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Abstract

The purpose of this study was to evaluate a semi-automatic right ventricle segmentation method on short-axis cardiac cine MR
images which segment all right ventricle contours in a cardiac phase using one seed contour. Twenty-eight consecutive short-axis,
four-chamber, and tricuspid valve view cardiac cine MRI examinations of healthy volunteers were used. Two independent
observers performed the manual and automatic segmentations of the right ventricles. Analyses were based on the ventricular
volume and ejection fraction of the right heart chamber. Reproducibility of the manual and semi-automatic segmentations was
assessed using intra- and inter-observer variability. Validity of the semi-automatic segmentations was analyzed with reference to
the manual segmentations. The inter- and intra-observer variability of manual segmentations were between 0.8 and 3.2%. The
semi-automatic segmentations were highly correlated with the manual segmentations (R* 0.79—0.98), with median difference of
0.9-4.8% and of 3.3% for volume and ejection fraction parameters, respectively. In comparison to the manual segmentation, the
semi-automatic segmentation produced contours with median dice metrics of 0.95 and 0.87 and median Hausdorff distance of
5.05 and 7.35 mm for contours at end-diastolic and end-systolic phases, respectively. The inter- and intra-observer variability of
the semi-automatic segmentations were lower than observed in the manual segmentations. Both manual and semi-automatic
segmentations performed better at the end-diastolic phase than at the end-systolic phase. The investigated semi-automatic
segmentation method managed to produce a valid and reproducible alternative to manual right ventricle segmentation.
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Introduction

Assessment of ventricular morphology and function is impor-
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ting, ventricular border segmentation is performed manually,
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have been shown to reduce segmentation time [7-9] with
comparable or even lower variability than manual segmenta-
tions [9, 10].

Automatic segmentation methods have been shown to be
beneficial in left ventricle (LV) evaluations on short-axis cine
images [8, 11, 12]. Meanwhile, automatic segmentation algo-
rithms for the right ventricle (RV) are less available than for
the LV [13]. RV segmentation is more challenging due to its
high shape variability and complex movement [14, 15],
resulting in a lower performance in terms of variability for
both manual and automatic RV segmentations as compared
to LV segmentations [3, 16].

Various RV segmentation algorithms have been developed
to overcome the inherent difficulties in RV segmentation,
ranging from image-driven to model-based algorithms, from
semi-automatic algorithms requiring multiple user inputs to
fully automatic [14]. While model-based algorithms can be
quite powerful, image-driven algorithms are generally
regarded to be more robust against pathological and image
acquisition variations. Due to the morphologic variations of
the RV with regard to its pathological condition [17], robust
segmentation algorithms are needed. Semi-automatic algo-
rithms have been shown to outperform fully automatic ones,
despite the user interactions needed [14].

In this study, we aim to evaluate a newly developed image-
driven semi-automatic RV segmentation method on cardiac
short-axis MR images that segment all RV contours in a car-
diac phase with minimal user input of one seed contour and
with the essential restriction of no manual corrections. Validity
and reproducibility of the semi-automatic segmentation will
be compared against the manual segmentation.

Materials and Methods
Study Population

Twenty-eight consecutive volunteers were included for the
current studies. This study was conducted according to the
principles of the Declaration of Helsinki (October 2013) and
in accordance with the Medical Research Involving Human
Subjects Act (WMO). The study received approval by the
local institutional review board and each subject gave in-
formed consent.

MRI

Cardiovascular magnetic resonance (CMR) imaging was per-
formed using a Signa 1.5 T scanner (GE Medical Systems,
Milwaukee, WI, USA) with a dedicated 16-channel phased-
array cardiac surface coil. A cine volumetric dataset was ac-
quired in short-axis, four-chamber view, and tricuspid valve
view directions using a 2D steady-state free precession

acquisition sequence with imaging parameters as follows: flip
angle 45°, echo time (TE) set at minimal full, repetition time
(TR) 3 ms, 8 mm slice thickness, 2 mm interslice gap, number
of excitations 0.75, phase field of view percentage 0.65, 12
views/segment, and a matrix of 256 x 256 (resulting in an in-
plane resolution between 1.09 to 1.56 mm/pixel). Twenty-four
phases per cardiac cycle were reconstructed retrospectively.

Image Analysis

Both manual and semi-automatic segmentations were per-
formed within CAAS MRV software package (version 4.1;
Pie Medical Imaging, BV, Maastricht, the Netherlands) on
the short-axis view. The basal slice was inferred from the
position of the tricuspid annulus on the four-chamber view
[3, 14] and tricuspid valve view. The apical slice was chosen
to be the last slice that shows detectable RV activity [14]. The
ED and ES phases and the apical and basal slice selections at
ED and ES phases were set to be the same for both manual and
semi-automatic segmentations. The segmentations were per-
formed at ED and ES phases, on every slice between apical
and basal slices.

