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Abstract. With the advancement of three-dimensional (3-D) real-time echocardiography in recent years, automatic creation of patient specific geometric models is becoming feasible and important in clinical decision
making. However, the vast majority of echocardiographic segmentation methods presented in the literature
focus on the left ventricle (LV) endocardial border, leaving segmentation of the right ventricle (RV) a largely
unexplored problem, despite the increasing recognition of the RV’s role in cardiovascular disease. We present
a method for coupled segmentation of the endo- and epicardial borders of both the LV and RV in 3-D ultrasound images. To solve the segmentation problem, we propose an extension of a successful state-estimation
segmentation framework with a geometrical representation of coupled surfaces, as well as the introduction of
myocardial incompressibility to regularize the segmentation. The method was validated against manual measurements and segmentations in images of 16 patients. Mean absolute distances of 2.8  0.4 mm,
3.2  0.7 mm, and 3.1  0.5 mm between the proposed and reference segmentations were observed for
the LV endocardium, RV endocardium, and LV epicardium surfaces, respectively. The method was computationally efficient, with a computation time of 2.1  0.4 s. © 2017 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JMI.4.2.024005]
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1

Introduction

Evaluation of the heart’s structure and function is vital for the
diagnosis and treatment of cardiovascular diseases.
For this purpose, three-dimensional real-time echocardiography (3DRTE) has been making its way into clinical use in recent
years.1 Compared to conventional two-dimensional (2-D) echocardiography, 3DRTE allows a more complete and accurate
appreciation of the heart’s complex 3-D structure and motion.
However, because of the large increase in information and complexity in these 3-D images, clinicians must rely on computeraided methods for their clinical quantification and decision making. Of particular interest is the extraction of patient-specific
geometric models of heart structures. Such models have many
uses, including quantification of cardiac chamber shape, size,
and function, as well surgical planning.
In this paper, we present a method for coupled segmentation
of the endo- and epicardial borders of both the left ventricle (LV)
and right ventricle (RV) in 3DRTE images. Although the vast
majority of 3DRTE segmentation methods presented in the literature focus on the LV endocardial border, segmentation of the
other cardiac chambers are necessary to assess a wider range of
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cardiac diseases and procedures. Furthermore, as the chambers
interact in performing the pumping function, multichamber
models could allow a more complete evaluation of the clinical
condition. Finally, segmentation of the epicardium (EPI) allows
the measurement of the myocardial mass, which is a well-established measurement and an independent risk factor for cardiovascular events.2
Segmentation of the LV in 3-D ultrasound images is commonly solved by sequential fitting of an endocardial surface representation to the image. Many different representations have
been proposed, including explicit surfaces such as spline and
subdivision surfaces and implicit surfaces such as a level-set of
higher-dimension functions. The fitting algorithm is commonly
an energy minimization formulation or an optimization of boundary edge criteria. It is typically necessary to introduce prior
shape information and regularization in the fitting process to
overcome noise, artifacts, and missing edges in the ultrasound
images.
Epicardial segmentation has received less attention in the literature and is generally more challenging than endocardial segmentation. For instance, the contrast between the ventricle blood
pool and myocardium is typically much higher than the contrast
between the myocardium and surrounding tissues, making the
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epicardial border harder to detect.3 To solve this problem,
Orderud et al.4 extended a deformable surface segmentation
method for the LV,5 using separate endocardial end epicardial
surfaces sharing a global pose transform. In another study,
Myronenko et al.6 presented a method for LV endo- and epicardial border tracking based on a combination of image texture
and gradient information.
Because of the high water content, the myocardium is
believed to be nearly incompressible. This means that the myocardial volume remains roughly unchanged during the cardiac
cycle, with changes of less than 5%.3,7,8 The incompressibility
has been used to improve segmentation results of 3DRTE3 and
MRI.9 Zhu et al.3 used speckle statistics together with the myocardial incompressibility constraint to evolve separate LV endoand epicardial surfaces from an initial segmentation. A significant accuracy improvement was discovered with the introduction of the incompressibility constraint, compared to both a
similar thickness constraint and an unconstrained segmentation.
The field of RV segmentation in 3DRTE images is less
mature compared to the LV. The LV methods are typically not
immediately applicable to the RV, as the RV has a more complex
shape and larger interpatient variation. Furthermore, the RV
endocardium (RV-END) is typically harder to define by ultrasound because of trabeculations and missing edges due to its
position relative to the lung and sternum. Angelini et al.10
applied a level-set framework to separately segment both the LV
and RV endocardial borders. Recently, Stebbing et al.11 proposed an RV segmentation method where the endocardial surface is represented by a Loop subdivision surface and fitted by
energy minimizing across multiple views of the same patient, or
across multiple patients. Finally, we previously presented a
method for RV segmentation based on a statistical shape model
and Kalman filter state estimation.12
The method presented in this paper allows a coupled segmentation of endo- and epicardial borders of the LV and RV.
The endo- and epicardial surfaces are represented as coupled
deformable surfaces and fitted to the image using a real-time
segmentation framework previously applied to the LV5 and
RV12 separately. Incompressibility of the myocardium is introduced by regularizing the myocardial volume during the cardiac
cycle. The method is used to measure chamber volumes and
ejection fractions (EFs), as well as the LV myocardial mass. To
evaluate the method, the semiautomated results were compared
with manual segmentations in 3DRTE, as well as volume measurements in MRI, in images of 16 patients.

