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ABSTRACT

With an increasing number of large-scale population-based cardiac magnetic resonance (CMR) imaging
studies being conducted nowadays, there comes the mammoth task of image annotation and image anal-
ysis. Such population-based studies would greatly benefit from automated pipelines, with an efficient
CMR image analysis workflow. The purpose of this work is to investigate the feasibility of using a fully-
automatic pipeline to segment the left ventricular endocardium and epicardium simultaneously on two
orthogonal (vertical and horizontal) long-axis cardiac cine MRI scans. The pipeline is based on a multi-
atlas-based segmentation approach and a spatio-temporal registration approach. The performance of the
method was assessed by: (i) comparing the automatic segmentations to those obtained manually at both
the end-diastolic and end-systolic phase, (ii) comparing the automatically obtained clinical parameters,
including end-diastolic volume, end-systolic volume, stroke volume and ejection fraction, with those de-
fined manually and (iii) by the accuracy of classifying subjects to the appropriate risk category based on
the estimated ejection fraction. Automatic segmentation of the left ventricular endocardium was achieved
with a Dice similarity coefficient (DSC) of 0.93 on the end-diastolic phase for both the vertical and hor-
izontal long-axis scan; on the end-systolic phase the DSC was 0.88 and 0.85, respectively. For the epi-
cardium, a DSC of 0.94 and 0.95 was obtained on the end-diastolic vertical and horizontal long-axis scans;
on the end-systolic phase the DSC was 0.90 and 0.88, respectively. With respect to the clinical volumetric
parameters, Pearson correlation coefficient (R) of 0.97 was obtained for the end-diastolic volume, 0.95
for end-systolic volume, 0.87 for stroke volume and 0.84 for ejection fraction. Risk category classification
based on ejection fraction showed that 80% of the subjects were assigned to the correct risk category and
only one subject (< 1%) was more than one risk category off. We conclude that the proposed automatic
pipeline presents a viable and cost-effective alternative for manual annotation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Background

Cardiovascular related

complications

2011; Bamberg et al., 2015). Cardiac magnetic resonance (CMR)

does not have harmful ionizing radiation, does not require contrast

materials and can be used to obtain a number of anatomical and

functional parameters. This is the most preferred imaging modality
are quite common among population-based studies.

throughout the world (Mendis et al, 2011; Celermajer et al.,
2012). For better understanding of cardiovascular diseases and
screening, large population-based cohort studies are gaining pop-
ularity (Fox et al., 2009; Hegenscheid et al., 2009; Jefferson et al.,
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Common CMR protocols include three cine scans: a horizontal
long-axis cine (HLA), also called a four-chamber view, a vertical
long-axis cine (VLA), also called a two-chamber view, and a short-
axis (SAX) stacked cine (Alfakih et al, 2004). The HLA and VLA
scans are acquired in 2D over a number of cardiac phases, and can
be represented as 2D+t image series. The SAX scan is acquired in
the form of multiple 2D+t stacks that cover the entire heart region
from the base to the apex. A SAX scan can be reconstructed as a
3D+t scan.
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With hundreds and thousands of subjects being included in
large population studies (Bild et al., 2002; Victor et al., 2004; Tay-
lor Jr et al., 2005; Petersen et al., 2016) and, with multiple CMR
scans for each subject, it would be very desirable to have auto-
matic pipelines that can accurately segment and quantify the car-
diac structures from these scans.

A number of (semi-)automated methods that segment vari-
ous structures from the SAX scan are proposed in the literature
(Petitjean and Dacher, 2011). As the SAX cine scan covers the en-
tire heart region in 3D, this enables accurate segmentation of the
cardiac structures in 3D+t.

Breath-holds are required for the duration of each 2D+t acqui-
sition to reduce breathing artifacts (Sakuma et al., 1993). As SAX
scans require multiple 2D+t images, the acquisition of SAX scans is
time consuming. A typical acquisition time for the short-axis scan
is about 5 min, including the breathing instructions. For the long-
axis scan the acquisition time is about 20 s for each view. Also,
the breath-hold approach is not ideal for subjects who cannot hold
their breath for long periods of time. Processing of these scans is
also difficult and time consuming due to the inability of accurately
identifying the base and apex of the heart through the cardiac cy-
cle. Koikkalainen et al. (2004) demonstrated that combining SAX
scans with multi-slice long-axis scans (LAX) resulted in a higher
segmentation accuracy of the chambers. However this method was
validated on static 3D volumetric SAX and LAX scans, which re-
quire longer acquisition times. Childs et al. (2011) have shown that
left ventricular (LV) parameters were more reproducible and time
saving when multiple (up to 6 radial) long-axis acquisitions were
used. Using long-axis views makes it much easier to detect the ex-
tremities of the LV. It has also been shown in literature that 2D+t
long-axis HLA and VLA scans can be used to obtain fast and accu-
rate measurements of LV function (Bloomer et al., 2001). Another
study by Huttin et al. (2015) have demonstrated that the LV volu-
metric measures obtained from the two orthogonal 2D+t HLA and
VLA scans have very good correlation when compared to the 3D+t
SAX scan. These methods were based on manual annotation, how-
ever.