Manual Segmentation

Two experienced observers with 7 and 2 years of CMR imag-
ing experience (first and second observer, respectively) inde-
pendently performed manual segmentations of RV endocardi-
al contours to derive the inter-observer variability. The
datasets were anonymized before being presented to the ob-
servers. The first observer performed the manual segmenta-
tions once (resulting in measurement M1), which serves as
reference results. Meanwhile, the second observer performed
the manual segmentations twice (resulting in measurements
M2a and M2b), in two sessions separated by 2-week period
to derive the intra-observer variability (see Table 1 for the
overview of measurements). Papillary muscles and
trabeculations were treated as part of the blood pool volume.

Semi-automatic Segmentation

The semi-automatic RV segmentation algorithm is based
on the cellular automata framework which allows every
voxel to be labeled as foreground or background based on
their signal intensity similarity and their distance to the
seeds [18]. This labeling process is implemented using
parallel computation techniques and therefore high com-
putation performance can be established. The segmenta-
tion algorithm requires prior information of the ED and
ES phases, and the apical and basal slices for both the ED
and ES phases. At the ED and ES phases, the user is
asked to provide a rough RV endocardial contour as a
seed in one slice between the identified apical and basal
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Table 1 Overview of

measurements and analyses Manual measurements

M1
M2a
M2b
Semi-automatic measurements
Al
A2a
A2b
Manual analyses
Inter-observer variability
Intra-observer variability
Semi-automatic analyses
Inter-observer variability
Intra-observer variability
Validity

Manual segmentation by the first observer (reference)
First attempt of manual segmentation by the second observer
Second attempt of manual segmentation by the second observer

Semi-automatic segmentation by the first observer
First attempt of semi-automatic segmentation by the second observer
Second attempt of semi-automatic segmentation by the second observer

MI vs M2a
M2a vs M2b

Al vs A2a
A2avs A2b
Al vs M1

slices. The segmentation is initiated at the slice where the
user defined roughly the RV seed contour, which is used
by the algorithm during the foreground labeling process.
Meanwhile, the background labeling is determined by the
algorithm based on features derived from the image itself
and cardiac movement extracted from the short-axis slice.
After optimizing the seed contour, the resulting RV endo-
cardial contours are propagated towards the apical and the
basal slices, taking into account possible misalignment
between slices and the RV geometry at a specific cardiac
phase (relative to ED and ES phases).

The same two observers performed the semi-automatic
RV segmentations, with the same number of segmenta-
tions as the manual one (resulting in measurements Al,
A2a, and A2b respectively, see Table 1 for the overview
of measurements). The observers performed the segmen-
tations independently and were blinded to the results of
segmentation until all the data were ready to be processed.
Adhering to the common workflow of cardiac examina-
tions, where the LV examinations were performed prior to
RV examination, the LV was already segmented before the
automatic RV segmentations. The same LV segmentations
are provided to all measurements. We have to stress here
that for the current study, no manual corrections were
performed afterward and the resulting RV contours were
used as is.

Ventricular volumes at ED and ES phases were automati-
cally calculated by the software, using the Simpson’s rule:

Volume = )’ Area;Thickness;

i=1

where i is the slice level, 7 is the number of slices, Area; is the
area covered by the RV endocardial contours at the ith slice
level, and Thickness; is the slice thickness at ith slice level
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(including the interslice gap). EF was also automatically cal-
culated using the following equation:

o EDyotumeESvolume
EDyolume

EF x 100%

Statistical Analysis

To assess the performance of the semi-automatic segmen-
tation algorithm, the derived ED and ES ventricular vol-
umes for the right endocardium as well as values for the
EF were compared with the manual derived values of the
first observer (measurement A1 vs measurement M1). The
appropriate term to express the level of agreement be-
tween the semi-automatic and manual segmentation is
“validity” instead of “accuracy” in view of the fact that
no gold standard exists for RV evaluation [19]. The valid-
ity was expressed as the mean and standard deviation,
95% limits of agreement (calculated as the mean =+
1.96 * standard deviation), the median, and the interquar-
tile range of the paired differences in each data set. The
percentage difference relative to the average value of the
manual volumes was also calculated. A preliminary test
using the Shapiro-Wilk test on the measurements showed
that some of them were not normally distributed.
Therefore, a two-tailed Wilcoxon signed-rank test was
performed to determine the statistical significance of the
observed difference, with P <0.05 considered to indicate
significant difference. The Bland-Altman analysis was al-
so performed to visualize the observed differences.
Contours obtained by the semi-automatic segmentation al-
gorithm were also evaluated against the ones of the manual
segmentation, using two metrics: the dice metrics (DM) and
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Hausdorff distance (HD). DM is a measure of area overlap
between two contours, using the following equation:

ANB
DM=2—-—

A+B
where A and B are the areas enclosed by the two tested con-
tours. The DM ranges from 0 (no overlap) to 1 (perfect over-
lap). Meanwhile, HD is a measure of maximum distance be-
tween two contours expressed in mm, using the following
equation:

HD = max (r%l(x (15151}1 d(x,y)) , max (2151)? d()@y)))
where X and Y are the two tested contours, x and y are indi-
vidual points of X and ¥, respectively, and d(x,y) is Euclidian
distance between x and y.

