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Abstract. The segmentation of left ventricular structuresiésessary for the
evaluation of the ejection fraction (EF) and theoggrdial mass (LVM). A
semi-automated 2D algorithm using connected fileard a deformable model
allowing an accurate endocardial detection wasqseg. The epicardial border
was deduced using a deformable model restrictedana region of interest
defined from the endocardial border. Papillary nesavere detected using a
fuzzy k-means algorithm. The method was appliethéochallenge training and
validation databases, consisting of 15 subjectsh.edte evaluation was
performed using the tools provided by the challeftg® both datasets, results
show a mean Dice metric of 0.89 for endocardiablbrs (0.92 for epicardial
borders). Overall average perpendicular distance @& mm. Very good
correlation was obtained for the EF and LVM pararetVisual overall rating

given by the challenge’s cardiologist was 1.2. Semgation was robust and
performed successfully on both datasets.
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1 Introduction

Most cardiac pathologies, particularly ischemic rhedisease, involve the left
ventricle. The clinical evaluation of left ventrlau (LV) functions requires the
qualitative and/or quantitative analysis of globahd regional functions. Cine
magnetic resonance imaging (MRI) is consideredhasntodality of choice for the
assessment of the LV ejection fraction (EF) and.tianyocardial mass (LVM). The
relevance of these parameters depends on the agafrghe delimitation of the left
ventricular endocardial and epicardial borders. édoer, the inclusion of papillary
muscles inside the cavity or in the myocardial messtill under debate. This
segmentation, when achieved manually, is of cotimme-consuming and the inter-
and intra-observers variability is relatively higrhis fact supports the need for some
automation. Despite the high number of segmentatipproaches that have been



proposed, a comparison of different methods orstiree dataset and using the same
evaluation criteria was lacking. Moreover, the grduruth for evaluation purposes is
still under discussion, even if the drawing by apert can be considered in a first
approach as a “gold” standard. Thus this challemgeides a first step towards a
thorough and objective evaluation. Our group hasemdy proposed a 2D LV
segmentation algorithm, which was dedicated toahdocardial segmentation and
was applied to end-diastolic images in order toehawegional estimation of mean
transition times and endocardial velocities [1].isThlgorithm is a combination of
morphological filters and deformable contours, fanich a robust setting of the
different parameters was proposed. For this chgdlethis method was adapted to
systolic endocardial contours, and diastolic epiizdrcontours. A first attempt to
segment papillary muscles was implemented. Findhg, proposed contours were
validated or refined by an operator using a deditaser-friendly graphical interface.

2 Materialsand Methods

2.1 Imaging Protocol and Datasets

Cine MR short-axis (SAX) images were obtained weith.5T GE Signa MRI. All
images were obtained with a temporal resolutioB@phases over the cardiac cycle.
Acquisition was triggered from the end-diastolicapl. Six to twelve SAX slices
from the atrioventricular ring to the apex wereadbed, (slice thickness = 8 mm, gap
=8 mm, FOV = 320 mm x 320 mm, matrix= 256 x 25%}8) [2].

HF-I HF-NI HYP N
Training set 1-4 5-8 9-12 13-15
Validation set 16 -19 20-23 24-27 28-30

Table 1. Structuring of training and validation dataset§{H= Ischemic Heart Failure; HF-NI
= Non-Ischemic Heart Failure; HYP = Hypertrophy=NNormal).

Two datasets, a training dataset and a validatiasgt were provided to the
participants in the MICCAI Grand Challenge, by Sylmmook Health Sciences Centre.
Each dataset contains 3 healthy subjects and 3pgrofi4 subjects with different
pathologies (Table 1). Ground truth was providedhi® participating teams for the
end-diastolic (ED) and end-systolic (ES) phases tfa training dataset. Further
details on datasets and the acquisition protoaobeafound in [3].



2.2 Methods

2.2.1 Segmentation of the endocardium

The segmentation is based on previous works ddtailgl] and [4]; it proceeds in
three main steps. The first step consists in dafira region of interest (ROI) by
manually positioning a point PO at the center &f tlV and a point P1 at the upper
insertion between the LV and the right ventricleV]RSecondly, a morphological
filter that combines openings and closings on cotatksets [5] is applied to the ROI,
providing an image with homogeneous regions. Thabar and size of these regions
depend on a size paramekerimages are filtered with the value othat varies from
5% to 80% of the ROIs surface. The ratio betweenfiltered surface including PO
andA is computed for each filtered image and the orth Wie ratio closest to 1 is
defined as the default filtered image. The useraitirer accept it, or refine the value
of A and thus choose another filtered image. Once #s¢ fidtered image has been
chosen, the third step consists in segmenting ¢néricle using PO as an initialization
of the GVF-Snake [6]. The GVF-Snake parametersindar to those defined in [4].
Figure 1 shows an example of the above descritegd stnd the resulting endocardial
contour.

