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ABSTRACT

The Cardiac Ejection Fraction (EF) is an essential crite-
rion in cardiovascular disease prognosis. In clinical routine,
EF is often computed from manually or automatically seg-
menting the Left Ventricle (LV) in End-dyastole and End-
systole frames, which is prohibitively time consuming and
needs user interactions. In this paper, we propose a method to
minimize user effort and estimate the EF directly from image
statistics via machine-learning techniques, without the need
for comprehensive segmentations of all the MRI images in a
subject dataset.

From a user-provided segmentation of a single image, we
build a statistic based on the Bhattacharyya coefficient of sim-
ilarity between image distributions for each of the images in
a subject dataset (200 images). We demonstrate that these
statistical features are non-linearly related to the LV cavity
areas and therefore can be used to estimate the EF. We used
Principal Component Analysis (PCA) to reduce the dimen-
sionality of the features and areas. Then, an Artificial Neural
Network (ANN) was used to predict the LV cavity areas from
the dimension-reduced features. The EF is finally estimated
from the obtained areas.

1. INTRODUCTION

The ejection fraction (EF') is an important indicator of long-
term prognosis for patient with coronary artery disease. As
the left ventricle (LV) is the heart’s main pumping chamber,
the EF is usually measured using information from the LV
[1-3]. The EF may decrease in the case of a heart attack
or other problems related to the heart valves or muscle and
is therefore one of the most important criteria for diagnosing
cardiovascular diseases.

In routine clinical use, the EF is often computed from
several images in a cardiac sequence using manual segmen-
tation, which is prohibitively time consuming. Automatic
LV segmentation can be used to compute the EF, but is still
acknowledged as a challenging, computationally expensive
task, which has attracted impressive research attention in re-
cent years. Existing LV segmentation algorithms are based on
traditional techniques, such as thresholding, region-growing,
edge detection and clustering [4-6], and energy minimiza-
tion techniques such as graph cuts [7, 8], active contours/level

sets [9, 10], as well as active appearance and shape mod-
els [11]. In general, segmentation algorithms require a careful
user initialization, intensive training, and are computationally
expensive. Furthermore, the ensuing segmentation results de-
pend significantly on the choice of a set of ad hoc parameters
and training data, which may yield high errors in the compu-
tation of the EF. These difficulties inherent to segmentation
algorithms impede the automatic estimation of the EF in rou-
tine clinical use. A recent comprehensive review of cardiac
image segmentation and its challenges can be found in [12].

We believe that there are other characteristics of the im-
ages that can be computed with less effort, but that never-
theless correlate strongly with the EF. One such technique
that we describe below is based on machine learning, from
image statistics, removing the need for image segmentation.
From a simple user input in one single image, we build for all
the images in a subject dataset (200 images) a statistic based
on the Bhattacharyya coefficient [13] of similarity between
image distributions. We demonstrate that these statistics are
non-linearly related to the LV cavity areas (cf. Fig. 2) and
therefore can be used to estimate the EF' directly via an Arti-
ficial Neural Network (ANN).

The proposed method consists of four main steps: (1) Im-
age acquisition, (2) Building Image Statistics, (3) Applying
the Artificial Neural Network, and (4) Estimating Ejection
Fraction. The preliminary results over 6 subjects demonstrate
that the estimated EF's correlated very well with those ob-
tained from manual segmentations.

2. ESTIMATING LEFT VENTRICLE VOLUMES
FROM IMAGE STATISTICS

2.1. Building image statistics

Let .# be a Cardiac MRI sequence containing I frames', each
comprising J slices?: .7 ;; Q € R? — Rt with (i,)) €
[1...]] x [1...J]. To introduce how we build an image
statistic related to the LV cavity area for each image .%; ;,
(i,j) € [L...1] x [1...J], let us consider the following defi-
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I'The number of frames I is typically equal to 20 or 25.
2The number of slices J is typically equal to 10.
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nitions. Let I be a reference image’ whose segmentation is
assumed given, and Ty, Ty : [0, 1] — Q respectively denote
the corresponding manual endo and epicardium boundaries,
as depicted in the typical example in Fig.1 (a). Let us now
superimpose the manually defined epicardial boundary, I,
to the rest of the images in the dataset, as shown in Fig.1 (b)
and Fig.1 (c), and compute the corresponding image statistics.

