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Abstract

Intracardiac echocardiography has proven to be useful for online anatomical imaging during
catheterization. Our objective was to develop a speckle tracking method for myocardial motion
estimation from intracardiac echocardiographic image sequences in order to provide a mean for
regional functional imaging. Our approach was to solve two problems in motion estimation from
two-dimensional intracardiac echocardiographic image sequences: non-rigid myocardial
deformation and speckle decorrelation. To achieve robust noise resistance, we employed maximum
likelihood estimation while fully exploiting ultrasound speckle statistics, and treated the
maximization of motion probability as the minimization of an energy function. Non-rigid myocardial
deformation was estimated by optimizing this energy function within a framework of parametric
elastic registration. Evaluation of the method was carried out using a computer model that synthesized
echocardiographic image sequences, and subsequently an animal model that provided continuous
intracardiac echocardiographic images as well as reference measurements using sonomicrometry
crystals. In conclusion, accurate estimation of regional myocardial deformation from intracardiac
echocardiography by novel speckle tracking is feasible. This approach may have important clinical
implications for multimodal imaging during catheterization.

Index Terms
Cardiac imaging; myocardial strain; elastic registration; non-rigid deformation; sonomicrometry

l. INTRODUCTION

Intracardiac echocardiography (ICE) has provided considerable advantages in guiding clinical
electro-physiology procedures such as imaging anatomical structures, confirming electrode-
tissue contact, monitoring ablation lesions, and providing hemodynamic assessment [1]-[4].
These capabilities have made ICE an attractive imaging modality to better understand complex
rhythm disorders in relation to underlying anatomy and physiological outcome [5], [6].
Clinically, ICE is predominantly implemented on the basis of a catheter carrying at its distal
end a rotating transducer that operates at a frequency of 9 MHz and provides two-dimensional
(2-D) tomographic images of the heart’s interior, or a catheter with a phased transducer array
operating at a lower ultrasound frequency for deeper penetration (5.5-10 MHz) and provides
a 2-D sector view of the heart (80° —90° opening angle). Intracardiac echocardiography
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potentially affords capabilities for dynamic functional analysis by employing motion
estimation techniques for extracting structural information from image sequences.

Tracking ultrasound speckling in transthoracic echocardiographic image sequences has been
shown to be useful in assessing regional myocardial deformation and function [7]-[11]. In
developing a similar scheme for estimating myocardial motion from 2-D ICE images by
speckle tracking, two factors have to be considered and appropriately managed: non-rigid
myocardial deformation and ultrasound speckle decorrelation. Myocardial motion is complex
and includes various motion patterns. During systole, the myocardial wall thickens and the
endocardium moves inward to eject blood, whereas during diastole the wall thins and the
endocardium moves outward. Additional deformations include circumferential and
longitudinal shortening of the myocardial muscle fibers. The varieties of myocardial motion
suggest that a non-rigid motion model (deformable model) is necessary. Ideally, speckle
patterns of moving tissue are temporally stable under the condition of small motion, and tissue
motion can be estimated by relying on the speckle temporal constancy. In ICE images, however,
such temporal constancy usually is not valid due to non-uniform myocardial motion and
speckle decorrelation, which originates from catheter motion with respect to the myocardium.
Gaussian noise-based estimation techniques (e.g., least square estimation) often encounter false
matching when subjected to texture varied ICE images. Intuitively, ultrasound motion
estimation can be better solved if an ultrasound statistical model is incorporated into the
estimation. To resolve speckle decorrelation, we assume that the myocardium in two motion-
related ICE images has the same echogenicity. This assumption allows the motion estimation
to tolerate texture variation due to speckle decorrelation.

In this paper, we presented and validated a deformable speckle tracking approach for motion
estimation in ICE images. The method incorporated statistical features of ultrasound images
into a maximum likelihood motion analysis, and treated maximization of the similarity measure
as energy minimization. Thus, within the framework of deformable registration, tissue motion
was estimated via optimization of a speckle-featured energy function. The robustness of our
algorithm was evaluated by studying speckle decorrelation on a series of simulated ultrasound
image sequences. The accuracy of speckle tracking in predicting regional myocardial
displacement was validated in animal experiments.

