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Abstract—The estimation of cardiovascular tissue mo-
tion from ultrasound images is a task of considerable impor-
tance but has remained difficult in clinical practice, mainly
due to the limitations of ultrasound imaging and the com-
plexity of tissue motion. This paper presents a survey of
methodologies, along with physiologically relevant find-
ings, regarding the estimation of motion of the myocardium
and of central and peripheral arteries. Speckle tracking and
modeling, and registration are the dominant methods used
to calculate tissue displacements from sequences of im-
ages. Kinematic and mechanical indices are extracted from
these displacements, which can provide valuable functional
information about the cardiovascular system in normal and
diseased conditions. An important application of motion-
based strain indices involves the estimation of elastograms
of the cardiovascular tissue. Motion analysis methods can
be used to estimate a number of regional mechanical phe-
nomena representing functional tissue properties, which
are more sensitive to early changes due to ageing or dis-
ease. The importance of these methods lies in their poten-
tial to quantify in vivo tissue properties and to identify novel
noninvasive personalized disease markers, toward early de-
tection and optimal management of disease, along with in-
creased patient safety. Their clinical usefulness remains to
be demonstrated in larg trials.

Index Terms—Cardiology, motion estimation,
ultrasonography.

I. INTRODUCTION

CARDIOVASCULAR disease (CVD), caused by disorders
of the heart and blood vessels, is the number one cause of

death globally and is projected to remain the leading cause of
death [1]. If appropriate action is not taken, by 2030 more than
23 million people will die from CVD every year, mainly from
heart attacks and strokes. People with CVD, or, at high CVD
risk due to the presence of one or more risk factors, need early
detection and management.
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Clinical diagnosis, treatment, and follow up of CVD are
greatly aided by a number of imaging techniques that provide
qualitative and quantitative information about morphology and
function of the heart and the blood vessels. Furthermore, ad-
vanced image processing methods can be used to extract features
from images and facilitate image interpretation and subsequent
decisions on disease management [2]. Among such features,
the estimation of motion of the myocardial and arterial walls
is important for the quantification of tissue elasticity and con-
tractility and has gained attention as a determinant of CVD [3].
Myocardial and arterial wall elasticity is altered with age as well
as in the presence of pathology (e.g., atherosclerosis, diabetes,
and renal disease) mainly due to changes in wall composition.

Ultrasound imaging is widely used in the diagnosis of CVD
because it allows noninvasive assessment of disease severity and
tissue morphology. Modern ultrasound systems allow real-time
imaging of moving structures as well as storage of temporal
image sequences, or cine loops, for further processing. Tissue
motion can be quantitatively estimated from these sequences
provided they are acquired at sufficiently high frame rates. Ra-
dio frequency (RF) and brightness (B) mode are the appropriate
modalities for studying tissue motion in two or in three dimen-
sions. Compared to RF signals, B-mode signals have reduced
information content and, as a result, require reduced storage
capabilities.

The estimation of cardiovascular tissue motion from ultra-
sound images is a task of considerable importance but has re-
mained difficult in clinical practice. Objective evidence that
contractility is normal in patients examined at screening may
be as important as the reliable quantification of ventricular and
arterial function and the detection of wall-motion abnormalities
at rest or during stress in those with suspected CVD. However,
ultrasound imaging is not an easy modality for interpretation.
Tissue motion is complex, encompassing thickening, transla-
tion, rotation, and shear. In addition to this, unlike other imaging
modalities, ultrasound images suffer from speckle noise, which
tends to reduce the image contrast and image details, and from
an inherent tradeoff between spatial resolution and penetration
depth, which both degrade the quality of images. Furthermore,
anatomical borders lack continuity, which, together with the
above limitations, significantly limits the applicability of stan-
dard image analysis approaches.

In this paper, a survey was attempted of the methodologies
used in previous studies, along with the reported physiologically
relevant findings, regarding the estimation of cardiovascular
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Fig. 1. Illustration of (a) myocardial deformation in three dimensions
and (b) different arterial stresses (The image in (a) was taken from [13]
and the one in (b) from [76].).

tissue motion from sequences of ultrasound images. In the con-
text of this survey, important aspects of the investigated area
are highlighted, including the mechanical phenomena underly-
ing tissue motion estimation, and technical aspects important
for the reliable acquisition of data and interpretation of results.
Such a systematic collection and organization of previous works
are expected to serve not only as a purely informative report but
also as a useful guideline for future studies in this continuously
growing field.

II. MOTION OF THE CARDIOVASCULAR TISSUE

Myocardial and arterial tissue deformations are both due to
the periodic movement of the heart. A normal heart initiates
an electrical potential that causes the muscle to contract. In the
resting state, the heart muscle is an inhomogeneous, anisotropic,
incompressible, and viscoelastic material [4]. The myocardial
deformation is mainly guided by an internal contractile force and
the tissue elasticity which translates in the fiber/matrix structure
and the presence or absence of fibrosis and depositions. How-
ever, any part of the myocardium is always imbedded in a ven-
tricle; therefore, the intracavity pressure and the interaction with
neighboring contracting segments are additional important in-
fluencing factors for the myocardial deformation [see Fig. 1(a)].