1.2. Proposed work

In this paper, we present a fully-automatic method that can
segment the LV endocardium and epicardium from the 2D+t HLA
and VLA cine scans simultaneously. Cardiac volumetric parame-
ters are derived by combining the segmentations from both cine
scans. This automatic method can facilitate fast and accurate analy-
sis of the cardiac function. To the best of our knowledge, no meth-
ods that segment the LV in a fully-automatic manner on long-axis
2D+t HLA and VLA cine scans have been developed until now.

The proposed method is broadly based on a multi-atlas-based
segmentation approach and a spatio-temporal registration ap-
proach, with refinements based on mathematical programming.
The pipeline was trained on 10 subjects, which were also used
as atlas scans. The method was further evaluated on 145 subjects
with respect to: (i) accuracy of the contour detection on both the
end-diastolic phase and the end-systolic phase, (ii) quantification
accuracy of the clinically relevant parameters, (iii) performance of
the method with respect to the inter-observer variability on the
volumetric clinical parameters, and (iv) comparing the clinical pa-
rameters derived from the HLA and VLA scans to those obtained
using the SAX scans.

2. Materials and methods
Our method is broadly divided into five stages: (i) an im-

age preprocessing step; to correct for the tissue intensity differ-
ences across the scans (Section 2.3), (ii) an atlas-based segmenta-

tion step; for obtaining the LV endocardium and epicardium con-
tours on the end-diastolic phase (Section 2.4), (iii) a contour re-
finement step; for fine-tuning the obtained atlas-based contours
(Section 2.5), (iv) a contour propagation step; a group-wise regis-
tration approach to propagate the contours from the end-diastolic
phase to each of the remaining phases, amongst others to iden-
tify the end-systolic phase (Section 2.6) and (v) a valve detection
step; to distinguish between the left ventricle and the left atrium
in the end-systolic phase, for accurate LV endocardium measure-
ments (Section 2.7). Fig. 1 provides a flowchart of the proposed
workflow. Before the above methodological steps are explained in
detail, we begin with describing our study data and reference stan-
dard in Sections 2.1 and 2.2.

2.1. Data

The data used in our study comes from the multi-center heart-
brain connection cohort (The heart-brain connection) (van Buchem
et al., 2014). Four medical centers situated in The Netherlands: VU
Medical Center (VUMC), Leiden University Medical Center (LUMC),
Maastricht University Medical Center (MUMC) and University Med-
ical Center Utrecht (UMCU) were involved in scanning the subjects.
Each of the centers used a 3T MRI scanner from the same vendor,
Philips Medical System (Best, The Netherlands). However, the scan-
ner models were different: LUMC used an Ingenia 3.0T, MUMC and
UMCU both used an Achieva 3.0T and VUMC used an Ingenuity TF
scanner. Each center was instructed to follow the same protocol to
scan the subjects. Various scans for both the brain and the heart
were acquired at each of the centers. For details about the scans
acquired and the selection criteria for the subjects the readers are
referred to the publication of van Buchem et al. (2014).

For this work, a total of 145 subjects were included, and only
the HLA and VLA scans were used for building and evaluating the
proposed framework. These scans were acquired using the sensi-
tivity encoding protocol (SENSE) (Pruessmann et al.,, 1999) with a
balanced ultra-fast gradient echo imaging mode (sB-TFE). ECG gat-
ing and breath-holding were also used. The 2D+t cine scans were
acquired with 40 time points (phases) each, a pixel size of 1.75 x
1.75 mm? and a slice thickness of 8 mm. The flip angle was 45°,
TR/TE=3.6/1.81 ms and FOV=400 x 400 mm. Average acquisition
time for each long-axis cine scan was 9 s.

Characteristics of the included subjects are presented in Table 1.
Note, that only 13 subjects were healthy controls, whereas the re-
maining subjects had various clinical anomalies. Total number of
subjects with heart failure was 53, 33 of these subjects were is-
chemic and 20 were non-ischemic. Furthermore, 14 subjects had
coronary angioplasty (PTCA) and 11 had a bypass (CABG) interven-
tion.

Table 1

Population characteristics. The included subjects fall
in four categories: healthy controls, subjects with
carotid occlusive disease (COD), subjects with vas-
cular related cognitive impairment (VCI) and sub-
jects with heart failure.

Variable Value
Sample size 145

Men 91 (62.8%)
Age, range 67.5 (50-90)
Controls 13 (8.9%)
CoD 27 (18.6%)
V(I 52 (35.9%)
Heart Failure 53 (36.6%)
Ischemic 33
Non-ischemic 20

PTCA 14

CABG 1
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Fig. 1. The schematic shows the entire workflow of our proposed pipeline; starting from atlas-based segmentation, contour refinement and propagation, to volumetric

quantification.

2.2. Reference standard

For all the data sets used in our study, two experienced ob-
servers manually delineated the endocardial and epicardial con-
tours on the end-diastolic and end-systolic phases of the HLA
and VLA cine scans using consensus decision. Important clinically
relevant parameters are derived from the end-diastolic and end-
systolic phases, hence only these two phases were manually an-
notated. An in-house developed software tool MASS (LUMC) was
used for the manual annotation.

2.3. Image preprocessing

A preprocessing step was performed on the end-diastolic phase
of both the HLA and the VLA scan, to improve the accuracy of the
multi-atlas-based segmentation described in Section 2.4. The rea-
son for this preprocessing step is to correct for the tissue intensity
differences across the scan caused by the intensity inhomogene-
ity (scanner bias). Typical segmentation methods require a region
of interest (ROI) to be defined for the chamber that the algorithm
is being targeted. Our approach does not require such a ROI, the
entire field of view (FOV) of the HLA and VLA scan is being used.

