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Ultrafast Myocardial Principal Strain Ultrasound
Elastography During Stress Tests: In Vitro

Validation and In Vivo Feasibility
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Abstract— Objective myocardial contractility assess-
ment during stress tests aims to improve the diagnosis
of myocardial ischemia. Tissue Doppler imaging (TDI) or
optical flow (OF) speckle tracking echocardiography (STE)
has been used to quantify myocardial contractility at rest.
However, this is more challenging during stress tests due
to image decorrelation at high heart rates. Moreover, stress
tests imply a high frame rate which leads to a limited
lateral field of view. Therefore, a large lateral field-of-view
robust ultrafast myocardial regularized OF-TDI principal
strain estimator has been developed for high-frame-rate
echocardiography of coherently compounded transmitted
diverging waves. The feasibility and accuracy of the pro-
posed estimator were validated in vitro (using sonomicrom-
etry as the gold standard) and in vivo stress experiments.
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Compared with OF strain imaging, the proposed estimator
improved the accuracy of principal major and minor strains
during stress tests, with an average contrast-to-noise ratio
improvement of 4.4 ± 2.7 dB (p-value < 0.01). Moreover,
there was a significant correlation and a very close agree-
ment between the proposed estimator and sonomicrometry
for tested heart rates between 60 and 180 beats per minute
(bpm). The averages ± standard deviations (STD) of R2 and
biases ± STD between them were 0.96 ± 0.04 (p-value <
0.01) and 0.01 ± 0.03% in the axial direction, respectively;
and 0.94 ± 0.02 (p-value < 0.01) and 0.04 ± 0.06% in the
lateral direction, respectively. These results suggest that
the proposed estimator could be useful clinically to provide
an accurate and quantitative 2-D large lateral field-of-view
myocardial strain assessment at high heart rates during
stress echocardiography.

Index Terms— Myocardial elastography, optical flow (OF),
principal strain, stress test, tissue Doppler, ultrafast ultra-
sound imaging.

I. INTRODUCTION

ASSESMENT of myocardial contractility during a stress
test is of high clinical value for the diagnosis and evalu-

ation of cardiovascular diseases, especially coronary disease
and heart failure [1], [2], [3]. Given its noninvasiveness,
portability, and real-time advantages, stress echocardiography
is one of the most used techniques to triage patients with
suspected cardiovascular diseases when wall motion and/or
left ventricular function are normal at rest [1]. Stress echocar-
diography uses either a pharmacological agent or exercise to
reproduce the patient’s symptoms. Interpretation of this test
is based on a subjective and operator-dependent assessment
of wall motion abnormalities [4], as well as myocardial
shortening and thickening reflecting the mechanics of the
heart [5], [6]. Therefore, 2-D longitudinal, circumferential, and
radial strains and strain rate imaging techniques based on
tissue Doppler imaging (TDI) [7], [8], [9] and speckle tracking
echocardiography (STE) [9], [10], [11] have been developed
to objectively quantify myocardial motion and deformation
during stress tests [12], [13].

However, current 2-D myocardial strain imaging techniques
based on TDI or STE have a few limitations. TDI can track
large motions but measured displacements are precise only
along the beam direction due to its inherent angle dependency
[9], [14]. Although STE is angle-independent and can recover
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the 2-D myocardial strain field, tracking methods in STE are
sensitive to B-mode speckle intensity variation [15]. STE also
requires high contrast and high resolution to ensure accurate
tracking of speckle patterns, especially under small motion
conditions [16], [17]. Considering that the performance of STE
to track small displacements is better than TDI, two myocar-
dial motion estimation models combining TDI with STE have
been proposed [15], [18]. To further improve tracking of small
myocardial motions, radio-frequency data processing instead
of B-mode speckle tracking has also been investigated [16],
[17], [19], [20].

Current myocardial strain imaging methods are limited by a
tradeoff between spatial and temporal resolutions, and by the
lateral field-of-view, especially in the clinical context of stress
echocardiography [21]. The typical frame rate (∼60 Hz) of
conventional echocardiography is insufficient to warrant accu-
rate strain estimation at high heart rates, where displacements
and deformations are emphasized compared with the normal
resting condition [22]. Low frame rates and/or high heart rates
result in large displacements between consecutive frames and
image decorrelation [22], [23], [24], [25], [26], [27]. Over the
past few years, ultrafast transthoracic echocardiography and
several other techniques have been able to achieve high frame
rates (250–12 000 Hz) [27], [28], [29]. Mismatches between
multiline acquisitions [30], crosstalk artifacts in multiline
transmissions [31], [32], respiratory or inconsistent heartbeat
artifacts in electrocardiogram-gated acquisitions [33], and
the small lateral field-of-view in compounded plane wave
transmissions [34] favored the development of ultrafast com-
pounded diverging wave echocardiography (UCDWE) [27],
[28]. UCDWE has been used to estimate myocardial strain
with a large lateral field-of-view at rest conditions [17], [24]
and under in vitro stress tests in our preliminary study [35].
Sidelobe artifacts with large tilted angle transmissions and
undesired phase delays between transmissions, induced by the
myocardial motion in UCDWE, have been effectively over-
come by using a triangle transmission sequence and coherent
compounding with Doppler-based motion compensation at rest
conditions [36].

The main challenges linked to stress test conditions are large
motions between acquired image frames and the associated
image decorrelation. This study aimed to propose a robust
UCDWE-based ultrafast myocardial elastography method to
overcome the above challenges during stress tests. The fol-
lowing innovations were implemented in this study to optimize
myocardial strain imaging under stress test conditions.

