Graph-cuts based Reconstructing Patient Specific Right Ventricle:
First Human Study®*

Liang Zhong!2, Min Wan?, Yi Su?, Soo Kng Teo?, Chi Wan Lim?, Xiaodan Zhao',
Jun-Mei Zhangl, Bo Yang Sul, Ju Le Tan!, and Ru San Tan!:2

Abstract—Right ventricular (RV) function is increasingly
recognized to play an important role in the clinical status and
long-term outcome in patients with congenital heart disease as
well as ischemic cardiomyopathy with left ventricular dysfunc-
tion. However, quantification of RV characteristics and function
are still challenging due to its complex morphology and its thin
wall with coarse trabeculations. To assess RV functions quan-
titatively, establishing the patient-specific model from medical
images is a prerequisite task. This study aims to develop a
novel method for RV model reconstruction. Magnetic resonance
images were acquired and preprocessed. Contours of right
ventricle, right atrium and pulmonary artery were manually
delineated at all slices and all time frames. The contour coor-
dinates as well as the medical image specifications such as image
pixel resolution and slick thickness were exported. The contours
were transformed to the correct positions. Reorientation and
matching were executed in between neighboring contours; ex-
trapolation and interpolation were conducted upon all contours.
After preprocessing, the more dense point set was reconstructed
through a variational tool. A Delaunay-based tetrahedral mesh
was generated on the region of interest. The weighted minimal
surface model was used to describe RV surface. The graph-
cuts technique, i.e., max-flow/min-cut algorithm, was applied to
minimize the energy defined by the model. The reconstructed
surface was extracted from the mesh according to the min-
cut. Smoothing and remeshing were performed. The CPU time
to reconstruct the model for one frame was approximately
2 minutes. In 10 consecutive subjects referred for cardiac
MRI (80% female), right ventricular volumes were measured
using our method against the commercial available CMRtools
package. The results demonstrated that there was a significant
correlation in end-diastolic and end-systolic volumes between
our method and commercial software (r= 0.89 for end-diastolic
volume and r=0.79 for end-systolic volume, both P<0.0001). The
time to obtain right ventricular volumes was shorter using our
method than commercial one. In conclusion, a new method for
right ventricle reconstruction has been developed. We envisage
that this automatic modeling tool could be used by radiographer
and cardiologists to assess the RV function in diverse heart
diseases.
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Fig. 1.

Two dimensional view of right ventricle

I. INTRODUCTION

The importance of right ventricle (RV) in various phys-
iological and pathological conditions has now been well
recognized after four decades of neglect [1]. Being a pre-
dominant factor for the prognosis of pulmonary hypertension,
myocardial infarction and left ventricular dysfunction [1], as
well as the treatment of congenital heart diseases [4], the
right ventricular morphology and function require a more
quantitative assessment in clinical practice. The accurate and
proper functional assessment is based on the correct and
precise ventricular model.

Due to its complex geometry, the right ventricle poses a
great challenge for patient-specific modeling from contours.
Its normal anatomy is triangular from the long-axis view
and crescent from short-axis view [2], which is also shown
in the MR images (Fig. 1). According to Goor et al, [3], the
whole right ventricle could be divided into three components:
(a) the inlet portion with the tricuspid valvular apparatus
(tricuspid valve, chordae tendineae and papillary muscles);
(b) the trabeculated apical myocardium; (c) the outlet portion
with the infundibulum or conus, which corresponds to the
smooth myocardial outflow region.

The complex crescent shape renders some existing tech-
niques used in left ventricle (LV) reconstruction ineffective.
The old procedure used the centroids of all contours to
extrapolate the apex, which was not reasonable in the RV
since the centroids probably lie outside the contours. Our
previous studies [4] used commercial software to reconstruct
the models. The demand of an in-house reconstruction tool,
which could take into account the right ventricle character-
istics effectively, motivates this study.

In this study, we developed a novel method to reconstruct
patient-specific right heart structure including the right ven-
tricle, right atrium, and pulmonary artery. MR images were
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Fig. 2. Reconstruction Workflow

acquired and pre-processed. Contours indicating right ven-
tricle or right atrium and pulmonary artery were delineated
on short axis images by trained experts. Contour coordinates
were transformed to the correct position according to the
image specification. The classified contour data were re-
oriented, matched, extrapolated, and interpolated. A varia-
tional reconstruction tool was applied and a delaunay-based
tetrahedral mesh was generated in 3D space. The weighted
minimal surface model [8] was used to describe the recon-
struction. A mature minimization tool, the max-flow/min-
cut algorithm [11] developed in combinatorial optimization
theory, was utilized. The reconstruction result was extracted
from the mesh according to the min-cut. Remeshing and
smoothing were then performed to improve the surface mesh
quality, which facilitates the downstream geometry analysis
or simulation. The chart in Fig. 2 illustrates the workflow,
which is described in detail in Section II. Section III presents
and analyzes the results. Section IV concludes the article.