To put the observed difference of segmentations in perspec-
tive, we compared them against the inter- and intra-observer
variability as found from the manual segmentations by the two
observers. Inter-observer variability of the manual segmenta-
tions was obtained by comparing the segmentation results of
the first observer and the first result of the second observer
(measurement M1 vs M2a) and intra-observer variability by
the two segmentation results of the second observer (measure-
ment M2a vs M2b).

To assess the reproducibility of the semi-automatic seg-
mentation algorithm, inter- and intra-observer variability of
the semi-automatic segmentations were obtained in a similar
way as the manual segmentations, i.e., by comparing automat-
ic segmentation results of the first observer and the first result
of the second observer (measurements Al vs A2a) and by
comparing both automatic segmentations results of the second
observer (measurements A2a vs A2b), respectively. Validity
and reproducibility of the semi-automatic segmentations and
reproducibility of the manual segmentations were compared.
Table 1 contains the overview of analyses performed in this
study.

All statistical analyses were performed using Microsoft
Excel 2013 (Microsoft Corp., Redmond, WA). A post hoc
statistical power analysis was also performed using the
G*Power software [20].

Results

Table 2 shows the characteristics of the study participants
including their ED volumes, ES volumes, and EF measure-
ments. These values are concordant with previous reported
RV parameters of healthy subjects [21]. The overall mean
age was 30.5 + 6.5 years and 14 volunteers (50%) were males.

A typical result of the RV semi-automatic segmentation is
shown in Fig. 1. When the LV epicardial contour is available,
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Table 2 Study characteristics and basic measurements of the right
ventricle

All Male Female

N 28 14 14
Age (years) 30.5+6.5 30.3+7.6 30.6+5.6
Weight (kg) 72.0+10.6 76.4+9.3 67.5+10.1
Heart rate (bpm) 72.1+12.1 72.1+12.7 72.1+12.0
ED volume (mL) 166.2+37.4 182.8+40.2 149.6 +£26.5
ES volume (mL) 74.5+21.7 84.6+23.6 64.5+14.2
EF (%) 553+6.5 53.8+6.9 56.9+5.8

Values are presented as means =+ standard deviation

N number of participants, £D end-diastolic, ES end-systolic, EF ejection
fraction

the RV endocardial contour is shown as attached to the LV
epicardial contour, with one of the attach points representing

Fig. 1 Two-chamber short-axis images of right ventricle automatic seg-
mentation results of a volunteer at end-diastolic (left column) and end-
systolic phases (right column) and at basal, mid-cavity, and apical slices
(images at top, middle, and bottom rows, respectively). The solid blue and
dashed red lines represent the left ventricle epicardial and endocardial
contours, respectively. The dashed green lines represent the right ventricle
endocardial contours

@ Springer



674

J Digit Imaging (2018) 31:670-679

Table 3 Manual right ventricle segmentation reproducibility

Inter-observer variability (M1 vs M2a)

Intra-observer variability (M2a vs M2b)

Value Percentage P Value Percentage P
ED volume 4.62 mL (1.34to 6.32 mL) 2.74% (0.79 to 3.75%) 0.0000 —1.33mL (—3.33t00.16 mL) —0.77% (—1.93 t0 0.09%) 0.0036
ES volume 2.23 mL (0.36to 459 mL) 2.95% (0.48 to 6.05%) 0.0108 —2.48 mL (—5.04 t0 0.25 mL) —3.15% (—6.41 t0 0.31%) 0.0012
EF =0.72% (—1.52t0 0.78%) —1.30% (—2.75to 1.41%) 0.3995 1.01% (—0.18 to 2.32%) 1.85% (—0.34 t0 4.26%)  0.0148

Value and percentage are presented in median (25th to 75th percentile). Two-tailed Wilcoxon signed-rank test calculated inter- and intra-observer

variability with P < 0.05 indicating statistical significance
ED end-diastolic, ES end-systolic, EF ejection fraction

the LV/RV inferior junction point. The average computation
time is about 1 s for segmenting RV endocardial contours on
all slices within one phase with use of a quad-core 2.8 GHz
processor and 16 GB memory on the Windows 7 operating
system.

Manual RV Segmentation Reproducibility

The reproducibility analysis of the manual segmentation is
presented in Table 3. All inter- and intra-observer variability
results were statistically significant with the exception of the
inter-observer EF variability. The inter-observer variability
was larger than the intra-observer variability for ED volumes,
but smaller for ES volumes and EF.

Semi-automatic RV Segmentation Validity

The validity of the semi-automatic segmentations is pre-
sented in Tables 4 and 5, and Fig. 2. The semi-automatic
segmentation showed good agreement with the manual
segmentation (Table 4), with an excellent linear correla-
tion for both ED and ES volumes (R? of 0.98 and 0.91,
respectively) and slightly less but still good correlation for
EF (R? of 0.79). The ED volumes had a median difference

of less than 2 mL (0.91%), ES volumes showed an under-
estimation with a median difference less than 4 mL (—
4.84%), and comparison of EF resulted in an overestima-
tion with a median difference of less than 2% (or 3.27%
relatively). In comparison to the reproducibility of manual
segmentation, the median differences in ED volumes be-
tween semi-automatic and manual segmentations were
smaller than the manual inter-observer variability.
However, in all parameters, the interquartile ranges were
larger than the ones of manual intra- and inter-observer
variability. Post hoc statistical power analysis on the
Wilcoxon signed-rank test yielded 0.62, 0.32, and 0.74
for testing the differences of ED volumes, ES volumes,
and EF, respectively. Yet looking in more detail (Table 5),
the semi-automatic contours showed good overlap with
the manual contours (median DM of 0.95 and 0.87, for
ED and ES contours respectively) and revealed small de-
viations (median HD of 5.05 mm and 7.35 mm for ED
and ES contours, respectively).