Each of the HLA and VLA volumes was initially smoothed by
a 3 x 3 median filter. Then we ran 50 iterations of the Coherent
Local Intensity Clustering (CLIC) method (Li et al., 2009), which is
essentially a fuzzy-c-means clustering method with built-in inten-
sity inhomogeneity correction. The CLIC algorithm was initialized
by providing initial values for the centers of the background and
foreground clusters. The latter were estimated by applying Otsu

threshold (Otsu, 1975) to the image cropped to the largest rect-
angle that excludes potentially non-sampled regions. Other param-
eter values of the CLIC method were: number of classes c=2, stan-
dard deviation of the Gaussian kernel 0=10, fuzzyfier g=2. Class
membership functions calculated by the CLIC algorithm (see Fig. 2)
were used as probability maps in further processing steps.

2.4. Atlas-based segmentation

An atlas-based segmentation (Aljabar et al., 2009) approach was
used to segment the LV endocardium and epicardium at the end-
diastolic phase of the HLA and VLA scans. The first image in the
2D+t cine scan was assumed to represent the moment of end-
diastole. HLA and VLA scans from ten additional subjects were
used to generate a set of atlases. The atlases were chosen across
the population based on the quality of the scan, health condition
of the heart and, the anatomical variation that was representative
for the general population. For each atlas, observers manually de-
lineated the endocardial and epicardial contours on both views at
the end-diastolic phase. An overview of the atlases and the manual
contours is shown in Fig. 3.

Each of the ten atlases was registered (Suri et al., 2007; Rohlfing
et al.,, 2005) to the unseen subjects’ corresponding end-diastolic
HLA and VLA scans. In the registration procedure, the transforma-
tion parameters T that minimize the dissimilarity C(T;F, M) be-
tween the fixed image (F) and the moving image (M) are deter-
mined. The optimization problem can be mathematically repre-
sented as:

T:arnginC(T;F,M). 1)
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Fig. 2. Overview of the preprocessing steps. The original VLA and HLA scans (a). The two probability images: tissue class (b) and blood-and-fat class (c); black color

represents low probability values.

Once all the atlases are registered to the subject, the resulting
transformation T from the registration is used to map the endo-
cardium and epicardium contours from each of the atlas scans (A)
onto the subject scan (S).

In our pipeline, the calculated probability tissue class images of
both the subject and the atlases were used for registration. Atlas
scans were used as fixed images and subjects’ scans were used as
moving images.

A two-stage registration approach was used. In the first stage,
an affine transformation was used to approximately align the sub-
ject scan and the atlas scans. In the second stage, a non-rigid regis-
tration using a B-spline transformation was employed while using
the results of the affine transformation to initialize the registration.
A multi-resolution approach, in a coarse-to-fine manner using up
to three resolutions was used. Adaptive stochastic gradient descent
(Klein et al., 2009) was used for optimization. The number of vox-
els sampled in each iteration was set to 2048, and the number of
iterations was set to 512 for the affine transformation and 2048 for
the B-spline transformation. A fixed mask in the form of a rectan-
gular box that covers the entire heart on the atlas scans was used
as the fixed mask during registration. All registrations were per-
formed using the publicly available registration software elastix
(Klein et al., 2010).

The final endocardium and epicardium contours were obtained
by combining the transformed labels by using a label fusion strat-
egy. A number of label fusion strategies exist in literature, the
most common ones being majority vote (Lam and Suen, 1997)
and simultaneous truth and performance level estimation (STAPLE)
(Warfield et al., 2002; Rohlfing et al., 2004). In this work, we used
a variation of STAPLE described by Klein et al. (2008).

2.5. End-diastolic contour refinement

Multi-atlas-based segmentation yields accurate segmentation of
the LV, especially in terms of the endocardial border. The epicar-
dial border, however, is relatively coarse and requires further re-
finement. In this study, we introduce a contour refinement pro-
cess to correct the end-diastolic epicardial contour based on local
intensities of individual MR scans and using an energy minimiza-
tion framework.

Firstly, the local image intensity in the proximity of the epi-
cardial contour is extracted by sampling the image intensity along

the profile lines perpendicular to the initial endocardial contour,
as illustrated in Fig. 4c. In this study, 500 profile lines evenly-
distributed along the endocardial contour were computed. Smooth-
ing of the endocardial contour was applied to ensure smooth tran-
sition of the sampling line directions. From the original image
(Fig. 4a) it can be seen that the epicardial border is defined by
edges resulting from soft tissue contrast, both bright-to-dark and
dark-to-bright, as well as dark lines caused by chemical shift (Hood
et al,, 1999). The former are marked by red arrows and the latter
by yellow arrows. For better visualization, a profile view with the
corresponding arrows is shown in Fig. 4d.

