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Introduction

Cardiovascular disease is still the leading cause of death in mostindus-
trialized countries. In the last decade, thanks to advancements in
imaging technology and knowledge of physiological mechanisms,
and to improvements in computational power, physiological compu-
tational models tailored to individual patient characteristics proved
to be a valuable and versatile technology to improve personalized
medical care in many disciplines,’ and especially in cardiology.”

Diagnostic imaging plays a central role in patient-specific model-
ling, combining anatomical and physiological measurements to evalu-
ate cardiovascular structure and function. Among them, cardiac
magnetic resonance (CMR) represents the preferred imaging
choice for the heart models. Advantages of cardiac CMR include its
non-invasive nature, well-tolerated procedures, ability to modulate
contrast in response to several mechanisms, and ability to provide
high-quality functional and anatomical information in any plane and
any direction. In particular, CMR is considered to be the reference
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What’s new?

e Generation of a statistical shape model of the left ventricle
(LV) using endocardial surfaces extracted from real-time
three-dimensional (3D) transthoracic echocardiography, to
be used for 3D segmentation by means of active shape mod-
elling (ASM) algorithm.

e |ntermodality application of the ASM to nearly automatically
segment the LV endocardium on a stack of short-axis
cardiac magnetic resonance images.

e Possibility to utilize the obtained 3D endocardial mesh in the
creation of realistic patient-specific finite element models, in
which LV apex and base are realistically defined.

method for measurement of ventricular volumes and systolic func-
tion.> However, unless specific non-conventional three-dimensional
(3D) sequences are utilized, cardiac CMR is a 2D imaging modality,
limited by slice thickness, in- and out-of-plane motion of the
cardiac structures, and potential misalignment among slices, due to
both electrocardiographic (ECG) triggering and different apnoea
phases in which image acquisition is performed.

These intrinsic constraints are reflected in the accuracy of the ana-
tomical information that can be extracted and used to define the
geometry of the left ventricle (LV) for modelling purposes. While
LV endocardial manual tracing in each short-axis (SAX) image of the
acquired stack represents the CMR ‘gold standard’ analysis modality
to define LV geometry and compute LV volumes, it requires extensive
time to be performed, thus being limited to selected patients. More-
over, geometrical 3D models obtained as spatial interpolation of the
stack of 2D LV contours, are prone to distorsion if slice misalignment
is present, and characterized by low resolution in-between slices,
resulting in poor representation of the LV base and apex.

To facilitate LV endocardial contour extraction process, a variety
of segmentation techniques have been proposed over the last few
decades.* In particular, methods based on model-fitting segmenta-
tion, such as active shape modelling (ASM)>~7 attempting to match
a predefined geometric shape to the locations of the extracted
image features, appear to be extremely promising. They are usually
based on atwo-step procedure:first, generating the shape model (in-
cludinginformation about the shape and its variations) fromatraining
set, and then performing the fitting of the model to a new image, thus
solving an optimization problem of finding the best model para-
meters for a given patient image, where instances of the model can
only deform in ways found in the training set.

Previous work has been done using ASM to segment the LV, and
also other cardiac chambers from CMR images.®~'° However, a po-
tential limitation in previous applications arises from the fact that the
generation of the 3D shape model s built from manual tracing of 2D
SAX CMR slices in the training sets, and subsequent interpolation to
derive the 3D endocardial surfaces. In this way, detailed anatomical
information along the LV long-axis cannot be included in the ASM.

We hypothesized that the utilization of an intrinsically 3D training
set, obtained by segmenting the LV endocardium from real-time 3D
echocardiographic (3DE) images, could overcome this limitation,
and be utilized to obtain the shape model for CMR segmentation.

Accordingly, ouraim was: (i) to define a strategy to automatically gen-
erate the shape modelfroma large set of LV 3D endocardial surfaces;
(ii) to adapt its ASM evolution, with minimal user interaction, to the
information included in the stack of CMR SAX images; (iii) to
compare the results of this nearly automated segmentation, in
terms of endocardial surface and therefrom derived LV volumes
and ejection fraction (EF), using as ‘gold standard’ the conventional
LV endocardial manual tracing of CMR SAX images.

Methods

First, the description of the ASM generation from a training set of 3DE
images is given. Then, its application to CMR images in the group of
analysed patients is described.