1) As suggested in [36], tilting angles of diverging wave
transmission were coded as a triangle sequence and
motion compensation was considered to reduce sidelobe
artifacts in coherent compounding to lessen the impact
of decorrelation between frames.

2) As suggested in [15] and [18], the advantages of the TDI
component for large motions and the optical flow (OF)
component for small deformations [37] were consid-
ered, and thus the OF-TDI model was used to balance
myocardial motion estimations ranging between large
and small deformations during the stress test in systole
and diastole, respectively.

3) The time-ensemble strategy proposed in the context
of compounded plane wave carotid artery elastography
[38], [39] was integrated into the OF-TDI model [15],
[18] to build a quadratic temporal–spatial OF-TDI cost
function to lessen the influence of out-of-plane motions
and to improve the robustness of myocardial displace-
ments estimation.

4) As suggested by others for cardiac [40] and vascular
[39], [41] applications, principal strain analysis was
combined with a 2-D least-squares strain model and
weighted by a Gaussian matrix for myocardial strain
estimates to overcome its coordinate system dependency
and to improve its accuracy and robustness.

In the context of stress echocardiography tests, a UCDWE-
based 2-D least-squares time-ensemble regularized OF-TDI
principal strain estimator (OF-TDITER, where TER signifies
time-ensemble regularized) was thus proposed to address
the above main challenges and reconstruct myocardial strain
fields with high accuracy and robustness. The feasibility of
the UCDWE-based OF-TDITER principal strain estimator was
tested with in vitro and in vivo experiments, and the accuracy
was validated by using sonomicrometry at heart rates between
60 and 180 beats per minute (bpm).

II. METHODS

Fig. 1 indicates the schematic of myocardial elastography
during stress tests using the UCDWE-based OF-TDITER prin-
cipal strain estimator. The proposed estimator has three steps:
1) the UCDWE for stress tests; 2) the quadratic OF-TDITER

model; and 3) the principal strain estimator.

A. UCDWE for Stress Tests

To reduce artifacts induced by phase delays and sidelobes
during stress tests, a triangle diverging wave sequence with
M tilted angles at an angular tilt of α and a width of β
was transmitted [Fig. 1(a)], which had alternate ascending
and descending subsequences as in [36]. The corresponding
ascending echoes (�2n−1, odd) and descending echoes (�2n,
even) were collected from these subsequences. Then, Doppler
shift (φ) of the f th frame between �2n−1 and �2n was
estimated as in the following equation in polar coordinates:

φ f (r, θ) = 1

2
� {�2n−1(r, θ),�2n(r, θ)} (1)

where f = 2n − 1 is the frame number and n is the
transmission number of the triangle diverging wave sequence.
To prevent a high Nyquist limit during stress tests, the TDI
displacement data (D f ) of the f th frame was estimated before
the coherent compounding:

D f = φ f
c · PRF

4π · f 0 · FR
(2)

where c, PRF, f0, and FR are the sound speed, the pulse
repetition frequency of the triangle diverging wave sequence,
the center frequency of the emitted pulse, and the frame rate,
respectively. See Table I for a description of the parameters
considered in this study.
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Fig. 1. Schematic of myocardial elastography during stress tests using the ultrafast time-ensemble regularized optical-flow and tissue-Doppler-
imaging (OF-TDITER) principal strain estimator based on UCDWE. (a) UCDWE using a triangle diverging wave sequence in the short-axis view, and
(b) diagram of the proposed principal strain estimator using typical in vitro examples during stress tests.

TABLE I
PARAMETER SETTINGS OF THE VERASONICS ULTRASOUND SYSTEM

The function named “mexIQmigLoopCuda.mex64” was
used for the delay-and-sum beamforming. The radial and cross
spacing of the grid, F-number, and pitch were set to 0.308 mm,
0.29◦, 0, and 0.32 mm, respectively. After beamforming,
the motion-compensated Doppler shift was considered dur-
ing coherent compounding, and the UCDWE (S f ) of the

f th frame was then reconstructed from the raw in-phase and
quadrature (IQ) data. We briefly recall the theory; more details
can be found in [36].

S f (θ, r) =
M∑

m=1

〈
Sm

{
θ, r +

(
m − M

2

)
φ(θ, r)

4π

c

f0

}
eimφ(θ,r)

〉
(3)

where M denotes the number of tilted angles, and Sm is the raw
slow-time IQ data at the mth tilted angle. Phases occurring in
�2n−1 and �2n subsequences yielded clockwise and counter-
clockwise rotations of side lobes. The autocorrelation product
in (1) removed phase delay artifacts induced by rotations of
side lobes in (3).

Thus, both myocardial UCDWE and TDI data can be simul-
taneously obtained at a wide field of view, a large imaging
depth, and a high frame rate.

B. Quadratic Temporal—Spatial OF-TDI Cost Function

S f data from (3) were interpolated with a 3:1 factor [17]
to improve angular resolution and lateral estimation accuracy,
especially at large depths under stress test conditions. The
myocardium was semiautomatically segmented using in-house
software based on motion estimation and Bayesian mod-
eling [42], and a mask matrix (M) of each myocardium
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frame was then obtained. To estimate instantaneous myocar-
dial displacements (�u) during stress tests, where decorrelation
noise is expected, the OF-TDI model in [15] and [18] was
constrained by a time-ensemble strategy and a spatial thresh-
old ξc. Moreover, the spatial velocity term was replaced by
the temporal–spatial displacement �u. Thus, the OF and TDI
terms are, respectively, described by the following equations:

QO(�ui ) = ωO

(
∂S

∂r
ur + ∂S

∂θ
uθ − −∂S

∂ t

)2

(4)

and

QD(�ui ) = ωD

(
∂D

∂θ
uθ + ∂D

∂ t
− c · PRF

4π f0 · FR
φ

)2

(5)

where QO and QD are the OF and TDI terms, respectively;
ωO and ωD are weights of QO and QD terms, respectively.
D is the unitary displacement vector in the Doppler direction.
The variable t ∈ T is the time-ensemble dimension, where
T = {t1, t2, . . . , tn} is the time-ensemble scale. See Table I
for a description of the parameters considered in this study.