2

pðuÞ ¼

Nv
X

EQ-TARGET;temp:intralink-;e002;326;752

bi ðu; T Þqi ;

(2)

i¼1

where Ωu is the surface domain, i.e., Ωu ⊂ R2 for 3-D basis surfaces, and u ∈ Ωu is a surface coordinate. Examples of such surfaces include Doo–Sabin,5,13 Catmull–Clark,14,15 and Loop16,17
subdivision surfaces. These surfaces can be split into several
patches, where each patch P has region of support ΩP , such
that the local surface is given by

pP ðuÞ ¼

X

EQ-TARGET;temp:intralink-;e003;326;645

bi ðuÞqi

∀ u ∈ ½0; 1 × ½0; 1:

(3)

i∈ΩP

Figure 1 shows a patch with its control mesh and resulting
surface.

2.1.1

Thickness

In the general case, let there be N s surfaces defined on the control mesh Q where each surface S i is a collection of patches
centered on a subset ΩS i ⊂ ½1; 2; : : : ; N v  of the control vertices,
i.e.,

S i ¼ fP i;j ∶j ∈ ΩS i g;

(4)

EQ-TARGET;temp:intralink-;e004;326;505

where P i;j is the patch of the i’th surface centered on the j’th
control vertex. Figure 2(a) shows a simplified illustration of
three surfaces defined on a control mesh of four vertices.
Each patch P i;j is associated with a thickness ti;j . To create a
thick model, the control vertices are displaced separately for
each surface. The locally deformed control vertices Q̃i of surface S i

Q̃i ðti Þ ¼ ½q̃i;1 ; q̃i;2 ; : : : ; q̃i;N v ;

(5)

EQ-TARGET;temp:intralink-;e005;326;396

are calculated by



q̃i;k ¼

EQ-TARGET;temp:intralink-;e006;326;352

qk þ ni;j ti;j ;
qk ;

if k ∈ ΩS i
;
otherwise

(6)

where ni;j is the normal direction at the center of patch P i;j and
ti ¼ fti;j g is the vector of patch thicknesses. Figure 2(b) shows
the local displacement of three surfaces sharing a central vertex.

Biventricular Surface Representation

In this section, we present a surface representation for coupled
basis surfaces defined by a common control mesh and local
thicknesses. Although the method discussed here generalizes to
2-D splines, we will focus on 3-D surfaces.

2.1

Coupled Surfaces

Given a control mesh with N v vertices

Q ¼ ½q1 ; q2 ; : : : ; qN v ;

EQ-TARGET;temp:intralink-;e001;63;149

(1)

and topology T , a family of surface representations exist that
generates points p on a smooth surface defined by the function
pðuÞ∶Ωu ↦ R3 on the form
Journal of Medical Imaging

Fig. 1 Illustration of a basis surface patch pðu; vÞ controlled by a control mesh Q ¼ ½q1 ; q2 ; : : : ; q9  centered on q1 .
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For each of the three surfaces S i , we apply a thickness ti;j
along the initial surface normals ni;j such that the resulting control mesh Q̃i ¼ ½q̃i;1 ; q̃i;2 ; : : : ; q̃i;54  is given by

q̃i;j ¼ qj þ ni;j ti;j ;

(9)

EQ-TARGET;temp:intralink-;e009;326;719

and the resulting surface is given by

p̃i ðu; v; xd ; ti Þ ¼

(a)

54
X

EQ-TARGET;temp:intralink-;e010;326;677

bi;j ðu; vÞq̃i;j ;

(10)

j¼1

where bi;j ðu; vÞ are the Doo–Sabin basis functions at a surface
location ðu; vÞ and xd and ti are the midwall deformation and
thickness states, respectively.
2.2.2

Patch volumes

When the ventricles contract and shorten during the cardiac
cycle, the myocardium thickens as the myocardial volume
remains approximately constant. To model this in a natural way,
we move from the thickness parameterization described in
Eq. (9) to a volume parameterization. This makes it natural to
use local patch volume regularization as a surrogate for myocardial mass conservation.
Using the divergence theorem, we can relate the patch thicknesses with the resulting volumes. This relationship can then be
used to provide a model that is parameterized by local patch
volumes. For each surface S i , volumes vi;j of all patches P i;j are
given by the midwall deformation states xd and thickness states
ti ¼ fti;j g

(b)

vi;j ¼ vi;j ðxd ; ti Þ:

(11)

EQ-TARGET;temp:intralink-;e011;326;424

(c)
Fig. 2 Illustration of the creation of a thick model from a shared midwall control mesh. In this case, three surface patches share a single
central vertex q2 . (a) Control mesh and initial surface patches.
(b) Local thickness deformations of the control mesh and resulting
displaced surfaces. (c) Resulting thick model.