II. METHODS

A. Contour Delineating and Stacking

Magnetic Resonance Imaging (MRI) was used as the med-
ical imaging modality in this study due to its non-invasive
and non-radiant advantages. After Cardiac MR images were
acquired, contours were chosen and delineated on short-
axis images. The following contour transformation from 2D
image plane to 3D space (1) was extracted from the DICOM
data (see Fig. 3).
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B. Contour Data Pre-processing

Three types of contours, i.e., RV, RA, and PA, were re-
grouped into two groups, RV-RA and RA-PA. The first two

Fig. 3.

Contours transformation

phases in Fig. 4 illustrates this step. The following pre-
processing was then performed sequentially on each group
of contours separately.

Contour re-orientation was first performed. All contours
were re-oriented in the counterclockwise direction. This task
is accomplished via checking the signed area of the region
bounded by the polygon or constructing the constrained De-
launay triangulation of the polygon. Contour matching and
interpolation were similar to previous studies [5]-[7], which
are illustrated in Fig. 4. The extrapolation was aimed to add
an apical patch for the truncated shape. Our previous study
on LV used centroids of contours to derive (extrapolate)
the apex. In the case of the RV, the crescent shape of all
contours would cause the usage of centroids improper since
the centroids will probably lie outside the contours. Instead,
we firstly computed the medial axis of each contour. The
medial axes were then applied in the extrapolation to estimate
the right ventricle apex. The output is a more dense point
set.

C. Variational Reconstruction

The weighted minimal surface model [8] was used to
address the reconstruction problem. We adapted the model
by adding an area regularization term.

E(S)= d(z, P) + a)ds. (2)
P X )

To solve this problem, numerical methods [9] were applied.
A Delaunay based tetrahedral mesh was generated in the 3D
space. The energy functional was then discretized as in (3):

E(S) = /S (d(z, P) + o) ds

_ d q;7P + « ds
= Z (di,j + Q)Si,jl{liflj}'
i#£j

The reconstructed surface was approximated as a trian-
gle mesh, i.e., the union of all triangles shared by two
tetrahedral from different partitions. The mesh generation
and constraints establishment steps are shown in Fig. 5.
The discrete minimization problem is equivalent to a graph
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Fig. 5. Variational Reconstruction

problem. The equivalence has been well justified in [10].
The graph topology is the dual of the primal mesh as shown
in Fig. 6. The edge weights are assigned according to (2).
After applying the max-flow/min-cut algorithm in [10], the
reconstructed surface could then be extracted from the mesh
according to the min-cut, as shown in Fig. 5(d).

D. Smoothing and Remeshing

An improved Laplacian smoothing algorithm [11] is
adopted in our method. The remeshing algorithm in [12] is
used in our study. First, normalized edge lengths are com-
puted based on geometric metric and mesh sizing function
[13]. Edge splitting and contraction are conducted using the
classic criterion. Meanwhile, edge flipping is also done in
each iteration to improve the triangle mesh quality.

(a) Primal mesh (b) Dual graph (c) Edge weights

Fig. 6. Graph Construction
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Fig. 7. Reconstructed models
Fig. 8. Reconstructed models

III. RESULTS

The proposed method was experimented on ten subjects,
whose characteristics are listed in Table I. The cine MR
images were acquired on a 1.5T Siemens scanner with ECG
gating. The slice thickness is 8mm. The pixel spacing is
1.46mm. The TR/TE/flip angle is 68ms/1ms/70°.

In Fig. 7, views from several angles as well as a zoomed
view are shown. In Fig. 8, selected frames of reconstructed
model are shown: the first and the third of which are end-
diastole and end-systole phases. In Fig. 9 and 10, a complete
heart model is shown, including both ventricles and atria,
aorta, and pulmonary artery. In Fig. 11, two statistics con-
cerning the surface mesh quality are shown. The criterion for
(a) is based on [14] and (b) is the triangle angle distribution.

From the experiment, we could observe an anatomically
reasonable right cardiac structure, especially the RV-RA-PA

() (b)

Fig. 9. View of chambers and arteries separated
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Fig. 11. Mesh quality statistics

junction region, which validates our proof of concept. The
end-diastole and end-systole volumes were computed and
compared with results from the CMRtools suite (Cardio-
vascular Solution, UK). The results demonstrated that there
was a significant correlation in end-diastolic and end-systolic
volumes between our method and commercial software (r=
0.89 for end-diastolic volume and r=0.79 for end-systolic
volume, both P<0.0001). The time to obtain right ventricular
volumes was shorter using our method than commercial one.

IV. CONCLUSIONS

Our proposed graph-cuts based method with automated
model reconstruction is a practical alternative for modeling
the right ventricle, as well as right atrium and pulmonary
artery, and for obtaining right ventricular volumes in a time-
efficient manner compared to the current clinical standard.

TABLE I
PATIENT STATISTICS
Patients Gender | Age bsa(m?) | RR(ms)
Patient 1 F 29 1.3 805
Patient 2 F 45 1.2 800
Patient 3 F 21 1.3 850
Patient 4 F 54 1.3 1025
Patient 5 F 17 1.5 715
Patient 6 F 20 1.7 760
Patient 7 F 66 1.7 1040
Patient 8 M 23 2 680
Patient 9 M 27 1.6 1100
Patient 10 F 24 1.5 930

We envisage that this tool shall be used by radiographer and
cardiologists to assess right ventricular function in patients
with diverse heart disease.
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