Arteries in vivo are in constant movement because they are
subjected to constantly changing stresses due to pressure oscil-
lations associated with each cardiac cycle. Arterial movement
consists of rapid distension during ventricular ejection, whereby
50% or more of the stroke volume is transiently accommodated,
and of retraction during diastole. When arteries are pressurized,
they are subjected to distension in all directions, i.e., circumfer-
ential (or hoop stress), longitudinal (or axial), and radial direc-
tions [see Fig. 1(b)]. Strains and stresses in the circumferential
and longitudinal directions are tensile because the vessel tends
to distend in these directions with pressurization. Strains and
stresses in the radial direction are compressive as the wall tends
to be narrowed with pressurisation.

The largest strains have been reported in the circumferential
direction, corresponding to vessel diameter changes, and the
lowest in the radial direction, corresponding to wall thickness
changes. Specifically, most conduit arteries undergo 8%–10%
oscillation in external diameter or about 15% oscillation in
internal diameter. Of particular interest seem to be strains
in the longitudinal direction. These have gained but little
interest because they were assumed to be negligible compared
to circumferential strains (CS) [5]. However, recently, with
modern ultrasound scanners and reliable motion estimation
algorithms, it was shown that longitudinal movement of the

common carotid artery was comparable to the diameter change
[6], [7]. It is pointed out that longitudinal strains (LS) result
from the effect of perivascular connective tissue and from the
effect of constraint provided by arterial side branches. This
constraint has been termed “tether.”

In large arteries, the stability, resilience, and compliance of
the vascular wall, i.e., its mechanical properties, are dependent
on the relative contributions of its two main structural proteins:
collagen and elastin. The former provides the tensile strength
of the wall, and, thus, its structural integrity, whereas the lat-
ter provides elasticity; both are potently regulated by catabolic
matrix metalloproteinases. Ageing, as well as the presence of
a number of diseases, including atherosclerosis, diabetes, and
chronic renal disease favor the development of arterial stiffness
[8]. Increased stiffness reduces the reservoir function of the con-
duit arteries near the heart and increases pulse wave velocity,
thus increasing systolic and pulse pressures. Given that these
two pressures determine the peak loads on the cardiovascular
system, their increase has an unfavorable effect on the system
strength [8].

III. MEASUREMENT OF TISSUE MOTION

A wide variety of methods have been proposed to estimate
tissue motion and strain, shedding light on the understanding
of cardiovascular physiology and mechanics. These methods
can be broadly classified as: 1) speckle tracking and 2) im-
age registration. Speckle tracking was the descendant of tissue
Doppler imaging (TDI), which, by allowing angle independent
tissue velocities in the entire ultrasound image, it successfully
addressed a major limitation that only the velocity component
in the direction of the ultrasound beam could be determined.
Image registration is a more recent methodology, which is also
receiving growing attention.

Ultrasound images are generated by the reflection of coherent
ultrasound waves, which are transmitted from a transducer into
the body. Speckle is the result of the interaction between those
waves and different types of tissues, and is produced by interfer-
ing echoes of a transmitted waveform that emanate from tissue
heterogeneities [9]. Specifically, speckle is caused by waves
scattering off small particles in the tissue being scanned and
alternately reinforcing and then cancelling each other. Speckle
tracking methods analyze motion by tracking the intensity or
the interference patterns produced by speckle over time. There-
fore, to estimate tissue motion and strain using speckle tracking,
one needs: 1) a sequence of ultrasound images appropriately
recorded and 2) a reliable speckle tracking method.

The main technical considerations to be incorporated in car-
diovascular tissue motion analysis protocols correspond to con-
straints imposed by: 1) arterial wall physiology, which affects
subject and probe setup; and 2) physical principles of ultra-
sound imaging, which affect selection of scanner setting values.
These should be taken into account for reliable recording of
tissue motion using ultrasound imaging. Then, the quantitative
analysis of tissue displacement is performed with the applica-
tion of the speckle tracking algorithm to the recorded image
sequence.
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A number of speckle tracking methods, including block
matching (BM) and differential methods, have been used for
cardiovascular tissue displacement estimation. This particular
class of algorithms is very popular in this research field with
several applications for different cardiovascular pathologies and
therapies. However, their performance is usually limited by
tissue deformation, and the resulting decorrelation, and, in two-
dimensional (2-D) image recordings, out-of-plane motions [10].
Both these factors may substantially modify image patterns over
time, and, therefore, limit the ability of speckle tracking methods
to correlate consecutive frames.

Image registration overcomes the aforementioned limitation
of speckle tracking. Image registration methods estimate motion
by frame-to-frame or groupwise registering successive ultra-
sound frames with a deformable shape tracking approach. The
deformation field is parameterized using smooth basis functions,
often B-splines in image processing. Adding extra cost terms to
the energy function to be optimized then typically regularizes
the motion.

Speckle tracking and image registration methodologies gen-
erate vectors, which can be processed so as to extract quantitative
indices. Motion vectors corresponding to displacements of in-
dividual image areas over the total duration of the recording can
be quantified in terms of amplitude, frequency, or in the case
of pairs of areas, the synchronization. Standard indices include
radial (RS), LS, CS, and shear (SS) strain indices, as well as dis-
tensibility or compliance indices, when pressure measurements
are available.

