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ARTICLE INFO ABSTRACT

Keywords: In this paper, we present an approach for left atrial appendage (LAA) multi-phase fast segmentation and quan-

Atrial fibrillation (AF) titative assisted diagnosis of atrial fibrillation (AF) based on 4D-CT data.

4D-CT We take full advantage of the temporal dimension information to segment the living, flailed LAA based on a

Left atrial appendage(LAA) parametric max-flow method and graph-cut approach to build 3-D model of each phase. To assist the diagnosis of

Multi-phase segmentation AF, we calculate the volumes of 3-D models, and then generate a “volume-phase” curve to calculate the important

Temporal-spatial information dynamic metrics: ejection fraction, filling flux, and emptying flux of the LAA's blood by volume. This approach
demonstrates more precise results than the conventional approaches that calculate metrics by area, and allows for
the quick analysis of LAA-volume pattern changes of in a cardiac cycle. It may also provide insight into the in-
dividual differences in the lesions of the LAA. Furthermore, we apply support vector machines (SVMs) to achieve a
quantitative auto-diagnosis of the AF by exploiting seven features from volume change ratios of the LAA, and
perform multivariate logistic regression analysis for the risk of LAA thrombosis.

The 100 cases utilized in this research were taken from the Philips 256-iCT. The experimental results
demonstrate that our approach can construct the 3-D LAA geometries robustly compared to manual annotations,
and reasonably infer that the LAA undergoes filling, emptying and re-filling, re-emptying in a cardiac cycle. This
research provides a potential for exploring various physiological functions of the LAA and quantitatively esti-

mating the risk of stroke in patients with AF.

1. Introduction

Thrombotic diseases have become a serious threat to human life and
health. About 80% of the cardiogenic thrombi navigate to the brain with
the coursing blood, which causes strokes [1]. The cardiogenic thrombi
(Fig. 1 a—c) occur mainly in the left atrial appendage (LAA). In the case of
atrial fibrillation (AF), the volume of LAA increases and its systolic
function does not work properly, which leads to outlet obstruction and
blood stasis, and eventually induces thrombosis [1]. The LAA is a cardiac
substructure that is above the left ventricle (LV) and connected to the left
atrium (LA). Its shape is highly variable, often tubular, hooked and with a
few lobes. Its size varies from 1 to 19 cm® [2]. The LAA also has many
physiological functions, such as the secretion of atrial natriuretic pep-
tides (ANP).

Computed tomography (CT) is one of the most advanced medical
imaging diagnosis tools. For cardiovascular disease, it can greatly assist
clinicians to obtain the anatomical information of the LAA and predict
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the risk of thrombosis [3] (Fig. 1 c).

Owning to the LAA's small and variable structure, it is both chal-
lenging and rewarding to study it based on CT data (Fig. 1), and few
researchers have focused on LAA in the image processing domain. Most
existing segmentation algorithms are applied to the analysis of a single
phase instead of the entire cardiac cycle. There is no automated LAA
segmentation approach for 4-D CT data. In order to systematically
describe the morphological structure of the LAA, we need to study the
entire cardiac cycle. To this end, this research proposes a series of ap-
proaches for multi-phase segmentation. Then, we calculate the volume of
non-rigid LAA based on the segmentation result. Furthermore, some
important metrics are calculated for the diagnosis of AF. Specifically, we
leverage the left atrial appendage ejection fraction (LAA-EF), left atrial
appendage peak emptying flux (LAA-PEF), and left atrial appendage peak
filling flux (LAA-PFF) as indicators of LAA abnormity and AF [4].

The main steps and contributions of our proposed approach are the
following:
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Fig. 1. The LAA, LAA thrombi and an axial CT slice with the LAA. (a) Volume rendering of a heart with the LAA marked by a rectangle, (b) LAA thrombi, (c) An axial
CT slice with the LAA marked by a yellow border. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

e We propose a new approach for single phase LAA segmentation
without using explicit shape models. Our approach can detect the tips
and lobes of the LAA precisely which are missed in most previous
research [5-7].

We propose a fast multi-phase LAA segmentation approach based on
4-D CT data to obtain motion information, which has not been dis-
cussed in previous studies. In the patient's CT examination, we find
that there is no radical change in the size and position of the LAA
between adjacent phases, which we call temporal continuity. We
segment the images of all scan sequences iteratively using a graph-cut
with the initial seed generated by the previous phase segmentation
result. In particular, after the LAA phase with the biggest volume
(45% phase) segmented, we generate the initial seed points for its
adjacent phases by checking the prior segmentation mask and the
image intensity. We determine that the seed points are adequate such
that the graph-cut can achieve competitive performance for our multi-
phase segmentation task. This process is carried out iteratively until
all scan sequences are segmented.

We calculate the LAA volume of each phase and generate the “vol-
ume-phase” curve, which clearly demonstrates that the LAA un-
dergoes filling, emptying, and then re-filling, re-emptying in the
entire cardiac cycle. We also screen out the individual differences in
lesions of LAA, such as the LAA “stunning” [8].

We calculate the important dynamic metrics quickly and non-
invasively as indicators of LAA abnormity and AF: LAA-EF, LAA-
PEF, LAA-PFF. These metrics are calculated by volume, instead of
area, which is frequently used in clinical medicine [9]. Furthermore,
we apply support vector machine (SVM) to achieve quantitative
auto-diagnostics of AF by exploiting seven features of patients' data,
and perform multivariate logistic regression analysis for LAA
thrombi. This can be a new application of 4-D CT.

The 100 cases utilized in this research were taken from the Philips
256-iCT. The experimental results demonstrate that our approach can
construct muti-phase 3-D LAA geometries robustly compared to manual
annotations, and generate the “volume-phase” curve to calculate the key
function metrics of the LAA. This research provides a potential for
studying various physiological functions of the LAA and quantitatively
estimating the risk of stroke in patients with AF.

2. Related work

The current work focuses on single phase LAA segmentation using
generative model-based approaches. Researchers generally consider the
LAA as a part of the left atrium (LA). Zheng et al. [5] segmented the entire
LA using a multi-part model. They only used a smooth mesh to encase the
LAA roughly, but the C-arm CT data they used did not embody the details
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of LAA, such as the lobes on LAA. Grasland-Mongrain et al [6,7].
segmented the LAA by shape-constraints [10]. In this study, the re-
searchers encountered a problem in segmenting the tips of the LAA [6,7]
owing to the vagueness of the shape model.

The generative model-based approaches [5,10] cannot deal with the
lobes on LAA which are of great clinical significance. A non-model
approach is preferred because it is generally driven by the image itself
without explicit shape constraints. We could have applied 3-D
region-growing [11] to segment the LAA in the bounding box which is
simpler and faster, however the segmentation results (Fig. 2 a, b) are not
satisfactory because of:

e The interference of the left superior pulmonary vein (LSPV) and the
left circumflex branch (LCX) which are adjacent to the LAA;
e The crimping and adhesion of lobes on LAA.

In comparison, our approach solves these problems because it takes
full advantage of the continuity of the topological relationships between
slices and between phases (Fig. 2 c).

Graph-cut [12] is also a widely used approach. However, this
approach is cumbersome because the user needs to mark the seeds of the
foreground and background. In addition, it is challenging to determine
the value of the parametric 4 which has a strong impact on the final
result. In fact, a single A value can not guarantee competitive results
under all image conditions. Instead of finding the optimal 4, some work in
computer vision [13,14] generated a pool of segmentation proposals
using parametric max-flow/min-cut solver [15]. Parametric max-flow
can solve the max-flow/min-cut problem with a set of 1 values while
max-flow in graph-cut solves the problem with a single 1 value. By
ranking all proposals in the pool, they have achieved competitive per-
formance in vision tasks such as object segmentation.