IIl. METHODS

A. Observations from Myocardial Motion in ICE Images

We initially performed analysis to investigate plausible solutions for myocardial motion
estimation in ICE images. Two-dimensional ICE images, acquired by a catheter carrying a
rotating transducer placed inside the left ventricle (LV) along its major axis, predominantly
contain information on myocardial radial and circumferential motion (See Section 111.B for
more details). A sequence of ICE images (3 cardiac cycles, total of 54 frames) were acquired
at a frame rate of 30 frames/s (single image size, 512 x 512 pixels). Fig. 1(a) shows a sample
frame from the image sequence. We selected two homogenous regions in mid LV as regions
of interest (ROIs). The two ROIs were manually tracked throughout the sequence such that a
ROI in one frame had the same segment of myocardium as the one in the previous frame. We
examined correlation, local mean intensity, and statistical properties of the ICE image sequence
on the basis of ROIs. We found that ultrasound texture of the moving myocardium generally
has the following features:

1) Random texture variation—The speckle pattern (or texture) of ROIls varied randomly
during the sequence, although the underlying myocardial segments in consecutive frames were
closely motion related. This observation was verified by the results of correlation coefficients
between the ROIs in consecutive frames. Fig. 1(b) shows that only 4% of correlation
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coefficients were larger than 0.8, while most of correlation coefficients (69%) were smaller
than 0.6, and 22% of correlation coefficients were below 0.3. The variation in correlation
coefficients was independent of cardiac motion. The low and random correlation might have
been caused by system noise, tissue deformation, and speckle decorrelation [12]. Speckle
decorrelation has the most profound effect on texture variation. All types of spatial motion can
result in speckle decorrelation. Speckle decorrelation due to axial and lateral motion can be
usually solved by relying on the similarity between speckle patterns [13], whereas speckle
decorrelation due to elevational (cardiac longitudinal) motion is generally difficult to track,
since tissue may move out of the scanning plane. For ICE images, the random variation in the
correlation coefficients suggests that off-plane speckle decorrelation plays a major role in
texture variation. Therefore, motion tracking based solely on the consistency of speckle pattern
is error-prone and unreliable.

2) Stable local mean intensities—Although the texture of the homogenous ROIs varied
largely, the mean intensities generally remained stable. Fig. 1(c) depicts mean intensities of
the two ROIs through the sequence. The mean intensity of ROl 1 was 60.49+1.59, and 50.79
+1.96 for ROI 2. This result suggests that the underlying echogenicity of the homogenous
regions remains stable during cardiac motion. When the heart deforms, the scanning plane of
the ICE catheter undergoes small longitudinal displacement. The displacement might be small
(a few millimeters) such that myocardial echogenicity remains the same. However, since
scatterers in the scanning plane change, the ultrasound texture varies largely. Therefore, the
same myocardial segment in the ICE image sequence is usually featured with relatively stable
mean local intensity, but randomly varied texture.

3) Typical speckle statistic—We further examined the statistical properties of speckle in
ICE images. The B-mode images were first decompressed into envelope-detected images
[14]. The ROIs were then selected for the statistical test. We chose three parametric
distributions to model myocardial speckle statistics: Nakagami, Rayleigh, and Normal
distributions. The Rayleigh distribution is a typical statistical model for the fully developed
speckle [15], [16]. The Nakagami distribution has been verified in [17], [18], which can
encompass Poisson, K, Rayleigh and Rician distribution. The histograms of B-mode ultrasound
images generally have significant spike-empty-bin pattern [19], which appears as a high-count
bin followed by a low-count bin. To suppress this artifact, the histograms were first reduced
into 13 bins before feeding into the statistical tests, which was a good compromise between
compensating for the effect of the spike artifact and preserving the overall shape of the
histogram. We employed goodness-of-fit tests on three models, and chose the Rao-Rabson
statistic instead of the chi-square test as suggested in [19]. Using the computed Rao-Rabson
statistic, the significance value was obtained from the standard chi-square significance table.
A large significance value means a better match with the model. For ROI 1 in Fig 1(a), the
average significance value over the test sequence was 0.1565 for Nakagami distribution, 0.0629
for Rayleigh distribution, and 0.0021 for Normal distribution. The significance values of the
results suggest that the Nakagami model is a better model for the homogenous myocardium in
the ICE image. However, the Nakagami distribution is quite complex to implement in motion
estimation. On the other hand, the Rayleigh distribution is superior to the Normal distribution,
and is applicable for most of homogenous speckle regions in the ICE images. In addition, as
shown in Fig. 1(d), the fits of the models to the data were quite close. We therefore chose the
Rayleigh distribution as a speckle model for motion estimation.