Secondly, the image energy for capturing the epicardial border
was defined:

E = Eeq + Ecs + 0Egm, (2)

where E,; denotes energy of the soft tissue edge, E.s denotes en-
ergy of dark lines from chemical shift and Es; denotes smoothness
of the contour that will be enforced during the optimization with
a weighting term «. To compute E,4, a first-order Gaussian deriva-
tive filter bank is applied to the profile image. To compute Ec, a
second-order Gaussian derivative filter bank is applied to the pro-
file image. The filter bank consists of a set of directional filters,
with a range of directions that are considered to be likely for the
epicardial contour, to suppress noisy edges in random directions.
The filter bank works as follows:

Eeq(P) = — %163(_;({|P*F(:1 @1} (3)
E(P) = —%]E%({P*FGZ(Q)}’ (4)

where P is the profile image, F;1(0) is the first-order Gaussian fil-
ter bank that is sensitive to edges, and F;,(0) is the second-order
Gaussian filter bank that is sensitive to dark lines. In both func-
tions, 6 takes values in a range ©. In this work, ® was set to
be within [—15°,15°] with the increment of 1° as the epicardial
contour is expected to be roughly parallel to the endocardial con-
tour. The maximal response of these filters was taken as the en-
ergy output. Note that for E,; the absolute value of the response is
taken since the edge can be either bright-to-dark or dark-to-bright.
Fig. 5a and b show the computed energy function E,; and E.s from
the profile image.
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Fig. 3. Different atlas scans used for the multi-atlas-based segmentation method. The numbers indicate the corresponding VLA (top) and HLA (bottom) scans of the same
atlas. The red and the green lines are the manually drawn endocardial and epicardial contours, respectively. (For interpretation of the references to color in this figure legend,

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

d

Fig. 4. A random diastolic HLA MR image (a). The initial endocardial and epicardial
contours obtained after the multi-atlas segmentation (b). The sampling profile lines
computed from the smoothed endocardial contour (c). The profile image resulting
from sampling along the profile lines (d). Red arrows indicate edges of soft tissue,
while yellow arrows indicate dark lines caused by chemical shift. (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. 5. The energy E.; computed from the profile image (a). The energy E, com-
puted from the profile image (b). Low values in E,4 and E indicate likely locations
of epicardial contour. The Dijkstra’s search result on E,q + E¢s (c). The search result
projected back onto the original image as the refined epicardial contour (d).

Finally, Dijkstra’s algorithm (Dijkstra, 1959) was adopted to
search for the optimal track through the matrix E,; + Ecs, which
minimizes the sum of energy along its way. During the search, the
term Egy, is computed as the length of the contour in polar co-
ordinates to penalize abrupt changes and shaky lines. The term
Egn is also weighted using o which takes an empirical value of
2 x B, where B is the average signal intensity of the blood pool.
This weighting term ensures that Es; is comparable to E,; and Ecs
by adapting to the signal intensity range of each individual MR
data set. This method is able to find the globally-optimal solution
with low computational complexity. Fig. 5¢ shows the results of
the search, while Fig. 5d shows the corresponding epicardial con-
tour on top of the original HLA image. Note that the contour re-
finement step is applied on both views separately and on the end-
diastolic phase only.

2.6. Contour propagation through the cardiac cycle

Once the refined endocardium and epicardium contours on the
end-diastolic phase are obtained, the next step was to propagate
the contours throughout the cardiac cycle. For this, image regis-
tration was used once again. In the current scenario, the different
phases (or time points) of a scan are registered to each other in a
group-wise manner. The obtained deformations can subsequently
be used to propagate the refined contours from the end-diastolic
phase to all other phases.

A number of methods that present different ways of regis-
tering dynamic image sequences are already available in litera-
ture. Two recent review papers by McClelland et al. (2013) and
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Fig. 6. A VLA scan of a subject (a), the cross-hair on the figure indicates a location
with substantial motion. The reformatted image stacked over the different phases
before (b) and after registration (c).

Sotiras et al. (2013) summarize these methods. One of the most
promising approaches is the one proposed by Metz et al. (2011).
This method incorporates both spatial and temporal dimensions
with the aim to minimize the change of image intensity over time.
The proposed method uses a Lagrangian nD+t B-spline transforma-
tion model. The method searches for the B-spline transformation
that aligns all the cardiac phases to a reference phase by minimiz-
ing the variance of voxel intensity values over time.

Three steps are required to propagate the contours from the
end-diastolic phase to the rest of the cardiac cycle. Firstly, all
cardiac phases are registered to each other (forward transforma-
tion) in a group-wise manner (Metz et al, 2011). Secondly, the
inverse transformation is computed in order to determine the
coordinate mapping from each of the cardiac phases to the end-
diastolic phase. Finally, both the forward and the inverse trans-
formations are combined such that contour points from the end-
diastolic phase can be transformed to all the other phases. For
further details readers are referred to the work of Metz et al
(2011).

Fig. 6 shows an example subject before and after applying the
group-wise registration (forward transformation). Fig. 6b shows the
unregistered reformatted image along the horizontal axis, stacked
over the entire cardiac cycle (40 phases), where the vertical lines
are deformed due to the motion of the beating heart. It can be
appreciated from Fig. 6¢ that our registration model captures the
heart motion very accurately.

2.7. End-systolic contour refinement

The contour propagation step works well. The registration
method is able to capture the cardiac motion and helps in propa-
gating the endocardial and epicardial contours throughout the car-

diac cycle. The end-systolic phase can then be determined from the
cine scans using the size of the propagated contours.