Inspired by this work based on parametric max-flow, we have pro-
posed a new discriminative model-based approach for single phase LAA
segmentation on computed tomography angiography (CTA) data in our
previous study [16]. It is a three-step process. After obtaining a bounding
box containing the LAA, we first generate a segmentation pool for each
slice by setting different seed hypotheses and different A values. Then, we
rank all proposals in each pool and select the best one. Finally, we merge
all selected 2-D results using spatial continuity and build the 3-D model.
This method can handle large shape variations and almost all image
conditions, while it segments only a single phase when the LAA has the
largest volume [16].

We segment the LAA slice by slice when dealing with single phase
volume. There are two reasons. First, the 3-D combination of relations of
seeds is cumbersome, based on the entire 3-D volume and cannot be
processed in parallel, which slows down the calculation speed; second,
the 2-D preliminary segmented results can be cross-checked according to
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the topological relations for accurate segmentation. We also adopt a
similar approach in the multi-phase segmentation, which fully utilizes
the topological relations between multi-phase volumes in the entire
cardiac cycle.

Multi-phase segmentation based on 4-D data has achieved great
success in medical image analysis such as coronary registration [17],
strain estimation [18] and ventricle wall motion analysis [19]. Miiller
et al [20]. defined an indicator of LV dyssynergy using the ejection
fraction and the systolic dyssynergy index derived from the multi-phase
segmentation results. Gomez et al [19]. reconstructed the 4-D blood flow
over the entire ventricle in heart disease by analyzing the ventricle wall
motion and blood velocity based on 4-D ultrasound segmentation.

The shape and size of the LAA are changing over time. 4-D data can
provide real-time information for clinical diagnosis. Electrocardiogram
(ECG) can realize the diagnosis of AF well, but it cannot directly reflect
the specific changes of the structure and function of the organs causing
AF. Echocardiography can evaluate the LAA function of patients with AF,
but its vision is narrow, the spatial resolution is relatively low, and the
advanced transesophageal echocardiography(TEE) is invasive in fact.
The proposed approach is based on 4D-CT with a retrospective ECG
gating technique, which is a beneficial supplement to both. It can mea-
sure the LAA blood flow in each stage of an entire cardiac cycle, and
predict the risk of causing thrombosis in AF [21]. This research has
opened a new path for exploring the various physiological functions of
the LAA.
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Fig. 2. The model of LAA segmentation with the
LSPV and LCX marked in blue. (a) and (b) The results
obtained by using 3-D region-growing approach. (c)
The result obtained by using our proposed approach,
(d) Ground truth. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)

a) (b)
) (d)

3. LAA segmentation

In order to obtain accurate and efficient segmentation of 4-D LAA
data, we first segment the single phase LAA with the largest volume,
based on the ranking of 2-D segmentation proposals. According to [22],
we selected 45% phase because LAA generally has the largest volume at
this phase. Considering that patients are almost lying still during a quick
CT examination, we take advantage of the fact that owing to temporal
continuity, the size and position changes of the LAA between adjacent
phases (Fig. 3) are fairly slight. We segment the LAA of all scan sequences
iteratively using graph-cut and the initial seeds are generated by the
segmentation result of the previous phase. After a single phase LAA
segmentation, we check the single phase segmentation mask and its
adjacent image intensity to generate the initial seed points for the next
phases. We determine that the seed points are adequate because of
temporal continuity. This process is carried out iteratively until all scan
sequences are segmented.

3.1. Single-phase 3-D LAA segmentation

Forasmuch as the great anatomical changes of the LAA, and the ob-
structions to set the optimal value of 1 in graph-cut [12]. We propose an
approach based on the ranking of 2-D segmentation proposals for precise
single-phase LAA segmentation. After obtaining the bounding box of the
LAA, we use a three-step process (Fig. 4) to segment the single-phase
LAA:
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Fig. 3. The LAA fusion of adjacent phases. (a) The LAA of 40% phase. (b) The
LAA of 45% phase. (c) The LAA of 50% phase. (d) The fusion result.
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of LAA is the largest, at the diagonal corners of a rectangle that contains
the LAA closely. One of the last axial slices where the LAA disappears).
We only choose the 45% phase because the LAA volume is generally the
largest at this phase and there is no significant change in the LAA position
among different phases. We enlarge the bounding box by 10% for all
sequences to ensure it fully contains the LAA.

3.1.1. Generating segmentation pool

We set different foreground and background seed hypotheses and 4
values to generate the segmentation pool for each axial slice of the LAA,
A segmentation pool is a series of proposals with a high probability of
including competitive segmentations. For foreground seeds, we use sets
of pixels that form small solid squares. We just place them automatically
in a rectangular grid, in a simpler way than [14,15]. For background
seeds, we first use the set of pixels that cover full image borders. In a few
slices, the LAA is connected to the LA which covers the left and bottom
image borders. We also use a set of pixels just covering the right and top
image borders. Fig. 6 shows our seed hypotheses. For each seed hy-
pothesis, we set 20 different A values ranging from 0 to 300. The seg-
mentation generation problem can be solved by a parametric max-flow
method. In the next section, we will briefly introduce parametric
max-flow.

Image segmentation can be considered as a binary labeling problem

Selected proposals

Final result
Proposal
Ranking & 3-D Model
Selection Building . \‘V\(«K
= ) T o

a4

Fig. 4. Flowchart of single-phase LAA segmentation. After obtaining the LAA volume (bounding box containing LAA), a segmented scheme pool is generated for each
axial slice. Then, ranked all the proposals in each pool and choose the best one for each slice. Finally, we merge all the selected 2-D schemes according to spatial

continuity to generate the 3-D model.

e A pool of segmentation schemes are generated by setting different 1
values and seed hypotheses for each axial slice;

e The schemes in each pool are ranked according to the mid-level
characteristics and the best scheme is selected for each segmented
slice.

e 3-D LAA model was established by merging all the two dimensional
schemes, and the spatial continuity of adjacent slices was used to
achieve higher accuracy.

The LAA takes up a small part of the entire CT volume. In order to
boost performance, our approach requires the user to mark a bounding
box which contains the LAA in all phases by selecting four fiducial points
at the 45% phase. (Fig. 5 b-d show one of the first axial slice where the
LAA appears. It also shows two of the middle axial slices where the area
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where each pixel has to be assigned a label from the label set L = {0,1}.
Note that 0 and 1 represent the background and foreground, respectively.
Letx = {x1,...,Xy, ..., X} } be a binary set that defines a segmentation on
the image with |v| equal to the number of pixels and each x, is a label
assigned to the corresponding pixel. Then the pixel set is divided into two
subsets: pixels with label 0 and pixels with label 1. We formulate the
labelling problem as a parametric energy minimization framework:

! We prefer 2-D slices to 3-D volume because we can parallelize the seg-
mentation pool generation step which is the most time-consuming with 2-D
slices processed independently. Axial slices are chosen because sagittal and
coronal slices are no better for studying LAA morphology [1], while the number
of slices in the axial plane is much less.
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Fig. 5. The LAA and The ROI of LAA defined by four fiducial points. (a) The LAA marked by the circle. (b) One fiducial point on the initial axial slice where the LAA
emerges. (¢) Two fiducial points corresponding to diagonal corners of the maximal rectangle. The maximal rectangle encloses the LAA closely on the mid-axial slice in
which the LAA area is normally the largest. (d) One fiducial point on the end of the axial slice where the LAA will ceases to exist.
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Fig. 6. Seed hypothesis. Small magenta squares represent different foreground seeds placed in rectangular grid. Blue lines on image borders represent background
seeds. We also propose a segmentation scheme for two different foreground seed assumptions. In each cluster. 4 increases from left to right with the image nodes tend
to foreground. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