To this end, let Rr C Q be the region enclosed within
I, T € {T'y,Tow }, and Pr; the kernel density estimate of
the distribution of animage I € .% j, (i, j) € [1...1] x [1...J],
within region Rr:

Jry K(z—F)dx
er dx

with K the Gaussian kernel [13]. Now consider the following
measure of similarity between the intensity distribution inside
the region corresponding to the LV cavity in the reference im-
age (Prp. 1) and the distribution of the whole left ventricle,
i.e., the r"égion within the epicardium boundary I',,, (refer to
the red curve in the first row in Fig.1.), in each image . ;,
(L,j)ell...)x[L...J:

Prp.s(2) = €]

ﬂ i,j =B (PRFI-” A PRruut "ji-,j ) ’ (2)

where B(f, g) is the Bhattacharyya coefficient measuring the
amount of overlap (similarity) between two distributions f

and g:
B(f.9)= [ /Tsd: ®

We expect that measure 3/ is related to the cavity area in im-
age .#; ;. This is demonstrated experimentally by the typical
example in Fig.1 and the corresponding similarities between
the variations of the Bhattacharyya statistics, 8/, and cavity
areas in Fig.2. Such similarities make sense because the more
overlap between the distributions of the cavity and the LV, the
higher the cavity area.

2.2. Artificial Neural Network (ANN) estimation of LV
cavity areas

We estimate the nonlinear relation between the cavity areas
and the Bhattacharyya statistics we built by training via a
back propagation Artificial Neural Network (ANN), a pow-
erful machine learning technique [14].

We constructed an Artificial Neural Network (ANN) to
determine the nonlinear relation between the Bhattacharyya
statistics and the corresponding LV cavity areas (refer to Fig.2
for an illustration of such non-linear relation). Following a
back propagation ANN, our feed-forward network consists of
five layers, three hidden, one input, and one output.

3For each subject, the reference image is chosen to be an end-diastolic,
mid-cavity slice.
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Fig. 1. Computing image statistics from a given delineation of
a single reference image: (a) reference image (red curve: Iy,
blue curve: T',); (b) and (c) subsequent images; (d), (e), and
(f) corresponding distributions and Bhattacharyya measures
of overlap (B%/). We observe that the variations of B are
similar to the variations of the LV cavity areas

— Bhattacharyya Coefficient

Fig. 2. (a) A typical example which shows the variations
of LV cavity areas obtained from manual segmentations; (b)
A typical example which shows the variations of the Bhat-
tacharyya image statistics.

Let P00 be a single row matrix containing the Bhat-
tacharyya statistics, and 700 be a single row matrix con-
taining the LV cavity areas:

Piooo =[P, ..., P/ . P Ty noo = [T, ..., T7,.... T0), (4)
St.
Pi=[BY . B BNI], T =[a" .. a.. ], (5)

Thus, for each subject, the Bhattacharya statistics, P 200,
and the corresponding LV cavity areas, T} 00, can be consid-
ered as a point in 200-dimensional space and can be projected
to a lower dimentional space. To reduce the dimensionality of
the inputs and outputs, we used principal component analysis
(PCA) to transform 200 possibly correlated variables into a
smaller set of uncorrelated variables (the first five components
in our case):



IN; 5 = PCACOV(P]AVZ()()); OUT 5= PCACOV(T];()()),
(6)
where PCACOY is the PCA transform function and /N 5 and

OUT 5 denote the transferred inputs and outputs respectively.

2.2.1. Training:

The next step is to train the network using the transferred in-
puts (/N 5) and outputs (OUT; 5). The network we built esti-
mates the following non-linear mapping:

OUT, 5 =F(IN;5), (7)

where F is a nonlinear transfer function of three layers, one
input containing two neurons and one output containing one
neuron, both based on the linear function, as well as one hid-
den containing five neurons and based on the hyperbolic tan-
gent function, a common choice in the neural network litera-
ture [14].