Since no prior information about the left atrium (LA) is pro-
vided to the spatio-temporal registration method, it cannot accu-
rately differentiate between the LV and LA. Hence, when the con-
tours are propagated, they slightly overestimate the LV size on the
end-systolic phase. Thus, a mitral valve detection algorithm is in-
troduced to correct for this overestimation.

The valve detection algorithm has the following steps. Initially,
the end-systolic phase is automatically determined by selecting the
phase that has the smallest endocardial (propagated) contour area
(see Fig. 7). Using this contour, the major axis of the endocardium
is determined and an intensity profile along this axis is calculated.
Next, exploiting the fact that the mitral valve is always closed at
the end-systolic phase, it is safe to assume that there will be a
sudden drop in the intensity profile at the blood-valve interface.
By using a regression curve fitting along the intensity profile, the
location of the blood-valve interface can be detected (as shown in
Fig. 7b). A regression fit along the intensity profile is required to
smooth out the noisy raw data. Last, a perpendicular line through
the major axis at the detected intensity drop would give us the lo-
cation of the mitral valve. This information is used to correct the
LV endocardial contour on the end-systolic phase. Fig. 7 shows a
random subject with the systolic VLA scan, along with the endo-
cardial contour after the contour propagation stage, the intensity
profile and the detected mitral valve location.

2.8. Quantification of volumetric parameters

Once our entire pipeline has run on both the VLA and HLA cine
scans, a number of clinical parameters were calculated from the
processed data. Volumetric parameters can be obtained from the
two orthogonal VLA and HLA scans by using the well known bi-
plane area-length method (Dulce et al., 1993; Pujadas et al., 2004).
More precisely, for each of the cine scans, the area and the length
(major axis) of the endocardium are calculated. Volumetric infor-
mation can be derived using the following equation:

 8AA
- 37'[me ’

(5)

where A, and A4 is the corresponding VLA and HLA scans’ seg-
mented area and L,;;, is the smallest major axis length of the VLA
and HLA scans’ segmented region.

By applying Eg. (5), on the end-diastolic and end-systolic
phases for the endocardial contour the corresponding end-diastolic
volume (EDV) and end-systolic volume (ESV) can be derived.

Stroke volume (SV) is calculated as:

SV = EDV — ESV.

Ejection fraction (EF) is obtained by:
Y%

EF = DV X 100.

Based on the left ventricular EF value, the subject can be as-
signed to one of the clinically relevant categories: normal (EF >
50%), mild dysfunction (EF = 40% to 49%), moderate dysfunction
(EF = 30% to 39%) and severe dysfunction (EF < 30%).

3. Experiments and results
3.1. Experiments on atlas scans

A number of experiments were performed during the building
and evaluation stages of the pipeline. In this section we present

the experiments that were conducted. For these experiments, only
the ten atlas scans were used to optimise and validate the pipeline.
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Fig. 7. A VLA scan along with the propagated end-systolic endocardium contour (in red) and the major axis (in blue), with an arrow pointing at the location of the closed
mitral valve (a). The intensity profile along the major axis (in blue), a regression fit (in red) and detected valve intersection (in black) (b). The same VLA scan after contour
refinement with the identified mitral valve location overlayed (in yellow) (c). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 2

Leave-one-out experiment on the atlas set to compare the registration strategies
(Original scan and Probability image represent the two registration scenarios) and
the improvement after applying the epicardial contour refinement on the proba-
bility image result (Section 2.5) in terms of the Dice similarity coefficient (DSC),
maximum surface distance (MaxD) and mean surface distance (MSD). Distances
are reported in mm.

View DSC MaxD MSD
VLA ED endocardium

Original scan 0.85 104 28 +26
Probability image 0.95 4.8 16 +£ 11
Contour refine 0.95 43 1.0 £ 11
VLA ED epicardium

Original scan 0.85 10.5 32427
Probability image 0.93 6.7 22+ 15
Contour refine 0.96 5.4 12 +£13
HLA ED endocardium

Original scan 0.95 5.4 14 +£13
Probability image 0.96 4.2 1.5+ 09
Contour refine 0.96 3.2 09 £ 0.8
HLA ED epicardium

Original scan 0.93 6.9 16 + 1.6
Probability image 0.96 4.7 1.6 £ 1.1
Contour refine 0.96 3.8 09 + 0.9

In Sections 2.3 and 2.4 we proposed that using the probabil-
ity tissue class images would improve the accuracy of the multi-
atlas-based segmentation, in the experiments we also report the
quantitative proof for such a choice by running our method on the
original MR images. Leave-one-out experiments were conducted on
the VLA and HLA atlas scans. For both cases, i.e. the one using the
original MRI scans and the one using the probability tissue class
images, a two-stage registration approach was used, as explained
in Section 2.4. For the original MRI scans, mutual information was
used as similarity measure for the cost function, whereas normal-
ized correlation was used for the probability images. For both sce-
narios, a fixed mask was used. Preliminary results showed that reg-
istration results were much better when a mask was used.

From the above experiment, it was observed that the segmenta-
tion accuracy was much better when the preprocessed tissue prob-
ability images are used for multi-atlas-based segmentation. Table 2
shows the DSC and the surface distance errors by comparing the
automatically obtained contours with those obtained manually. As
the atlas scans were created on the end-diastolic phase, the num-
bers from the table correspond to this phase.