Shape model generation

Datasets of 205 subjects (122 normals, 19 with dilated cardiomyopathy,
13 with aortic insufficiency, 11 with aortic stenosis, 28 with mitral regur-
gitation, and 12 with mitral stenosis) who underwent real-time 3D trans-
thoracic imaging examination at the University of Chicago, IL, USA or at
Centro Cardiologico Monzino, Italy, were retrospectively selected. All
3DE acquisitions were performed using a iE33 (Philips) ultrasound
system with X3-1 probe, using wide-angled modality in which wedge-
shaped sub-volumes (93° x 21°) were obtained over four to seven
consecutive cardiac cycles during a breath-hold with ECG gating. Three-
dimensional echocardiographic datasets were analysed for LV endo-
cardial quantification by using semi-automated segmentation (4D LV
analysis, Tomtec), from which detected surfaces along the cardiac cycle
were exported as coordinates of 642 mesh nodes together with their
connectivity matrix. In Figure 1A, an example of the exported mesh is
shown, together with the position of the nodes corresponding to the
LV apex (AP), mitral (MV), and aortic (AO) valve centres selected by
the user during the segmentation process.”’ A total of 3284 3D LV sur-
faces obtained from the 205 subjects in the different frames of the
cardiac cycle, which derived volumes ranged from 22 to 410 mL, were
thus available for model generation.

As afirst step, a registration operation of rototraslation was applied to
co-register all the 3284 meshes to their centre of mass, LV long-axis, and
angle of the line connecting AO and MV centres (Figure 1B). Scaling, based
on LV apex-to-base distance, was not performed on purpose, to consider
anatomical variability in the statistical variability described by the
model."?

Ones all meshes were aligned, the mean LV endocardial surface was
computed as average of the x, y, z coordinate positions for each corre-
sponding node, and principal component analysis (PCA) was performed
to find the minimal number of components able to describe the variability
of all the points cloud.>"® The result of PCA is a set of principal axes of
variation, computed as linear combination of the original coordinate
system, describing the variability of the original data in descending
order. In this way, we found that a total of 1926 principal components
(PC) was needed to describe the whole variability in the data, but the
first 5 PC were already able to describe its 75% variability, while 79 PC
described 99.7% variability (Figure 1C).

Population and gold standard

Data from 12 consecutive patients (2 with normal LV function, 7 with
ischaemic dilated cardiomyopathy, and 3 with myocardial infarction)
referred for cardiac evaluations were considered for testing the perform-
ance of the proposed algorithm. Cardiac magnetic resonance images
(1.5 T) were acquired using the conventional cardiac imaging sequence
(FIESTA) in both two- and four-chamber planes, as well as in stack
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Figure | (A) Example of an endocardial LV surface obtained from the semi-automated segmentation of the 3DE dataset, with user-selected
points corresponding to LV apex (AP), mitral (MV), and aortic (AO) valve centres. (B) Schematization of the rototraslation operation (T) applied
to co-register all the 3284 LV endocardial surfaces to their centre of mass and LV long-axis. (C) Possible deformation of the mean shape model
(in green) by changing the first PCA component only, so to represent the 99.7% variability included in the training dataset.

(from 6 to 13) of SAX planes to coverthe entire LV (slice thickness 8 mm,
no gap, no overlap). End-diastolic and end-systolic frames were visually
selected for analysis as the frames showing maximal and minimal LV
volume, respectively. Reference values for comparison were convention-
ally obtained by manually tracing the LV endocardial contourin each SAX
plane, including papillary muscles in the LV cavity. Then, LV volumes were
computed using a disc-area summation method (modified Simpson’s
rule). The end-diastolic (EDV) and end-systolic (ESV) volumes were
used to compute the EF as 100*(EDV — ESV)/EDV. These parameters
were used as ‘gold standard’ to test the measurement accuracy obtained
with the proposed nearly automated 3D segmentation technique.

Pre-processing and cardiac magnetic
resonance initialization

As the segmentation will be performedin 3D, using simultaneously all the
information included in the stack of SAX planes, it is mandatory to correct
for potential misalignment between long-axis and SAX planes, to avoid
distortion in the final LV endocardial surface. To do so, a cross-
correlation technique for in-plane correction was applied to each SAX
plane."

For each frame to be analysed, a six-point manual initialization proced-
ure (two for mitral valve leaflet insertion and one for LV apex, in both
apical four- and two-chamber views) is needed to: (i) scale the mean
ASM modelto the datato be analysed, based on LV apex-to-base distance
along the long-axis; (ii) place the scaled model inside the stack of SAX
CMR images; (i) automatically define the SAX planes containing the
LV (from base to apex), to be used to deform the model.