See the Appendix for details on deriving Eq. (11).
Let ṽi ¼ fvi;j g be the vector of volumes of each patch in
surface S i , with initial volumes ṽi;0 ¼ fv0i;j g. The volume–
thickness relationship in Eq. (11) is simplified by approximating
it with a linearization around the initial state

ṽi ≈ Ai ðti − ti;0 Þ þ Ci ðxd − xd;0 Þ þ ṽi;0 ;

(12)

EQ-TARGET;temp:intralink-;e012;326;337

2.2

Model Parameterization
where

2.2.1

Midwall control mesh

Following the approach described in Sec. 2.1, we use
three Doo–Sabin subdivision surfaces to represent the LV
endocardium (LV-END), RV-END, and EPI borders. All surfaces share the same underlying midwall control mesh with 54
vertices

Ai ¼

EQ-TARGET;temp:intralink-;e013;326;295


∂vi 
;
∂ti  ti;0

(13)


∂vi 
:
∂xd  ti;0

(14)

xd;0

Ci ¼

EQ-TARGET;temp:intralink-;e014;326;251

xd;0

Q ¼ ½q1 ; q2 ; : : : ; q54 :

EQ-TARGET;temp:intralink-;e007;63;222

(7)
2.2.3

Scaling

Figure 3 shows the midwall control mesh used to represent
the biventricular model and the corresponding LV, RV, and EPI
surfaces.
Each vertex qi of the midwall control mesh has a single
degree of freedom xd;i specifying the deformation along a single
axis di such that

We introduce a global scaling state s, used to scale the model
into the image, such that a point p on the scaled model is given
by p ¼ sp̃, where p̃ is given by Eq. (10). The vector vpi of scaled
patch volumes is then vpi ¼ s3 ṽi , where ṽi is given by the
approximation in Eq. (12).

qi ¼ qi;0 þ di xd;i ;

2.2.4

EQ-TARGET;temp:intralink-;e008;63;125

(8)

where qi;0 is the corresponding initial control point. The deformation directions are the initial normal directions of the EPI
surface.
Journal of Medical Imaging

Control vertex volumes

It is desirable to combine the patch volumes vpi to a single volume state vni wherever two or more surfaces share the central
control vertex. This reduces the number of states and ensures
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Fig. 3 Control mesh and resulting subdivision surfaces. The two rows show the same model from different sides. From the left: LV, RV, EPI, and all surfaces.

a stable distribution of volume for all surfaces, e.g., on both
sides of the myocardium midwall. Let vn ¼ fvnj g be the vector
of volumes for all control vertices

vnj ¼

X

EQ-TARGET;temp:intralink-;e015;63;429

vk;j ;

(15)

k∈Ωk

EQ-TARGET;temp:intralink-;e022;326;414

where Ωk is the set of surfaces with patches centered on the k’th
midwall vertex. The model is parameterized by volume changes
v with respect to the initial volumes vn0

v ¼ vn − vn0 :

EQ-TARGET;temp:intralink-;e016;63;352

(16)

The control vertex volumes are distributed on each surface in
proportion to the initial volumes

v0i;j
vi;j ¼ vnj P 0 ;
Ωk vk;j

EQ-TARGET;temp:intralink-;e017;63;299

EQ-TARGET;temp:intralink-;e021;326;451

(17)

vpi ¼ Pi vn :

(18)

The local surface thicknesses are then given by Eqs. (18) and
(12), resulting in



 3
s0
p
n 1
ti ¼ A−1
−
v
−
1
P
ṽ
i
i
i;0
s3
s3

EQ-TARGET;temp:intralink-;e019;63;191

− A−1
i Ci ðx − x0 Þ þ ti;0 :

(19)

The state Jacobians for the surface S i , required to solve the
segmentation problem, are given by

EQ-TARGET;temp:intralink-;e020;63;107

∂pi
3
p 3
¼ Qbi − 3 Ni Bi A−1
i ðPi v − vi;0 s0 Þ;
∂s
s

Journal of Medical Imaging

(20)

(21)

∂pi
1
¼ 2 Ni Bi A−1
i Ci ;
∂v
s

(22)

where bi is the vector of basis functions for S i at pi ,
Bi ¼ diagðbi Þ, D is a matrix of the midwall deformation directions, and Ni is a matrix of the thickness normal directions
for S i.
2.2.5

Pose transform

To place the model within the image, we introduce a pose transform pimage ¼ Tðpi ; xp Þ allowing for translation and rotation.
The combined state vector is x ¼ ½xp ; s; xd ; v, where xp is
the pose transform states with six degrees of freedom. The combined Jacobian is given by

such that
EQ-TARGET;temp:intralink-;e018;63;240

∂pi
¼ sDBi − sNi Bi A−1
i Ci ;
∂xd

EQ-TARGET;temp:intralink-;e023;326;248



∂pimage
∂T ∂T ∂pi ∂T ∂pi ∂T ∂pi
¼
;
;
;
:
∂xp ∂pi ∂s ∂pi ∂xd ∂pi ∂v
x

3

(23)

Segmentation

The method presented here is an application of a real-time volumetric segmentation framework previously applied on the
LV,4,5,18 RV,12 and aortic root.19 For a detailed description of the
framework, the reader is referred to previous works.5,12

3.1

Initialization

Before performing the state estimation, the model is initialized
by manually identifying the following eight anatomical landmarks in end diastole: mitral valve (MV) center, tricuspid valve
(TV) center, aortic valve (AV) center, LV apex, anterior and
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posterior LV–RV junction points, and a single point on the lateral RV free wall.
Because the parameterization presented in Sec. 2.2.1 only
allows the control mesh to deform in the normal direction, the
model lacks the necessary degrees of freedom to capture differences in RV width/height ratios and LV outflow tract (LVOT)
directions. To mitigate this, the midwall control mesh is personalized by adjusting the distance between LV–RV junction
points, LVOT direction, and RV diameter, based on the manually identified landmarks prior to segmentation. The initial
pose and scale parameters are then calculated by rigidly registering the model to the landmarks.