Based on (4) and (5), the OF-TDI model in [15] and [18]
was then modified by the following quadratic temporal–spatial
OF-TDI cost function Q

Q(�u) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1 − p)

∫∫
m,t

QO(�ui )

+ p
∫∫

m,t
QD(�ui ),

∣∣∣�ξ ∣∣∣ < ξc/2

(1 − p)

∫∫
m,t

QO(�ui )

+ p
∫∫

m,t
QD(�ui )

+ δ

∫∫
m,t

QR(�ui), ξc/2 ≤
∣∣∣�ξ ∣∣∣ ≤ 2ξc

0,
∣∣∣�ξ ∣∣∣ > 2ξc

(6)

where QR is the regularization term; p ∈ (0, 1) is a parameter
to balance the relative contribution of QO and QD ; δ is the
regularization parameter of QR; and m ∈ M is the estimation
region.

Inspired by solving issues of the ill-posed cost function
of the OF-TDI model proposed in [15] for velocity vector
imaging, the QR term based on complex divergence and
curl expressions of gradient vectors �u was simplified in the
frequency domain as described by the following equation:

δQR

δ=(1/ξc)
4

−−−−→
∥∥∥∥�ξ i

/
ξ c

∥∥∥∥
4∥∥�̃ui

∥∥2
(7)

where �ξ i are spatial Fourier frequencies of �ui . δ is defined as
a cut-off frequency of (1/ξc)

4 and ξc is known as a spatial
threshold to balance the OF-TDI term and the QR term.
Thus, (6) was modified. In the case of ξc/2 ≤ |�ξ | ≤ 2ξc, the Q

was constrained by the QR term. In the case of |�ξ | < ξc/2, the
QR term was set to zero since the value of the quartet in (7)
was very small. In the case of |�ξ | > 2ξc, the QR term can reject
outliers induced by the rapid myocardial motion at increasing
heart rates, which was controlled by the parameter δ.

The two adjustment parameters p and δ of the
OF-TDITER model were optimized during stress tests. Accord-
ing to ground-truth values from sonomicrometry under stress
test conditions, p and δ were varied within two ranges given
in Table I, respectively. The parameter optimization and evalu-
ation methods are provided in Section IV-C. Using optimized
values of p and δ, the OF-TDITER model was then solved
as a least-squares problem [15] to minimize the quadratic
temporal–spatial cost function (6) iteratively. The weights ωO

and ωD were updated at each iteration using a bi-square
function (H) assigning small weights to pixels with large
residuals of QO and QD terms, as in the following equations:

ωi+1
O = ω0

O · H
[
QO(�ui)

/
ωi

O

]
(8)

ωi+1
D = ω0

D · H
[
QD(�ui )

/
ωi

D

]
(9)

with

ω0
O = ω0

D = c · PRF

f0

/∣∣∣∣σD + c · PRF

2 f0
− 1

∣∣∣∣ (10)

where ω0
O and ω0

D are the initialization values for ωO and
ωD during iterations, respectively, and i is the number of
iterations. In (10), σD is the Doppler standard deviation [15].
The least-squares solution �u reached convergence after three
iterations using updated weighting functions. The smoothed
displacement field �u at the central moment of the time-
ensemble scale was finally returned.

C. 2-D Least-Squares Gaussian Weighted OF-TDITER

Principal Strain Estimator

The displacement field �u in polar coordinates was trans-
formed into Cartesian coordinates, and the instantaneous major
and minor strain tensors (εmax(t), εmin(t)) were computed
using the following equation [38], [43]:

εmax,min(t) = εxx,t + εzz,t

2

±
√(

εxz,t + εzx,t

2

)2

+
(

εxx,t − εzz,t

2

)2

(11)

where εxx,t and εzz,t are instantaneous myocardial lateral and
axial strains, and εxz,t and εzx,t are corresponding instanta-
neous shear strains, respectively. These Cartesian strain com-
ponents were estimated using a 2-D least-squares strain model
weighted by a convolutional Gaussian window applied on the
2-D instantaneous displacement field �u, as in the following
equations:

Et = (WGWT)
−1

WTGUt (12)

with

Et =
⎡
⎣ ηx,t ηz,t

εxx,t εzx,t

εxz,t εzz,t

⎤
⎦ (13)

W =
⎡
⎢⎣

1 xi−w zi−w

...
...

...
1 xi+w−1 zi+w−1

⎤
⎥⎦ (14)
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G =
⎡
⎢⎣

gxi−w zi−w
. . . gxi−w zi+w−1

...
. . .

...
gxi+w−1 zi−w

. . . gxi+w−1 zi+w−1

⎤
⎥⎦ (15)

and

Ut =
⎡
⎢⎣

uxi−w ,t uzi−w,t
...

...
uxi+w−1 ,t uzi+w−1, t

⎤
⎥⎦ (16)

where Et is a matrix of instantaneous Cartesian strain tensors,
W is a location matrix, G is a Gaussian weighted matrix,
and Ut is an instantaneous displacement matrix constrained
by W in Cartesian coordinates. Components ux,t and uz,t in
Ut are the instantaneous lateral and axial displacements in
Cartesian coordinates, which were obtained from the proposed
OF-TDITER model. In (13), ηx,t and ηz,t are constants in lateral
and axial directions, respectively. In (14)–(16), i is the central
location in the i th W, and w is the half window width of the
estimated strain, which is related to ξc.