INPUTs 19 = [(IN") 7!, ..., (IN*) 71, (INY) 7Y (8)
st. IN®; 5 =PCACOV (P 2p0)

OUTPUTs 10 = [(OUTY)! ... (OUT) ™", ... (OUT'")]
)
St. OUTla,S = PCACOV(TLQ()())

2.2.2. Testing:

To validate this procedure, we employ a leave-one-out ap-
proach, where the test subject dataset was excluded from the
training data. For the current testing subject dataset, the
LV cavity areas were estimated using the transferred subject
Bhattacharyya statistics and the learned non-linear mapping
F followed by applying inverse PCA (PCACOV ).

OUTtestl,S = F(INtestl,S); Ttestl,ZOO = PCACOV71 (OUEestl,S)
(10)

2.3. Estimating the cardiac ejection fraction from image
statistics

Let Vgg and Vgp denote the smallest (end-systolic) and largest
(end-diastolic) volumes of the LV in a cardiac cycle, respec-
tively. The cardiac ejection fraction, EF, is given by:

_ Vep — VEs
VeD

EF , (1D

where numerator measures the blood volume pumped by the
left ventricle. We computed Vgg and Vgp by integrating the
computed LV cavity areas in the sagittal direction.
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EFy EFy
0.5555 | 0.5234
0.5973 | 0.5437
0.4889 | 0.5148

0.642 | 0.6623
0.4832 | 0.464
0.5109 | 0.5119

Table 1. Statistical measures of the conformity between auto-
matically and manually computed EF's and computation time
(in seconds)

3. EXPERIMENTAL EVALUATIONS AND
COMPARISONS

A set of 2D short-axis cine magnetic resonance (MR) images
of 20 subjects was acquired through the cardiac cycle on a
1.5T scanner with fast-imaging employing steady-state ac-
quisition (FIESTA) image sequence mode. The acquisition
parameters were as follows: TR=2.98 ms, TE=1.2 ms, flip
angle=30 degree, and slice thickness=10 mm. Each subject’s
dataset consists of 20 frames, each comprising 10 slices.

We used the proposed method to automatically compute
the LV cavity areas on each slice, thereby estimating the LV
cavity volumes and EF's of 6 subjects. We proceeded to a
leave-one-out validation approach, where the training used to
compute the volumes of each subject is based on the other 5
subjects. The obtained EF's were evaluated quantitatively by
comparing them with those obtained from independent man-
ual segmentation by an expert.
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Fig. 3. Automatic and manual EF's in 6 subjects.

Let EF4 be 6 automatically estimated EF's and, E Fy; con-
taining the E'F's obtained form manual segmentations. Table.
1 and Fig. 3 depict EF, and EFyy, and confirms that the EF's
computed with the proposed method are very close to those
obtained from independent manual segmentations.

We evaluated the conformity between the manually and
automatically computed EF's (the results are listed in Table
2). We estimated the mean and standard deviation of the norm



std
0.017

mean
0.025

time(sec)
0.21

Table 2. Statistical measures of the conformity between auto-
matically and manually computed EF's and computation time
(in seconds)

of the difference between EF 4 and EF ;:

Diffgr =) |[EFs—EFu|| (12)

The very low mean and standard deviation (std) of
Dif frr (Table 2) indicates a high conformity between man-
ual and automatic EF's.

4. CONCLUSION

This study investigated a real-time method for computing the
cardiac EF directly from image statistics via machine learn-
ing. These image statistics were based on the Bhattacharyya
coefficients of similarity between image distributions, which
were shown to be non-linearly related to the LV cavity ar-
eas. An ANN was used to find the relation between the image
statistics and the corresponding LV cavity areas in each sub-
ject dataset. A preliminary experimental evaluation over 6
subjects demonstrated good conformity of automatically esti-
mated EF's to those computed from manual segmentation.
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