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Abstract

This paper proposes a new method to compute the

2D strain tensor from gray-scale 2D echocardiographic

sequences and presents a clinical trial to test its

applicability to regional analysis of the left ventricle.

Myocardial motion is computed using spatio-temporal

non-rigid registration techniques on the whole sequence.

The key feature of our method is the use of an analytical

representation of the myocardial displacement field based

on a semi-local parametric model of the deformation using

Bsplines. The strain tensor is therefore obtained from

the analytical expression of the spatial gradient of the

displacement field. Robustness and speed are achieved by

introducing a multiresolution-optimization strategy.

To test the clinical applicability of our method we

applied the algorithm to the regional analysis of the left

ventricle, and obtained significant differences between

normal and pathological segments.

1. Introduction

Strain imaging introduced a new way to assess regional

contractility. Its main advantage, in comparison with other

myocardial parameters such as displacement and velocity,

is that it describes the active motion of the myocardial

muscle. In the presence of ischemic heart disease the

affected segments have their contraction altered, however

they may move because of the tethering of the neighbor

segments.

Strain and strain rate have been calculated using

ultrasound data derived from Doppler Velocity Imaging

[1, 2]. However this measurement has a disadvantage: it

only measures the deformation along the ultrasound beam

direction and is very dependent on the signal to noise

ratio of the Doppler data. Other approaches have explored

the possibility of obtaining multidimensional strain using

speckle tracking [3] and elastographic techniques [4, 5].

These methods relay on the processing of the RF signal to

obtain the displacement of one or several consecutive lines

of response, using correlation and phase shift techniques.

Another family of methods combine image features

extraction and deformable and mechanical models. They

have been intensively applied to extract strain information

from Tagged MR imaging [6, 7], and recently from

echocardiographic data [8]. The main drawback of these

methods is that the strain parameters rely on a proper

segmentation of the myocardial borders, a very difficult

task on ultrasound data due to its poor signal to noise ratio.

Our work proposes a new method to compute the

2D strain tensor from gray-scale 2D echocardiographic

sequences applying non-rigid registration techniques.

Prior works using non-rigid registration techniques have

been applied on Tagged-MR studies to compute cardiac

motion [9, 10]. This work demonstrates the usefulness of

these techniques on echocardiographic data performing a

clinical trial to test its application for the regional analysis

of the left ventricle.

2. Methods

2.1. Dense displacement field computation

Given an image sequence f(t;x) , the goal is to

estimate a dense displacement field g(t;x) over the whole

sequence. We choose to represent the movement with

respect to the first frame of the sequence: a point at

coordinate x in the first frame (t = t0) will move to the

location g(t;x) at time t. In other words, the warped

sequence fw(t;x) = f(t;g(t;x)) should not move and

be at all times as similar as possible to the reference frame.

We express g(t;x) as a series of transformations between

consecutive pairs of images g0t(xt�1). Formulation is

therefore defined as:
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g(t;x) � gt(x) where t 2 f0; 1; :::; T � 1g
and x � (x1; x2; :::xn) 2 I (1)gt(x) = g0t(xt�1) + gt�1(x)

where xt�1 = gt�1(x)
and g0(x) = x (2)

The transformation between consecutive frames g0t is a

linear combination of Bspline basis functions, located in a

rectangular grid, as previously introduced in [11, 12].g0t(x) = Xj2ZN j�r (x=h� j) (3)

The scale parameter h governs the space between the

grid knots, the total number of parameters j, and the

smoothness of the solution.

The solution to this problem is then formulated as an

optimization procedure that minimizes a criterionE to find

the coefficients j. E is defined as the sum of squared

differences between consecutive frames. This optimization

is solved using a gradient descent method. Speed and

robustness is granted using a multiresolution approach.

The displacement field is also constrained using prior

knowledge about the cardiac motion field. First, the

motion at the reference frame f(0;x) must be zero, and

secondly we impose the cyclic behavior as g(0;x) =g(T;x). This last constraint is achieved performing

the registration process in both directions (forward and

backward), obtaining two estimations of the displacement

at a given time t. The final estimation is computed as a

weighted linear combination of both estimates.gt(x) = !tgft (x) + (1� !t)gbt(x) with !t = T � tT
(4)

2.2. Myocardial strain tensor calculation

The movement of a non-rigid homogeneous body

is usually composed of changes in shape, size and

position [13]. It can be decomposed into a rigid and a

non-rigid component. Given a non-rigid body B0, with a

particle at position X, moved and deformed into body Bt,
with a new position of the same particle at x, we define the

deformation gradient tensor as:F = rX(x); Fij = �xi�Xj ; Fij = �ui�Xj + 1 (5)

where u = x�X is the displacement of the given particle.