From estimated instantaneous εmax(t) and εmin(t) within the
weighted location window, the accumulated principal major
and minor strains (Emax, Emin) were constrained by the cor-
responding time-ensemble mask matrix, and calculated within
each cardiac cycle, as in the following iterative summation:

Emax,min(t) = ft
[
Emax,min(t − 1)

]+ M(t) · εmax,min(t) (17)

with T1 + 1 ≤ t ≤ T2, and T1 and T2 are the moments
of end-diastole and end-systole for accumulated strains in
systole, respectively; and the moments of end-systole and
end-diastole for accumulated strains in diastole, respectively.
Thus, Emax and Emin in systole displayed accumulated results
from end-diastole to end-systole, as well as Emax and Emin

in diastole reporting accumulated results from end-systole to
end-diastole. In (17), ft is a 2-D linear interpolation function
based on the structure location of M at time t . The matrix
M is the segmented full myocardial mask. Thus, the least-
squares myocardial principal strain estimator could overcome
the limitations of affine strain tensors with centroid and
coordinate dependencies [41], [43]. Accumulated principal
major strain curves of each cardiac cycle were calculated
over time within M regions from end-diastole to end-systole.
The corresponding principal minor strain curves were obtained
from end-systole to end-diastole. The strain curves were reset
to zero at the beginning of each cycle. Since instantaneous
axial strain curves had the best periodicity among all computed
strain components, this metric was selected to identify systolic
and diastolic phases.

III. EXPERIMENTS

A. Experimental Setup

Fig. 2 shows the block diagram of the in vitro and in vivo
experimental setup. Table I displays the experimental para-
meter settings. A research ultrasound platform (#Vintage
1-128, Verasonics Inc., Redmond, WA, USA) equipped with a
phased-array transducer (ATL P4-2, Philips Ultrasound Inc.,
Bothell, WA, USA) was used to record raw IQ data of
myocardial deformation in a short-axis view. A series of

Fig. 2. Block diagram of the (a) in vitro and (b) in vivo experimental setup
of myocardial elastography during stress tests.

circular diverging waves were generated by the full array
aperture. As shown in Fig. 1(a), those diverging waves were
coded and transmitted as a dual triangle sequence with M
tilted angles in one angular compounding cycle to perform
Doppler-based motion compensation [36].

Before in vitro and in vivo experiments, the pressure of
emitted pulses (with parameters reported in Table I) was mea-
sured using a 1-mm-diameter needle hydrophone (#SN976,
Precision Acoustics, Dorchester, U.K.) in a water tank.
Acoustic energy output respected the safety limitations of the
Food and Drug Administration standards [44]. All experiments
were performed at room temperature, and acquisitions lasted
2 s in vitro and 1.5 s in vivo.

B. In Vitro Cardiac Stress Tests

A dynamic left-ventricular mimicking phantom model with
radial thickening and less than 20◦ of circumferential rota-
tion was used to simulate the left-ventricular deformation in
the short-axis direction. The phantom was made with 7%
polyvinyl alcohol dissolved in 92% degassed water and mixed
with 1% graphite particles [45]. The gel was molded into
a homogeneous hollow cylinder and polymerized with two
freezing–thawing cycles in a temperature-controlled cham-
ber [46]. Both ends of this left-ventricular mimicking phantom
(wall thickness of 15 mm) were then connected to polyvinyl
chloride tubing by a pair of loosely attached steel clamps to
a pulse duplicator (model #SD2001-1, Vivitro systems Inc.,
Victoria, BC, Canada), allowing slight rotation of the connect-
ing junctions without leaking. This Vivitro system included
an adaptable hydraulic pump (Superpump system, model
#10647, Vivitro systems Inc.) and a silicone bag mimicking
adult cardiac dimensions suspended in a pressurized container.
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Clockwise and counterclockwise rotations of clamps’ junc-
tions provided torsion and made the phantom rotate in the
circumferential direction. In vitro myocardial strain assessment
was tested at artificial heart rates ranging from 60 to 180 bpm,
with increments of 20 bpm. Each heartbeat was driven by a
sinusoidal wave controlled by a waveform generator (model
#33250A, Agilent Inc., Santa Clara, CA, USA). The systolic
blood pressure and myocardial deformation were kept within
normal ranges at increased heart rates to mimic healthy subject
conditions [6], [47], [48]. The in vitro stroke volume at varying
heart rates was then adjusted to ensure that accumulated strains
within a cardiac cycle remained around 25% at rest and in
stress conditions. In vitro experiments were repeated more than
three times at each heart rate. For the 2-s data acquisition, six
to 18 heart cycles were available for data analysis at heart
rates of 60–180 bpm, respectively.

C. Strain Measurements by Sonomicrometry

As shown at three locations marked by red points in
Fig. 1(a), piezoelectric crystals (diameter = 2 mm; Sonometric
Corporation, London, ON, Canada) were pasted to the internal
and external surfaces of the left-ventricular mimicking phan-
tom to accurately detect myocardial deformation in the axial
and lateral directions. The sonomicrometry data were consid-
ered as axial and lateral ground truths to evaluate the accuracy
of myocardial elastography estimated with the proposed ultra-
fast OF-TDITER principal strain estimator. Sonomicrometry
data were recorded at a sampling frequency of 200 Hz before
UCDWE to avoid band aliasing interferences between the two
systems [22]. The axial and lateral sonomicrometry strains
were calculated as

εa(t) = �Da(t)
/

Da(t) (18)

εl(t) = �Dl(t)
/

Dl(t) (19)

where Da is the intercrystal displacement curve between
crystals 1 and 2 and Dl is the intercrystal displacement curve
between crystals 2 and 3, which were median filtered with
a length of 20 points to reduce noise. �Da and �Dl are
displacement differences between adjacent temporal samples
in the axial and lateral directions, respectively, which matched
with the sampling frequency of the proposed ultrafast myocar-
dial elastography method. Da and Dl correspond to the mean
value of Da and Dl .