From our preliminary analysis, speckle decorrelation (due to longitudinal heart motion)
complicates any tracking algorithm that relies on texture constancy. To solve this problem, we
assume that the myocardial regions in two motion-related ICE images have the same
echogenicity. The recent application of maximum likelihood motion estimation to ultrasound
image sequences [20], [21] suggests that a good tracking strategy would be one that
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incorporates statistics of the ultrasound image into the estimation process. We therefore
proceeded with the assumptions of constancy of echogenicity and Rayleigh speckle model,
and adapted this strategy into a non-rigid motion estimation model.

B. Maximum Likelihood Motion Estimation

Let a reference image (l;) and test image (l;) be two motion related frames in a given sequence,
where | CZ2. In the framework of image registration, a pixel X(Xy, Xy) € Iy is displaced by u

u(x)=y — x (1)

, Where y(y,, y,) € I;, and [ is an approximation to ly. Let f, = f, (x) represents the intensity
value of image I, at pixel X, and u = u(x) represents the displacement of pixel x. According to
the maximum likelihood method for parameter estimation, the estimated displacement vector
0 is obtained by maximization of the conditional probability density function (pdf) [20]

u=arg max p(f;|/;,u)
a (2)

Since I, and I; are directly related within the same image acquisition model, the conditional
probability of f. given its homologue f; and displacement u is described by [22]

pilfew=] [p (FIf )

xe [ (3)

where f“(x) is obtained by applying the spatial transform on f;, i.e., /(x) f(u(x)+x).

Speckle is considered as signal-dependent noise in ultrasound images [16]. The envelope-
detected ultrasound image can also be modeled as the result of interaction between the
ultrasound point spread function and a complex field T(x) = t(x) + j*t(x), such that f (x) = |h
(x) * T(x)|- Assuming that the amplitude of the scattering function varies slowly within the
resolution cell, the envelope-detected ultrasound image can be approximated [16] as:

fx)=g®)n(x)

where g(x) = |a(x)| is the amplitude of scattering function (representing tissue echogenicity),
and n(x) is the noise term. For fully developed speckle, n(x) is identical independent Rayleigh
distributed [15], [16].

To consider speckle decorrelation due to tissue motion, we assume that two motion-related
ICE images have the same echogenicity. Here, we adapt the strategy proposed in [20], [21] by
using the ratio between two ultrasound images:

Jix)=n/(x) (4)
where fr(x) = g(x)n(x), f(X) = g(x)ny(X), and n = ny n, represent the ratio of two Rayleigh
random variables. In most medical applications, one deals directly with displayed ultrasonic

images, which are logarithm-compressed versions of envelope-detected images. This kind of
nonlinear compression changes the statistics of the envelope-detected signals, and different
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compression coefficients can lead to different statistical distributions of signals [14].
Consequently, direct use of displayed ultrasonic images is highly preferred. To this end, the
log-transform is applied to both sides of (4) to obtain fy(X) = f,(X) + n (x). The pdf of 1y is derived
as a function of random variable n [23] The conditional pdf for displayed ultrasound images
is given by

2exp (f*(X) — £,(X)))
(filfr,w)=
P H lexp 2(f*(X) — [)+11 .

Here, for convenience, we continue to use the symbol f to denote the input log-compressed
image instead of f The motion between frames is estimated by maximizing (5).

