion models of normal subjects and
patients, we can estimate which type of motion can be treated effectively with CRT. The ex-
perimental results demonstrated that our approach is capable to provide a better understanding
of dyssynchrony for CRT outcome based on the regional and global measurements from our
reconstructed motion models. In addition, our approach has great potentials to be applied for
studies of other cardiovascular diseases using cardiac MRI. For the future work, the proposed
approach can be applied on the large-scale cardiac MRI dataset for any potential diseases of
cardiac functioning mechanisms. As far as our knowledge, it is the first attempt to analyze

cardiovascular dyssynchrony using 3D motion models from cardiac MRI.

9.5 Other Medical Imaging Applications

We validate our proposed framework in other applications of medical image analysis. The ob-
jectives of the presented applications are highly related with 3D anatomy information. There-
fore, together with deep neural networks and deformable model, we can achieve efficient and

reliable solutions for those applications.
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