EMx) = ZUA(X“) + ZBW(xu,xv).

uey u,vee

(€Y

In Eq. (1), U;(xy) is a unary term, By, (xy, X,) is a binary term, and x = {xi,

“, Xy, -+, X, } is the former label set. x, € {0,1}. O represents the back-
ground and 1 represents the foreground. G = (v, ¢) is an undirected graph
with nodes v and edges e. Let I(v)—R® represent an image defined on a set
of pixels v. Note that each node is a pixel of the image on the edges of the
graph. G = (v,¢) encodes the similarity between neighboring pixels.
Unlike the traditional energy function in graph-cut, the unary term
U, (xy,) of our energy here is a monotonic non-decreasing function of 1 in
following conditions:

0 ifx, = 1Lu¢wv
ES ifx,=1Lucy

Vi) = 9 o if x, = 0,u €y *
flx)+2 ifx,=0,uduy.

In Eq. (2), v is the set of background seeds while vy is the set of fore-
ground seeds. f(x,) + 1 is a cost which is caused by assigning the non-
foreground seed pixels to the background. It is a sum of two terms: a
pixel-dependent term f(x,) and a uniform offset . We can use two
different forms of f(x,) in practice. One is constant and equals 0. The
other form uses intensity distribution. Specifically, the intensity distri-
butions ps(u) and py (u) are estimated respectively on the seed sets vy and
vp. Then f(x,) = Inps(u) — Inpy (u) is derived where ps(u) = > m-N (Iu|py,
k

ox) is the probability of pixel u belonging to the foreground and pj(u) has
the similar form. Note that I, is the grayscale value of pixel u. N (I, |y, ok)
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denotes the normal distribution of I, with a mathematical expectation of
1 and a variance of oy. 4 can change and as A increases, the image nodes
tend to be in the foreground due to the monotonicity of the function
(Fig. 6). Therefore 1 is called a foreground bias.

In addition, the binary terms are similar to traditional graph-cut:

0 if x, =x,

Bm‘(xuaxv) = A 1 if 7&
P dist(u, v) B 7

where A is the scaling factor and ¢ can be estimated as “camera noise”
[12]. Note that we use an 8-neighborhood system in 2-D images, dist(u, v)
is the distance of pixel u and pixel v. Finally, parametric max-flow is used
to solve this energy minimization Eq. (1) with a set of 1 values while the
traditional max-flow method just solves the single 1 problem. 1 is
changeable in this problem and it is why this approach is called “para-
metric” [15,23]. also discuss that the parametric max-flow is in the same
complexity as the max-flow in graph-cut, which demonstrates that
parametric max-flow is quite efficient.

I, - 1) 3

20°

3.1.2. Ranking and selection of proposals

Our goal is to select the proposals that largely overlap with the ground
truth in each pool. Whereas the segmented image features can reflect the
proposals' quality, one feasible approach is introducing a ranker to rank
all proposals based on segmented image features and keeping the top one
as the final selected result (Step 3 in Fig. 4). Specifically, the problem of
ranking proposals are cast as regression based on the quality measure of
proposals against their segmented image features.
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Covering [24] is used as the quality measure for a set of segments
concerning the ground truth, which is defined as:

R|*maxg g, “%(R7 R’)’ @

7(0.0(n) = %Z

REQ

where Q is the set of ground truth segments, Q is the set of Auto segments
and Q(r) is the subset of Auto segments at rank r or higher. N is the
number of pixels belonging to annotated objects, R and R’ represent the
regions of ground truth and Auto segments respectively. |R| is the number
of pixels in the ground truth segment R, and D(R,R) is a similarity
measure between regions. Dice Overlap [25,26] is defined as:

__2|RNR|

Z(R,R) =RIT IR

%)
It is the ratio of the intersection of regions to the average volume.
The regression is maximum similarity maxgcqD(R, R). Random for-

ests [27] are adopted in the regression for ranking. In random forests, the

number of trees is 120, the number of candidate variables randomly
selected from each split node is set to 6, and other parameters are default.

Two kinds of features are used to describe each proposal: the mask
features and the Gestalt features. Mask features encode the statistics of

the position, scale, and shape of the segmented region. They consist of 17

features in total, including the relative position of the image center

((Centyox — Centing) /widthing and (Centpox — Centimg)/highting, here,

Centyoy is the centriod of boundingbox, Centing is the centriod of image),

the relative area to the image area (Areayoy/Areding), the lengths of the

major and minor axis of the ellipse that has the same normalized second
central moment as the region, the relative distance between the extreme
points in the region and the image center to the image size, ratio of pixels
in the region to pixels in the bounding box tightly containing the region,
proportion of the pixels in the convex hull that are also in the region, and

Euler number(Euler number of the bounding box). These features can be

conveniently computed invoking the regionprops function in Matlab.

Gestalt psychology [28] argues that our vision system tends to group

similar small parts as a whole when we try to understand an image.

Gestalt features are rather important for visual grouping. They are

mid-level cues encoding data such as the similarity and consistency

properties of an object. In our paper, the Gestalt features consist of six
features, including the histogram of the foreground region, relative
intra-region edge energy which is the sum of inner edge energy of the
foreground region divided by the total of foreground pixels, relative
inter-region edge energy which is the sum of the edge energy along the
boundary divided by the boundary length (the edge energy is computed
using globalPb [24]), and the boundary curvature (an angle approxi-
mation is used to the curvature on three adjacent points of the boundary

[29], which regularly sampled with every 18 pixels). All 23 features are

normalized by subtracting their mean values and dividing by their

standard deviation. Finally, from the analysis of the significance of the
features learned by the random forests regression, we found that the
borderline and contextual properties are much stronger than the ones of

regions. A tends to be a very small value close to 0.

3.1.3. 3-D model building using spatial continuity

After picking out the best proposal for each slice, we can merge all the
selected 2-D proposals into a 3-D model. However, the continuity and
consistency between adjacent slices are ignored while they are useful for
improving the quality of the 3-D model. In object tracking, time conti-
nuity represents a strong correlation between adjacent frames and a very
important cue. Similarly, in our task, the segmentation results of the
adjacent slices are strongly related to each other, which we call spatial
continuity. Spatial continuity can assist in recovering the 3-D model more
easily. Additionally, we consider three adjacent slices. For the current
slice, we check the segmentation results of its former and latter slices to
recover the missing disconnected components of the LAA and correct the
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small leakage to the neighboring anatomical structures.

3.2. Multi-phase LAA segmentation

A preliminary single phase LAA segmentation has been reported [16].
However, LAA is a flexible organ in reciprocating motion. Single phase
segmentation is only the beginning of the study of LAA. To accurately
grasp its structure and functions, our group has to perform multi-phase
segmentation in the entire cardiac cycle continuously.