3.2

Kalman Filter Process

The parameters that substantially influence the Kalman filter
segmentation are the initial state covariance estimate (P0 ), estimated noise values for the process and edge measurements (Qk
and ri , respectively), and the regularization in the prediction
step (A).
To prevent the segmentation from lagging behind the image
and to enforce a cyclic segmentation, a Kalman smoother20
approach is applied. The process is repeated starting from the
last frame and iterating backward in time, and the final state estimate x^ is fused by
−1 −1
Pk ¼ ðP−1
f;k þ Pb;k Þ ;

(29)

^ f;k þ P−1
^ b;k Þ;
x^ k ¼ Pk ðP−1
f;k x
b;k x

(30)

EQ-TARGET;temp:intralink-;e029;326;642

EQ-TARGET;temp:intralink-;e030;326;610

The segmentation is represented as a state estimation problem
and solved with an extended Kalman filter. Iteratively for each
frame in the cycle, the following processing chain is performed:
1. The next state is predicted as a combination of the previous state estimate x^ k−1jk−1 , with associated covariance matrix P^ k−1jk−1 and a motion model x̃k by

x^ kjk−1 ¼ A^xk−1jk−1 þ ðI − AÞx̃k ;

(24)

P^ kjk−1 ¼ AP^ k−1jk−1 A⊤ þ Qk ;

(25)

EQ-TARGET;temp:intralink-;e024;63;518

EQ-TARGET;temp:intralink-;e025;63;492

where A is a diagonal matrix specifying the regularization strength for each state and Qk is the estimated
prediction noise. A and Qk are used to control the
regularization behavior of the motion model and are
set prior to segmentation.
The motion model x̃k starts from the initialization and
follows a predefined contraction pattern. The pattern
includes longitudinal and radial shortening of both
ventricles, while the myocardial volume states are predicted to remain unchanged. This simple motion model
increases the accuracy of the prediction and, hence, the
location of the edge detection samples in the next step.
2. Edge detection is performed normal to the predicted
endo- and epicardial surfaces at 2200 evenly distributed points. For each edge point, a displacement vi
with estimated variance ri is detected by searching
along the normal vector ni using the least mean
squares fit to an intensity step profile. Outlier edges are
rejected based on the intensity step height and differences between neighboring edges.
3. The previous estimate, prediction, and edge measurements are fused by

h⊤i

EQ-TARGET;temp:intralink-;e026;63;195

¼

P−1
kjk

EQ-TARGET;temp:intralink-;e027;63;164

n⊤i Ji ;

¼

P−1
kjk−1

where x^ f , Pf and x^ b , Pb are the forward and backward iteration
estimates, respectively.

3.3

Dual-Pass State Estimation

We apply the whole Kalman filter process in two passes; first to
identify the pose transform and myocardial volume, then to optimize the local shape deformations. This allows the patch volumes to converge before applying volume regularization.
In the first pass, the local shape deformation process noise is
set fairly low compared to the other states, resulting in a stiff
model while allowing for rapid changes in global pose and patch
volumes.
In the second pass, the global pose transform of the first pass
is used as prediction states within the Kalman filter. Similarly,
the predicted volume is set to the average patch volumes of the
first pass with low process noise and high regularization, effectively performing weighted volume conservation.

4

Validation

The segmentation was validated on retrospective 3DRTE
recordings of 16 patients with aortic insufficiency. This is a subset of the data used in a previous validation of an RV segmentation method.12 The patient characteristics are given in Table 1.
Segmentation quality was evaluated by calculating the Dice’s
coefficient (DICE) and the surface errors mean absolute distance
(MAD), mean signed distance (MSD), and Hausdorff distance
(HD) with respect to manual segmentation. In addition, the clinical indices end diastolic volume (EDV), end systolic volume
(ESV), Stroke volume (SV), and EF were compared to manual
measurements in MRI and 3DRTE.
Table 1 Patient characteristics of the 16 images used for validation.

(26)
X
⊤
þ
hi r−1
i hi ;

(27)

i

x^ kjk ¼ x^ kjk−1 þ Pkjk

X

EQ-TARGET;temp:intralink-;e028;63;129

hi r−1
i vi ;

(28)

i

where vi , ri , ni , and Ji are the edge displacement,
measurement variance, normal vector, and state
Jacobian matrix, respectively.
Journal of Medical Imaging

48  15

Age, year
Male, n

14 (88%)

Weight, kg

79  9

Height, cm

177  9

LV hypertension, n

1 (6%)

LV hypertrophy, n

10 (67%)
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Fig. 4 Example result of image fusion between LV and RV.