As opposed to the previously presented intensity-based meth-
ods, phase-based approaches consist in processing the informa-
tion carried by the phase of the images, namely in the frequency
domain. Another alternative to the previous approaches is the
formulation of optical flow, one of the differential speckle track-
ing methods, in polar coordinates. This formulation highlights
additional motion information, and maybe preferable in specific
geometry cases, such as cylindrical shapes.

A major application of motion analysis is elastography, a
quantitative method for imaging the elasticity in biological tis-
sues, introduced in the early nineties by Ophir et al. [11]. The
method consists of calculating 2-D local tissue strain through
cross correlation of RF segments for the estimation of the time
shift resulting from inherent deformations. Strain represents the
displacements of tissue particles with respect to a reference po-
sition, and is the parameter that is mapped with conventional
elastography. The more recently suggested shear-wave elastog-
raphy maps elastic moduli, i.e., the ratio of stress and strain,
where stress is induced by the shear wave of the device.

IV. CLINICAL APPLICATIONS

Clinical applications of cardiovascular tissue motion estima-
tion include: 1) the heart, namely the myocardium, 2) the central
vessels, namely the aorta and the coronary arteries, and 3) pe-
ripheral arteries, namely the carotid, the brachial, femoral, and
popliteal arteries. With the exception of coronary arteries, tran-
scutaneous ultrasound is used to image all other cardiovascular
structures; intravascular ultrasound (IVUS) is used to image

the coronaries [12]. Transoesophageal ultrasound is sometimes
used to image the central vessels, and produces clearer images
than transcutaneous ultrasound. Table I summarizes the studies
that suggested methods for estimation of cardiovascular tissue
motion.

A. Myocardium

Accurate characterization of myocardial motion patterns is
essential for understanding changes in cardiac mechanics under
the effect of disease and therapy [13], [14]. The quantification
of myocardial deformation, especially when combined with the
response to a dobutamine challenge, has been associated with
a valuable role in the detection of regional abnormalities and
in the diagnosis of different cardiac pathologies, such as mitral
regurgitation [15], ischaemia [16], [17] and dyssynchrony [18]
(see Fig. 2). In particular, the strain and the strain rate (i.e.,
speed at which deformation occurs) have been commonly used
to assess the regional and global (calculated by averaging values
in multisegment models) myocardial function [19].

Saltijeral et al. associated motion indices with obesity car-
diomyopathy [20]. Using a dataset of 30 obese children and 42
healthy volunteer children, it was shown that 3-D speckle track-
ing provides kinematic parameters (strain, twist, and torsion)
which are able to assess the presence of early myocardial defor-
mation abnormalities due to obesity. This conclusion suggested
that obesity cardiomyopathy, which is a major risk factor for
cardiovascular morbidity and mortality, is associated not only
with structural cardiac changes, but also with myocardial defor-
mation changes, and that this association occurs as early as in the
childhood and it is independent from any other cardiovascular
risk factor.

Speckle tracking was also used to measure regional and global
(calculated by averaging strain values in a 16-segment model)
LS in 20 patients with acute ST elevation myocardial infarction
and relatively preserved left-ventricular function [21]. The re-
ported findings indicated that both regional and global LS might
provide an accurate assessment of global myocardial function
and of the presence of segments with transmural extent of
necrosis.

Furthermore, speckle tracking holds a valuable role in re-
vealing motion and deformation changes induced by pure left-
bundle-branch block (LBBB) and their evolution with cardiac
resynchronization therapy (CRT) [22]. In this study, myocardial
displacement, velocity, and strain were estimated for 22 swine
models of acute LBBB and CRT with (N = 11) or without (N
= 11) chronic infarct, and were used as input toward estimat-
ing indices of mechanical dyssynchrony. Most animals without
infarct showed uniform intraventricular dyssynchrony patterns
and recovery toward a normal pattern with CRT. Variability in
LBBB-related mechanical dyssynchrony patterns was high in
infarct presence, which also affected the CRT efficiency (im-
provements in 6/11 animals).

The value of speckle tracking was also demonstrated in
combination with low dose dobutamine stress echocardiogra-
phy for the evaluation of viable myocardium in patients with
acute myocardial infarction [23]. Speckle tracking was used to
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TABLE I
SUMMARY OF METHODS FOR ESTIMATION OF CARDIOVASCULAR TISSUE MOTION

Study Method Validation/Evaluation Derived measures Clinical applications

Myocardium

Saltijeral et al. [20] speckle tracking – strain, twist, torsion obesity cardiomyopathy is associated with myocardial deformation changes
Cimino et al. [21] speckle tracking – global and regional LS global and regional LS can accurately assess global myocardial function and the

presence of segments with transmural extent of necrosis
Duchateau et al. [22] speckle tracking – displacement, velocity,

strain (and derived
indices of

dyssynchrony)

variability in LBBB-related mechanical dyssynchrony patterns was high in
infarct presence, which also affected the CRT efficiency

Gong et al. [23] speckle tracking – LS and LS rate LS and LS rate were independent predictors of viable myocardium, while
combining LS and LS rate with dose dobutamine stress echocardiography further
enhanced the predictive ability for myocardial viability

Alessandrini et al.
[24]

monogenic signal
theory

synthetic sequences displacements, strains higher accuracy, superior robustness to the noise, and shorter computation time
compared to state-of-the-art speckle tracking approaches