After segmenting the 45% phase, we would use this segmentation
result to generate the initial seed points for its adjacent phases. In gen-
eral, the foreground seed points are generated according to Eq. (6):

Si+1 = Erosion(M;&Thresh(I4)), 6)
where M; is the segmentation mask of a prior segmented image, I;.; is the
adjacent image and S;1; is the initial seed point for the adjacent image.
Whereas the intensity of the blood pool is typically over 250HU, we set a
threshold of the image before the “and” operation with a segmented
mask. After the “and” operation, erosion is performed on the result, in the
case there are some small false foreground seeds. The erosion mask used
in our experiment is 5 x 5 x 5 matrix of all 1. The foreground seeds
generation approach is accurate, efficient and sufficient because we take
advantage of following fact:

o A typical CT examination just requires a few minutes and the patient
almost lays still during a quick examination. Thus, the position of the
LAA in the image of the entire cardiac cycle almost does not change,
but the size of the adjacent LAA also changes a little. This renders our
foreground seed accurate.

o The 45% phase has the biggest LAA volume and the 95% — 5% phase
has the smallest volume according to [22]. The multi-phase seg-
mentation procedure is performed forward from 45% to 5% and
backward from 45% to 95%,

5% 10%< 15%« 20%< 25%<« 30%<« 35%« 40%<— 45%,
45% —50% —-55% —->60% —65% —->70% —-75% —->80% —85%
—90%—95%.

e Therefore, the segmentation mask is conducted from the bigger phase
to smaller phase, which will generate sufficient foreground seed
points.

For background seed points, we simply use the set of pixels that cover
the right and top image borders. Given the sufficiently generated image
seed points, we use a graph-cut approach to segment the adjacent image
Iiz1. Similar to Eq. (1), the energy function of graph-cut is defined as
follows:

E(x) = AZU(xM) + ZBmv(xu,x\,),

uev u,vee

@)

where 1 is a user specified value to balance the unary term and binary
term. 4 is 0.02 in Eq (7) based on the following consideration [12]: the
region of interest (ROI) is determined by random users and cannot be
predicted. The segmentation algorithm in practice can not rely on any
particular region attribute. Moreover, most objects of interest are divided
along high contrast boundaries in the image. We actively adopt boundary
items with discontinuous penalties. Strong constraints as the inputs of
seeds can bring “high-level” contextual reference. Consequently, A should
be a small value greater than O (refer to the last paragraph of Section
3.1.2). The unary term is defined as follows:

U(x,) = —Inp(l,|x,), (8)

where, I, is the grayscale value of pixel u. U(x,) is related to the proba-
bility that the pixel u belongs to the foreground or background with
respect to x, = 1 or x, = 0. The binary term is the same in Eq. (3). The
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max-flow/min-cut solver is used to calculate the segmentation result. By
performing the above process iteratively, we finally segment all of the
image sequences accurately and rapidly.

Algorithm 1 Limit threshold minimization
Step 1

Find the minimal gray threshold in ASS4%”  denoted by mgt =
min{G, * I|(z,y) € ASSaeere).

Set t=0;
Computer A

Step 2 ]
Squuooz(» _ {(.’I‘,]/) c Assqueeae‘cg x> (’m(// + /)}

_ gseparate __ cSqueeze Squeeze
Computer S; 1 Sy = AS; :

While The parts of the largest connected domian in S

separate
s(pxr; ¢ and

(n+1
SEinal have a significant difference.

t=t+1; .
Compute ASFM* and Sty e,
EndWhile;

Step 3  Remainder the largest connected domains of Szz‘:lr)m as the

segregative result.

In the segmentation of the biggest volume phase, we leverage spatial
continuity to improve the quality of our final result. Here a similar
property is also used, which is the temporal continuity of the adjacent
phases' segmentation results, to correct some errors in the multi-phase
segmentation. For example, because the LAA is constantly moving and
deforming, its lobes occasionally overlap. Sometimes the segmentation
result tends to obtain wrong number of lobes. By cross-checking the
segmentation results of adjacent phases, these problems are avoided. Due
to the relatively low grayscale of the narrow squeezed area of the lobes
compared to other adjacent regions, we present the cross-checking of the
segmentation results of adjacent phases, named limit threshold mini-
mization(LTM). In the algorithm of LTM, Sﬁi"al is defined as the space
region inside the segmentation result of the nth phase, and the lobes of
LAA are not squeezed in SE". Suppose some lobes are squeezed in the

(n+ 1)th phase, and the space region inside the contour of segmentation

SSqueeze

result is defined as S,

= {(x,y) € ®). An obvious difference exists

between the maximally connected domains of SE? and S335°°°. Thus, it
is easy to judge the connectivity of the LAA in the (n+ 1)th phase using
the segmentation results of the nth phase. We define the space region

ASSqueeze as:

Squeeze
- Sn+l

Squeeze __ gSqueeze
ASSaueeze — g8

n S:'inal. (9)

Note that ASSauee C $397**, Obviously, the cutting line between the
two lobles is located in ASSdec*, Using the marked contrasts between
ASSaueeze gnd the surrounding LAA tissue, the approach of LTM is detailed

in Algorithm 1.
4. Volume calculation to assist the AF diagnosis

There is a positive correlation between LAA volume and AF risk.
Vaziri SM et al [30]. showed a 39% increase in the risk of AF with a
2 mm? increase in the LAA volume. Therefore, we propose an algorithm
of the voxel summing in a 3-D segmented object to calculate the LAA
volume. Furthermore, the “volume-phase” curve is generated and the key
functional metrics are obtained.

4.1. Detection of the ostium of LAA

In the functional analysis of LAA, we need to accurately calculate the
volume of LAA and find the boundary between LAA and LA, which is the
ostium of LAA. Along this boundary, we separate LAA from LA. This is
because the segmentation of the LAA is performed in a bounding box
(Section iii. A), and the segmentation result includes a portion of the LA
(left atrium), although the lobes of LAA are well-segmented.

There is a large surface curvature change in the transitional region
between the LA and LAA. Therefore, we propose a self-adaptive method
based on optimization to find a smooth closed boundary of the highest
curvature, which is the ostium of the LAA neck [5]. The specific method
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is as follows.

The standard coordinate system is based on the short-axis slice plane
of the CT as the X-Y plane, a corner point of the initial slice as the co-
ordinate origin, and then the right-hand rule to establish the Z-axis di-
rection. In this coordinate system, the mean value of the Z-axis
coordinates of all the points belonging to the LAA model is first calcu-
lated to determine the height h. Further, a plane parallel to the X-Y plane
is determined at height h, which plane intersects the surface model of the
LAA and all intersection points form the proximal ring of the LAA. The
ring is interpolated with cubic spline [31], and densely resampled at the
points with a fine resolution (e.g. 0.2 mm, this distance is less than the
voxel unit). We search for a point, which is nearest to all points of the ring
in terms of Euclidean distance. This point is called the centroid O, that is:
> dist(R, 0)>MIN, (10)
where R is a point on the ring, O is the centroid of the ring. The normal
direction N of the ring parallel to the Z axis through the O. Then a plane
perpendicular to the ring is determined, which passes through R; (a point
on the ring) and O. The plane rotates around the axis which is the normal
vector N passing O. The intersections of the series of rotating planes with
the LAA surface are the set of contour lines of the LAA, ¢, = {c;,i =0,1,2,
--,n— 1}. as shown by the dotted lines in Fig. 7 (a). We constrain the
longitudinal size of the contours to 31 mm (the length of transitional
region between the LA and LAA is about 20-30 mm anatomically). Before
solving the curvature, the digital curve was interpolated with cubic spline
[31] satisfying C2 continuity condition, and the digital curve was densely
resampled at the points with a fine resolution (e.g., 0.2 mm, this distance
is less than the voxel unit). The interval between adjacent pixels is a
constant, so as to obtain the continuous edges based on the digitized
curve. This interpolation calculation is simple, and can achieve satis-
factory numerical results with reducing the noise interference and ir-
regularity of contours. If the contour is represented by the vector v(l)

v(l) = (x(1),y(l),2(l)), which are interpreted as points), [ is the arc length
as parameter [32], the following approximations are used [29]:
dV{(i) J(i) J(i-1)

ol |~ ’vi -V ) an

where ViJm is the vector of corresponding points Sl] © these points are

evenly spaced at unit intervals. Furthermore, the curvature of a point Sl] ®
from the contour ¢; (Fig. 7) is defined as:

T V) ™

And then calculate the maximum sum of curvature of all sampling
points on every contour line.

n—1

where, SII @ indicates the jth point on the ith contour line and $? = R;.
c(s/ @) is the curvature at point s! O,

When we calculate the curvature using differential geometry, the
second order derivatives of the contour line need to be obtained, and the
calculated curvature sometimes tilts in the wrong direction. The final
boundary may be located far away from the LAA ostium in some data.

s -

, which is the 2-norm of the inner product of N and (.S‘i] ®_ s9), to

Therefore, in order to improve robustness, we add a bias,

S?)
pull the boundary toward the LAA ostium, N is the normal vector of the

ring. To ensure the smoothness of the boundary, we require the differ-
ence between J; and J,1) from the adjacent sampling point to be less
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Fig. 7. Removing the part of LA from the LAA. (a) The ostium of the LAA neck obtained by calculation of curvature, the corresponding boundary is marked by the blue
line. (b) The initial surface modle of the LAA. (c) The obtained result, which is a entire LAA. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

than 1. Similarly, to ensure the boundary is closed, we require the dif-
ference between Jy and J(,_1) from the start and end point to be less than
1.

JJG@) —JGi+ 1) < 1. 14

(n—1)—J(0)] < 1. (15)

To satisfy constraint (15), we construct the following item to the

i—Imax
objective function, e ™ - L e Hence the final objective function is

((®-J(0)

maxg C(S,-’(i))-i—wl N~(S,-’<i)—5?) +eriﬁu-ﬁ ,

(16)

where I,y =n— 1, is total number of contour lines. Nj is step parameter,
the weight of adjusting the step length. J(0) is the number of initial point.
¢ is alongitudinal offset parameter that adjusts the offset cost. The default
values of the parameters are Np = 5, ¢ = 0.00lw; = 0.002, wy =1
respectively.

The optimization problem is solved by a dynamic programming al-
gorithm from step i = 0 to i =n— 1. At the ith step, J(i) is solved by the
following optimization model

J(i) = arg max

[J (D)= (i+1)[<1

C(S17) 4w - (519 - °)

gy 1

e G IO e

a7)

A boundary (the blue line in Fig. 7 (a)) is obtained by the dynamic
programming algorithm, which is the ostium of the LAA neck. An entire
LAA is successfully obtained (Fig. 7 (c)).

4.2. Volume calculation methods

The calculation volume of LAA can not only quantitatively evaluate
the size of the LAA, but also indirectly reflects the function of LAA to
diagnose AF [33,34]. We propose an integral based method for calcu-
lating the LAA volume [35]. The voxel summing approach in a 3-D
segmented object is used to calculate the area S by traversal accumula-
tion of the voxels in the target region of each slice, and then the volume of
the target object is obtained:

L (S; + St + VSiSit x h)

V=
3 b

18)

i=1
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where N is the number of slices, h is the spacing between the two adjacent
slices. This integral process is simple and efficient, while the voxels are
not virtually isotropic. The scanned CT information contains the Element
Spacing (0.357422 mm, 0.357422 mm, 0.449951 mm) and Dim Size
(512 x 512). The spacing between slices is not equal to the spacing of
voxels within the slices. The size of h affects the accuracy of the volume
calculation. The volume of LAA is small, only 0.7-19.2ml [36]. Hence
the thickness of the slice has to be thin. The LAA volume consists of
60-80 axial slices, which can meet the precision requirement of calcu-
lating its volume.

4.3. Calculation of function metrics based on the “volume-phase” curve

There are twenty phases in each cardiac cycle. We calculate the vol-
ume of LAA at each phase and then plot the “volume-phase” curve in
detail to analyze the pattern of LAA movement and deformation. Finally,
several LAA function metrics are calculated: the left atrial appendage
ejection fraction (LAA-EF), left atrial appendage peak emptying flux
(LAA-PEF) and left atrial appendage peak filling flux (LAA-PFF). These
metrics are the independent risk factors of left atrial appendage thrombus
(LAAT) [37-39].

4.3.1. LAA-EF

In previous studies, the LAA-EF was calculated by the area of an ul-
trasound image [40]. However, because of the image shift, it is easy to
produce some errors. We use the volume to replace the area for
calculation.

—LAA-V?

LAA -V, .
max min o 100%7

LAA -V?

max

LAA —EF = (19)

where LAA — V¢, represents the maximal volume of LAA in a entire
cardiac cycle, LAA — V. represents the minimal volume of LAA in a
entire cardiac cycle.

4.3.2. LAA-PEF and LAA-PFF
LAA-PEF and LAA-PFF can directly reflect the systolic and diastolic
rates of LAA. A retrospective ECG gating technique is used to estimate the
time.
In the descending part of the “volume-phase” curve, we have:
LAA - V¢

max

t

—LAA -V

LAA — PEF = min (20)

where LAA — V; . represents the maximal volume of LAA in emptying
stage of a entire cardiac cycle, LAA — V¢, represents the minimal volume
of LAA in emptying stage of a entire cardiac cycle. In a cardiac cycle, the
movement of LAA consists of 4 stages: filling, emptying, re-filling, and re-
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emptying.
Similarly, in the rising part of the “volume-phase” curve, we have:

LAA — PFF = |LAA B V{m’n —LAA - V{;mx|
— = ; X

(2D

where LAA — V{nax represents the maximal volume of LAA in filling stage

of a entire cardiac cycle, LAA — V{nm represents the minimal volume of

LAA in filling stage of a entire cardiac cycle.
5. Experiments and results
5.1. Dataset

We collected 100 sets of coronary CTA data with ECG examination,
scanned by Philip 256-iCT from June 2016 to July 2017. In the LAA
segmentation, we use 50 cases as the training set, and the remaining 50
cases as the test set. In the computer-aided diagnosis of AF, 55 cases are
used for training, and the remaining 45 cases are used for testing. In these
CT data, each cardiac cycle contains 20 phases; each volume contains
about 500 slices; each slice has 512 x 512 pixels with an isotropic res-
olution of about 0.36 mm. The slice thickness is 0.44 mm for each vol-
ume. The time resolution of the 4D-CT satisfies the requirement to
calculate volume change ratio of the LAA in single cardiac cycle. Note
that the patients with AF have large individual differences in heartbeat, a
retrospective ECG gating technique is used to estimate the time in
calculation the LAA-EF, LAA-PEF and LAA-PFF of each patient in practice.
For a comprehensive analysis, we divide these patients into three groups
according to the clinical diagnosis: 22 cases of no detected atrial fibril-
lation (NAF), 49 cases of paroxysmal atrial fibrillation (PAF), and 29
cases of chronic atrial fibrillation (CAF). Then, the patients with AF are
divided into two groups: 21 cases with LAAT (LAA thrombi, filling defect
of contrast agent on CT) and 57 cases without LAAT.