D. In Vivo Cardiac Stress Tests

The in vivo protocol was approved by the institutional
review board on ethics of the University of Montreal Hospital
Research Center (IRB #2019-8002). As shown in Table II,
a healthy male volunteer (#2) and two patients (#1 and #3)
with high cardiovascular risk were recruited; all participants
signed an informed consent form. Using the same ultrasound
system and probe as used in vitro, the probe was first held
by a physician, and ultrasound scanning was performed in
the parasternal short-axis view at rest condition. As shown in
Fig. 2(b), stress tests were performed with a resistance bicycle.
During the stress test, the heart rate was recorded with a
multiparameter monitoring system (SureSigns VM4, Philips,

TABLE II
IN VIVO CARDIAC STRESS TESTS

Andover, MA, USA). The second ultrasound scan in the same
parasternal short-axis view was conducted once the heart rate
had reached at least 100 bpm. After each data acquisition, the
blood pressure was measured using the same multiparameter
monitoring system.

IV. DATA ANALYSIS

All postprocessing and data analyses were performed using
MATLAB (#2016a, Mathworks Inc., Natick, MA, USA).
Results are presented as mean values ± one standard deviation
(STD), and p-values < 0.01 were considered statistically
significant (t-tests and analyses of variance).

A. Influence of Stress Tests on Ultrafast
Echocardiography

With increasing heart rates during the stress test, the effect
of signal decorrelation between UCDWE transmissions on
image quality was evaluated by the signal-to-noise ratio (SNR)
and signal-to-interference ratio (SIR), respectively, using the
following equations [39]:

SNR = 10 log
[
Rs/Rn

]
(20)

and

SIR = 10 log
[
Rs/Ri

]
(21)

where Rs is the average intensity of the myocardial UCDWE;
and Rn and Ri are average intensities of noise and sidelobe
interferences in regions marked in Fig. 1(b), respectively.

B. Contrast-to-Noise Ratio of Ultrafast Myocardial
Elastography

The imaging quality of strain maps Emax,min estimated with
the proposed ultrafast elastography model was quantified by
using the instantaneous elastographic contrast-to-noise ratio
(CNRe), as given by the following equation [39]:

CNRe = 10 log

[
2(Emax,min,r1 − Emax,min,r2)

2

σ(Emax,min,r1)
2 + σ(Emax,min,r 2)

2

]
(22)

where Emax,min,r1 and Emax,min,r 2 , and σ(Emax,min,r1) and
σ(Emax,min,r 2) are means and STDs of Emax,min computed
along circles of radii r1 ∈ {Rinner(t) + 3 Rinner(t) + 5} mm
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and r2 ∈ {Router(t) − 5 Router(t) − 3} mm. Rinner and Router

are inner and outer radii of the in vitro cardiac phantom,
respectively. Above strain maps Emax,min, obtained with the
proposed ultrafast myocardial OF-TDITER principal strain esti-
mator, should be constant over the circumferential direction
due to its cylindrical geometry, which was further compared
with principal strain maps estimated by using the OF speckle
tracking method when p = 0.

C. Accuracy Evaluation and Parameter Optimization of
the Proposed Ultrafast Myocardial Elastography
Method

The accuracy and parameter optimization of the proposed
ultrafast myocardial OF-TDITER principal strain estimator
were evaluated by computing the agreement between the
sonomicrometry and elastography strains by using the corre-
lation coefficients R2 in axial and lateral directions as in (23)
and (24), shown at the bottom of the page, where R2

zz and
R2

xx are the correlation coefficients of axial and lateral strains,
respectively. N is the length of time series during one cardiac
cycle. εzz and εxx are axial and lateral elastography compo-
nents averaged within the regions of interest (ROIs) marked by
the pink solid-line boxes in Fig. 1(a), respectively. To suppress
artifacts from crystals and position shifts during stress tests,
these ROIs had a larger size and their central positions were
compensated by the central position of M. Parameters εa and
εl are axial and lateral sonomicrometry strains, respectively.
A Bland–Altman analysis was also performed to illustrate the
agreement between sonomicrometry and elastography using
the bias and STD between them. Bias is the deviation of mean
values between them.

V. RESULTS

A. Ultrafast Echocardiography During Stress Tests

Fig. 1(b) displays examples of in vitro myocardial UCDWE
images at a heart rate of 180 bpm in diastole. The influence
of signal decorrelation between emissions at increased heart
rates during stress tests on UCDWE image reconstructions
is illustrated by SNR and SIR curves in Fig. 3(a) and (b),
respectively. Compared with measurements at 60 bpm, the
mean SNR of UCDWE images decreased by 0.03 dB/10 bpm
(residuals: 0.07 dB) during simulated stress tests; the cor-
responding SIR decreased by 0.14 dB/10 bpm (residuals:
0.25 dB). By contrast, the SIR reduced more than SNR with
the increase in heart rate. It suggests that sidelobe interferences
had a higher impact on the degradation of UCDWE images at
increased heart rates.

Fig. 3. (a) Signal-to-noise ratio (SNR) and (b) signal-to-interference ratio
(SIR) of in vitro myocardial echocardiography during stress tests, at heart
rates ranging from 60 to 180 bpm.