C. Speckle Tracking

To formulate the ultrasound motion estimation problem as an optimization process, we apply
the normalized negative log likelihood function to (5) and define a maximum likelihood cost
function for ultrasound speckle tracking (USST) as:

1
A= > (In (exp r())+ 1) ~ r(x)
xe [ (6)

where N is the number of pixels in the image, and r(x)=/"(x) — /,(x). Maximization of the
conditional pdf (5) is equivalent to

u=arg mllln A(u). @

We refer to this algorithm as a USST-based maximum likelihood motion estimator to
distinguish it from the more conventional sum of square differences (SSD) based maximum
likelihood estimator.

1) Robust Noise Resistance—Robust estimation is often used to achieve accurate
estimation for the case of missing data or isolated points having high residual errors (outliers)
[24]. One class of robust estimators, called M-estimators, is designed to minimize the sum of
residuals. Let r be the residual of the difference between the ith fitted value and the observation.
The objective function of the SSD method is a least-squares estimator, p (r) = r2 and the
influence function is v (r) = 2r. The least-squares solution is highly sensitive to outliers as its
influence function is unbounded to residual error. As a consequence, the accuracy of the SSD
method is limited in the presence of speckle decorrelation in the ultrasound image sequence.
This kind of speckle outlier is extremely difficult to exclude from the estimation due to its
coherent nature. However, the USST estimator has the necessary features that lead to robust
estimation [24], whereby the objective function is given by

p(r)=In (exp 2r)+1) —r

and its influence function is

_exp(2r) -1

V= o anet ®
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Figure 2 illustrates the difference between the SSD and USST estimators. For the SSD
estimator, the influence of a datum on the estimation increases linearly with its error. On the
other hand, the influence function of the USST estimator is bounded by £1, which suggests
that the USST estimator has a better outlier resistance than the SSD estimator. Moreover, the
robustness of the USST estimator is fairly obvious in a linear system with limited parameters,
(e.g., affine transform) where one may show that the objective function has a unique minimum
in parameters and is convex in every transform variable. This explains why the speckle
similarity measure is more accurate than the cross-correlation measure [20], [21].

2) Deformable Registration—Myocardial motion is mostly non-rigid, hence tissue
displacement u(x) in an ICE image can be described by a 2-D non-rigid transformation based
on cubic B-splines [25]:

u@ﬁ}kﬁ%%—m

kez? (9

where ex=(c,, ;) is the deformation parameter, h = (h! ,h?) is the space between nodes, and

3E =L — -
B ~ W= (7 ~ 0B (5 =D

is the tensor product of cubic B-splines.

During the warping process, computed u(x) may have a non-integer value. Thus, we interpolate
the image using B-splines as:

f®)=) bB(x — i)

iez? (10)

where bj is a set of interpolation coefficients, and B3(x — i) = B3(x — i) 3(y — j) is a tensor
product of cubic B-splines.

The solution for the minimum of the cost function (6) is the displacement, u(x), which is

obtained by using an optimization algorithm that acts upon the parameters ¢;’, m=1, 2. First
partial derivative of A is calculated explicitly as:

oA B Z exp 2r(x)) — 1 df,(w) ou™
acy! = exp Q2rx)+1 ow™ eu(ix acy! w

where

; 9B (d) .

afi(x) _ . 3l _ -

o _‘E7bl—0d | B =), n=1,2,n#m
1€Z2~ d=x'"*i

=B3(X - k).

ou™

JN
dcy!

(12)

The cubic B-spline interpolation affords convenience by explicit differentiation of the cubic
B-spline window, which reduces to the difference of two shifted quadratic B-splines [26].
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3) Implementation Details—To minimize the cost function in (6), we use the limited
memory optimization algorithm of Broyden-Fletcher-Goldfarb-Shanno with bound (L-BFGS-
B) [27]. Applying L-BFGS-B is appropriate and efficient for our large scale problem. The
optimization is stopped if IA'(cy )l <e, where ¢ is tolerance value. The deformation parameter
is iteratively updated during optimization as cx+1 = Cx + Ac [25].

The objective function of the USST method and its influence function (8) suggest that the
USST estimator is a robust estimator for a rigid transform. To fit non-rigid B-spline registration
framework, we further employ multiresolution and iterative refinement techniques to reduce
the local minima, wherein the global difference between two images at a coarse scale is
propagated to finer scales. This strategy has desirable features in that it speeds up the
convergence process and increases the ability to capture deformations. Both reference and test
images are resized so as to construct an image pyramid from coarse to fine resolution. When
the solution converges at a given pyramid scale, the computed parameters are then used as
initial estimates for the parameters at the next finer resolution. This process is repeated until
the finest (original) scale is reached.