4.1
4.1.1

3DTTE

acquisitions under a breath-hold. All images were acquired on a
Vivid E9 scanner using a 4V probe (GE Vingmed Ultrasound
AS, Horten, Norway).

Acquisition

For each patient, two separate 3DTTE recordings were acquired
from an apical position. The probe was moved slightly between
the acquisitions to individually capture both ventricles as best as
possible. The images were recorded using ECG-gated multibeat

4.1.2

Fusion

For each patient, the LV and RV images were spatio-temporally
registered together by aligning the following manually annotated

LV EDV (mL)

LV ESV (mL)
80
+1.96 SD

60
40
20

Mean

0
−20
−1.96 SD

−40
−60
−80
50

100

150

200

250

300

Proposed − 3DTTE reference

Proposed − 3DTTE reference

80

60

20

Mean

0
−20

−1.96 SD

−40
−60
−80

350

+1.96 SD

40

40

60

(Proposed + 3DTTE reference) / 2

80

(a)
RV EDV (mL)

140

160

180

RV ESV (mL)
80

60

+1.96 SD

40
20

Mean

0
−20

−1.96 SD

−40
−60
100

150

200

250

300

350

Proposed − 3DTTE reference

Proposed − 3DTTE reference

120

(b)

80

−80
50

100

(Proposed + 3DTTE reference) / 2

60
+1.96 SD

40
20

Mean

0
−20

−1.96 SD

−40
−60
−80

40

60

80

100

120

140

160

180

(Proposed + 3DTTE reference) / 2

(Proposed + 3DTTE reference) / 2

(c)

(d)

Fig. 5 Comparison of (a), (c) end-diastolic and (b), (d) end-systolic volumes of the (a), (b) left and (c),
(d) right ventricles, as measured by the proposed method, with respect to manual measurements in
3DTTE.
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Table 2 Results of surface-metric validation.

Fused images

LV image only

RV image only

EPI

LV-END

RV-END

EPI

LV-END

RV-END

3.1  0.5

2.8  0.4

3.2  0.7

3.0  0.5

2.8  0.4

3.0  0.6

2.6  0.4

2.5  0.4

2.5  0.5

2.5  0.3

2.6  0.4

2.5  0.4

Mean SD

0.4  1.0

0.2  0.9

−0.6  0.9

0.3  0.9

0.2  0.9

−0.3  0.8

Median SD

0.5  1.3

0.7  1.1

−0.3  1.2

0.5  1.2

0.7  1.1

−0.1  1.2

Hausdorff distance

10.3  2.5

8.8  3.1

14.0  5.5

10.0  2.3

9.0  2.5

13.6  5.2

Mean AD
Median AD

Note: All values are mean  SD (mm).
AD, absolute distance; SD, signed distance; LV, left ventricle; RV, right ventricle; EPI, epicardial; END, endocardial.

landmarks: MV center, AV center, TV center, and LV apex and
the following valvular events: MV closing, AV opening, AV
closing, and MV opening. The sequences were temporally
aligned by piecewise linear interpolation of the valve event
times and spatially aligned by rigid procrustes alignment with
unity scaling. Translation and rotation were manually adjusted
after landmark registration to get a proper fusion. Figure 4
shows an example of LV–RV fusion.
4.1.3

Reference segmentation

Reference surfaces and clinical indices were acquired using the
4D AutoLVQ software (GE Vingmed Ultrasound, Horten,
Norway) and 4D RV-Function software (TomTec Imaging
Systems, Munich, Germany) for the LV and RV, respectively.
In both tools, the proposed contours were manually adjusted
to best match the endocardial borders by an experienced
cardiologist.
4.1.4

Automated segmentation

The following landmarks were identified in the fused LV + RV
image using a dedicated software: LV apex, MV, AV, and TV
valve centers, anterior and posterior LV–RV junction points,
and lateral RV free wall. The proposed automated segmentation
method was then run on the image without any further manual
involvement. To assess if the biventricular model could function
as a standalone LVor RV segmentation, this procedure was done
for the LV and RV images independently, as well as for the fused
image. To assess the interobserver variability of the clinical measurements done by the automated method, the landmarks were
annotated by a second observer.
4.1.5

Surface error indices

The surface error metrics were evaluated separately for the three
surfaces LV-END, RV-END, and EPI and across all frames for
each image. The 4D AutoLVQ software used to generate the
LV-EPI reference produces a single ellipsoid surface partially covering the LV free wall EPI and the RV septal END. The EPI surface errors were, therefore, calculated between the reference LVEPI surface and the proposed EPI and septal part of RV-END.

4.2

MRI

MRI images were acquired with Siemens 1.5 T scanners
(Siemens Avanto and Siemens Sonata; Siemens Medical
Journal of Medical Imaging

Systems, Erlangen, Germany) as previously described,12 using
a breath-hold, prospectively ECG-triggered, segmented, balanced-steady-state free precession gradient-echo cine sequence
with minimum echo and repetition times. Slices were 6-mm
thick with a 4-mm short-axis interslice gap, a spatial resolution
of 1.9 × 1.3 mm, and a temporal resolution of 30 to 35 ms.
Endocardial borders were traced manually at a picture archiving
and communication system (PACS) workstation (Sectra Medical
Systems AB, Linköping, Sweden). RV and RV volumes and EFs
were calculated by short-axis slice summation.