Curiale et al. [25] diffeomorphic
speckle tracking

synthetic images strain valid identification of abnormal segments with reduced cardiac function and
timing differences for dyssynchrony cases

Duchateau et al. [26] nonrigid registration synthetic images strain valid quantification of motion abnormalities at every location in time and space
Bosch et al. [32] AAMMs in vivo data eigenvariations of

shape/motion
significant associations with volumetric measures of ventricular dilatation

Lee and Konofagou
[33]

cross correlation in vivo data strain reliable localization of the early onset of myocardial ischaemia [34]

accurate differentiation between different motion schemes, sensitivity to stiffness
changes [35]

Aorta

Luo and Konofagou
[36]

1-D cross correlation human aorta in vivo displacements in murine aneurysmal aortas, wall motion was reduced and spatially varied, and
more asynchronous with blood flow, compared to normal aortas [37]
estimation of strain to derive the stress–strain curve [38]

Coronary arteries

de Korte et al. [40] cross correlation comparison with
histology

strain high strain values (1%–2%) in soft plaques, but low strain values (0%–0.2%) in
calcified material [41]

Maurice et al. [42] LSME simulated RF data radial strain low and high strain/shear values, corresponding to hard and soft plaque materials,
respectively, were found in different human plaque types [43],
reconstruction of atherosclerotic plaque elasticity from radial strain sequences
[44]

Liang et al. [45] 2-D nonrigid
registration

synthetic motion of
IVUS images of

porcine carotid artery

radial and CS
distributions

LAD coronary artery [46] lesion stiffness was consistent with tissue composition
from histological cross sections [47]

PVA phantom
Liang et al. [48] 3-D nonrigid

registration
IVUS images of

healthy porcine carotid
arteries

strain distributions the algorithm was able to overcome systematic noise and provide consistent
results under different resolutions

Carotid arteries

Golemati et al. [49] BM in vivo data radial and longitudinal
displacements

arterial wall distensibility in the radial direction was significantly higher than in
the longitudinal direction

Cinthio et al. [50] BM in vitro (phantom) data displacements, strains bidirectional longitudinal movement of the IM complex during the cardiac cycle
[6]

Zahnd et al. [52] BM in vivo data radial and longitudinal
displacements

displacements were significantly lower in elderly diabetic subjects

longitudinal motion was impaired in the presence of periodontal disease [53]
Soleimani et al. [54] BM – longitudinal stress strong and graded association between axial stress and severity of carotid stenosis
Gastounioti et al. [7] adaptive BM in silico and in vivo

data
displacements, strains carotid motion and strain can discriminate between symptomatic and

asymptomatic patients [56],
both the atherosclerotic lesion and the normal wall adjacent to the lesion should
be considered

Zahnd et al. [57] BM+KF longitudinal motion
amplitude

longitudinal motion amplitude was significantly reduced at high-risk patients
compared with healthy volunteers,
longitudinal motion amplitude was progressively attenuated along the length of
the artery [58]

Tat et al. [59] multikernel BM +
KF

– displacements, strains compared with able-bodied subjects, the retrograde intramural SS was
significantly smaller in individuals with SCI,
smaller peak displacements in both the IM and adventitia

Albinsson et al. [60] BM with additional
reference block

in silico phantom and
in vivo data

Longitudinal
movement

improved tracking performance using the suggested approach

Maurice and
Bertrand [61]

LSME simulated RF images 2-D strain tensor computation of elastograms of carotid artery [62]

Svedlund and Gan
[64]

VVI in vivo data longitudinal
displacements

longitudinal displacements in the normal common carotid artery were
significantly lower in subjects with CAD compared to healthy young adults,
in mice, low longitudinal displacements were associated with greater IMT,
greater plaque burden, and higher cholesterol levels [65],
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TABLE I
(Continued)

Study Method Validation/Evaluation Derived measures Clinical applications

longitudinal displacements predicted short-term event-free survival in medium-
to high-risk patients [66]

Golemati et al.
[67]

BM, OF in silico and in vivo
data

radial, LS, and SS radial strain decreases with age,

differences in phase and amplitude between RS, LS, and SS waveforms
Mokhtari-Dizajl
et al. [68]

OF – arterial stiffness indices differences in arterial stiffness between subjects with severe stenosis compared to
subjects with mild or no stenosis

Zahnd et al. [71] phase-based OF in vivo data
(comparison with

manual trajectories)

longitudinal and radial
motion amplitudes

improved tracking performance with the suggested beamforming strategy

Other peripheral arteries

Cinthio et al. [6] BM in vivo data longitudinal
displacements

bidirectional longitudinal movement of the IM complex during the cardiac cycle,
SS between IM and adventitia

AAMM: active appearance motion model; BM: block matching; CRT: cardiac resynchronisation therapy; IM: intima-media; IMT: IM thickness; IVUS: intravascular ultrasound; KF:
Kalman filtering; LBBB: left-bundle-branch block; LS: longitudinal strain; LSME: Lagrangian speckle model estimator; OF: optical flow; PVA: polyvinyl alcohol; RF: radiofrequency;
TDI: tissue Doppler imaging; VVI: vector velocity imaging.