4) Motion field—To compute the motion field of an image sequence, we apply the registration
algorithm to a whole image sequence (e.g., a cardiac cycle). An advantage of using
multiresolution deformable registration is in its ability to capture large deformations, thus
allowing the employment of a relatively simple update strategy. Specifically, the first image
of an ICE sequence (usually at end diastole) is used as the reference image, and every
subsequent image in the sequence is registered with respect to the first image. Such a method
avoids temporal drift errors (normally quite significant) when using consecutive image pair
registration. The motion field v(x) at time t is computed from the displacement of consecutive
image pairs

v (X)=u,(x) — u,_1(X). (13)

The motion field depicts regional myocardial deformation. Figure 7 illustrates myocardial
motion fields at end systole and end distole for an heathy dog.

[Il. EXPERIMENTAL VALIDATION AND RESULTS
A. Validation by Computer Model

Motion tracking was initially tested on a computer model that simulated ultrasound image
sequences. The USST method was validated by comparing its performance with that of the
SSD-based deformable registration [7], [25]. Quality indices were used as quantitative
measures of estimation performance. To obtain statistically meaningful results, extensive tests
were performed on ultrasound image sequences corrupted by different noise levels.

1) Ultrasonic Image Phantom—Envelope-detected 2-D ultrasound images were generated
to mimic tissue structure in a typical ICE image of the LV. These images simulated a cavity,
ventricular myocardium, epicardium and background tissues. Speckle in the homogenous
regions was verified to be Rayleigh distributed. To simulate a commercial medical-grade
ultrasonic image, the envelope-detected image was then log-compressed. An example of a
phantom image is shown in Fig. 3(a).

A test image was synthesized by simulating the ultrasound imaging process [28], [29].
Specifically, a moving tissue scattering function was generated by transforming the reference
tissue scattering function using a predefined displacement field. To mimic the real ICE image
to an even greater extent, we also introduced speckle decorrelation into the test image. Most
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severe speckle decorrelation occurs in 2-D echocardiographic images when myocardial
scatterers move out of the scanning plane. To reproduce this situation, some scatterers were
randomly selected to have elevational motion. The vacancies thus created were randomly
occupied by new scatterers. The decorrelation degree was indexed by A, which relates the
portion of scatterers in out-of-plane motion to the total number of scatterers in the tissue
scattering function. Hence, A = 0 represents the ideal 2-D motion that is free of elevational
motion, whereas A = 1 represents severe corruption by elevational speckle decorrelation.

2) Experiments on a Pair of Images—We first considered the registration of a pair of

motion-related ultrasound images. The reference image is shown in Fig. 3(a) (image size: 256
x 256 pixels). The test image (Fig.3(b)) was generated by employing a non-rigid displacement
field on the reference scattering function, and corrupting the image with heavy motion speckle.

The SSD and USST methods were applied to register the test image with the reference image
using the same computational conditions for both algorithms. Cubic B-splines were used as
basis functions for the image interpolation and deformation function. The knot spacing hin (9)
was set as [32,32]. The optimization stop criteria were set to achieve global energy
minimization for both methods: € was set at 0.001, and the maximum iteration number being
resolution dependent was 200 for the coarsest level (size 32x32) and 20 for the original image.
The quality of motion estimation is demonstrated by comparing the true deformation field with
recovered deformation fields (Fig. 3(d) and (e)). The results show that the USST method is
more accurate than the SSD method in recovering the true displacement field.

To quantitatively evaluate registration performance, two different quality indices were used:
an angular error measure,

(u,u.)

f=arccos
[l {fal (14)

and a relative magnitude displacement error

_ihall = fhacll
[l (15)

where u is estimated displacement, and ug is true deformation. Both 6 and € have been used
as measures of error in optical flow techniques [28], [29].

