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Abstract. Quantitative motion analysis of the right ventricle (RV) is
important to study its function. However, the RV study is more difficult
than that of left ventricle (LV) because of its complex shape and the
limitations of the existing imaging methods. We propose a diffeomor-
phic motion estimation method and apply it to the 3D echocardiogra-
phy of five open-chest pigs under different steady states. We first validate
the motion estimation method by using sonomicrometry. Then we esti-
mate the myocardium strain of different steady states. The RV free wall
(RVFW) is divided into twelve segments and their strain patterns in
each steady states together with the corresponding cardiac mechanics
are analyzed. This is the first time to quantitatively analyze the RVFW
segment strains from 3D echocardiography by using algorithm.

Keywords: Right ventricle, strain analysis, motion estimation, diffeo-
morphic registration.

1 Introduction

Studying the right ventricle (RV) function is very important to understand the
mechanism of pulmonary hypertension, cardiomyopathy, congenital heart disease
and biventricular relation. RV motion is used as an indicator of the RV function.
Cardiac imaging is widely used for noninvasive study of the RV motion. Although
large amount of quantitative motion analysis on the left ventricle (LV) have been
reported, studies of RV mostly focus on qualitative analysis [1H3]. Quantitatively
study of the RV is more difficult because of its irregular shape, trabeculate struc-
ture in endocardium and thin myocardium in the images. Among the few works
on RV motion estimation, all used MR images. Young et al. [5] proposed a finite
element based method to track the mid myocardium surface motion from tagged
MR images. Harber et al. [4] used a volumetric finite element model to analyze the
3D motion of the myocardium from tagged MR images. Zhang et al. |6] proposed
a combined active shape and appearance model based method to track the motion
from MR images. We use echocardiography for the RV motion analysis because of
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its advantages of realtime imaging, high resolution and low cost. We apply a tem-
porally smooth diffeomorphic registration method for the RV strain analysis. It has
three advantages than the above model based methods. First, the method is an in-
tensity based method in which the displacement at each voxel is estimated with
subvoxel accuracy. Second, the estimated transformation is topology preserving
which is physically plausible for cardiac motion analysis. Third, the motion analy-
sisisindependent of the RV shape. Once the cardiac motion is estimated, the trans-
formation can be used to analyze the strain on any point given the strain directions
on it. We first validated the accuracy of motion estimation method by using so-
nomicrometry. Then we applied the method to echocardiography sequences under
different steady states including baseline, RV pacing, RV apex pacing and RV out-
flow tract (RVOT) pacing. The RV free wall (RVFW) was divided into 12 segments
and the averaged segment strains were analyzed. We present the difference of the
average segment strains in each steady states and analyze the myocardium me-
chanics involved. As our knowledge, it is the first time that 3D echocardiography
is used to estimate the RVFW strain by algorithm.

2 Method

2.1 Diffeomorphic Motion Estimation

We propose a diffeomorphic registration based motion estimation method. The
deformation between any two consecutive frames is defined by a diffeomor-
phism and the deformation between any two frames is the composition of the
diffeomorphisms between them. The diffeomorphism is defined by its veloc-
ity field with a differential equation of U(l;f = v(¢p(x,t),t),p(x,0) = x, with
t €[0,T),(x€2CR3 and T = N;—1 where N, being the number of frames.
The motion estimation problem is stated as an optimization of a variational
energy of the velocity field v(x, t):

n=T
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with the first term a regularizer to evaluate the spatiotemporal smoothness and the
second term a similarity measurement which evaluates the summed squared differ-
ence (SSD) of the voxel intensity between I, and the unwarped frame I, (¢,,_1 ,,),
with ¢ being the deformation between two frames. The regularization term

n—1,n
is defined as weighted sum of a spatial and a temporal regularization term:
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with the first term measuring the spatial gradient of the velocity field, and the
second term temporal gradient of the velocity field. Optimization of Eqn.(T])
searches a spatiotemporal smooth function which minimizes the summed SSD
similarity between all consecutive frames.
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The optimization is solved by numerical method. We use a parameterized
function form for velocity field [8, [9]. It is discretized temporally into a series
of 3D B-spline functions at time tx(k = 0,1,..., Nyt = kAL, At = 1/Ny),
with Ny being the number of time steps between two consecutive frames, Ny =
Ng*(Ng—1) being the total number of B-spline functions. The B-spline function
at time point ¢y is defined as v(x, tx) = > CnkB(T — T1), With ¢ being the
control vectors located on a uniform grid of x,, at ti, B(x — x,,) being the 3D
B-spline kernel function at «,, which is the tensor product of the 1-D B-spline
functions. Then ¢(x, t) can be expressed as the forward Euler integral of velocity
field v(x,t) by assuming that the velocity of each point is piecewisely constant
within a time step. The transformation ¢y ,, is related with ¢, , by:

¢O,tk = ¢0,tk_1 + 'U(¢0,tk_17tk*1)At = (Id + vr-14t) o ¢O,tk_17 (3)

with Id the identity transformation and vy, = wv(x,t;) the velocity field at
tr. The transformation ¢,,_; , is then denoted by composition of all the small
deformation under the velocity field between time tin—1)xN, and tpan,:

nNg—1

Gna= ] (d+wr) (4)

(n—1)N,

By using Eqn.(#), each SSD term in Eqn.(I)) is only related to the velocity field
parameters within the time of consecutive frames, so the derivative of the SSD
with respect to the velocity field can be evaluated independently. The temporal
regularization term regularizes the velocity field globally.