The next experiment was to quantify the improvement of
the end-diastolic contours. For this, the contour refinement step

(Section 2.5) was applied to the contours obtained using the tissue
probability images. From Table 2 we can observe that applying the
contour refinement step further improves the segmentation accu-
racy.

All experiments presented in Table 2 were performed on the
end-diastolic images only. Thus, a final experiment was performed
to validate the contour propagation step. Experiments were per-
formed with and without the end-systolic mitral valve detection
step (Section 2.7). The DSC was computed on the atlas scans be-
tween the manually drawn contours and the ones obtained au-
tomatically. Fig. 8 shows the DSC for the endocardial and epi-
cardial contours, after the contour propagation step. The aver-
age DSC on both views and both contours was around 0.95 on
the end-diastolic phase (D Endo, D Epi) and 0.89 on the end-
systolic phase (S Endo, S Epi) before mitral valve detection. The
DSC on the end-systolic phase after the mitral valve detection step
was 0.92.

From the above experiments, the benefit of using each of the
intermediate refinement steps in our pipeline was demonstrated
on the atlas set. Further validation on the entire test data set (145
subjects) was thus performed using the multi-atlas-based segmen-
tation on the probability tissue class images and with refinement
of the end-diastolic and end-systolic contours.

3.2. Agreement between the automatic method and the ground truth
on the test data

A visual check showed that the pipeline was successful on 94%
(136) of the data sets. The nine failed cases had imaging artefacts
and were excluded from further analysis.

A number of quantitative parameters were derived from both
the manually obtained contours and the automatically derived con-
tours.

First, we compare the segmentation accuracy. Table 3 provides
the segmentation performance over the entire test data set. The
DSC on the end-diastolic (ED) phase is around 0.94 on both views
and for both the endocardium and epicardium contours. On the
end-systolic (ES) phase the DSC ranges between 0.85 and 0.90.
Fig. 9 shows the corresponding boxplot for the test data set.

Second, we compare the ED and ES endocardium surface area
on both views. A Pearson correlation coefficient (R) of 0.94 was
obtained between the manual segmentation and the automatic one
for the ED VLA area. R of 0.93, 0.92 and 0.90 was obtained for ED
HLA, ES VLA and ES HLA area, respectively. Bland-Altman analysis
showed that the bias between the two measures is almost zero and
the average absolute area difference is around 2.8 cm?2. The average
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Fig. 8. DSC using leave-one-out analysis over the atlas scans for both the end-diastolic (ED) and end-systolic (ES) phases for the endocardium (Endo) and epicardium (Epi),
also after contour refinement (R). The VLA scans are represented in red and the HLA scans in blue. Outlier is represented as a black circle. (For interpretation of the references
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references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Quantitative segmentation results on the entire data set. Values for endocardium
and epicardium contours on both the end-diastolic (ED) and end-systolic (ES)
phases are presented in terms of the Dice similarity coefficient (DSC), maximum
surface distance (MaxD) and mean surface distance (MSD). Distances reported in
mm.

View DSC MaxD MSD
VLA

ED endocardium 093 8.1 23+ 21
ED epicardium 0.94 9.1 25+ 25
ES endocardium 0.88 6.4 27+ 15
ES epicardium 0.90 8.1 31+18
HLA

ED endocardium 093 72 22+ 18
ED epicardium 0.95 73 21+19
ES endocardium 0.85 8.2 34+ 21
ES epicardium 0.88 8.8 3.7 +£21

ED endocardium area is about 43 cm? and ES endocardium area is
about 25 cm?. Detailed performance and quantitative results are
presented in Table 4.

Third, we compare the volumetric parameters, namely: the end-
diastolic volume (EDV), end-systolic volume (ESV) and stroke vol-
ume (SV). R of 0.97, 0.95 and 0.90 was obtained for each of the vol-
umes respectively. Bland-Altman analysis showed that the bias for
EDV is absent, for ESV is 1.5 ml, and for SV is —1.5 ml. It was also
observed that the absolute volume difference between the manual
and automatic measure was 12 + 10 ml for both EDV and ESV, and
10 + 9 ml for SV. The average EDV is about 172 ml, ESV is 78 ml
and SV is 94 ml. Graphical representation of the data for EDV and
ESV is shown in Fig. 10.

Fourth, we compare the left ventricular ejection fraction (LVEF).
R shows an agreement of 0.84. Bland-Altman analysis shows a bias
of —1 and the limits of agreement between —15 and 13. Since
LVEF is commonly used to categorize the subjects into various risk
groups, we generated a confusion matrix. Table 5 presents the re-
sults for the categorization of the subjects based on the LVEF. It
was observed that 80% of all the subjects were assigned to the
correct category, with a weighted Cohen’s kappa (k) agreement of
0.70 (0.51,0.90). It was also observed that only one subject was
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Fig. 10. Scatter plots and Bland-Altman plots for the comparison of the automatic and manual EDV (top) and ESV (bottom). Here, R is the Pearson correlation coefficient,
SSE is the sum of squared error, n is the number of data points and RCP is the reproducibility coefficient.

more than one category off and the majority of the misclassified
subjects were borderline cases.