Semi-automatic RV Segmentation Reproducibility

For the semi-automatic contour detection, no significant dif-
ferences could be observed between the first and second

Table 4 Semi-automatic right ventricle segmentation method volumes validity

Validity analysis of semi-automatic segmentation (Al vs M1)

Linear regression

Value Percentage P Equation R?
Median Mean + SD Median Mean + SD
(25th to 75th percentile)  (limits of agreement) (25th to 75th percentile) (limits of agreement)

ED 1.51 mL 2.95+6.02 mL 0.91% 1.77+3.62% 0.0153 1.0802 * x —10.391 0.98

volume (—1.66to 7.25 mL) (—8.85t0 14.75 mL) (—1.00 to 4.36%) (—5.331t0 8.87%)
ES volume —3.61 mL —1.99+6.99 mL —4.84% —2.67+9.38% 0.1434 1.0373 *x—4.7738 0.91
(—7.04 to 3.34 mL) (—15.69 to 11.71 mL) (—9.44 t0 4.48%) (—21.06 to 15.71%)
EF 1.81% (0.10 to 5.00%) 1.96 +3.86% 3.27% (0.18 to 9.03%) 3.55+6.97% 0.0120 1.1287 * x —0.0516 0.79

(—5.60 to 9.52%)

(- 10.11 to 17.20%)

Value and percentage are presented in median (25th to 75th percentile) and in mean + SD (95% limits of agreement, calculated as mean + 1.96 * SD).
Two-tailed Wilcoxon signed-rank test calculated validity of semi-automatic segmentation with P < 0.05 indicating statistical significance

SD standard deviation, £D end-diastolic, ES end-systolic, EF ejection fraction
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Table 5 Semi-automatic right ventricle segmentation method contour validity

Dice metric Hausdorff distance

Median Mean + SD Median Mean + SD

(25th to 75th percentile) (limits of agreement) (25th to 75th percentile) (limits of agreement)
ED 0.95 (0.92 to 0.96) 0.92+0.08 (0.76 to 1.08) 5.05 mm (3.30 to 7.38 mm) 5.824+3.41 mm (—0.85 to 12.5 mm)
ES 0.87 (0.79 t0 0.92) 0.84+0.13 (0.58 to 1.09) 7.35 mm (5.00 to 10.00 mm) 7.76 +£3.89 mm (0.14 to 15.38 mm)

Dice metric and Hausdorff distance are presented in median (25th to 75th percentile) and in mean £ SD (95% limits of agreement, calculated as mean +
1.96 * SD). Two-tailed Wilcoxon signed-rank test calculated validity of semi-automatic segmentation with P <0.05 indicating statistical significance

SD standard deviation, £D end-diastolic, £S end-systolic

observers. The first and second measurements of the second
observer showed significant differences in ES volumes and
EF. The semi-automatic segmentations showed a highly
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Fig.2 Bland-Altman plots showing the validity analysis of the automatic
segmentation method for end-diastolic volume (top), end-systolic volume
(middle), and ejection fraction (bottom)

reproducible segmentation (Table 6), with the largest median
difference being lower than 0.5% for all parameters. The inter-
and intra-observer variability of the semi-automatic segmen-
tations were noticeably smaller than the manual
segmentations.

Discussion

The semi-automatic segmentation results were highly corre-
lated with the manual segmentation results with lower inter-
and intra-observer variability than observed in the manual
segmentations. The reproducibility of the manual segmenta-
tions was in line with previously reported values (Table 7). In
comparison to the reproducibility of these previous studies,
the validity level of the semi-automatic segmentations was
generally on par or better and the inter- and intra-observer
variability were considerably lower. Out of all the values listed
in Table 7, the results presented in the current study are best
comparable to the results of Caudron et al. [3], since there was
consensus within and between the observer(s) on basal and
apical slices and ES phase.

Difficulties in RV segmentation at ES phases are well-
known [3, 14] and attributed to partial volume effects [14]
and to the more complex anatomical RV structure [24], espe-
cially at ES phase with maximum contraction of the right ven-
tricle resulting in more compacted trabeculations and papillary
muscles, limiting the segmentation process. Despite the slight
underestimation of the volume measurements at ES phases in
our semi-automatic segmentation method, the validity of EF
still fell on average within 2% range with 95% limits of agree-
ment smaller than + 10% (in values difference). In a recent RV
segmentation challenge, held at the Medical Image Computing
and Computer Assisted Interventions (MICCAI) 2012 confer-
ence [14] and joined by seven imaging groups, the best
performing algorithm managed to produce EF measurement
with validity in the range of 6% with the general results pro-
ducing 95% limits of agreement around +20% (in values dif-
ference). Several newly developed automatic RV segmentation
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Table 6 Semi-automatic right ventricle segmentation method reproducibility