We use a steepest descent method to optimize the Eqn.(l). The explicit es-
timation of the derivative of the energy function with respect to the B-spline
parameters can be referred to |8, |9].

2.2 Strain Analysis

We use Green strain [10] in our study and the strain tensor is defined by:

€= ;(FFT -1, (5)

with F' being the matrix of the transformation gradient and I the 3 x 3 identity
matrix. The normal strain is estimated by projecting the strain tensor to any
direction d by equation:

Eq=d"ed. (6)
In our study, the strains are evaluated at each point along the radial, circumfer-
ential and longitudinal directions.

3 Datasets and Experiment

We validate the motion estimation method by using 3D echocardiography se-
quences of five open-chest pigs under steady states of baseline, RV pacing, RV
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Fig. 1. The axial, sagittal and coronal views of an example ED frame and the sonomi-
crometers positions in the myocardium

apex pacing and RV outflow tract (RVOT) pacing. Different pacings were cre-
ated by connecting a bipolar pacer lead to different pacing sites. The images are
acquired with a Philips TE33 system. A typical baseline sequence has 30 frames
with frame size 151 x 129 x 101. The end-diastolic (ED) frame of this sequence
is shown in Fig.(I]) as an example.

We first validate the RV motion estimation method by using sonomicrometry.
We implanted six sonomicrometers in the myocardium of one pig, the position of
the sono crystals are shown in Fig.([l). Then four pairs of points distance (C2-C4,
C2-C5, C4-C5 and C5-C6) varying with time are recorded in the sonomicrometry.
We then compare the two points peak strain which is defined as the ratio of the
maximum relative shortening with the initial distance with the sonomicrometry
used as ground truth.

Then we evaluate the strain on RV endocardium in all the four steady states.
The variance of the strain patterns in different steady states and the cardiac
mechanics are analyzed. The RV endocardium in the ED frame is segmented by
using a semiautomatic method. The image sequences are reformated so that the
images are in the right hand system and the RV short axis planes are parallel
with the xy plane. We first label the contours of the RV endocardium in each
short axis views by using closed B-spline curves. We manually pick some points
along the RV endocardium wall and then a fixed number of points are uniformly
sampled on each contours (see Fig.([@))). A triangle mesh is then generated by
connecting points in each two neighbor contours anticlockwisely. In order to
analyze the RVFW strain in detail, the RVFW is divided horizontally as inferior,
inferiorlateral, anteriorlateral and anterior (1,2,3,4) and vertically as apical, mid
and basal (1,2,3) segments. The RVFW are divided into 12 segments with S1
standing for the apical inferior segment and S12 standing for the basal anterior
segments for example (see Fig.(2))). The local cardiac system is defined at each
of the triangle mesh vertex. The radial direction d, of a vertex is defined as the
averaged normal direction of the triangles which are joint at it. We define the
normal direction of short axis planes as ng,, the circumferential direction d. is
defined as the cross-product of ng, with d,, and the longitudinal direction is
defined as the cross-product of d. with d,.. We illustrate the cardiac coordinate
system in Fig.(2) and the bottom row of this figure shows the three orthogonal
directions in an example RV mesh.
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Fig. 2. The cardiac coordinate system in our experiments. The left top figure shows the
endocardium contour. The mid top figure shows the 12 endocardium segments in colors.
The top right figure shows the direction of d,,d. and d; in a vertex of the endocardium.
The bottom row shows the d,,d. and d; directions in all the mesh vertices.

4 Results

We first show the result of the sonomicrometry validation in Fig.([@]). The left
figure in Fig.([3]) shows the scatter plot of the 16 peak strains estimated from our
method and from the sonomicrometry. The correlation between the peak strain
is 0.86 which means very consistent result with the ground truth. The middle
and the right plots shows the two points strain curves in one cardiac cycle in
sonomicrometry and in our methods. We can see the curves are very similar,
the correlations of the sono strain curve with the echo strain curve are 0.91 and
0.92 in these two pairs of points. This shows that our method has good temporal
consistency with the ground truth.
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Fig. 3. The result from the sonomicrometry validation. Left figure shows the two point
peak strains estimated from the sono and echo. The mid and right plots shows the
correlation between the sono and echo two points strains.
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Fig. 4. From top to bottom, it shows the RS, CS and LS of a same pig under baseline,
RV pacing, RV apex pacing and RVOT pacing steady states

We got similar strain patterns for the five pigs under different steady states
and we use one pig to show its strain pattern variation in different steady states.
We show the strain curves of one cardiac cycle of four steady states in Fig. ().
The corresponding end-systolic (ES) strains on RVFW are shown in Fig.(B]) with
colormap and the values of the ES strain and their average in apical, mid and
basal segments are listed in table.([l). The first row shows the three normal
strains of the baseline. We can see nearly all of the segments reaches optimum
simultaneously. The time that LS strain reaches minimum is different than those
of the RS and CS. The RS magnitude decreases in order of apical, mid and basal
segments. The magnitude of CS decreases in order of basal, mid and apical
segments. The side three segments near the RVOT (S4,58,512) have larger CS
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than other segments. This means the circumferential shorting is larger in the
RVOT area. The LS decreases with order of basal, mid and apical segments.
It means that longitudinal shortening is dominant in basal segments and radial
elongation is dominant in apical segments.