3.3. Interobserver agreement on a subset

To further assess the performance of our automatic frame-
work, interobserver variability was measured on a subset of scans.
Thirty-five scans were randomly selected and an independent ex-
perienced observer manually annotated the end-diastolic and end-
systolic endocardium contours on both views. When the reference
standard values were compared to those of the independent ob-
server, calculated R was 0.99, 0.98, 0.78 and 0.90 for EDV, ESV, SV
and EF, respectively. Absolute difference between the two manu-
ally obtained LV volume parameters was: 8.7 + 10.9, 9.8 + 8.6,
10.8 &+ 16.5 and 8.1 + 4.1 for EDV, ESV, SV and EF, respectively.
Table 6 shows the comparison between the automatic method and
the manual contours on a subset, interobserver comparisons are
also shown. It can be observed from Table 6 that the calculated

statistical parameters are very close to the interobserver variabil-
ity.

3.4. Agreement between long-axis and SAX volumetric measurements

To gain insights into the differences that emerge from the SAX
volumetric quantifications and the bi-plane area-length method of
the long-axis quantifications, the volumetric parameters were com-
pared to each other on a subset of 35 scans (same set as used in
Section 3.3).

An experienced observer delineated the endocardium on the ED
and ES phases of the SAX scan. The observer was instructed to an-
notate all the slices between the base and the apex of the heart,
and to include the papillary muscles as part of the blood pool. Us-
ing the manual segmentations four clinical parameters were com-
puted from the SAX scan. These numbers were compared to the
corresponding long-axis derived parameters for both, the ground
truth values as well as the ones obtained using our proposed
pipeline. It was observed that the calculated R for the manually



R. Shahzad et al./Medical Image Analysis 39 (2017) 44-55 53

Table 4

Performance of the framework by comparing the automatic method to the refer-
ence standard. R is the Pearson correlation coefficient along with the linear regres-
sion B confidence interval (CI). B-A is the Bland-Altman bias along with the 95%
CI, Abs diff is the absolute difference between the automatic method and the man-
ual reference standard. Also the average measures obtained using both the manual

(Avg M) and automatic method (Avg A) are reported.

R (CI for B) B-A (95% CI) AvgM Avg A Abs diff
ED phase
VLA area (cm?) 094 (0.92,0.96) -1 (-75) 425 415 24 +21
HLA area (cm?) 0.93 (0.90,0.95) 1 (—6,8) 434 441 24 +25
EDV (ml) 0.97 (0.95,0.98) 0 (-31,31) 1725 1724 12410
ES phase
VLA area (cm?) 0.92 (0.88,094) -2 (-9,6) 252 237 32423
HLA area (cm?) 0.89 (0.84,0.92) 1 (-8,9) 263 271 34 +29
ESV (ml) 0.95(0.93,096) 2(-2932) 783 798 12+10
SV (ml) 0.87 (0.82,091) -2 (-2724) 941 926 10+9
EF (%) 0.84 (0.79,0.89) —1(-1513) 57 56 55+ 44

Table 5

Confusion matrix for LVEF category classification between auto-
matic (A) and manual (M) results: normal (I), mild dysfunction (II),
moderate dysfunction (III), severe dysfunction (IV).

AWM I Il i 1\%
I 88 6 0 0
Il 10 n 1 0
s 0 5 10 1
1\% 0 1 3 0

Table 6

Interobserver variability on a subset of 35 subjects. R is the Pearson correlation
coefficient, SSE is the sum of squared errors, B-A is the Bland-Altman bias, RCP is
the reproducibility coefficient, Abs diff is the average absolute difference. Volumes
are reported in ml and ejection fraction as percentage.

Automatic vs

Automatic vs

Observer vs

Reference standard Observer Reference standard
EDV
R (CI for B) 0.98 (0.97,99) 0.98 (0.97,0.99) 0.99 (0.98,0.99)
SSE 15 14 11
B-A (95% CI) 1(-3231) 3 (-25,31) 4 (-22,30)
RPC 31 28 26
Abs diff 12 £10 1+9 94+ 11
ESV
R (CI for B) 0.98 (0.96,0.99) 0.97 (0.94,0.98) 0.98 (0.97,0.99)
SSE 13 16 12
B-A (95% CI) 0(-26,27) 5 (-29,40) 5(-19,29)
RPC 26 34 24
Abs diff 10+ 9 14 + 12 10 +9
N
R (CI for B) 0.86 (0.73,0.93) 0.77 (0.57,0.87) 0.78 (0.60,0.89)
SSE 13 17 20
B-A (95% CI) 1(-32,30) 2 (-39,35) -1 (-39,38)
RPC 31 37 39
Abs diff 12+11 15 + 12 1+ 17
EF
R (CI for B) 0.90 (0.80,0.95) 0.87 (0.76,0.94) 0.90 (0.87,0.96)
SSE 5 6 5
B-A (95% CI) -1 (-13,12) -3 (-18,13) -2 (-13,9)
RPC 13 16 11
Abs diff 5+4 7+4 8+4

derived SAX and long-axis scans was 0.98, 0.99, 0.88 and 0.94
for EDV, ESV, SV and EF, respectively. The correlation between the
manually segmented SAX scan and the automatic ones obtained
using the proposed pipeline on the long-axis scan was 0.99, 0.98,
0.87 and 0.91 for EDV, ESV, SV and EF, respectively. The absolute
volume differences between the manually segmented SAX scan and
the automatic long-axis segmented scans was 12 & 12 ml for EDV,
10 &+ 8 ml for ESV, and 11 + 11 ml for SV.