3) Experiments on Image Sequences—We tested both USST and SSD algorithms on
synthesized ultrasound image sequences that mimicked real echocardiographic images
throughout a cardiac cycle. To model cardiac motion, we simulated a periodic displacement
field that maintained a constant cross-sectional area of the myocardium. This was achieved by
applying a radial displacement field with a magnitude decreasing with distance from the center.
The displacement field was cosine modulated in time to simulate myocardial relaxation and
contraction, and subsequent thinning and thickening of the ventricular wall during diastole and
systole, respectively.

We generated 6 ultrasound image sequences corrupted with different levels of elevational
speckle decorrelation. Each sequence consisted of 22 images representing a complete cardiac
cycle. Elevational speckle decorrelation was controlled by the parameter A. Specifically, for
the first sequence, tissue motion was limited to the scanning plane with & = 0. For the rest of
the sequences, out-of-plane motion was gradually introduced with A = 0.05 for the second, 0.1
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for the third, 0.3 for the fourth, 0.6 for the fifth, and 1.0 for the last sequence. For the last case,
the tissue scattering function was totally changed for every frame during motion, such that
every scatterer in the scanning plane was moved out of plane at random.

Image sequence registration was performed based on a non-temporal update strategy, i.e. every
frame in a sequence was registered to the same reference frame in the sequence (the first frame
in our experiments). Computational conditions were the same as those used above for single-
pair image registration. The average angular error and magnitude error are depicted in Fig. 4
as functions of A. The results indicate that estimation errors for both algorithms increase with
increasing X, and further illustrate that speckle tracking by the USST method is robust for
ultrasound image sequences corrupted by a wide range of speckle decorrelation.

B. Validation by Animal Model

1) Experiments—The feasibility and accuracy of depicting regional myocardial deformation
were examined using ICE images acquired from an animal model. Four healthy mongrel dogs
(weight, 30 — 35 kg) were included in the study, and the protocol adhered to the PHS guidelines
for the care and use of laboratory animals. The dogs were preanesthetized with xylazine,
atropin, and propofol, endotracheally intubated, and ventilated using an external respirator
while anesthesia maintained by isoflurane inhalation. Electrodes were attached to the limbs to
record ECG leads I, I1, and 111 (model ECG100; Biopac Systems, Goleta, CA). Midline
thoracotomy was performed and the heart was suspended in a pericardial cradle. A 9-F sheath
(length, 10 mm) was inserted through a purse string suture in the LV apex. A standard 9-F 9-
MHz ICE catheter (model Ultra ICE; Boston Scientific, Boston, MA) was inserted through the
sheath and forwarded along the LV major axis, as illustrated in Fig. 5(a). Motion of the LV
apex was not restricted. The ICE catheter had a distal transducer that emitted and received
ultrasound pulses. Tomographic short-axis views of the cavity were derived by attaching the
ICE catheter to a motor drive unit that enabled automatic and continuous rotation of the
transducer at a fixed speed. The ICE catheter was connected to an imaging console (model
iLab; Boston Scientific) to acquire continuous 2-D echocardiographic images (rate=30 frame/
s). A calibrated high-fidelity pressure catheter (5F, model SPC-350; Millar Instruments,
Houston, TX) was also inserted into the LV via the apex. The echocardiographic images were
acquired continuously throughout the cardiac cycle, along with ECG and LV pressure signals
(ICE sampling rate was 30 frame/s; ECG and pressure sampling rates were each 1000 sample/
s). Myocardial regional displacement was measured by standard sonomicrometry (Sonometrics
Corporation, London, Ontario, Canada). Two segment-length ultrasound crystals (diameter=2
mm) were fixed under the guidance of ICE in mid myocardium of anterior LV wall. As shown
in Fig. 5(b) and (c), the first crystal was placed in mid lateral region of the LV. The second
crystal was placed in mid anterior LV, about 2-3 cm from the first crystal. Circumferential
displacement around the long axis was recorded continuously with a time resolution of 1.0 ms.
To eliminate effects of breathing, the respirator was temporarily turned off for a brief period
during each acquisition. Due to overlapping frequency bands of operation, sonomicrometry
and ICE imaging were performed in sequence. Data were collected at baseline as well as at
two levels of increased contractility induced by dobutamine (DOB) administration (1-2.5 pg/
kg.min).