The second row in Fig.(d]) shows the strains in RV pacing. We can see after
RV pacing the average RS in apical and mid segments increases, and that in the
basal segments decreases. The radial elongation is more dominant in the lateral
segments (S3,57,511) than baseline. For CS, apical segments the largest average.
The average of LS decreases in apical, mid and basal segments.

The third row in Fig.([]) shows the strains in the RV apex pacing. The average
RS in mid segments is larger than the baseline. The RS is also more dominant
in the lateral segments than baseline. The average LS strain in apical, mid and
basal segments is smaller than baseline. We can see that the LS of all segments
reaches minimum early than that of the baseline.

The fourth row in Fig.(#]) shows the strains in the RVOT pacing. The average
RS in apical, mid and basal segments is much smaller than baseline. The region
near vertical side segments opposite to RVOT (S1,55,59,510) has negative RS
and the vertical segments near RVOT (53,54,57,58,511,512) has positive RS, and
two lateral segments (S2, S6) has very small RS. That means RS are dominant
in the segments in RVOT region. The average CS of the mid segments are larger
than those of apical and basal segments. The average of LS in apical, mid and
basal segments are all smaller than baseline. The minimum of LS reaches earlier
than the baseline but later than that of RV apex pacing.

Table 1. The ES strains in the four steady states. S1 to S12 are the RVFW segments,
Mapz,Mmia and Mpas are the mean strain of the apical, mid and basal segments,
and BSL, RV, RVA, RVOT are baseline, RV pacing, RV apex pacing, RVOT pacing
respectively. For each state, the three rows are values for radial, circumferential and
longitudinal stains.

Apex Mid Base

S1 S2 S3 S4 Maps S5 S6 ST S8 Mpyia S9 S10 S11 S12 Mg
0.17 0.31 0.31 0.04 0.21 0.10 0.26 0.36 0.09 0.20 0.01 0.16 0.22 0.05 0.1
BSL -0.02 -0.01 -0.02 -0.1 -0.04 -0.09 -0.09 -0.04 -0.17 -0.10 -0.07 -0.15 -0.07 -0.16 -0.11
-0.02 -0.03 -0.04 -0.04 -0.02 -0.05 -0.09 -0.15 -0.10 -0.10 -0.04 -0.15 -0.19 -0.12 -0.13

0.03 0.33 0.49 0.14 0.25 0.01 0.19 0.54 0.14 0.21 0.01 0.04 0.12 0.02 0.03

RVP -0.06 -0.05 -0.10 -0.09 -0.08 -0.04 -0.05 -0.06 -0.10 -0.06 -0.05 -0.04 -0.5 -0.09 -0.05
-0.01 -0.04 -0.01 -0.04 -0.02 -0.02 -0.07 -0.07 -0.04 -0.05 -0.01 -0.04 -0.01 -0.06 -0.03

0.06 0.30 0.23 0.01 0.15 0.05 0.38 0.45 0.12 0.25 0.02 0.16 0.20 0.10 0.12

RVA -0.01 -0.01 -0.03 -0.04 -0.02 -0.02 -0.05 -0.09 -0.07 -0.06 -0.05 -0.08 -0.15 -0.08 -0.06
-0.01 -0.01 -0.01 -0.01 -0.01 -0.02 -0.05 -0.05 -0.05 -0.04 -0.05 -0.04 -0.02 -0.03 -0.04

-0.01 0.01 0.18 0.13 0.08 -0.08 0.03 0.15 0.13 0.06 -0.11-0.05 0.03 0.05 -0.02
RVOT -0.03 -0.04 -0.06 -0.04 -0.04 -0.08 -0.08 -0.12 -0.07 -0.08 -0.10 -0.05 -0.11 -0.05 -0.08
-0.01 -0.03 -0.05 -0.01 -0.03 -0.03 -0.09 -0.09 -0.01 -0.05 -0.04 -0.11 -0.10 -0.01 -0.06

States
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Fig. 5. The ES frame strain color plot on the RVFW in baseline, RV pacing, RV apex
pacing and RVOT pacing

5 Conclusion

In this paper, we validate a diffeomorphic motion estimation method with
echocardiography. The results from the sonomicrometry show that our meth-
ods has good consistency with the ground truth. We applied the method to the
RVFW strain analysis of the different steady states. Different segment strain
patterns were found and possible reasons are analyzed. Results show that our
method is a promising tool for RV Analysis.
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