Inter-observer variability (Al vs A2a)

Intra-observer variability (A2a vs A2b)

Value Percentage Value Percentage P
ED volume 0.08 mL 0.04% 0.0795 0.02 mL 0.01% 0.9713
(—0.03 t0 0.27 mL) (—0.02 to 0.16%) (=0.11 t0 0.08 mL) (=0.07 to 0.05%)
ES volume 0.18 mL 0.25% 0.1059 —0.36 mL —0.49% 0.0077
(—0.31 to 1.06 mL) (—0.43 to 1.46%) (—0.89to —0.02 mL) (=121 to —0.03%)
EF —0.10% (= 0.74 to 0.25%) —0.18% 0.1161 0.16% 0.29% 0.0179

(=1.29 t0 0.43%)

(=0.02 to 0.58%) (=0.04 to 1.01%)

Value and percentage are presented in median (25th to 75th percentile). Two-tailed Wilcoxon signed-rank calculated inter- and intra-observer variability

with P < 0.05 indicating statistical significance

ED end-diastolic, £S end-systolic, EF ejection fraction

algorithms using the same dataset as the RV segmentation chal-
lenge have been published [28-31]. An improvement of the EF
validity results has been reported to be around 2% with the 95%
limits of agreement slightly higher than = 10% [28].

Manual segmentations have been known to be time-con-
suming, taking from 5 min [25] up to 54 min per patient [5]
depending on factors such as user experience and contouring

methods. (Semi-)automatic segmentation methods that assist
an analyst during this process within a small amount of time
and yielding valid and reproducible results will be very bene-
ficial for the physician in the clinical workflow. Our segmen-
tation method allows valid and reproducible results, with one
roughly user-drawn seed contour and within approximately
1 second of computation time to perform segmentation at

Table 7  Publications on the reproducibility of right ventricle segmentation
Publication Inter-observer variability Intra-observer variability Method® Subjectsd Trab. & Pap.°
EDV* ESV® EF° EDV* ESV® EF®
mL (%) mL (%) % mL (%) mL (%) %
Boxt [22] 6.1) (3.6) n.a. é.D 3.7 n.a. M H na
(5.8) (11.4) n.a. (10.3) 9.8) n.a. M P n.a.
Alfakih [1] -5.8+8.1 n.a. 29+538 —13+58 na. 1.5£3.0 M H n.a.
Beygui [23] -1.6+73 0.1£5.5 -15+43 —-1.1+£85 -12+6.0 05+52 M Mix E
Hudsmith [16] n.a. n.a. —-28+£62 na. n.a. 0.1+£3.2 M H E
Moojj [5] 127+11.8  84+12.0 —-12+44 na. n.a. n.a. M Mix n.a.
Winter [24] -7.0+£21.0 -50+180 —0.1+27 -50+130 -4.0+9.0 0.1£2.0 M P 1
—-80+240 —-40+200 -06+53 —40+£270 -0.02+80 0.02+3.2 M P E
Luijnenburg [4] 4.0+£7.1 6.8+6.4 —-27+£3.0 09+53 34+34 -1.6+19 M P E
Caudron [3]f n.a. n.a. 24+3.0 n.a. n.a. -0.7£29 M P 1
Sardanelli [25] n.a. n.a. 23+149 na. n.a. -39+125 M P E
n.a. n.a. 0.7+11.7  na. n.a. 3.7+133 SA+ P E
Lorenz [26] —-0.0+4.2 3.0+6.5 n.a. 02+5.6 -0.7+£2.6 n.a. SA+ H E
Catalano [27] 5.0+17.0 20+12.0 2.0£9.0 -50+160 -20+100 —-1.0+100 SA+ Mix 1

EDV end-diastolic volume, ESV end-systolic volume, EF ejection fraction, 7rab. & Pap. trabeculations and papillary muscles, n.a. data were not
available or not presented for comparison with current study, M manual segmentation, H healthy subjects, P patients, M* manual segmentation with
pre-segmented left ventricle, Mix mixed between healthy subjects and patients, £ excluded in ventricle volume, / included in ventricle volume, SA+

semi-automatic segmentation with manual correction afterwards

* Data displayed without brackets are value differences presented in mean + standard deviation in mL; while data displayed in the brackets are percentage

differences

®Data displayed are value differences in percentages presented in mean + standard deviation

¢ Segmentation method used by the observer to delineate the right ventricle

9 Subjects in each study

¢ Inclusion or exclusion of trabeculations and/or papillary muscles in the calculation of right ventricle volume

fCaudron [3]: inter- and intra-observer variability when the observers have chosen the same basal and apical slices and end-systolic phase
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one cardiac phase. These virtues are preferred in clinical set-
tings for robustness and reduction in examination time [14].
We would like to argue that the functionality provided by the
currently evaluated semi-automatic segmentation method pro-
vides an optimal balance between the ease-of-use and the
algorithm performance.