Fig. 2. Example of radial time–strain curves in a heart failure study
patient with LBBB. Radial strain was calculated by speckle tracking and
averaged to six time–strain plots to represent standard segments. The
curves are color coded by the defined myocardial regions as depicted in
the figure (yellow = anterior septum; red = anterior segment; green =
lateral; purple = posterior; dark blue = inferior; and light blue = septum).
An example of dyssynchrony is shown as the difference in timing of peak
strain from earliest to latest segment (white arrow). Dyssynchrony for this
study was defined as a time difference �130 ms between the anterior
septal and posterior wall peak strain (from [18]).

measure end-systolic strain and peak-systolic strain rate of re-
gional wall motion abnormality segments in 42 patients one,
three, and six months after percutaneous coronary intervention.
Among the speckle tracking measurements, LS and LS rate
(LSr) emerged as independent predictors of viable myocardium,
while combining LS and LSr with dose dobutamine stress
echocardiography further enhanced the predictive ability for
myocardial viability.

In an attempt to further upgrade the role of the popular speckle
tracking approaches, Alessandrini et al. attempted to overcome
limitations by the variation of image intensities over time due to
myocardial motion and out-of-plane motions. To this end, they
proposed a motion estimator, which is based on monogenic
signal theory and decouples the local energy from the image
structure, accounted for by phase and orientation [24]. The vali-
dation of the proposed algorithm against state-of-the-art speckle
tracking approaches in realistic synthetic sequences of cardiac

ultrasound images showed higher accuracy, superior robustness
to noise, and a considerably shorter computation time.

Another attempt to enhance the performance of speckle track-
ing was recently published by Curiale et al. [25]. The authors
proposed a maximum-likelihood approach, which generalizes
conventional speckle models to a more versatile model for
real data, increases the efficiency of frame-to-frame speckle
tracking, and identifies more reliable myocardial motions. In
the framework of a comparative evaluation on 16 synthetic im-
age sequences for three different scenarios (normal, acute is-
chaemia, and acute dyssynchrony), the proposed methodology
outperformed previously presented speckle tracking methods by
minimizing the median motion and strain error in the circum-
ferential, longitudinal, and radial direction of motion. It also
showed great potential in identifying abnormal segments with
reduced cardiac function and timing differences for the dyssyn-
chrony cases.

Elastic (nonrigid) registration solutions for assessing myocar-
dial strain in ultrasound have also received increasing attention.
Duchateau et al. used elastic registration to generate velocity
fields, which were then used to build a subject-specific sta-
tistical atlas of motion, allowing the comparison of patients
against the atlas using quantitative indices of abnormality [26].
This methodology was applied to 21 healthy subjects and 14
CRT candidates with left ventricular dyssynchrony and demon-
strated great potential in quantifying motion abnormalities at
every location in time and space.

Moreover, in a recently published in vivo setting [27], reg-
istration based methodologies were evaluated against speckle
tracking by comparing both to a gold standard reference mea-
surement (sonomicrometry). RS, LS, and CS were estimated
in four sheep during four stages (i.e., at rest, during esmolol
and dobutamine infusion, and during acute ischaemia) by ap-
plying two well-validated speckle tracking [28] and elastic reg-
istration [29] approaches. The correlations of RS and CS with
sonomicrometry were comparable for the two methodologies.
However, the elastic registration method, the core of which was
the enforcement of time consistency using spatiotemporal B-
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spline kernels [29], considerably outperformed speckle tracking
for LS.

Furthermore, wall motion abnormalities in cardiac ultrasound
have been examined using active shape models (ASMs) [30],
which are statistical shape models that iteratively deform to fit to
a new image, and active appearance motion models (AAMMs)
[31], [32], which are an extension of ASMs describing both the
appearance and the shape of the myocardium. As an example,
an automated AAMM-based approach for left ventricular en-
docardial border detection [31] was applied to a set of stress
echocardiograms of 129 infarct patients and the eigenvariations
of shape/motion were found to be associated with volumetric
measures of ventricular dilatation [32].

Last, myocardial elastography has demonstrated great po-
tential in noninvasively assessing regional myocardial function,
with the advantages of high spatial and temporal resolution and
high signal-to-noise ratio. Myocardial elastography is an RF-
based technique [12], [33]–[35], which has been developed to
map the 2-D transmural deformation field and detect abnormal
cardiac function. Cross correlation is used to calculate tissue dis-
placements and derive strains. In vivo studies using myocardial
elastography showed that it allows reliable characterization and
differentiation of abnormal from normal myocardia [33] and
localization of the early onset of myocardial ischaemia [34],
without any angular dependence. Moreover, in a recent study
applying myocardial elastography to phantoms subjected to four
motion schemes (rotation, torsion, deformation, and a combi-
nation of torsion and deformation) [35], the methodology was
found to be capable of accurately distinguishing between dif-
ferent motion schemes, and to be sensitive to stiffness changes
in localized phantom regions under physiologic cardiac motion
configurations.

B. Aorta

Visualization of aortic wall pulsation with ultrasound has
allowed the description of aortic wall motion as a change in di-
ameter (or cross-sectional area) during pulsation. Development
of image analysis methods, such as cross correlation, has en-
abled more detailed study of arterial wall motion. With these
techniques, not only diameter change but also strain parameters
along an arterial segment can be evaluated, offering the prospect
of individual noninvasive rupture risk analysis of abdominal aor-
tic aneurysms.