2) Results—Each data set consisted of three consecutive cardiac cycles of ICE recording that
were selected for computation of the deformation field, where a cardiac cycle was defined as
the R-R interval on a synchronously recorded ECG. For a typical baseline recording, there

were about 18—-20 frames per cardiac cycle. With the increased heart rate during DOB infusion,
there were about 12 frames at the high dose (DOB1), and 15 frames at the low dose (DOB?2).
Both the SSD-based and USST-based registration algorithms were employed to compute the
deformation field. We used the same initial parameters and stop criteria as those employed in
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the previous phantom image experiments. In each cardiac cycle, the first frame taken at the
peak R wave was used as the reference image, whereas the other frames in the same cycle were
registered to the first frame.

Illustrated in Fig. 5(c), the distance between the two crystals measures the circumferential
deformation of the myocardium. The crystal location was identified in the reference ICE image,
then the locations in other frames were computed from the deformation field. To compute the
regional deformation, a region of interest (ROI) of size 5x5 pixels was selected around each
crystal location. An additional ROl was also selected in the subendocardium, and was radially
positioned relative to the second crystal in mid anterior LV. The center of this ROI, marked
by the symbol ‘+” in Fig. 5(c), was used to compute the radial deformation of the myocardium
with respect to the second crystal. The position of every pixel in the ROIs was updated as a
function of time throughout the pre-computed deformation field. In every updated ROI, centers
of gravity were used to calculate the positions of crystals. Finally, the circumferential distance
(Euclidean distance between the crystals) and radial distance were computed, and updated as
functions of the cardiac cycle.

Examples of circumferential and radial displacements at baseline of an animal experiment are
shown in Fig. 6. The results depict good agreement between motion displacements computed
using the USST method and the reference motion displacements measured by sonomicrometry.
The correlation coefficients were 0.94 for the SSD method, and 0.96 for the USST method.
Figure 7(a) shows an ICE image at end diastole, and Fig. 7(b) shows an ICE image at end
systole, both with their respective computed motion fields superimposed.

We compared regional myocardial strains using the Lagrangian strain S, defined as the relative
elongation with respect to the initial distance L,,,, i.e.,

L. —L
S(ll):%.
1

0

Figure 8 illustrates an example of myocardial strains at three different recording stages
(baseline, DOB1 and DOB2). The strains were calculated on the basis of displacements
averaged over three cardiac cycles. The results clearly show that myocardial strain increased
relative to baseline with dobutamine infusion. Since dobutamine concentration was higher in
DOBL1 than DOB2, the strain was also larger with DOB1. We further validated the two
registration methods at every time frame against sonomicrometric measurement by Bland-
Altman analysis on circumferential strain. Figure 9(a) and 9(b) show that the SSD method
yields larger mean error (0.82) and wider variation than the USST method (0.73), suggesting
that the USST method achieved better agreement with sonomicrometry than the SSD method.

IV. DISCUSSION AND CONCLUSIONS

Several methods have been employed for the assessment of myocardial deformations from
images acquired by ultrasound. Echocardiographic segmentation algorithms only provide the
deformation of the endocardium, instead of the wall [30]-[32]. Tissue Doppler imaging [33],
[34] can provide an operator-independent quantitative analysis of regional myocardial function
through the analysis of myocardial velocities and determination of strain and strain rate [35],
[36]. However, only deformations in the direction of the ultrasound beam are measured using
tissue Doppler imaging, and comparative measurements at multiple sites depend on the angle
of the ultrasound beam. Meanwhile, speckle tracking in echocardiography has proven to be a
useful angle-independent method for assessing regional myocardial deformation [8].
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Two dimensional ICE provides superior spatial resolution of cardiac structures in comparison
with transthoracic echocardiography. To further advance the utility of ICE and provide
capabilities for multimodal imaging during catheterization, we developed and validated a
speckle tracking method for regional myocardial motion estimation from ICE image sequences.
Our method exploits ultrasound statistics by utilizing maximum likelihood motion estimation,
and treats the maximization of motion probability as the minimization of a derived energy
function. Myocardial displacement was estimated by optimization of this energy function while
relying on the framework of non-rigid registration. We have validated our speckle tracking
method in both computer and animal models.