Evaluating LV and RV concurrently is beneficial because
problems with either side of the ventricles frequently involves
the other [32]. The common approach for concurrent LV and
RV evaluation is by simultaneously showing both LV epicar-
dial and RV endocardial contours at the septum site [1, 33]
which might introduce an error when there is an overlap or a
gap between the two contours, i.e., the left ventricular epicar-
dial border may extend into the RV or vice versa. In the cur-
rently investigated software package, the RV endocardial con-
tour is attached to the LV epicardial contour, such that the RV
endocardial and the LV epicardial contours effectively share
the septum and avoid the aforementioned problem. Another
advantage of this approach is that the structures attached to the
septum, such as the septomarginal trabecula [34], will be au-
tomatically included into the right endocardial area. A previ-
ous study has shared this way of reasoning and presented a
similar approach [23]. It is debatable whether to include or to
exclude the trabeculations and papillary muscles into RV cav-
ity delineations. However, inclusion of these structures is rec-
ommended to promote reproducibility [24].

The semi-automatic RV segmentation method is evaluated
on short-axis cine MRI images. The use of short-axis image
orientation for RV analysis promotes efficiency because with
one image set both ventricles can be analyzed [35]. However,
since short-axis cine MRI is designed for LV analysis, it may
not be fully optimized for RV analysis. One of the drawbacks
is that the tricuspid valve may not be present in the imaging
plane, making it difficult to distinguish ventricles from atria at
the basal slices [35-37] and to localize the RV outflow tract
which may be out of plane [38]. Difficulties in segmenting
these two structures at the basal region have been reported as
one of the contributing factors in lower reproducibility in RV
segmentation [25]. The Society for Cardiovascular Magnetic
Resonance recommends the use of transaxial cine MRI im-
ages for RV volumetric analysis [39]. Despite the difficulties
in distinguishing blood and myocardium border at inferior RV
wall, RV segmentation on transaxial cine MRI images has
shown to provide higher reproducibility, probably due to the
easiness of locating pulmonary and tricuspid valves [35].
However, such improvement might be too small to be clini-
cally significant and warrant an extra RV examination on
transaxial images in addition to the normal CMR examination
on short-axis images [40]. Several alternative imaging orien-
tations have been suggested to improve RV segmentation re-
producibility, such as: a modified RV short-axis view which is
oriented to the RV outflow [36], due to the same advantage of
easiness in locating the tricuspid valve; or an acquisition of six

slices rotated along the long-axis of the RV, each forming 30°
wedge to each other [38]. Variation of short-axis plane orien-
tations exists, and a short-axis orientation perpendicular to the
septum has been recommended to obtain optimal RV and LV
measurements [41]. One way to mitigate the problem of
choosing the most basal slice in short-axis images is by using
other image orientation which is perpendicular to them, such
as the four-chamber view [3, 14]. Accordingly, this study used
the four-chamber view but also the tricuspid valve view,
which clearly depicted the tricuspid annulus, to locate the
basal slice in the short-axis view. One of the evaluation pa-
rameters set up in this study is the reproducibility of the semi-
automatic segmentation method. By pre-selecting the basal
slices and setting the pre-selected level of basal slices similar
for all measurements of the same dataset, thus removing one
source of variability [3], the reproducibility analysis was able
to be focused on the performance of the method.

There are several limitations in our study. First, the data used
for evaluation were acquired on healthy volunteers and using one
specific set of image acquisition protocols and MRI scanner.
Various cardiovascular diseases can affect RV morphology and
structures [24, 42] which may hamper the performance of auto-
matic segmentation methods. However, the employed algorithm
relies on features present in the image data itself and it has been
pointed out [14] that such a method should be invariant to path-
ological cases and image acquisitions. Nevertheless, future vali-
dation study is still needed to evaluate the performance of this
segmentation method on variations of datasets.

Conclusions

In conclusion, the investigated semi-automatic RV seg-
mentation method managed to produce a valid and repro-
ducible alternative to manual RV segmentation, with lim-
ited number of user interactions and computation time.
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Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
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References

1. Alfakih K, Plein S, Thiele H, Jones T, Ridgway JP, Sivananthan
MU: Normal human left and right ventricular dimensions for MRI
as assessed by turbo gradient echo and steady-state free precession
imaging sequences. J] Magn Reson Imaging 17:323-329, 2003

2. Pennell DJ, Sechtem UP, Higgins CB, Manning WJ, Pohost GM,
Rademakers FE, van Rossum AC, Shaw LJ, Yucel EK: Clinical
indications for cardiovascular magnetic resonance (CMR): consen-
sus panel report. J Cardiovasc Magn Reson 6:727-765, 2009