4. Discussion

We presented a fully-automatic pipeline that enables robust
and accurate segmentation of the left ventricle endocardium and
epicardium from long-axis cine MR scans. We demonstrated that
the clinically relevant parameters can be accurately extracted from
the two orthogonal horizontal and vertical long axis (HLA and
VLA) scans without any manual interaction. A very good corre-
lation with manual quantification was observed, with differences
very close to those between the two observers.

The DSC overlap between the automatic and the reference stan-
dard manual segmentations showed very good agreement on both
the end-diastolic (ED) and end-systolic (ES) phases, which aver-
aged to 90%. The surface-to-surface distance between automatic
and manual contours was around 2.75 mm, which is around 1.5
voxels. When the resolution of the scan is considered, this error
is relatively small. It was also observed from Table 3 that the DSC
values on the ES phase were slightly lower than on the ED phase.
Even though the ES contours were improved by using the mitral
valve detection step, the DSC values obtained are not as good as
those on the ED phase. The lower DSC for the endocardial con-
tours is mostly caused by the papillary muscles and trabeculae
that appear more prominently on the ES phase. This results in
some amount of intensity variation for the contour propagation
step. Also, depending on the heart function, the ES phase has a
lot of variations that, in general, causes lower DSC (can be seen
on Fig. 9). However, the error on the automatically-obtained end-
diastolic volumes (EDV) are very close to the interobserver vari-
ability.

With respect to the EF risk categorization, we have shown that
our pipeline accurately classified 80% of the subjects to the cor-
rect category. With a « agreement of 0.70, which is considered to
have substantial agreement (Landis and Koch, 1977). This demon-
strates that the proposed pipeline is quite robust. Note that the
pipeline was tested on clinical data sets from multiple centers and
the subjects included in this study have a broad range of cardiac
anomalies.

The nine cases on which the pipeline performed sub-optimally
were mainly caused by registration failure. A closer look at these
cases showed that the registration failure was mainly because of
poor image quality due to imaging artefacts. A number of com-
monly occurring cardiac MRI artefacts are described in the work of
Ferreira et al. (2013).

Our pipeline is run independently on the two HLA and VLA
scans, by doing so we are not affected by any misalignment due
to patient movement, breath-hold position, or heart rate changes
between the two acquisition. The proposed pipeline also has the
potential to automatically detect LV segmentations that fail. As the
pipeline is simultaneously run on the HLA and VLA scans, the cor-
responding endocardium and epicardium contour areas and major
axis lengths are compared to each other. If one or more measures
from the two views are significantly different, this indicates a clear
failure of the pipeline. By setting a threshold on the difference be-
tween the measures on the HLA and VLA scans, it is also possi-
ble to indicate cases that may be considered to be of questionable
quality.

The current work focuses on segmenting the LV as this is the
structure that has been traditionally used to investigate the func-
tional performance of the heart. The right ventricle (RV) is also
an important structure for assessing a number of cardiac disor-
ders, and MRI scans are being used routinely to investigate the
RV (Haddad et al, 2008; Mertens and Friedberg, 2010). Auto-
mated segmentation of the RV has its challenges, the article from
Petitjean et al. (2015) presents a number of methods that segment
the RV from short-axis scans. Our proposed pipeline which uses
the two orthogonal long-axis HLA and VLA scans and a geometric
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assumption to estimate the LV volume can not be extended to the
RV. The RV has a complex shape and using geometric models to
estimate the RV volume is not reliable (Pujadas et al., 2004).

Another possible application of our automatic pipeline is for
the purpose of feature tracking to assess wall motion abnormalities
(Maret et al., 2009). It has been previously demonstrated that fea-
ture tracking can be performed on standard cine scans with com-
parable precision as on tagged sequences (Hor et al., 2010). Since
our pipeline tracks the endocardium and epicardium contours over
the entire cardiac cycle, it is possible to derive the strain parame-
ters automatically. In this paper, however, we limited ourselves to
the first step in such an analysis.

One of the limitations of our proposed pipelines is that it is
only applicable for patients with normal heart topology. This ap-
proach can not be used on subjects that have a very different heart
anatomy, for example, subjects with congenital heart defects.

In this paper we have demonstrated the feasibility of using car-
diac long-axis HLA and VLA cine views for automatically deriving
a number of clinical parameters. We also showed the accuracy of
categorizing the subjects into different risk groups based on their
ejection fraction. A limitation of our proposed method is that we
derive volumetric measures from two orthogonal 2D views. How-
ever, Childs et al. (2011) and Huttin et al. (2015) have previously
demonstrated that long-axis scans and the (manually) derived vol-
umes can be used for fast and accurate measurements and have
the advantage of relatively short scan acquisition time. We inde-
pendently verified this comparison on a subset of 35 scans. The
clinical parameters obtained using the short-axis scan and those
derived from the HLA and VLA long-axis scans indicated that there
was very close agreement between these two approaches (R be-
tween 0.99-0.87). This further supports the claim that clinical vol-
umetric parameters derived from long-axis scans are as good as
those obtained using SAX scans.

5. Conclusion

We are the first to develop and evaluate an automatic pipeline
for left ventricle segmentation on horizontal and vertical long-axis
cardiac cine MRI scans. We demonstrated that our pipeline was
able to accurately quantify various clinical parameters using the
two orthogonal long-axis scans. The pipeline proposed in this pa-
per can therefore be used in large population-based studies.
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