B. Accuracy Evaluation and Parameter Optimization
According to Sonomicrometry

Cycle durations and amplitudes of estimated instantaneous
strain curves correctly matched those of sonomicrometry
strain curves. In this study, the sonomicrometry was taken
as ground truths to tune parameters p and δ during stress
tests and to evaluate the accuracy of the proposed ultrafast
OF-TDITER principal strain estimator in the axial and lateral
directions. Fig. 4 shows corresponding results in the axial
direction. With the increase in the parameter δ, the average
STD between sonomicrometry and estimated elastography, for
different values of p, increased but their average R2

zz tended
to decrease at all tested heart rates, especially for smaller p
values. In general, the STD was the smallest and R2

zz the
highest at all tested heart rates when the parameter δ was
1/0.5 cm−1. Moreover, with the increase in the parameter
p from 0.1 to 0.9, the STD decreased and then increased
whereas R2

zz slightly decreased for δ = 1/0.5 cm−1 at all
tested heart rates. When the parameter p was equal to 0.6 for
δ = 1/0.5 cm−1, the STD was close to its smallest value
at a heart rate of 60 bpm, and the smallest at other heart
rates of 120 and 180 bpm; and R2

zz was the highest at the

R2
zz = N

∑N
i=1 εzz(i)εa(i) −∑N

i=1 εzz(i)
∑N

i=1 εa(i)√
N
∑N

i=1

[
εzz(i)

]2 −
[∑N

i=1 εzz(i)
]2 ·
√

N
∑N

i=1[εa(i)]2 −
[∑N

i=1 εa(i)
]2 (23)

R2
xx = N

∑N
i=1 εxx (i)εl(i) −∑N

i=1 εxx (i)
∑N

i=1 εl(i)√
N
∑N

i=1[εxx (i)]2 −
[∑N

i=1 εxx (i)
]2 ·
√

N
∑N

i=1[εl(i)]2 −
[∑N

i=1 εl(i)
]2 (24)
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Fig. 4. Accuracy evaluation and parameter optimization of the proposed ultrafast OF-TDITER principal strain estimator using ground truths measured
with sonomicrometry. Heart rates of 60, 120, and 180 bpm are presented. (a)–(c) Standard deviation (STD) and (d)–(f) correlation coefficient R2 in
Bland–Altman analysis between sonomicrometry and elastography at various adjustment parameter p and regularization parameter δ.

heart rate of 120 bpm and very close to its maximum at heart
rates of 60 and 180 bpm. Therefore, the adjustment parameter
p = 0.6 and the regularization parameter δ = 1/0.5 cm−1 were
selected for the remaining results to be presented, which was
also supported by the results in the lateral direction. Using the
above-optimized parameters, the STD, bias, and R2

zz between
both strain methods in the axial direction were 0.03 ± 0.01%,
0.01 ± 0.004%, and 0.96 ± 0.04 (p-value < 0.01) during
stress tests, respectively. Moreover, the corresponding STD,
bias, and R2

xx in the lateral direction were 0.06 ± 0.02%,
0.04 ± 0.01%, and 0.94 ± 0.02 (p-value < 0.01), respectively.

C. In Vitro Myocardial Principal Strain During Stress
Tests

Fig. 5 shows in vitro myocardial accumulated principal
major and minor strain maps at systole and diastole during
stress tests computed with the proposed ultrafast OF-TDITER

estimator. Fig. 6 displays the corresponding principal major
and minor strain maps estimated with the OF speckle tracking
method for comparison. Compared to OF-based strain maps,
more consistent elastograms were obtained with the proposed
OF-TDITER principal strain algorithm at increased heart rates.
Since a homogeneous left-ventricular mimicking phantom was
used and because the pump was adjusted to obtain similar
stress conditions between experiments, principal major and
minor strain maps were quasi-centrosymmetric (except for
relatively lower strains in the anterior wall induced by crystals’

artifacts) and had similar deformations at increased heart rates.
Observed accumulated principal major and minor strains were
around ± 25%, respectively. Absolute values of accumulated
principal major and minor strains in systole showed close-
to-zero values near the lumen and maximum values close to the
periphery, which are proportional to the radius. Corresponding
values in diastole showed maximum values near the lumen and
close-to-zero values close to the periphery, which are inversely
proportional to the radius during the stress test.

The myocardial principal strain maps estimated with the
proposed ultrafast OF-TDITER strain estimator and OF speckle
tracking method were further evaluated by CNRe in Fig. 7.
ROIs with radii r1 and r2 that were used to computer CNRe

are displayed in Figs. 5(a) and 6(a). Compared to results
obtained with the OF speckle tracking method, the proposed
OF-TDITER estimator was not affected by the heart rate. CNRe

of major and minor strain components of the OF speckle
tracking method decreased by 8.0 ± 1.5 and 8.7 ± 1.6 dB
at the highest heart rate of 180 bpm, respectively. Pooling
all tested heartbeats, the mean CNRe of OF-TDITER principal
major and minor strains were 4.7 ± 2.6 dB (p-value <
0.01) and 4.1 ± 3.1 dB (p-value < 0.01) larger than the
corresponding CNRe obtained with the OF speckle tracking
method, respectively. Fig. 8 shows the averaged accumulated
principal major and minor strain curves within the segmented
myocardial mask at increasing heart rates during stress tests.
Since the reference cardiac phases of those accumulated strain
curves were identified by the instantaneous axial strain curves
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Fig. 5. In vitro myocardial accumulated principal major strain maps
in systole (a) and diastole (b) estimated by the proposed ultrafast
myocardial OF-TDITER principal strain estimator during stress tests;
corresponding principal minor strain maps in systole (c) and diastole (d).

and were reset to zero at the beginning of each cycle, those
strain curves were discontinuous between the end of the last
cycle and the beginning of the next cycle.