Luo and Konofagou proposed a method based on sum ta-
bles for fast calculation of the normalized correlation coefficient
(NCC) in ultrasound-based motion estimation [36]. Both the nu-
merator and denominator in the NCC definition were obtained
through precalculated sum tables to eliminate redundancy of
repeated NCC calculations. The method was evaluated using
RF signals from a human abdominal aorta in vivo. The method
was subsequently used to investigate the synchrony between
wall motion and blood flow in murine normal and aneurys-
mal aortas [37]. These two parameters were uniform and syn-
chronous in normal aortas, but reduced, spatially varied and less
synchronous in aneurymal aortas. Furthermore, it was used to
estimate tissue strains from RF images of murine arteries and
assess stress–strain curves, in combination with stress estimates

obtained from applanation tonometry [38]. The methodology
was later used in the carotid arteries of young norma adults
[39].

C. Coronary Arteries

In coronary arteries, motion estimation methodologies have
been applied to calculate strains and elastograms from IVUS
images. These methodologies include cross correlation, the Lan-
grangian speckle motion estimator (LSME), as well as 2-D and
3-D nonrigid registration.

de Korte et al. suggested the application of cross correlation
in echogram pairs acquired at two different intravascular pres-
sures [40]. The resulting tissue displacements were converted to
strain. The method was validated by matching strain to histol-
ogy; fibrous tissue was hardest, whereas fatty components were
softest. It is important to point out that these plaque types did not
reveal echodensity differences on the corresponding echograms.
Additionally, investigation of the predictive value of the method
for identifying the vulnerable plaque showed that a high strain
region at the lumen vessel wall boundary had 88% sensitivity
and 89% specificity for identifying such plaques [41]. The pres-
ence of a high strain region at the lumen-plaque interface has a
high predictive value for identifying macrophages. Patient stud-
ies revealed high strain values (1%–2%) in soft plaques, whereas
calcified material showed low strain values (0%–0.2%).

Maurice et al. suggested using LSME for computation
of strains from endovascular ultrasound elastography [42].
The method was implemented through an adapted version
of the Levenberg–Marquardt minimization algorithm, using
the optical flow equations formulated in a polar coordinate
system. It was also validated with simulated ultrasound RF
data of mechanically complex vessel wall pathologies. The
same approach was subsequently used to estimate elastograms
of RS and RS distributions within the vessel wall [43]. Low
and high strain/shear values, corresponding to hard and soft
plaque materials, respectively, were found in different human
plaque types. The LSME methodology was subsequently
applied to reconstruct atherosclerotic plaque elasticity from
coronary IVUS radial strain sequences in 12 patients referred
for coronary atherectomy [44].

In an attempt to enhance elastography procedures and esti-
mate the strain tensor of the arterial wall from IVUS images,
Liang et al. suggested a nonrigid-registration-based approach
[45]. The method registers a pair of images acquired at a ves-
sel site under different levels of luminal pressure and estimates
the 2-D displacement field in the vessel cross section. The dis-
placement field is then used to calculate the 2-D local strain
tensor. By means of experiments using synthetic motion of
IVUS images of porcine carotid artery and PVA phantom, they
demonstrated that the suggested method can efficiently esti-
mate RS and CS of the arterial wall. Fig. 3 shows examples
of displacements in synthetic data. They subsequently applied
the method to real IVUS images of a LAD coronary artery
acquired clinically in continuous pullback mode [46]. Further-
more, they investigated the correspondence between coronary
arterial strain, including RS, CS, and SS, and histology in a
porcine model of atherosclerosis [47]. They found that lesion
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Fig. 3. Examples of calculated displacement field after image registra-
tion in synthetic motion experiments: in the case of (left) expansion only
and (right) expansion and rotation (from [45]).

stiffness was consistent with the tissue composition seen in the
histological cross sections. The method was extended to 3-D,
by registering image volumes, and calculated radial, circum-
ferential, and longitudinal displacements [48]. It was validated
and evaluated using IVUS images of healthy porcine carotid ar-
teries subjected to a luminal pressure increase and longitudinal
stretch.

D. Carotid Arteries

Motion of the normal and diseased carotid artery wall is im-
portant in the diagnosis of carotid atherosclerosis. Radial as well
as longitudinal motion of the normal, i.e., nonatherosclerotic
common carotid artery has been estimated from longitudinal
sections not only in normal arteries but also proximal to plaque.
Motion patterns of the plaque itself have also been described
and associated with the risk for cerebrovascular complications,
such as strokes or transient ischaemic attacks.