In our method, we first considered random texture variation in ultrasound images as the major
factor hindering motion estimation. Instead of treating texture variation as system Gaussian
noise, we recognized its speckle-like nature and considered it as the result of motion-related
speckle decorrelation. Our analysis suggested that a tracking method based on the constancy
of echogenicity was much more reliable than one utilizing only constancy of the speckle
pattern. Employing this constant echogenicity assumption, our method provided an optimal
solution for myocardial motion by integrating speckle tracking with non-rigid motion
estimation. We further showed that our method was theoretically feasible in the sense of robust
estimation.

We have provided a fundamental platform for motion estimation in ultrasound image

sequences. A methodological improvement can be achieved by incorporating an invertibility
constraint into the cost function [37]. The algorithm can be further improved by updating the
maximum likelihood estimation using a Bayesian maximum a posteriori framework, wherein
a priori information about the periodicity of myocardial motion would be taken into account.

Radial displacement computed from in vivo experiments by our USST method was not
validated by sonomi-crometry in a manner similar to circumferential displacement. However,
the similarity of USST results to those of the SSD method, and the consistency of computed
radial displacement with previous studies in its relationship to circumferential displacement
are supportive of the capability of our USST method in depicting regional radial myocardial
deformation. Results from in vivo animal experiments indicate that our method has significant
relevance to the analysis of regional myocardial function, such as automated detection of
ischemia and infarction. Specifically, speckle tracking of catheter derived ICE images could
evolve clinically as a useful method in diagnosing, monitoring, and guiding applications
appropriate for the cardiac catheterization laboratory.

In conclusion, assessment of regional myocardial deformation by novel speckle tracking in
intracardiac echocar-diographic image sequence is feasible. This method has important clinical
implications for multimodal imaging during cardiac catheterization.
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Fig. 1.

Analysis of ICE image sequence (3 cardiac cycles, total of 54 frames), acquired in mid LV.
(a) A sample frame of a sequence, with two ROIs demarcated, (b) Correlation coefficients
between ROIs among consecutive frames, (¢) Intensities of ROIs, and (d) Rao-Rabson
goodness-of-fit test on Nakagami, Rayleigh and Normal distributions for ROI 1 in (a).
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Comparison of robustness between SSD and USST estimators. Top, object functions of SSD
and USST estimators in relation to residual r. Bottom left, SSD influence function, Bottom

right, USST influence function.
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Fig. 3.

Warped results of a pair of synthesized ultrasound images. (a) reference, and (b) test image.

(c) true deformation field. (d) the result of the SSD method. (e) the result of the USST method.
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Fig. 4.
Average angular error (a) and average magnitude errors (b) associated with SSD and USST
methods, displayed as functions of speckle decorrelation index A.
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Crystal 2

Crystal 1

Fig. 5.

Validation experiments in animals. (a) Schematic of the ICE catheter operating inside the LV.
(b) Photo of a dog heart during surgery depicting points of entry of sonomicrometry crystals.
(c) Representative ICE image in mid LV.
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Fig. 6.

Displacement determined by computed deformation field and sonomicrometry, where ‘R’
represents radial displacement, ‘C’ represents circumferential displacement, and ‘SM’
represents sonomicrometry. Displacements are shown for both USST and SSD methods
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Fig. 7.

ICE images in mid LV at end diastole (left) and end systole (right). Arrows indicate motion
field of the LV myocardium during systole (left) and diastole (right). Intervals for motion fields
are indicated by vertical bars on corresponding ECG.
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Fig. 8.

Radial and circumferential strains computed by the USST method at three recording stages:
baseline (BL), DOB1 and DOB2. Dobutamine concentration in DOB1 was higher than DOB2.
‘R’ represents radial strain, and ‘C’ represents circumferential strain.
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Bland-Altman plots comparing circumferential strains as determined by two methods: (a) SSD
and sonomicrometry, and (b) USST and sonomicrometry. Baseline (*), DOB1(A) and DOB2

(0).
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