Model deformation

After these three steps, starting from this initial ASM model position in
the stack of SAX CMR images, by considering the intersections of the
3D model with each SAX, the 3D mesh model is iteratively deformed
to match the LV endocardial position in all SAX planes contemporan-
eously, until a stable condition is reached. This is achieved throughout
the following steps:

(1) Determiningthe intersections of the model with the SAXimage. The
ASM model is a mesh constituted by triangular patches, so the
patches intersecting the imaging plane can be determined, and two
intersecting points for each patch identified (Figure 2A).

(2) Defining a research space. For each intersection, the pixel video in-
tensity profile of the line connecting it with the centre of mass of
all intersections'> was extracted, and used to generate a 2D image
L representing all the aligned profiles (Figure 2B).

(3) K-means clustering. Theimage L was processed usinga K-means clus-
tering, searching for five separate clusters to better represent blood
in the LV cavity, myocardium, and external structures. Following this
operation, a binarization was applied by considering as white the
pixels classified as blood in the LV cavity, and as black all the
others." The interface pixels (Figure 2B) were then extracted, and
used as the LV endocardial candidate position nodes in the iterative
update process of the ASM mesh.

(4) Todoso,afirstrigid repositioning of the mesh in the actual SAX stack
was performed by partial Procruste analysis.!”” Then, a displacement
vector was computed for each node of the mesh, based on the pos-
ition of the respective candidate points, and applied (Figure 3A).

These steps are applied recursively, with each new iteration starting
from the position and configuration of the ASM mesh resulting from
the previous iteration, until the computed model update does not
produce a significant change in the mesh,'® measured as the sum of all
the nodes displacements greater than the CMR image spatial resolution.

Volume computation

On the final ASM endocardial mesh, LV volume was derived in two ways:

(1) direct volume computation, based on the sum of volumes of all the
regular tetrahedral patches composing the 3D mesh (3D);

(2) toreplicate ‘gold standard’ analysis, at each intersection of the ASM
mesh with the original SAX planes, LV cavity area was computed, and
LV volume derived using the disc-area summation method (2D).



Statistical analysis

Agreement between manual ‘gold standard’ measures and the result of
semi-automated 3D segmentation by ASM was evaluated using Bland—
Altman analysis. In addition, linear regression analysis was performed,
and Pearson correlation coefficient was computed. The t-test was
applied to verify the significance of the bias (paired t-test vs. null values).
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Figure 2 (A) Visualization of the intersections of the 3D model
with one representative SAX plane, with zooming to evidence
the two intersecting points (in green) for each triangular patch of
the mesh. (B) Result of K-means clustering segmentation to
obtain interface pixels that will guide model deformation in the
next iteration.

Results

Algorithm implementation was performed in Matlab (MathWorks).
Required time on a conventional laptop (IntelCore i7 @2.3 GHz,
6 GB RAM) to analyse a stack of 10 CMR SAX slices and obtain the
LV 3D endocardial surface for one frame was <50 s, including 10 s
for manual initialization. Conventional manual tracing for ‘gold
standard’ determination took about 5 min per frame.

Gold standard analysis provided volume measurements in the
range of 120-283 mL for EDV, 32-239 mL for ESV, and 16-73%
for EF.

Figure 3B shows an example of the final ASM mesh superposed to an
apical two-chamber long-axis view, from which it is possible to appre-
ciate the correspondence of the detected surface to the LV endocar-
dial position in the CMR image, as well as the anatomical description of
the LV apex and base. This was confirmed in all cases, both with apical
two- and four-chamber views superposed visualization.

Comparison of LV volumes (EDV and ESV) between the gold
standard and the results of the segmentation, either as 3D mesh or
as 2D method of discs resulted in slopes close to 1 and very high
and statistically significant correlation coefficients (3D: m = 0.99,
r* = 0.97;2D: m = 0.98, r* = 0.98). Bland—Altman analysis showed
in both cases no significant bias and narrow limits of agreement
(Figure 4, top), corresponding to a per cent error of the measured
volume of +22% for 3D and +26% for 2D compared with
manual analysis. One outlier is visible in the graph, in which EDV,
but not ESV, was underestimated compared with the ‘gold standard’,
resulting in EF overestimation. While comparing EF, again slopes
close to 1 and high and statistically significant correlation coefficients
(3D: m=0.99, = 0.91; 2D: m = 1.01, r* = 0.90) were found. In
addition, no significant bias and narrow limits of agreement
(Figure 4,bottom), correspondingto a per cent error of the measured
EF of +27% for 3D and +29% for 2D compared with manual
analysis were found by Bland—Altman analysis.
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Figure 3 (A) Schematization of the model deformation in one step, where for each node of the ASM mesh a displacement vector is computed
based on candidate points on the interface between blood in the LV cavity and tissue for each SAX plane intersection with the mesh. (B)
Example of the resulting LV endocardial mesh, superposed to an apical two-chamber view to appreciate correspondence with the LV morphology.
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Figure 4 Bland—Altman analyses of the comparison between the ‘gold standard’ manually derived LV volumes and EF with respective values
obtained from the segmented 3D endocardial meshes, both as direct volume computation and replicating the 2D disc-area summation method.