5.2. Ground truth

With the assistance of two experienced radiologists and a cardiologist,
we obtained the initial ground truth using a paintbrush tool in 3-D
SLICER 4.4 slice by slice at the voxel level on 100 sets of CT data. For the
manual method, the segmentation results of single phase are morpho-
logically credible. However, the manual methods do not adequately
exploit the continuity features of the entire cardiac cycle. The parts of
folding and squeezing in LAA cannot be separated well. To ensure the
accuracy of ground truth, we adopted the strategy similar to the last
paragraph of Section 3.2 for post-processing. Based on the segmentation
results of multi-phase, the final ground truth was obtained by using the
cross-validation of adjacent phases. Further, the technicians manually
measured the shape and size of LAA with the corresponding 3-D CT
model.

5.3. Accuracy of multi-phase segmentation results

We analyze the accuracy by comparing the results of automatic seg-
mentation and ground truth. It includes two aspects: one is a similarity
analysis based on volume measurement and the other is an error analysis
based on surface distance measurement.

5.3.1. Similarity results

The similarity can be measured by calculating the Volume Overlap
(VO) ratio and Dice Coefficient (DC) ratio. These two ratios are calcu-
lated as follows:

_ |Vses' n ng|

Vo = %
|Vseg ) ng|

(22)
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_ 2|V563 N ng}

DC = '
|Vseg| + |ng|

(23)

where Vg , Vi, denote the volume of the ground truth and the automatic
segmentation respectively.

Fig. 8 lists the calculation results of the average VO and DC for the test
sets of 50 cases, which demonstrate that the automatic segmentation
results of LAA exhibit a high degree of similarity to ground truth in the
entire cardiac cycle. But from the comparison results, the similarities
from some phases are slightly lower and the variances are mildly larger.
The reasons are that the LAA is beating rhythmically in the entire cardiac
cycle. When filling, the volume increases and the endocardiac folds
decrease, resulting in the better segmentation effects. When emptying,
the volume decreases, the endocardiac folds increase, and the caeca of
the LAA (the lobes of the LAA) would be squeezed with each other,
resulting in the weaker segmentation effects. The LAA has a variety of
morphology which can be divided into chicken wing, wind sock, cauli-
flower and cactus etc. [41]. The segmenting effects are relatively satis-
factory for the LAAs with large volume and simple structure. In addition,
as the motion artifacts occur or the contrast agent is not fully filled into
the LAA when the CT image is acquired, a few LAAs are difficult to
achieve satisfactory segmentation using manual or automatic methods.

5.3.2. Error results

Surface distance measurement is used to measure the minimum dis-
tance from each point of the surface of the automatic segmentation model
to ground truth. This approach can evaluate the accuracy of the auto-
matic segmentation result intuitively. The distance is calculated by Refs.
[42,43]:

di = min(!ng,- - Xﬂegi

), 24

where, Xgq; is the closest point on ground truth to the point X on the
automatic segmentation model, and the same point may be calculated
several times, d; is the distance between two points Xgq; and Xeg;. This
evaluation function reflects the degree of overlap between ground truth
and automatic segmentation results.

Fig. 9 shows one example of the error distribution of the points
around LAA surface. The segmentation errors are below 1 mm in most
areas. However, in some areas, the segmentation accuracy declines
slightly, such as the transition zone lying between the left atrium (LA)
and LAA. The reason is the boundaries selected for ground truth based on
manual segmentation differ from those for automatic segmentation. Note
that manual segmentation is single-phase image processing, while our
approach takes into consideration the morphological changes of LAA and
the topological relationship between adjacent phases. The difference
between manual and automatic segmentation does not necessarily mean
an “error”. To obtain the ground truth of the entire cardiac cycle, the
results of manual segmentation were ameliorated in the first paragraph of
Section 5.2.

Fig. 10 shows the Box and Whisker plot for the average relative errors
of the surface distance at different phases in the test sets of 50 cases. It
can be observed that the average segmentation errors are very concen-
trated in 15% to 85% and most of them are below 2%, which demon-
strates the robustness of this approach. However, the errors of some
samples are high at the 5%, 10%, 90% and 95% phases, but they are less
than 5% mostly. The relative error is dispersive at the beginning and the
end of entire cardiac cycle, which is mainly due to the weaknesses of CT
imaging (the LAAs in these phases are small in size, with loose folds and
complex structure). However, these images are also difficult for manual
segmentation.

5.4. Advantages of multi-phase segmentation

The serial segmentation of all phases for one set of scan data takes
about 10 min on an Intel i7 CPU @ 2.8G Hz with 8 GB RAM. Far faster
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Fig. 8. The Box and Whisker displaying the similarity
analysis of volume measurement. (a) Volume Overlap
(VO) ratio. (b) Dice Coefficient (DC) ratio.
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than the manual segmentation time for which experienced clinicians will
employ about 4 h.

We take full advantage of the temporal dimension information in
multi-phase segmentation. Compared with the single-phase independent
segmentation algorithm, the advantages of our approach are as follows:

e According to the facts that the LAA morphological changes are
continuous, the cross-checking of multi-phase models is carried out.
We successfully remove self interferences which are shrinkage
deformation and the overlapping extrusion of the self-organized unit.
These interferences seem to fuse together in the gray image, as shown
in Fig. 11;

Successfully removing the neighboring interference such as tissues
and vessels. Given that CT is tomographic, gray patches of LAA and
blood vessels are irregular, fragmented in some slices, which are not
easy to separate based on a single slice or single phase, and our
approach solves this problem, as shown in Fig. 12.

5.4.1. Removal of the self interferences

The LAA is constantly moving and deforming, and its lobes occa-
sionally overlap. Sometimes the segmentation result tends to obtain the
wrong number of lobes. By cross-checking the segmentation results of
adjacent phases, these problems are avoided, as shown in Fig. 11.

After a single phase separation (Fig. 11 b), the model shows that its tip
is the entire lobe, with a concave groove on the lobe instead of a crack.
After comparing and judging by multi-phase (Fig. 11 a), we find that this
is because the two lobes are squeezed too tightly at the moment and
cannot be distinguished correctly on the CT image. Our approaches can
separate the two lobes through the groove automatically. From different
points of view, the corrected 3-D model are shown in Fig. 11 c.

5.4.2. Removal of the neighboring interferences

In term of anatomical structure, the LAA is adjacent to the left su-
perior pulmonary vein (LSPV), and the ridge between the two tends to be
misclassified as the LAA. The LAA overlaps some parts of the left
circumflex branch (LCX). It is difficult to distinguish LCX from LAA in
some CT slices, as shown in Fig. 12 a, b. But these neighboring in-
terferences do not occur in most of phases (Fig. 12 c).

In the multi-Phase LAA Segmentation, we would use the segmenta-
tion result of previous phase to generate the initial foreground and
background seed points for its adjacent phases and the correlation of
adjacent phases is enhanced, so that these neighboring interferences are
removed to some extent. To make the segmentation approach more
robust, a cross-validation strategy based on segmentation results of
adjacent phases is used, as similarly detailed in the last paragraph Section
3.2. Hence, the rough model (Fig. 12 d) is compared and evaluated with
multi-phase (Fig. 12 c), the LSPV and LCX are removed from the 3-D
model, the end result is obtained (Fig. 12 e).
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5.5. Generation of the “volume-phase” curve

The primary application of multi-phase LAA segmentation is to study
the pattern of volumetric change of LAA in a cardiac cycle. After the
volumes of 100 LAAs are calculated (Table 1), we develop the “volume-
phase” curve and calculate the key functional metrics based on LAA
volume to assist in the diagnosis of AF.