F represents the body variations in shape, size and

position. It can be decomposed in two matrices F = RU,

where R is the rotation matrix y U is the right stretch

tensor. This decomposition is quite complex therefore the

Cauchy-Green tensor is also defined as C = FTF =U2. This formulation allows the definition of the Green-

Lagrange strain tensor as:E = 12(C� I) = 12(FTF� I) (6)

where E = 0 when no deformation exists.

Given the dense displacement field g(t;x) introduced in

the previous section and taking into account equations (5),

we can calculate F in the bidimensional case as:F = rx g+ I = " �g1�x1 �g1�x2�g2�x1 �g2�x2 #+ I (7)

The Green-Lagrange strain tensor E is then easily

computed from equation (6). Components �gi�xj can be

calculated analytically in the case of our deformation

model (3) as it is defined through Bspline functions. The

deformation tensor is then projected onto the directions

of interest to calculate the deformation in a determined

direction.

2.3. Application to the regional analysis of

the left ventricle

To test the procedure on clinical studies we acquired

data with a Siemens Acuson Sequoia from 6 healthy

volunteers and 6 patients with known coronary artery

disease. We analyzed the basal and mid segments

for the inferior (2C view) and septal walls (4C view).

Regional function of each segment was qualitatively

assessed by an expert, classifying them in three groups

(Normal, Hypokinetic and Akinetic), yielding a total of46 segments (24 healthy, 9 hypokinetic and 13 akinetic).

The parameters studied were the peak systolic longitudinal

(Elong) and radial (Erad) strains. We compared the three

groups through a one-way analysis of variance (ANOVA)

with Sheffé post-hoc correction for multiple comparisons.

Non rigid registration was performed for every sequence

using quadratic Bsplines to represent the deformation and

a scale parameter h in pixels equivalent to 1 m. These

optimum parameters were obtained through validation

on synthetic sequences as described in [14]. The

dense displacement field and strain tensor were calculated

following the methodology described in subsections 2.1

and 2.2.

In every sequence we defined the longitudinal axis of

the left ventricle from the middle point of the mitral valve

to the apex. The unitary vector of the longitudinal axis

serves as a reference to define the unitary vectors of the
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main directions of interest. vlong, unitary vector of the axis,

defined the longitudinal direction, and vrad, unitary vector

perpendicular to the axis, the radial direction. The unitary

vectors were then used to project the strain tensor obtaining

the strain in both directions as:Erad = vTrad E vrad Elong = vTlong E vlong (8)

3. Results
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Figure 1. Mean and standard deviation of Erad (a) andElong (b) for the three groups. Normal segments N = 24.

Hypokinetic segments N = 9. Akintetic segments N =13Elong (M � SD) showed significant differences (p <0:05) between normal (Elong = �15:2 � 6:0%) and

akinetic segments (Elong = �0:5 � 7:6%), between

normal and hypokinetic ones (Elong = �8:5� 6:8%), and

between akinetic and hypokinetic. Erad showed significant

differences (p < 0:05) between normal (Erad = 55:8 �21:8%) and akinetic segments (Erad = 13:9 � 10:7%),

and between normal and hypokinetic ones (Erad = 20:8�8:7%). No significant difference was found between

akinetic and hypokinetic segments with Erad.

(a)

(b)

Figure 2. (a) Radial and (b) longitudinal strain time curves

of the medial septal segment for a normal and an akinetic

segment from two different subjects. End of systole is

marked with a vertical dashed line.

Figure 2 shows an example of the radial and longitudinal

strain time curves in the medial septal segment. This

data were obtained from two different subjects: a healthy

subject and a patient with an anterior infarct that affected

the medial and apical septal segments. The different

behavior of the normal and akinetic strains is clearly

noticeable.

4. Discussion and conclusions

Results on myocardial strain estimation reveal the

potential of this technique to provide a new method of

asssement of myocardial strain from echocardiographic

data, overcoming the limitations of the Doppler techniques.

The strain values obtained are consistent with those

previously published and obtained with Doppler derived

techniques [15, 16], and Tagged MR data[17, 18].

This work shows the feasibility of computing systolic

radial and longitudinal strains from gray scale

echocardiographic sequences. Results show significant

differences between normal and pathological segments,

thereby illustrating the clinical applicability of the method

proposed.
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