D. In Vivo Myocardial Principal Strain During Stress Tests

Fig. 9 shows examples of in vivo myocardial accumulated
principal major and minor strain maps at systole and diastole
before and after stress tests for the OF-TDITER estimator. The

Fig. 6. In vitro myocardial accumulated principal major strain maps in
systole (a) and diastole (b) estimated by the OF speckle tracking method
during stress tests; corresponding principal minor strain maps in systole
(c) and diastole (d).

corresponding echocardiography in Fig. 9 indicates the cardiac
orientation in the parasternal short-axis view before and after
stress tests. Before and after stress tests, absolute values of
myocardial principal major and minor strains increased from
the lumen to the periphery in systole and reduced from the
periphery to the lumen at the same radial positions in diastole.
Maximum strains were located on both sides of the left ven-
tricle in this short-axis view. Absolute peak values at specific
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Fig. 7. Myocardial contrast-to-noise ratio (CNRe) of accumulated
principal major (a) and minor (b) strains obtained with the proposed
ultrafast OF-TDITER estimator, and OF speckle tracking method. The
parameter k is the fitting coefficient of CNRe linear regressions.

Fig. 8. In vitro myocardial accumulated principal major (a) and minor
(b) strain curves at different heart rates using the proposed ultrafast
OF-TDITER estimator. The boxes represent the STD values of accumu-
lated strain maps at each moment.

myocardial locations of principal major and minor strain maps
were about 25% at a heart rate of 70 bpm before the stress test,
and around 30% at the increased heart rate of 112 bpm after

Fig. 9. In vivo myocardial accumulated principal major strain maps
in systole (a) and diastole (b) estimated with the proposed ultrafast
OF-TDITER estimator before and after stress tests for patient #3; cor-
responding principal minor strain maps in systole (c) and diastole (d).

TABLE III
AVERAGED VALUES OF MAXIMUM ACCUMULATED

STRAINS FOR IN VIVO CASES∗

the stress test. Fig. 10 displays corresponding averaged values
within the segmented myocardium of accumulated principal
major and minor strain maps for this example. Table III is
summarizing the maximum values of accumulated principal
major and minor strains, in systole and diastole, averaged over
the number of available cardiac cycles and acquisitions for all
in vivo cases.
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Fig. 10. In vivo myocardial accumulated principal major (a) and minor
(b) strain curves before and after stress tests using the proposed ultrafast
OF-TDITER estimator (data for patient #3). The boxes represent the STD
values of accumulated strain maps at each moment.

VI. DISCUSSION

A. Tuning Parameters in the OF-TDITER Principal Strain
Estimator

Four parameters had to be optimized with the proposed
ultrafast OF-TDITER principal strain estimator: the two weight-
ing parameters ωof and ωtdi, the adjustment parameter p, and
the regularization parameter δ. Values of ωof and ωtdi of OF
and TDI terms were automatically iteratively updated accord-
ing to (5) and (6). The parameter p was used to adjust the
relative contribution of OF and TDI terms, and it was selected
according to Fig. 4. The parameter δ was selected to balance
the OF-TDI and regularization terms, and to reject outliers of �u
at increased heart rates. The parameters p and δ were tuned via
the estimation accuracy of the proposed strain estimator using
four indices (STD, bias, R2, and p-values) in agreement and
Bland–Altman analyses between sonomicrometry and elastog-
raphy. Values of p = 0.6 and δ = 1/0.5 cm−1 provided the
highest accuracy of the proposed strain estimator. Additionally,
STD and R2 were more sensitive to the parameter δ than p in
Fig. 4. The different sensitivities for p and δ are consistent
with results in [18]. On the other hand, Porée et al. [15]
averaged the contributions of OF and TDI terms in their OF-
TDI model under resting conditions, and then set p = 0.5.
They considered the upper bound (1.5 cm) of the normal septal
thickness of the left ventricular mid-cavity and then fixed
δ = 1/1.5 cm−1 without other objective evaluations [15].
Tavakoli et al. fixed the weight for the OF term and sim-
plified the tuning process for adjustment and regularization
parameters using a relative mean absolute error between the
first and subsequent warped images [18]. However, those
simplifications could not assure optimal accuracy, had no
ground truth for comparison, and could be limitations for stress

myocardial elastography studies due to large decorrelation
artifacts between strain images. Moreover, the above tuning
of parameters would be difficult under in vivo conditions
due to the absence of ground truths on in vivo myocardial
deformation. Even so, the above tuning and optimization
of parameters provided an agreement analysis and accuracy
evaluation under both resting and stress test conditions, which
supplement the findings of previous studies [15], [18].

B. Comparison With OF Speckle Tracking Elastography

Speckle tracking elastography based on the OF method was
compared with the proposed ultrafast OF-TDITER principal
strain estimator. Previous reports demonstrated that the OF
method is suitable for estimating small deformations but
is sensitive to large instantaneous signal decorrelation [15],
[49]. This was also shown on principal major and minor
strain maps obtained with the OF method during stress tests
in Fig. 6. As shown near the lumen in systole and at the
periphery in diastole, the homogeneous and centrosymmetric
major and minor strain maps were accurately estimated by the
OF method since absolute strain values were within 4% of
OF-TDITER principal strain measures. However, compared
with the results in Fig. 5, underestimations were observed
with the OF algorithm for absolute strain ranges � 10%.
Moreover, compared with the results of the proposed principal
strain estimator, averaged CNRe of principal major and minor
strains for the OF method were smaller by 4.4 ± 2.7 dB
(p-value < 0.01) during stress tests. These comparisons illus-
trated that the proposed ultrafast OF-TDITER principal strain
estimator could depict myocardial deformation with a larger
range during stress tests. These comparisons supported results
reported in [15] and [49] and the corresponding quantification
supplemented cardiac studies using the OF-TDI model at rest
and stress conditions [15], [18].