5

Results

All 16 cases were successfully segmented with a computation
time 2.1  0.4 s (60  1 ms per frame). Segmentation of the
fused LV + RV image resulted in MAD and MSD surface errors
between the manual reference and proposed method of
2.8  0.4 and 0.2  0.9 mm for the LV, 3.2  0.7 and −0.6 
0.9 mm for the RV, and 3.1  0.5 and 0.4  1.0 mm for the LVEPI. The corresponding HDs were 8.8  3.1 mm for the LV,
14.0  5.5 mm for the RV, and 10.3  2.5 mm for the LVEPI. A full comparison of surface metrics with respect to the
manual references in 3DRTE is shown in Table 2. For the
fused LV + RV image, the mean DICE over all frames was
86.4%  3.2% for the LV and 77.3%  3.9% for the RV.
For the clinical indices, the differences between the proposed
volumes and manual measurements in 3DTTE were 7  24 mL
EDV, 5  17 mL ESV, −1%  5% EF, and −2  27 g mass, for
the LV. Similarly, for the RV, they were 7  21 mL EDV, 0 
21 mL ESV, and 2%  7% EF. For the LV myocardial mass, the
differences were −2  27 g. A comprehensive overview of
clinical indices is given in Table 3, and Bland–Altman plots
of EDV, ESV, and LV mass, compared with the 3DTTE reference, are shown in Figs. 5 and 6. Table 4 shows the interobserver
variability of the clinical indices, as measured by the proposed
method. Example segmentations are shown in Fig. 7.

6

Discussion

In this work, we developed a geometric representation of
coupled basis surfaces, which allows the model to be parameterization by local deformations and local wall volumes.
Combined with a Kalman filter state estimation approach,
this type of model lends itself to the inclusion of myocardial
volume regularization to assist the segmentation. For this to
work, it is important that the initial myocardial volume is correct
before conservation is applied. This is achieved by performing
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Table 3 Results of clinical indices validation.

Fused images
LV

LV image only

RV image only

LV

RV

RV

Auto versus 3DTTE reference
EDV (mL)

7.2  24.3

(0.85)

7.3  21.4

(0.91)

8.8  23.0

(0.86)

2.5  21.2

(0.91)

ESV (mL)

5.3  16.9

(0.77)

0.3  20.6

(0.84)

2.1  15.1

(0.83)

−9.0  21.4

(0.80)

SV (mL)

1.9  15.1

(0.80)

7.0  10.0

(0.79)

6.7  18.1

(0.72)

11.5  10.9

(0.67)

EF (%)

−0.7  5.2

(0.51)

2.4  7.2

(0.29)

1.0  5.8

(0.45)

6.8  7.8*

(0.21)

Mass (g)

−1.8  27.1

(0.71)

−1.7  25.3

(0.75)

Auto versus MRI reference
EDV (mL)

−61.5  23.2*

(0.52)

−27.9  38.2

(0.67)

−60.0  24.0*

(0.53)

−32.6  38.5

(0.64)

ESV (mL)

−36.7  21.3*

(0.42)

−19.4  33.0

(0.59)

−40.0  22.3*

(0.37)

−28.7  32.8*

(0.53)

SV (mL)

−24.8  24.5*

(0.48)

−8.5  15.6

(0.63)

−20.0  21.2

(0.62)

−3.9  16.8

(0.63)

EF (%)

3.8  8.3

(0.05)

1.2  9.2

(0.31)

5.5  8.1

(0.13)

5.7  8.7

(0.38)

EDV (mL)

−68.8  35.8*

(0.42)

−35.2  32.6

(0.68)

ESV (mL)

−42.1  23.4*

(0.33)

−19.7  26.2

(0.71)

SV (mL)

−26.7  30.2*

(0.39)

−15.4  13.4*

(0.54)

EF (%)

4.5  7.5*

(0.03)

−1.2  6.3

(0.60)

*

3DTTE versus MRI reference

Note: All values are mean  SD (ICC).
EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; EF, ejection fraction; ICC, intraclass correlation coefficient; LV, left
ventricle; RV, right ventricle; EPI, epicardial; END, endocardial.
*
p < 0.05 by 2-tailed paired Student’s t-test.

the state estimation in two passes: first to identify the global
pose and myocardial volume and then to capture local shape
deformations. For the LV, the method achieved an MAD surface
error of 2.8 mm and an HD of 8.8 mm. These measurements are
slightly higher than what has been presented by recent state-ofthe-art methods, including state-estimation approaches using
deformable surfaces,21 where MAD values of 2.3 mm and
HD values of 8.5 mm have been reported.21,22 One explanation

of the higher observed surface errors is the reduced deformational degrees of freedom of the model and the high degree
of regularization imposed for a robust biventricular segmentation. Also, misregistration of the LV and RV images, either spatially or temporally, may have introduced uncertainties in the
segmentation.
Similarly, the method achieved an MAD error of 3.2 mm
and an HD error of 14.0 mm for the RV. An RV segmentation
method, using a similar state-estimation approach with a statistical shape model, was recently reported and evaluated on the

LV Mass (g)
Proposed − 3DTTE reference

80

Table 4 Interobserver variation of clinical indices.