Fig. 1. lllustration of all the steps of an endocardiatd®sy segmentation (Subject: SC-HYP-
37). From left to right: definition of PO and PZlefiition of the ROI around the LV; filtered
image with optimah value; resulting segmentation of the endocardium.

2.2.2 Segmentation of the epicardium

The epicardial border is difficult to segment besmof the low contrast between
the myocardium and surrounding structures. Thuapfieared necessary to restrain
the GVF-Snake evolution within a limited area (FRymiddle) derived from the
endocardial border using geometrical consideratiuth as the expected thickness of
the myocardium. The GVF-Snake is initialized wikte tobtained endocardial border
and its default parameters were similar to thosethef endocardium except the
pressure forces attenuated with successive itesatiof the GVF-Snake. This
decreasing feature of the pressure forces is chtseavoid: 1) attraction of the
processed contour by the endocardium during tisé iferations, and 2) attraction by
the external structures.



Fig. 2. lllustration of an epicardial border detection lffaet: SC-HYP-37) left: initialization
with endocardium; middle: restraining mask (yellowith endocardial border (red); right:
resulting epicardium (green) and endocardium (red).

2.2.3 Detection of papillary muscles (PM)

This is achieved using a fuzzy k-means algorithih dfplied only within the
previously segmented endocardial region. The fukapeans clustering is thus
expected to classify between PM regions (dark) mod-PM regions (enhanced).
After classification, all pixels that have a probi&pof membership to the PM region
lower than 0.6 are set to zero. Due to the presefismall trabeculations around the
LV cavity, the resulting image is eroded. It isridtered with a median filter (3 x 3)
to eliminate the small non-connected regions rdldateflow effects inside the LV
cavity. Structures with the largest areas are egas PM. Figure 3 illustrates the
PM detection via fuzzy k-means clustering.

Fig. 3. Left: map of membership to PM regions after fuzzyneans clustering on the
endocardial region; middle: zoomed PM isolation thieeshold erosion and median filtering;
right: final result (Subject: SC-HYP-37).

2.2.4 Evaluation criteria
Evaluation was based on the delineation of the azost made by an expert
cardiologist. The accuracy of the contours provitlgdthe automated segmentation



was evaluated using the Dice metric (DM) and therage perpendicular distance
(AVP). Moreover, EF and LVM were deduced from audded results and were
compared to the expertise. A visual scoring wasmivy the organizing committee to
each participant on the validation dataset. Evalnatools were common for all
participants of the challenge and were fully ddsatiin [3].

3 Resaults

Segmentation was achieved successfully in all casespt for subjects SC-HYP-
01, SC-HYP-38, SC-HYP-08 and SC-HF-I-08, where onéwo apical slices were
removed in systole since they were difficult to reegt (with a reduced cavity area).
Also, for these same subjects, some epicardialocosit were excluded as well
because slices were too basal as the amount ofardiom seen was less than 50% of
its total surface. The values of the mean "goodtemtage (a contour is considered
“good” if its AVP is lower than 5mm) obtained fdra endocardial and the epicardial
borders were respectively:

— 88.41% +10.1and 92.89% + 6.51 for the training dataset

- 92.28% * 6.05 and 92.22% =+ 5.02 for the validatiataset

As the comparison of DM and AVP obtained for batirting and validation datasets
showed no statistical significance (Student’s t}tesesults of both datasets were
merged.

Figure 4 shows the average perpendicular distaAd&”) and the average Dice

metric (ADM) for each patient, patients being hunageas in Table 1.
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Fig. 4. AVP and ADM for the 30 subjects, endocardium id, repicardium in blue

The mean AVP for endocardial borders was 2.04 nim¥ and 2.35 mm £ 0.57 for
epicardial borders and it was mostly lower for téedocardium than for the
epicardium. It was the lowest for normal subje®t¥ (mean AVP_i was 1.74 mm +*
0.36 and mean AVP_o was 1.90 mm = 0.34) and subjeith ischemic heart failure
(HF-1) (mean AVP_i was 1.82 mm + 0.29 and mean A¥Rvas 2.32 mm % 0.52).



The mean ADM for endocardial borders was 0.89 #0abhd 0.92 + 0.02 for

epicardial borders. The lowest ADM is obtained doe case with hypertrophy (0.8).
For both datasets and both contours, our minimalP Adrresponds to the maximum
ADM.