BM has been used by a number of groups to estimate motion
of the carotid artery and associate it to the presence of disease.
Golemati et al. showed that arterial wall distensibility in the ra-
dial direction was significantly higher than distensibility in the
longitudinal direction (10.2 ± 4.5% versus 2.5 ± 0.89%) [49],
which is indicative of tissue anisotropy. Cinthio et al. demon-
strated that the reproducibility of their BM-based method was
0–8 μm for the radial and 0–12 μm for the longitudinal direc-
tion [50]. The intraobserver variability was also estimated in
vivo, in terms of a coefficient of variation, which was less than
16% for displacements and somewhat higher (24%) for intra-
mural SS measurements [51]. Experiments in healthy humans
showed a distinct bidirectional longitudinal movement of the
intima-media complex during the cardiac cycle [6]. Zahnd et al.
found that amplitudes of radial and longitudinal displacements
of the near and far arterial walls were significantly lower in
elderly diabetic subjects compared to healthy volunteers [52].
The same group also showed that carotid longitudinal motion
was impaired in the presence of periodontal disease [53]. Last,
Soleimani et al. generated BM-based longitudinal motion wave-
forms of healthy subjects and of patients with less and more
than 50% carotid artery stenosis and they reported a strong and
graded association between axial stress and severity of carotid
stenosis [54].

Fig. 4. Examples of color-coded distributions of various motion-derived
indices for an asymptomatic (left column) and a symptomatic (right col-
umn) patient with an atherosclerotic plaque on the posterior and the an-
terior wall, respectively. White labels indicate the selected ROIs for each
case. RMA/LMA: radial/longitudinal motion amplitude; LSSIPL : longitu-
dinal strain index at plaque; RSIPL : radial strain index at plaque (from
[7]).

To improve the performance of BM, a number of advanced
alternatives have been suggested. Our group has designed a
number of speckle tracking motion estimators, which incor-
porate adaptive strategies able to handle the major limitation of
speckle tracking, i.e., the varying image intensities over time [7].
The motion estimators were evaluated using an in silico frame-
work, consisting of 13 computer-generated image sequences
that simulate realistic scenarios of ultrasound image recordings.
Among the examined adaptive strategies, highest performance,
in terms of both accuracy in motion tracking and computational
efficiency, was observed for adaptive strategies, which are based
on finite impulse response filtering or Kalman filtering [7], [55].
Fig. 4 shows examples of color-coded distributions of motion-
derived indices. The in vivo application of those algorithms to
patients with symptomatic and asymptomatic carotid atheroscle-
rosis was among the first studies that revealed the discriminatory
capacity of carotid motion and strain, showing also that the de-
formation of both the atherosclerotic lesion and the normal wall
adjacent to the lesion should be considered [56].
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Kalman filtering was also incorporated in speckle tracking
by a later study of Zahnd et al. [57]. The proposed algorithm
was validated using manually traced reference trajectories as
groundtruth, and its accuracy was of the same order of magni-
tude as the inter- and intraobserver variability, and smaller than
for six previously proposed speckle tracking methods. The esti-
mated longitudinal motion amplitude was significantly reduced
at high-risk patients compared with healthy volunteers, sug-
gesting that this measure may assist early-stage atherosclerosis
detection. Another interesting finding was derived by the recent
application of the same algorithm to healthy common carotid
arteries, where the longitudinal motion amplitude was found to
be progressively attenuated along the length of the artery, as it
was larger in regions located closer to the heart and smaller in
regions located toward the head [58].

The combination of BM with Kalman filtering was also re-
cently followed by Tat et al. [59]. The authors applied a multi-
kernel adaptive BM algorithm to assess the longitudinal motion
of the common carotid artery in seven individuals with spinal
cord injury (SCI), considered at high risk of CVD, and in seven
able-bodied participants. Bidirectional movement patterns con-
taining motion retrograde to blood flow during systole, followed
by antegrade motion during diastole, characterized longitudinal
motion. The retrograde intramural SS was significantly smaller
in individuals with SCI by 60.2%, showing smaller peak dis-
placements in both the intima—media and adventitia, while in
the antegrade direction, there were no group differences. An
alternative approach to BM was suggested by Albinsson et al.
based on the expansion of the conventional technique with an
additional reference block [60]. The two reference blocks origi-
nate from two consecutive frames. The evaluation of the method
in in silico, phantom and in vivo data showed improved accu-
racy and the possibility to reduce the size of the reference blocks
while maintaining the performance.

The LSME was proposed by Maurice and Bertrand [61] to
describe speckle motion by following local characteristics of
the speckle field. The method involves an analytical description
of the decorrelation that enables the derivation of an appropri-
ate inverse filter for speckle restoration. Assessment of tissue
motion derived by this method was then used to produce elas-
tograms of the carotid artery [62], with the additional use of
von Mises coefficients to address mechanical artefacts due to
different directions between tissue motion and ultrasound beam
propagation. A compensative model, based on the LSME, was
suggested by Mercure et al. to address the angle-dependence
of motion estimates [63]. It was demonstrated that the model
allows the estimation of scanning angle with less than 3° and 4°
error, according to experiments on vessel-mimicking phantoms
and in in vivo human carotid arteries, respectively.

Using vector velocity imaging (VVI), Svedlund and Gan
[64] demonstrated that longitudinal displacements in the normal
common carotid artery were significantly lower in subjects with
CAD compared to healthy young adults. Svedlund and Gan also
showed that carotid artery longitudinal displacements 1) were
significantly lower in subjects with carotid plaque compared
to age-matched controls [65], and 2) reflected cardiovascular
status and predict short-term event-free survival in medium-

Fig. 5. Examples of strain waveforms for (a) a young and (b) an elderly
normal subject. RSW : radial strain at wall; LS: longitudinal strain; SSW :
shear strain at wall (from [67]).

to high-risk patients [66]. In [65], it was also demonstrated
that, in mice, low longitudinal displacements were associated
with greater intima-media thickness, greater plaque burden, and
higher cholesterol levels.