@ Springer



678 J Digit Imaging (2018) 31:670-679
3. Caudron J, Fares J, Lefebvre V, Vivier P-H, Petitjean C, Dacher J- 20. Faul F, Erdfelder E, Lang AG, Buchner A: G* Power 3: A flexible
N: Cardiac MRI assessment of right ventricular function in acquired statistical power analysis program for the social, behavioral, and
heart disease: factors of variability. Acad Radiol 19:991-1002, biomedical sciences. Behav Res Methods 39:175-191, 2007
2012 21. Kawel-Boehm N, Maceira A, Valsangiacomo-Buechel ER, Vogel-
4. Luijnenburg SE, Robbers-Visser D, Moelker A, Vliegen HW, Claussen J, Turkbey EB, Williams R, Plein S, Tee M, Eng J,
Mulder BJM, Helbing WA: Intra-observer and interobserver vari- Bluemke DA: Normal values for cardiovascular magnetic reso-
ability of biventricular function, volumes and mass in patients with nance in adults and children. J Cardiovasc Magn Reson 17:29, 2015
congenital heart disease measured by CMR imaging. Int J 22. Boxt LM, Katz J, Kolb T, Czegledy FP, Barst RJ: Direct quantita-
Cardiovasc Imaging 26:57-64, 2010 tion of right and left ventricular volumes with nuclear magnetic
5. Mooij CF, de Wit CJ, Graham DA, Powell AJ, Geva T: resonance imaging in patients with primary pulmonary hyperten-
Reproducibility of MRI measurements of right ventricular size sion. J Am Coll Cardiol 19:1508-1515, 1992
and function in patients with normal and dilated ventricles. J 23. Beygui F, Furber A, Delépine S, Helft G, Metzger JP, Geslin P, Le
Magn Reson Imaging 28:67-73, 2008 Jeune JJ: Routine breath-hold gradient echo MRI-derived right ven-
6. Karamitsos T, Hudsmith L, Selvanayagam J, Neubauer S, Francis J: tricular mass, volumes and function: accuracy, reproducibility and
Operator induced variability in left ventricular measurements with coherence study. Int J Cardiovasc Imaging 20:509-516, 2004
cardiovascular magnetic resonance is improved after training. J 24.  Winter MM, Bernink FJ, Groenink M, Bouma BJ, van Dijk AP,
Cardiovasc Magn Reson 9:777-783, 2007 Helbing WA, Tijssen JG, Mulder BJ: Evaluating the systemic right
7. Frangois CJ, Fieno DS, Shors SM, Finn JP: Left ventricular mass: ventricle by CMR: the importance of consistent and reproducible
manual and automatic segmentation of true FISP and FLASH cine delineation of the cavity. J Cardiovasc Magn Reson 10:40, 2008
MR images in dogs and pigs. Radiology 230:389-395, 2004 25. Sardanelli F, Quarenghi M, Di Leo G, Boccaccini L, Schiavi A:
8. van der Geest RJ, Buller VG, Jansen E, Lamb HJ, Baur LH, van der Segmentation of cardiac cine MR images of left and right ventri-
Wall EE, de Roos A, Reiber JH: Comparison between manual and cles: interactive semiautomated methods and manual contouring by
semiautomated analysis of left ventricular volume parameters from two readers with different education and experience. ] Magn Reson
short-axis MR images. ] Comput Assist Tomogr 21:756-765, 1997 Imaging 27:785-792, 2008
9. Heijman E, Aben JP, Penners C, Niessen P, Guillaume R, Van Eys 26. Lorenz CH, Walker ES, Morgan VL, Klein SS, Graham TP:
G, Nicolay K, Strijkers GJ: Evaluation of manual and automatic Normal human right and left ventricular mass, systolic function,
segmentation of the mouse heart from CINE MR images. ] Magn and gender differences by cine magnetic resonance imaging. J
Reson Imaging 27:86-93, 2008 Cardiovasc Magn Reson 1:7-21, 1999
10. Waiter GD, McKiddie FI, Redpath TW, Semple SI, Trent RJ: 27. Catalano O, Antonaci S, Opasich C, Moro G, Mussida M, Perotti
Determination of normal regional left ventricular function from M, Calsamiglia G, Frascaroli M, Baldi M, Cobelli F: Intra-observer
cine-MR images using a semi-automated edge detection method. and interobserver reproducibility of right ventricle volumes, func-
Magn Reson Imaging 17:99-107, 1999 tion and mass by cardiac magnetic resonance. J Cardiovasc Med
11. Kirschbaum SW, Baks T, Gronenschild EH, Aben J-P, Weustink (Hagerstown) 8:807-814, 2007
AC, Wielopolski PA, Krestin GP, de Feyter PJ, van Geuns R-JM: 28. Avendi MR, Kheradvar A, Jafarkhani H: Automatic segmentation
Addition of the long-axis information to short-axis contours reduces of the right ventricle from cardiac MRI using a learning-based ap-
interstudy variability of left-ventricular analysis in cardiac magnetic proach. Magn Reson Med 78:2439-2448, 2017
resonance studies. Invest Radiol 43:1-6, 2008 29. Soomro S, Akram F, Munir A, Lee CH, Choi KN: Segmentation of
12. van Geuns RJIM, Baks T, Gronenschild EHBM, Aben J-PMM, left and right ventricles in cardiac MRI using active contours.
Wielopolski PA, Cademartiri F, de Feyter PJ: Automatic quantita- Comput Math Methods Med 2017, 2017.
tive left ventricular analysis of cine MR images by using three- 30.  Tran PV: A fully convolutional neural network for cardiac segmen-
dimensional information for contour detection. Radiology 240: tation in short-axis MRI. 2016:1-21.
215-221, 2006 31. Ringenberg J, Deo M, Devabhaktuni V, Berenfeld O, Boyers P,
13.  Petitjean C, Dacher JN: A review of segmentation methods in short Gold J: Fast, accurate, and fully automatic segmentation of the right
axis cardiac MR images. Med Image Anal 15:169-184, 2011 ventricle in short-axis cardiac MRI. Comput Med Imaging Graph
14. Petitjean C, Zuluaga MA, Bai W et al.: Right ventricle segmentation 38: 19(_%201’ 2014 ) o ) .
from cardiac MRI: a collation study. Med Image Anal 19:187-202, 32. Maffei E, Messalli G, Martini C et al.: Left and right ventricle
2015 assessment with cardiac CT: validation study vs cardiac MR. Eur
15. Haddad F, Hunt SA, Rosenthal DN, Murphy DJ: Right ventricular Radiol 22:1041-1049, 2012 .
function in cardiovascular disease, part I: anatomy, physiology, ag- 33. Verduyn SC’ Ramakers C, Snoep G, Leun{ssen'J DM, Wellens HII,
ing, and functional assessment of the right ventricle. Circulation Vos MA: Tlme course 9f structgral adapt.at10ns m chr0n1<.: AV block
117:1436-1448, 2008 dogs: evidence for differential ventricular remodeling. Am J
16. Hudsmith L, Petersen S, Francis J, Robson M, Neubauer S: Normal Physiol Hea_r Circ Physiol ,280:H288271__12890’ 2001
human left and right ventricular and left atrial dimensions using 34 Capelastegui Alber A, Astl.garraga Aguirre E, .de Paz MA’ Lare?na
steady state free precession magnetic resonance imaging. J Iturbe J,A’ Salinas Y(?regu.l T: Study of the .rlght ventricle using
Cardiovasc Magn Reson 7:775-782, 2005 magnetic resonance imaging. Radiol (English Ed) 54:231-245,
17. Haddad F, Doyle R, Murphy DJ, Hunt SA: Right ventricular func- 2012 . . . .
tion in cardiovascular disease, part II: pathophysiology, clinical im- 35.  Alfakih K Plein S Bloomer. T, Jones T, Ridgway J, Sivananthan M:
portance, and management of right ventricular failure. Circulation C9mp arison of “ght v.entrlc;ular Yolume measurements betwe.:en
117:1717-1731, 2008 axial and short axis orientation using steady-state free precession
18.  Vezhnevets V, Konouchine V: GrowCut—interactive multi-label N- magnetic resonance imaging. J Magn Reson imaging 18:25-32,
D image segmentation by cellular automata. Graphicon:150-156 2003
2005 ’ 36. Strugnell WE, Slaught@r RE, Riley RA, Trotter AJ, Ba.rtlett H,
19. Streiner DL, Norman GR: “Precision” and “accuracy”: two terms Modified RV: Short axis series—a new method for cardiac MRI