60

+1.96 SD

40

LV

20
Mean

0
−20
−40

−1.96 SD

−60
−80
120

140

160
180
200
220
240
(Proposed + 3DTTE reference) / 2

260

280

Fig. 6 Comparison of LV myocardial mass, as measured by the proposed method with respect to manual measurements in 3DTTE.
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RV

EDV (mL)

10.1  19.7

(0.90)

−3.3  14.8

(0.96)

ESV (mL)

8.1  12.1

(0.78)

−2.1  9.9

(0.96)

SV (mL)

3.5  8.6

(0.96)

−1.2  8.6

(0.94)

EF (%)

−0.7  3.3

(0.89)

1.0  5.4

(0.84)

Note: All values are mean  SD (ICC).
EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; EF, ejection fraction; ICC, intraclass correlation coefficient; LV,
left ventricle; RV, right ventricle; END, endocardial.
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Fig. 7 Example segmentation results, compared to manual references in three cases. Solid green lines
show the results of the automated method, and dashed blue lines show the reference contours. (a) endocardial surfaces and (b) epicardial surfaces. Mean absolute surface-errors: 2.8 mm (left), 2.9 mm
(center), and 3.9 mm (right, worst case).

same data as the proposed biventricular method, with the exception of an additional case.12 This method achieved comparable
MAD and HD values of 3.6 and 11.6 mm, respectively. A proposed method by Stebbing et al.,11 which performs RV segmentation simultaneously in multiple images, potentially from
multiple patients, achieved median signed trace-surface distances of 1.5 mm (median over 4 cases) for multiple images of a
single patient and 1.7 mm (median over 12 cases) for multiple
patients. Although these were noticeably lower than what was
achieved in our validation (2.5 mm median), the validation
methodology was very different.12
For the clinical indices, the method achieved good correlation compared to manual measurements in 3DTTE, with clinically acceptable biases in EDV, ESV, SV, and EF for both
ventricles, as shown in Table 3 and Fig. 5. However, in a clinical
setting, it is likely that manual surface editing must be available
to reduce the observed variability and increase confidence in the
segmentation. Compared to MRI, we observed an underestimation of EDV, ESV, and SV for both ventricles, although this was
only statistically significant for the LV. This underestimation
was present for both the reference and automated segmentations
and is consistent with what is typically found in the literature,
although the observed biases were slightly larger than
expected.23,24 Because of the large differences in measurement
methodologies between 3DTTE and MRI, perfect volume correlations should not be expected.25 For instance, the surfaces in
the proposed 3DTTE method are strictly bounded by the valve
planes, whereas in MRI, the volume is calculated by short-axis
disk summation and, therefore, bounded by a slice approximately in the atrioventricular plane.
Although we applied the surface representation to a twochamber model, it generalizes trivially to a whole-heart model
and to the 2-D case. One limitation with the proposed parameterization, however, is the dependency between the number of control vertices and the number of patch volume states, which
makes it hard to perform volume regularization on larger myocardial patches while at the same time increasing the control
vertex resolution for higher flexibility in the local deformations.
Although a reasonable trade-off was found for the biventricular
case, this could be a limiting factor in a four chamber extension.
However, using the approach applied in Eq. (15), multiple
patches could share a common volume state and thus allow
Journal of Medical Imaging

higher resolution deformations with volume conservation of
larger myocardial patches.
The computation was efficient, with a mean segmentation
time of 2.1 s per recording and 60 ms per frame. This fits
well with the interactive nature of echocardiography and is
important for any widespread clinical use. The majority of time
was spent in sampling the edge profiles, which is an ideal task
for parallelization, meaning that significant reduction in time
can be made by an implementation utilizing a graphics processing unit.
With the current 3DRTE technology, it is not generally feasible to capture both ventricles in a single ultrasound sector
while maintaining sufficient spatial and temporal resolution.
Furthermore, the best acoustic windows are typically slightly
different for each ventricle. For this reason, we rely on a preprocessing step where two separate 3DRTE sectors are fused to
form a single image volume. In this study, the registration was
done manually by identifying valvular events and anatomical
landmarks, in addition to manual translation and rotation corrections. Misregistration, either due to manual error or nonrigid
deformations of the heart in between the LV and RV recordings,
could have introduced errors in both the automated and reference segmentations. As the reference segmentations were performed separately for each sector, and in different tools, the
fused references were slightly inconsistent, e.g., the septum of
the LV-EPI and RV reference surfaces were slightly disjoint,
introducing additional uncertainty in the surface error measurements. It is worth noting that methods for automated registration
of multiview 3-D ultrasound have been reported with promising
results,26–29 which could eliminate this time-consuming task and
potentially increase the registration accuracy, and consequently
the segmentation accuracy as well.
One of the challenges associated with RV segmentation in
ultrasound is the general lowered image quality and, specifically, the shadowing of the anterior part of the RV outflow tract
and anteriolateral free wall due to its position with respect to the
sternum and lungs.30 This issue, along with a larger interpatient
variation and increased geometrical complexity compared to the
LV, has lead previous works to introduce statistical knowledge
of the RV shape and appearance into the segmentation algorithm, either explicitly12 or implicitly.11 Although there is nothing preventing the introduction of such information to the
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proposed method, e.g., in terms of deformation modes learned
from manual segmentations, ultimately this was not included in
this work. However, part of the benefits of such a statistical
shape model is inherited by the added anatomical information
and regularization introduced with the three-surface segmentation approach. Furthermore, we introduce model personalization
based on manual identification of key anatomical landmarks,
which also reduces the need for such statistical information.
Although this approach requires more user interaction, there
is no need to perform training on a comprehensive set of images
representative of the target population.