In addition to BM, differential methods have also been ap-
plied to investigate motion in the carotid artery. Golemati et al.
compared the performances of BM- and OF-based methods, in
terms of in silico data, and suggested OF using weighted least
squares as the optimal method [67]. Fig. 5 shows examples of
derived strains using this method in a young and an elderly sub-
ject. Mokhtari-Dizajl et al. [68] used OF to estimate systolic and
diastolic diameters of the right common carotid artery, proximal
to plaque, from sequences of B-mode and color Doppler ultra-
sound images. They subsequently calculated standard arterial
stiffness indices, which were found to be significantly different
in subjects with severe, i.e., greater than 40%, stenosis com-
pared to subjects with mild or no stenosis. OF was also used to
produce elastograms, from B-mode, rather than from the usual
RF, images of the carotid artery [69].

Recently, a noninvasive vascular elastography approach was
used to quantify the strain behavior of near and far walls in
longitudinal images of normal (N = 30) and atherosclerotic,
i.e., with greater than 50% stenosis, (N = 21) internal carotid
arteries [70]. The mean systolic, diastolic, and cumulated ax-
ial strains could distinguish the two groups after normalization
by the pressure gradient between acquired images, implying
that these measures may help to diagnose vulnerable plaques.
Furthermore, a phase-based method was used to estimate longi-
tudinal arterial motion in vivo [71] and in phantoms [72] using
transverse oscillations.

E. Other Peripheral Arteries (Brachial, Femoral,
Popliteal)

The motion of the brachial and popliteal arteries was esti-
mated in a small group of subjects using BM [6]. A bidirectional
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pattern of longitudinal motion and SS between intima-media and
adventitia was observed, similar to those in the carotid artery
and the aorta.

V. DISCUSSION AND FUTURE PERSPECTIVES

In this paper, motion estimation methods were re-
viewed, which have been applied to ultrasound images of
cardiovascular tissue, including the myocardium and central and
peripheral arteries. Speckle tracking and modeling, and registra-
tion are the dominant methods used to calculate tissue displace-
ments from sequences of images. Kinematic and mechanical
indices are extracted from these displacements, which can pro-
vide valuable functional information about the cardiovascular
system in normal and diseased conditions. An important appli-
cation of motion-based strain indices involves the estimation of
elastograms of the cardiovascular tissue.

The studies reviewed in this paper have shown the great po-
tential of motion analysis in describing various aspects of the
complex mechanical phenomena taking place within the car-
diovascular tissue, including localized properties, along small
segments of the myocardial and arterial walls, which include,
among others, longitudinal-transverse anisotropy. The reported
methods allow the extraction of a number of motion-derived
indices for in vivo quantification of tissue mechanical proper-
ties, and may be valuable in disease prognosis, diagnosis, and
monitoring. Such indices are important for describing proper-
ties of tissue at different times of its natural history, and, thus,
for describing its vulnerability, i.e., its proneness to cause fa-
tal events, such as heart attacks and strokes. Motion-derived
indices provide functional, rather than mere anatomical infor-
mation, which is more sensitive to early wall changes due to the
presence of ageing or disease, which is crucial for early diag-
nosis. They can be used to identify novel noninvasive markers
of cardiovascular risk, which will improve risk stratification
and allow a more personalized disease management toward in-
creased patient safety. Furthermore, because these indices are
derived from ultrasound imaging, which is a low cost modality,
they ensure not only a valid but also a cost-efficient diagnostic
procedure.

Both B-mode and RF images have been used to estimate mo-
tion of heart (e.g., [27] and [33], respectively) and vessels (e.g.,
[7] and [37], respectively). Compared to RF images, which are
only available in research-oriented devices, B-mode images are
clinically (commercially) available, favoring the application of
the reported methods in clinical settings. Taking advantage of the
lower spatial resolution of B-mode images, a combined scheme
has been suggested, in which coarse displacement estimates
were obtained from B-mode images, and were subsequently
used to guide the high-resolution estimates from RF data [73].
The relative performance of these two types of images in terms
of estimating tissue properties has been investigated in a few
studies. Ma and Varghese reported reduced variability in my-
ocardial strain estimation when RF signals were used instead of
B-mode ones [74]. On the other hand, it was recently shown that
local arterial stiffness can be measured with standard B-mode
scanners as reliably as with RF data [75].

Given that the full potential of the motion analysis method-
ologies and derived indices remains to be proven, the obvious
future perspective is their application in large clinical trials. An-
other important future step is the combination of motion-derived
indices, with 1) other motion-derived ones, 2) other ultrasound-
image-based indices, including, for example, IMT and texture
indices, and 3) disease biomarkers, such as biochemical indices.
Such combinations will allow a more integrated and in-depth
approach to arterial biomechanics.

In conclusion, ultrasound-image-based motion analysis of
cardiovascular tissues has shown promise in characterizing re-
gional mechanical properties. Its full potential in predicting, di-
agnosing, and monitoring disease remains to be demonstrated in
large clinical trials, allowing its association with other biomark-
ers, toward an integrated personalized approach for CVD man-
agement.
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