We generate a “volume - phase” curve based on the results of multi-
phase segmentation. In the measurement of LAA function metrics, the
LAA volume (Fig. 13 b)measurement replaces the previous area (Fig. 13
a) measurement to reflect the static or dynamic situation of LAA. In order
to measure the accuracy of the “volume-phase” curve, we plot the “max
slice area - phase” (Fig. 14 a) - similar to ultrasonography.

The “volume-phase”(Fig. 14 b) rises, descends and rises, descends
again. It confirms that the LAA undergoes filling, emptying and re-filling,
re-emptying in the entire cardiac cycle. The LAA can not only actively
deform, but also passively shake. The origin of the passive shake is from
the left ventricle (LV). Inside the ventricle, LV has a diastolic suction
force to the LAA. Outside of the ventricle, the tension is generated by
external collision (Fig. 1 a). This is the reason why the flux of filling is
generally less than the flux of emptying. 45% phase reaches the peak of
curve, 5% phase falls into the trough of curve, which proves that 45%
phase is LAA end-diastole with the largest volume; 5% phase is LAA end-
systole with the smallest volume. In 65% - 85% phase, the fluctuation
range of the curve is relatively small, and the LAA is in self-slow elastic
retraction. The LAA volume changes little and is close to the natural state.
During this period, the parameters of LAA volume, ostium diameter and
area are closer to the true value. These parameters are important for
planning LAA occlusion [44].

5.6. Calculation of key function metrics by “volume-phase” curve

We calculate PFF, PEF and EF in each stage of a cardiac cycle of LAA
by single maximal slice area and volume respectively on 100 sets of data
(Fig. 15). There is a reasonable correlation between the “Area” method
and “Volume” method for LAA-EF and LAA-PEF of patients with AF (r =
0.96, respectively, p < 0.001). The results of the “Max slice area” method
will be affected by the uncertainty of the slice position, and it only depicts
the LAA deformation of the direction parallel to the slice. In addition, the
LAA movement is very complex. This maximum and minimum cross-
sectional area of the LAA is affected by the contraction and diastolic
movement of the heart and its own, resulting in the two not coming from
the identical two-dimensional plane occasionally. However, it is a
frequently-used approach taken by ultrasonography in clinical medicine.
In the “volume” method, its spatial resolution and temporal resolution is
high, the moving pattern of 3-D LAA is completely demonstrated within
the entire cardiac cycle, from the ostium to caeca (the lobes of LAA). LAA
volumetric parameters are more reliable (e.g. The EF measured by the
volume has a better correlation with the PEF), which is superior to the
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Fig. 9. The distribution of surface distance error of LAA at 5%-95%
phases in the entire cardiac cycle. The color intensity is proportional
to the error size. Relative to other parts, the errors increases in the
ostium and lobes of the LAA. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 10. The Box and Whisker displaying the relative
errors of the surface distance between each phase.
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Fig. 11. Removal of self interferences by multi-phase
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assisting segmentation using LTM. The initial seg-
mentation result (b) is evaluated and corrected by the
multi-phase continuity (a), and the final result (c) is
obtained.
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(b) A certain phase
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conventional two-dimensional area method and has been used to eval-
uate the mechanical functions of LAA based on real-time three-dimen-
sional transesophageal echocardiography (RT3D-TEE) [45].

5.6.1. Assisted diagnosis of AF using the multi-category SVMs classifier

We apply the multi-category SVMs [47] to achieve a computer-aided
diagnosis of AF. Similar methods can be used to diagnose AF in ECG. Our
data is divided into 3 groups according to the cardiac rhythm: NAF, PAF
and CAF [48]. They have 7 main features based on volume as follows:
The volume's mean and variance in volume-phase curve, 2 LAA-PFF, 2
LAA-PEF, 1 LAA-EF (Table 6). Due to the difference of dimensionality and
numerical value of these characteristic parameters, the zero-one
normalization is adopted to ensure that the data sequence involved in
the analysis is basically in the same order of magnitude and realize
dimensionless,

Yi(k) = x;(k) — minx; (k)

= - i=0,1,3; k=1,2,---,7. 25
maxy; (k) — minx; (k)’ TR ’ (25)

where x;(k) is an initial characteristic parameter, and Y;(k) is corre-
sponding normalized value. According to one-versus-one (OVO) in pairs

2%

63

[49,50], 3 bipartition SVMs are adopted between each other (NAF, PAF),
(PAF, CAF) and (NAF, CAF) of 3 categories. 3 SVMs are trained inde-
pendently in 55 sets of training samples (Table 2), and to construct the
corresponding decision function. During the training process, each SVM
penalty factor C = 1, each kernel is the radial basis function:

—Ix -]

K(X,Y) :exp<7),

7 (26)
where the radial basis parameter ¢ = 1.

The 45 sets of testing samples shown in Table 3 are categorized by
using the trained 3 bipartition SVMs respectively. The final decision was
based on the voting strategy, Max (vote(NAF), vote(PAF), vote(CAF)) to
obtain the final diagnostic results of each sample on the test sets. The
diagnostic accuracy compared with the original diagnosis of these cases
in 45 testing is 93%. The reason for some errors is that sometimes CAF
and PAF can be mistaken for each other because of the limited CT scan
time. e.g. 2 cases of PAF are misclassified into CAFs, and 1 case of CAF is
misclassified into PAFs in the testing sets. However, the proposed
approach based on the 4D-CT is specific, quantitative diagnostics and it is
the next step after the diagnosis of ECG.
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Fig. 12. Removal of neighboring interferences by multi-phase assisting segmentation. (a) The neighboring anatomical structures of the LAA, the left circumflex
branches (LCXs) are marked with the circles. (b) Other emerging tissues in some slice, the red patches belong to the LAA, and the other color patches belong to the
LCXs. (c) A number of phases in a cardiac cycle, the neighboring interferences do not occur in most of phases. (d) The rough segmentation result. (e) Final result. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Volumetric changes of LAA in 100 patients in a entire cardiac cycle (X + s).

Phase Volume (ml) Phase Volume (ml)
5% 3.32+1.23 55% 6.93 +2.79
10% 4.21+1.18 60% 6.69 +2.61
15% 5.02+1.69 65% 6.37 £2.51
20% 3.92+1.89 70% 6.42 + 2.66
25% 6.44+2.18 75% 6.46 +2.24
30% 4.08 +£2.23 80% 6.61 +2.31
35% 7.93+2.48 85% 6.13 +2.06
40% 8.29+2.70 90% 482+1.71
45% 8.51+293 95% 3.61 +£1.31
50% 7.72+2.84

5.6.2. Multivariate logistic regression analysis for the risk of LAA thrombosis

Clinical data of 100 patients were collected, including age, gender,
duration of AF, coronary disease, cardiomyopathy, hypertension, LAAV-
max, LAAV-min, LAA-EF and LAA-PEF. Patients were divided into two
groups: LAAT (LAA thrombi) group and no obvious abnormal group. The
two groups were compared by two independent samples t-test, the two
sample rates were compared using the chi-square test. In single factor
analysis, the factors of p < 0.1 entered the multivariate logistic regres-
sion analysis, with the bilateral p < 0.05 as the difference to have the
statistical significance. Statistical processing is based on SPSS Statistics
25 software. In single factor analysis, the differences of age, long-term
PAF, hypertension, cardiomyopathy, LAAV-max, LAAV-min, LAA-EF
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and LAA-PEF were statistically significant (p < 0.05) (Table 4), espe-
cially LAA-EF in AF patients with LAAT was significantly reduced
compared with those in AF without LAAT (12.9 + 7.7 and 36.1 + 13.7%,
respectively, p < 0.001); LAA-PEF in AF patients with LAAT are signifi-
cantly reduced compared with those in AF without LAAT (23.9 + 7.9 ml/
s and 44.8 & 15.4 ml/s, respectively, p < 0.001). The elements (p < 0.1)
in the single factor analysis were brought into multivariate logistic
regression analysis. From the results (Table 5), long-term PAF, cardio-
myopathy, LAAV, LAA-EF, LAA-PEF are independent risk factors for the
formation of LAAT. Especially LAAV, LAA-EF, LAA-PEF are the strongest
predictor. Compared with the CHADS2 score and its updated version, the
CHA2DS2-VASc score (frequently-used clinical prediction rules for esti-
mating the risk of stroke in patients with AF) [51,52], volume-based
LAA-EF and LAA-PEF provide a reasonable way to explore new risk
stratification for stroke caused by LAAT.