7

Fig. 8 Illustration of a thick surface patch with bottom side p0 ðu; v Þ,
top side p1 ðu; v Þ, and interpolated faces a − d forming a thick “cube.”

Conclusion

In this paper, we have presented an automated method for simultaneous segmentation of the endocardial and epicardial borders
of both the LV and RV in 3-D real-time echocardiography. The
method extends a Kalman filter state estimation framework,
previously applied individually to the LV,5 RV,12 and aortic
root,19 with a geometrical model of coupled surfaces with wall
volume parameterization. The method performed efficiently and
achieved good agreement with manual measurements and segmentations in 3-D echocardiography and MRI.

pd ðu; vÞ ¼ ð1 − vÞp1 ðu; 1Þ þ vp0 ðu; 1Þ;

for u; v ∈ ½0; 1. Using the divergence theorem and the vector field
F ¼ ½0; 0; z for which ∇ · F ≡ 1, the volume can be written as

ZZZ
v¼

p0 ðu; vÞ ¼

EQ-TARGET;temp:intralink-;e031;63;424

qi bi ðu; vÞ;

(31)

¼ ∯ðF·nÞdS ;

p1 ðu; vÞ ¼

X

EQ-TARGET;temp:intralink-;e032;63;360

ðqi þ di ti Þbi ðu; vÞ:

v ¼ ∂Vðp1 Þ þ ∂Vðpa Þ þ ∂Vðpb Þ þ ∂Vðpc Þ

EQ-TARGET;temp:intralink-;e043;326;447

þ ∂Vðpd Þ − ∂Vðp0 Þ;
where

Z

a∶u ¼ 0;

EQ-TARGET;temp:intralink-;e033;63;285

∂VðpÞ ¼

b∶u ∈ ½0; 1;

EQ-TARGET;temp:intralink-;e034;63;255

c∶u ¼ 1;

EQ-TARGET;temp:intralink-;e035;63;230

d∶u ∈ ½0; 1;

EQ-TARGET;temp:intralink-;e036;63;205

(33)

v ¼ 0;

(34)
(35)

v ¼ 1:

(36)

Let the two surfaces p0 and p1 define the bottom and top
faces of a thick “cube” V, as shown in Fig. 8. The remaining
faces of V can be parameterized by

pa ðu; vÞ ¼ up1 ð0; vÞ þ ð1 − uÞp0 ð0; vÞ;

(37)

pb ðu; vÞ ¼ vp1 ðu; 0Þ þ ð1 − vÞp0 ðu; 0Þ;

(38)

pc ðu; vÞ ¼ ð1 − uÞp1 ð1; vÞ þ up0 ð1; vÞ;

(39)

EQ-TARGET;temp:intralink-;e037;63;146

EQ-TARGET;temp:intralink-;e038;63;116

EQ-TARGET;temp:intralink-;e039;63;91
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0

1

(43)



∂px ∂py ∂py ∂px
−
pz ðu; vÞ
du dv:
∂u ∂v
∂u ∂v
(44)

It is useful to separate Eq. (44) into

∂VðpÞ ¼

X

EQ-TARGET;temp:intralink-;e045;326;322

x⊤

X


zi Mi y;

(45)

i

where x, y, and z are the vectors of the x, y, and z coordinates of
the control vertices qi and

Z

v ∈ ½0; 1;

Z

0

(32)

v ∈ ½0; 1;

1

EQ-TARGET;temp:intralink-;e044;326;386

i

We seek the volume v that is encapsulated in between the two
surface patches.
Each of the surfaces p0 and p1 has four edges

(42)

where S is the surface of V with unit normal n. With the parameterization in Eqs. (37) to (40), this results in

i

for u; v ∈ ½0; 1. Displacing each control vertex qi by a distance
ti along a unit direction di results in a displaced surface

(41)

V

EQ-TARGET;temp:intralink-;e042;326;497

X

ð∇ · FÞdV;

EQ-TARGET;temp:intralink-;e041;326;539

Appendix: Surface Patch Volume
For each patch P i;j of each surface S i , the local displacement
leaves a volume vi;j between the surface evaluated at Q̃i ðti Þ and
Q0 , as shown in Fig. 2(c). In this section, we derive an expression of this volume.
Consider a single surface patch given by

(40)

EQ-TARGET;temp:intralink-;e040;326;583

Mi ¼

1

Z

1

EQ-TARGET;temp:intralink-;e046;326;253

0

0

bi ðbu b⊤v − bv b⊤u Þdu dv;

(46)

∂b
where b ¼ ½b1 ; : : : ; bN ⊤ , bu ¼ ∂b
∂u, and bv ¼ ∂v . With this separation, Mi is given by the topology of the control mesh and is
independent of its vertex positions. This means that Eq. (46) can
be evaluated offline with desired numerical accuracy.
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