Furthermore, comparisons were performed on EF afd basis, papillary muscles

being either included inside the myocardium (PIM)rside the cavity (PIC). Results
show a good correlation with ground truth for EBdpendently of papillary muscle
inclusion. Equation 1 and figure 5 show the linesgression of the EF and the LVM:

EF with PIC: Y = 1.00X + 1.60%0.97 . (1)
EF with PIM: Y = 1.02X + 1.00,%=0.96 .

LVM with PIC: Y = 0.80X + 31.51, :4=0.88.

LVM with PIM: Y = 0.82X + 30.02,%=0.89 .

where X contains the ground truth values and Y thestimated

data.
1 T T T T T T 1 ™ 300

08

nsl .

07 ¢

o0 -
05

1S T T A
150+

EF_PIC_AUT
LVM_PIC_AUTO
L

. _EFPICMAN | |**  LVMPIC_MAN
9

01 02 03 04 05 08 07 08 0 =01} 100 150 20 250 300

Fig. 5. Linear regression for EF and LVM with PIC: autonta{g-axis) vs. ground truth (x-
axis).

A visual assessment was made for each subjecttbfdaiasets for all slices. The
largest differences between manual and automatddcardial contours occurred in
apical slices. Furthermore, the organizing commitiéthe challenge provided visual
evaluation results (on the validation dataset oblg3ed on one expert's opinion, a
cardiologist. A scale from 1 (excellent contoursewh only little correction is
required) to 4 (subjects contours are unusable) gigen. Thirteen subjects got a
rating of 1 and two subjects (SC-HF-I-05 and SCHMF37) got a rating of 2,
meaning that more than 50% of the contours arepdaike for these subjects. In the
case of subjects with hypertrophy (SC-HYP-08, SCP-37), some systolic and
diastolic slices were a bit unmatched with the nadgontours. Also, a difficulty with
accurate placement of the contours around the Liffasutract (LVOT) was shown



for subjects with hypertrophy and non-ischemic téilure as well as for one
healthy subject (SC-HYP-08, SC-HF-NI-07 and SC-N-06

4 Discussion

An accurate estimation of the EF and LV mass isrdgs for the evaluation of LV
function in clinical routine. In this paper a robasd semi-automated segmentation
was presented and successfully tested on 30 ssbjedtiding patients with various
pathologies. Our technique has been successfulld o 20 normal subjects in a
previous study [1]. However, only the endocardiuaswegmented in this study. Our
present study aimed at extending the segmentai@mique to the epicardium and at
reducing computational time. Indeed, compared ¢opitrevious study [1], the choice
of the filtering parametef. was made prior to GVF-Snake segmentation, thus
reducing the number of segmentations to one.

The epicardial segmentation was more difficult thiave because of the low
contrast between myocardium and surrounding stresturhe mask was a simple
way to prevent the deformable model from any act@mleand unnecessary "over-
expansion”. One simple way to correctly detectapiardial border was to modify
the size of the mask. The main drawback of thisstamt was that it required some
user intervention. Finally, papillary muscle deteetwas quite successful using fuzzy
k-means clustering and the approach was easy conaie.

Further developments are required to take into wticthe temporal variations of
the myocardial contours during the cardiac cycl@isTcan be achieved by the
adaptation of the 2D+t approach which was recqmibyposed for aortic segmentation
[8]. Moreover, to reduce the manual interactiohs, gpatial continuity between slices
should be better taken into account. These devedasrshould be tested for the “on-
line” contest.

One advantage of the proposed approach is thatei$ dot require any specific
training. Confirmation was given by the fact thahitar results were obtained for
both datasets. According to provided results andarks, difficulty with accurate
placement of the contours around the LVOT was shdw all participants in the
challenge suffered from it. The lowest performam@s observed for subjects with
hypertrophy, whereas results for subjects with @sgic and non-ischemic heart
failure and healthy subjects were satisfactorysThiallenge provides the opportunity
to objectively evaluate several cardiac segmentatigorithms on a single database.
Despite some technical difficulties (including tHefault setting of the GVF-Snake
parameters that sometimes needed modification), segmentation algorithm
including myocardial borders and PM detection penfed successfully on the
provided datasets. Moreover, the usefulness ofélggnentation technique presented
in this paper on data provided by different centelifferent acquisition devices) is
currently under investigation [9]. This would pdiiefly allow rendering it robust to
image characteristics such as spatial resolutidnsagmnal-to-noise ratio.
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