An example (Male, 57 years old) is listed as shown in Fig. 16 and
Table 6, from which we observe:

e The “volume - phase” curve is relatively gentle (called “Stunning™);

e The LAA-FF is less than 35%;

e LAA-PFF; < 20 ml/s, LAA-PEF; < 25 ml/s, LAA-PFF; < 15 ml/s, LAA-
PEF; < 35ml/s (In an entire cardiac cycle, LAA-PFF; is the first peak
filling flux; LAA-PEF; is the first peak emptying flux; LAA-PFF; is re-
peak filling flux; LAA-PEF, is re-peak emptying flux).

The results of LAA-EF and LAA-PEF suggest that there is a high risk of
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Fig. 13. (a) A tracked CT maximum LAA slice in
single cardiac cycle. The region in yellow frame is
maximum LAA patch in certain phase. (b) 3-D mesh
surface model of a LAA in certain phase. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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Table 2
55 sets of training samples (numbers represent corresponding cases).
NAF PAF CAF Total
Training 12 26 17 55
Table 3
45 sets of testing samples (numbers represent corresponding cases).
NAF PAF CAF Total
Original diagnosis (ECG) 10 23 12 45
Auto-diagnosis diagnosis (4D-CT) 10 22 13 45
Table 4
Comparison of parameters of AF patients with LAAT and normal group.
LAAT (n=21) Normal (n=57) p-value
Age (year, X +5) 60.3+9.8 55.7+11.9 0.021
Male (case) 14 31 0.062
Duration of AF (year X + 5) 43+59 49+53 0.372
Long-term PAF (case) 5 24 < 0.001
Coronary disease (case) 3 23 0.032
Cardiomyopathy (case) 4 11 < 0.001
Hypertension (case) 6 57 0.004
LAAV-max (ml X £ s) 7.524+4.93 6.61 +1.93 < 0.001
LAAV-min (ml X + 5) 5.79+1.29 3.12+1.26 < 0.001
LAA-EF (% X £+ 5) 129+77 36.1+£13.7 < 0.001
LAA-PEF (ml/s X +5) 239+79 448+ 154 < 0.001
Table 5
Multivariate logistic regression analysis of LAAT in patients with AF.
Variables Odds ratio 95% confidence interval p-value
Long-term PAF 1.012 1.003-1.987 0.003
Cardiomyopathy 1.031 1.013-2.013 0.007
LAAV-max 1.064 1.001-1.852 0.002
LAAV-max 1.029 1.012-1.981 0.003
LAA-EF 1.129 1.069-1.173 < 0.001
LAA-PEF 1.087 1.051-1.121 < 0.001

LAAT for this patient with AF [53,54]. Hence the diastolic function of
LAA is abnormal, although it undergoes filling, emptying and re-filling,
re-emptying in the entire cardiac cycle and satisfies the general condi-
tions of * LAA-PEF, > LAA-PFF; > LAA-PEF; > LAA-PFF, ” [48,55]. It is
consistent with his previous diagnostic report: the clinical symptoms of
this patient include heart palpitations, fainting, chest pain, and headache
etc; the Halter (the 24-h electrocardiographic follow-up system) showed
the irregularly narrow complex tachycardia, AF at approximately 157
beats per minute, and absentation of P wave; LAA filling defect (the
LAAT. Fig 16 b) was found on cardiac CT examination. Furthermore, the

13 / \ -
12t _ —

volume ml
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CHA,DS5-VAS, Score is 3, annual stroke risk is 3.2% [51,52]. In the 100
cases of data, there are some cases whose “volume-phase” curve of this
example, the chief distinguishing features of which are that the base
value turns larger and the curve turns more gentle. This phenomenon is
called “Stunning”. When “Stunning” happens, the flow velocity of blood
is reduced to form thrombosis easily. Analysis of the “volume-phase”
curve generated from 4-D CT data may be a non-invasive and convenient
method for AF diagnosis.

6. Conclusion

We propose an LAA segmentation algorithm based on a ranking
segmentation hypotheses generated by a parametric max-flow solver.
The proposed approach is automated, except for the manual marking of a
bounding box containing the LAA defined by four fiducial points. Owing
to the fact that adjacent phases of 4-D CT images have similar topological
relations, we take full advantage of temporal dimension information to
segment the swaying LAA for each phase. Furthermore, to assist the
diagnosis of AF, we calculate the volume of 3-D models, generate the
“volume-phase” curve, and obtain the important dynamic metrics: LAA-
PFF, LAA-PEF, and LAA-EF of the LAA based on the volume. Finally, we
apply SVM to achieve an auto-diagnostics of AF and multivariate logistic
regression analysis for the risk of LAA thrombosis.

The proposed segmentation approach can quickly and robustly
segment multi-phases LAAs in batches, including LAA neck and lobes. It
can be extended to the segmentation of tissues and organs with motion
characteristics, and can also be used in the processing of other 4-D data,
such as 4-D MR and ultrasound imaging.

We introduce the volume change ratio to calculate the key functional
parameters of the LAA. Using these parameters to achieve quantitative
diagnosis of AF, it visually reflects some physical characteristics of the
lesion, and can provide complementary information to ECG in diagnosis
of AF. Furthermore, by multivariate regression analysis shows that LAAV,
LAAFF and LAA-PEF based on volume calculation are the significant risk
factors for the formation of LAAT in patients with AF. This prediction of
stroke risk is superior to the currently widely used CHADS, and
CHA,DS,-VAS.,.

A limitation of the proposed approach is that the bounding box needs

Table 6
The LAA-PFF and LAA-PEF in each stage of a cardiac cycle, the LAA-EF (Male, 57
years old).

Volume Phase 5% — 50% — 65% — 75% —
50% 65% 75% 100%
LAA-PFF(ml/ 15.78 9.375
s)
LAA-PEF(ml/ 19.17 31.52
s)
LAA-EF(%) 31.52

Fig. 16. The patient presented with LAAT in AF,
male, aged 57 years. (a) The phenomenon of LAA
“Stunning”. (b) Filling defect in the LAA (the black
arrow points to the LAAT).
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to be manually calibrated, albeit with only four landmark points. The
next step should be to find a way to automatically locate the LAA, e.g. by
utilizing the relative position of the aorta and LAA. Another improvement
is that the research can be further validated by using more experimental
data, especially the 4-D data of other modality as a comparison, e.g. 3-D
transesophageal echocardiography.
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