that are neither. J Clin Epidemiol 59:327-330, 2006

@ Springer

measurement of right ventricular volumes. J Cardiovasc Magn
Reson 7:769-774, 2005



J Digit Imaging (2018) 31:670-679

679

37.

38.

39.

40.

Pattynama PMT, Lamb HJ, Van der Velde EA, Van der Geest RJ,
Van der Wall EE, De Roos A: Reproducibility of MRI-derived
measurements of right ventricular volumes and myocardial mass.
Magn Reson Imaging 13:53-63, 1995

Aneq MA, Nylander E, Ebbers T, Engvall J: Determination of right
ventricular volume and function using multiple axially rotated MRI
slices. Clin Physiol Funct Imaging 31:233-239, 2011

Kramer CM, Barkhausen J, Flamm SD, Kim RJ, Nagel E:
Standardized cardiovascular magnetic resonance (CMR) protocols
2013 update. J Cardiovasc Magn Reson 15:91, 2013

Clarke CJ, Gurka MJ, Norton PT, Kramer CM, Hoyer AW:
Assessment of the accuracy and reproducibility of RV volume

41.

42.

measurements by CMR in congenital heart disease. JACC
Cardiovasc Imaging 5:28-37, 2012

Marchesseau S, Ho JXM, Totman JJ: Influence of the short-axis
cine acquisition protocol on the cardiac function evaluation: a re-
producibility study. Eur J Radiol Open 3:60-66, 2016

Tulevski II, Romkes H, Dodge-Khatami A, Van Der Wall EE,
Groenink M, Van Veldhuisen DJ, Mulder BJM: Quantitative as-
sessment of the pressure and volume overloaded right ventricle:
imaging is a real challenge. Int J Cardiovasc Imaging 18:41-51,
2002

@ Springer



	Evaluation of a Semi-automatic Right Ventricle Segmentation Method on Short-Axis MR Images
	Abstract
	Introduction
	Materials and Methods
	Study Population
	MRI
	Image Analysis
	Manual Segmentation
	Semi-automatic Segmentation
	Statistical Analysis

	Results
	Manual RV Segmentation Reproducibility
	Semi-automatic RV Segmentation Validity
	Semi-automatic RV Segmentation Reproducibility

	Discussion
	Conclusions
	References