C. Contribution of the TDI Term

The TDI method assesses myocardial motion based on
the Doppler frequency shift, which is suitable for large
tissue displacements [7], [8], [9]. By comparing regions
between Doppler beams marked by two black arrows in
Figs. 4(a) and 5(a), large deformations could be estimated
by the TDI term but the OF term alone provided less
accurate results. However, large strains between Doppler
beams obtained with the proposed method were not the same
as outside Doppler beams. This suggests that the inherent
angle dependency of the TDI method [14], [21] could con-
tribute to angular artifacts in strain estimates for motions not
aligned with the Doppler ultrasound beam. In this study, the
angle-dependent TDI term was balanced by the OF term.
Consequently, as seen in strain maps of Fig. 5 within the
periphery in systole and near the lumen in diastole, TDI terms
described larger myocardial deformations properly, which
were centrosymmetric and homogeneous. Moreover, compared
with the same strain maps obtained with the OF method in
Fig. 6, the TDI term also contributed to eliminating strain
artifacts near the periphery in systole and near the lumen
in diastole, and it overcame the underestimation of large
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myocardial deformations, especially at increasing heart rates
(up to 180 bpm). Therefore, the proposed ultrafast OF-TDITER

principal strain estimator integrated both advantages of the
affine deformation tracking of the OF method, and the efficacy
of TDI to measure larger deformations.

D. Influence of Echo-Decorrelation on Ultrafast
Elastography During Stress Tests

Compared with conventional echocardiography at a low
frame rate, decorrelation artifacts could be reduced and esti-
mation accuracy of elastography could thus be significantly
improved using ultrafast echocardiography [22], [23], [24],
[25], [26], [27]. The performance of strain estimators in the
context of UCDWE still depends on the contrast and reso-
lution of reconstructed images [17], especially during stress
tests. Echo decorrelation induced by sidelobe interferences at
large tilted angle emission would deteriorate UCDWE and
thus remains a challenge for the evaluation of myocardial
contractile function during stress tests. At rest, interferences
from phase delays and sidelobes on UCDWE were reduced
by using coherent compounding with the TDI motion com-
pensation strategy proposed in [36]. Although UCDWE and
corresponding in vitro elastograms were similar at heart rates
of 60, 120, and 180 bpm, influences of echo decorrelation
on UCDWE and elastograms were still observed after stress
tests. These influences were illustrated by decreases in SNR
and SIR of UCDWE (Fig. 3), reduced R2 (Fig. 4), decreased
CNRe of elastograms (Fig. 7), and increased discontinuities of
accumulated strain curves (Fig. 8). The decreases in SNR and
SIR were slight and only 0.03 dB/10 bpm and 0.14 dB/10 bpm
at increasing heart rates, respectively. However, it resulted in
a decrease in R2 of 5%, and in an average CNRe of principal
strain elastograms of 2.5 dB during stress tests. The myocar-
dial elastograms under stress conditions and reconstructed by
the proposed strain estimator exhibited a high accuracy in the
axial direction (STD = 0.03 ± 0.01%, R2 = 0.96 ± 0.03,
p-value < 0.01) and in the lateral direction (STD = 0.06 ±
0.02%, R2 = 0.94 ± 0.02, p-value < 0.01) during stress tests.
Therefore, echo decorrelation and sidelobe interferences had
not an obvious impact on strain estimations at increasing heart
rates.

E. In Vitro and In Vivo Validations and Limitations

The designed left-ventricular mimicking phantom model
had realistic dimension and elasticity in the short-axis view,
had physiologically realistic changes in blood pressure and
deformation during a cardiac cycle, and stress tests with
increased heart rates could also mimic realistic cardiac con-
ditions. The echo decorrelation between frames induced by
out-of-plane motion was weakened by the UCDWE method
providing a high frame rate, which was further addressed by
the time-ensemble estimation strategy of the proposed strain
estimator. However, due to limitations of the experimental
setup, this heart model could not perfectly simulate the
myocardial 3-D torsion and deformation, which could impact
the optimization of parameters and should be considered in
future works.

Compared with in vitro results, in vivo elastograms dis-
played some heterogeneities. Because in vivo cases had
different pressure distributions, boundary conditions, and a
noncentrosymmetric structure in the short-axis view, strain
maps had different strain distribution than in vitro results,
which may have contributed to emphasizing accumulated
strain discontinuities. Compared with absolute values of max-
imum accumulated strains in patients, the healthy volunteer
had larger strain values (Table III). Although the feasibility
of the proposed strain estimator could be illustrated by these
in vivo validations, the sample size was limited in this study.
Therefore, more clinical validations would be required to state
the performance and clinical significance of the proposed
strain algorithm combined with UCDWE for normal and stress
test assessments of patients with cardiac pathologies.

VII. CONCLUSION

This study proposed a robust ultrafast OF-TDITER principal
strain estimator to assess myocardial contractility during stress
tests. Feasibility and accuracy were validated by in vitro
and in vivo myocardial stress experiments. The proposed
strain estimator overcame lateral field-of-view and frame rate
limitations, and artifacts due to sidelobe interferences and
image decorrelation during stress tests. The complex, large,
and rapid myocardial deformation during stress tests were also
accurately imaged by the proposed strain estimator with a
close agreement with sonomicrometry.
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