Discussion

Our main goal was to propose and validate a 3D CMR nearly auto-
mated LV endocardial segmentation procedure based on a novel
intermodality ASM approach. To our knowledge, this is the first
time that a statistical model is built based on 3D LV endocardial sur-
faces extracted from 3DE images, and then applied to segment CMR
images, thus constituting a completely new intermodality approach.

Compared with ASM model creation using CMR or computed
tomography images, 3DE has the advantage of being widely used
and non-invasive, without contraindications in patients with
implanted devices, thus providing the potential for further expanding
the training dataset to different patients’ groups. Moreover, using not
interpolated and intrinsically 3D LV endocardial surfaces allows to
obtain an ASM model consistent with LV anatomy, in particular in
the representation of LV apexand base at the level of the mitral plane.

The proposed CMR segmentation procedure required minimal
user interaction, with the selection of only six points on the long-axis
views, and used this information to automatically position the model
inthe SAX stack and determining the slices range to be includedin the
segmentation process. On the contrary, previous ASM approaches
required more extensive initialization'® or manual localization of
the initial model position16 to work properly.

The ASM deformation process has shown to be computationally
robust and fast, thanks to the pre-processing correction'® for
misalignments of the CMR images, taking into account contemporan-
eously the information derived from all the SAX planes including
the LV, and properly evolving to represent the true apex and base,
as confirmed by visualizing the resulting mesh with the superposed
original CMR long-axis two- and four-chamber images.

The output of the endocardial segmentation is provided both as
2D LV contours on the original SAX images, to compute the LV
volume as discs-summation method, and as a morphologically accur-
ate 3D LV endocardial surface mesh, in a representation that can be
easily integrated into a patient-specific finite element model for sur-
gical planning"® or cardiac mechanics study purposes.?’ The compari-
son with the conventional ‘gold standard’” analysis of LV volumes
derived from CMR images showed the proposed method to be
accurate, thus being potentially applicable in the clinical setting. In
fact, independently of the strategy used to compute LV volumes
fromthe 3D mesh (by direct computation or by 2D disc-area summa-
tion), no bias has been found compared with the ‘gold standard’, with
slightly narrow limits of agreement for the direct computation
(+22%) compared with the 2D assessment (4 26%), probably
due to the improved morphological definition at the LV apex and
base.



Study limitations

We have presented a first pilot study to evaluate the feasibility and
initial accuracy of the proposed intermodality ASM approach to
segment cardiac CMR images. Its main limitation is that it has been
tested on a limited number of patients undergoing CMR imaging.
However, obtained results in the heterogeneous patient population
analysed, not confined to a specific pathology, are promising.

An intrinsic limitation of the statistical shape methods is that the
results of the segmentation are dependent from the original popula-
tion used as database to generate the model. In fact, if a patient to be
analysed has an LV shape that is not well represented in the database,
the model is not able to fit it properly. As an example, in case of the
analysis of a patient with extremely dilated LV (>410 mL), the seg-
mentation would have resulted in a LV volume underestimation, as
the model expansion is related to the extent of the morphological
characteristics of the population used as training set, that did not
include patients with LV > 410 mL. In the same way, with the
current training datasets, patients with right ventricular dilation due
to pulmonary hypertension could not be analysed, as they were
not included in the original database. The convexity in LV septum
that characterizes patients with this pathology is indeed not repre-
sented in the 205 patients that generated the database, all with LV
septal concavity. These limitations can be solved by adding to the
database more LV endocardial surfaces extracted from specific
patient groups, or with specific anatomical characteristics (i.e.
extremely dilated).

Conclusions

In conclusion, we proposeda 3D CMR nearly automated LV endocar-
dial segmentation procedure based on a novelintermodality statistic-
al modelling approach. The utilization of 3D LV endocardial surfaces
extracted from 3DE images as training datasets for model construc-
tion allows reproducing the correct LV morphology, thus resulting in
asegmented 3D mesh includingarealistic LV apex and base that could
constitute the input for more realistic patient-specific finite element
modelling.
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