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Abstract—Myocardial elastography (ME) is an ultrasound-based technique that uses radiofrequency signals for
2-D cardiac motion tracking and strain imaging at a high frame rate. Early diagnosis of coronary artery disease
(CAD) is critical for timely treatment and improvement of patient outcome. The objective of this study was to
assess the performance of ME radial and circumferential strains in the detection and characterization of CAD in
patients. In this study, 86 patients suspected of CAD were imaged with ME prior to invasive coronary angiogra-
phy (ICA). End-systolic radial and circumferential left ventricular strains were estimated in all patients in each
of their perfusion territories: left anterior descending (LAD), left circumflex (LCX) and right coronary artery
(RCA). ME radial strains were capable of differentiating the obstructive CAD group (55.3 £ 29.8%) from the
non-obstructive CAD (72.5 £ 46.8%, p < 0.05) and no CAD groups (73.4 + 30.4%, p < 0.05) in the RCA terri-
tory. ME circumferential strains were capable of differentiating the obstructive CAD group (—3.1 &+ 7.5%) from
the non-obstructive CAD (—7.2 £ 6.8%, p < 0.05) and normal (—6.9 % 8.0%, p < 0.05) groups in the LAD terri-
tory and to differentiate the normal group (—17.1 & 8.2%) from the obstructive (—12.8 £ 7.2%, p < 0.05) and
non-obstructive CAD (—13.6 + 8.5%, p < 0.05) groups in the RCA territory. ME circumferential strain per-
formed better than ME radial strain in differentiating normal, non-obstructive and obstructive perfusion territo-
ries. In the LCX territory, both ME radial and circumferential strains decreased when the level of stenosis was
higher. However, it was not statistically significant. The findings presented herein indicate that ME radial and
circumferential estimation obtained from ECG-gated and compounded acquisitions is a promising tool for early,
non-invasive and radiation-free detection of CAD in patients. (E-mail:) © 2021 World Federation for Ultra-
sound in Medicine & Biology. All rights reserved.
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INTRODUCTION ultrasound based and has the advantages of portability,
low risk and high temporal resolution. However, it
requires the patient to be stressed either by exercising or
pharmacologically, and is based on a visual assessment
of wall motion abnormalities, which is subjective.

Strain imaging can distinguish tissue motion with
deformation from tissue motion without significant
deformation. Several studies have reported that strain at
rest is sensitive to the presence and severity of coronary
stenosis (Choi et al. 2009; Tsai et al. 2010; Shimoni
et al. 2011; Montgomery et al. 2012; Biering-
Sorensen et al. 2014). Cardiac strain imaging was
reported to have higher discriminative power than visual

) assessment of wall motion abnormalities in the detection
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Coronary artery disease (CAD) is the leading cause of
death in the world with 8.9 million deaths in 2017 and
affects 18.2 million adults in the United States (Virani
et al. 2020). Various methods are used to detect ische-
mia, such as exercise electrocardiogram (ECG), stress
echocardiography, single-photon emission computed
tomography, positron emission tomography and cardiac
magnetic resonance, or to assess coronary anatomy,
such as coronary computed tomography angiography
and magnetic resonance coronary angiography
(Montalescot et al. 2013). Stress echocardiography is
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echocardiography (Amzulescu et al. 2019) using B-mode
images, which are based on the envelope of the ultra-
sound radiofrequency (RF) signals. However, previous
studies have found that tracking of RF signals provides
better performance than envelope signals for tissue
deformation estimation (Alam and Ophir 1997; Ma and
Varghese 2013). Myocardial elastography (ME) is an
ultrasound technique for myocardial strain imaging
using RF signals acquired at high frame rates
(Konofagou et al. 2002; Lee et al. 2007
Zervantonakis et al. 2007). The use of RF signals to
derive myocardial strains at conventional frame rates
(38—50  frames/s) has also been reported
(Varghese et al. 2003; Behar et al. 2004). Several techni-
ques can be used for high-frame-rate cardiac ultrasound
imaging (Cikes et al. 2014). In this study, we focused on
ECG-gated acquisitions, which assemble small sectors
of RF signals acquired at different heartbeats into a full
echocardiographic view (Wang et al. 2008), and diverg-
ing (unfocused) wave emission (Hasegawa and Kanai
2011; Provost et al. 2011; Sayseng et al. 2020). ECG-
gated acquisitions can take approximately 7 s to ensure
having at least one heartbeat per sector; it can lead to
sector alignment artifacts in patients unable to hold their
breath during the entire acquisition. On the other hand,
diverging wave acquisitions can be performed in 2 s, as
an alternative. In a previous in vivo study, we reported
that ECG-gated acquisitions yield slightly more precise
left ventricular (LV) radial strains than compounded
acquisitions (Sayseng et al. 2020). ME has been vali-
dated against tagged magnetic resonance imaging and
was found capable of differentiating normal from reper-
fused myocardium (Lee et al. 2008). ME has also been
found capable of detecting, identifying and characteriz-
ing as small as a 40% blood flow reduction in the left
anterior descending artery (LAD) in an acute ischemia
canine model in vivo (Lee et al. 2011). End-systolic
radial strains were found to decrease from approximately
28% (at baseline) to —3% (after 40% blood flow reduc-
tion) in the anterior region. More recently, ME has been
reported to yield reproducible LV radial strains in conse-
cutive acquisitions and yield lower end-systolic LV
radial strains in ischemic than in normal patients with
single diverging wave imaging ( Grondin et al. 2017a).
Use of coherent compounding of diverging waves to
image the heart has been reported to provide better
image quality and strain estimates than single diverging
waves (Grondin et al. 2017b). ME in the short-axis view
offers the advantage of evaluating all three coronary per-
fusion territories in the same acquisition.

In this study, the performance of ME strains with
either ECG-gated or compounding acquisitions to detect
CAD was investigated. Because ECG-gated acquisitions
were found to provide slightly more precise strain
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estimates than compounded acquisitions in prior studies
(Sayseng et al. 2020), ECG-gated was used as the pre-
ferred method of acquisition. However, ECG-gated
acquisitions have a long duration to ensure that at least
one heart cycle is captured for each acquisition sector.
Therefore, if a patient breathes during the acquisition,
there can be significant motion artifacts preventing co-
registration of the sectors. In this study, ECG-gated
acquisitions were performed only in patients able to hold
their breath for a sufficient duration (7 s) to avoid respira-
tory motion artifacts; otherwise, compounded acquisitions
were performed. Both the radial and circumferential com-
ponents of ME strains were evaluated. It is also important
to be able to distinguish patients with non-obstructive
CAD (10%—49% stenosis) from patients with normal
epicardial vessel, as the incidence of all-cause death and
non-fatal myocardial infarction (MI) was found to be
2.5 times higher in the former than in the latter group
(Radico et al. 2018). In addition, a rate of 66% of patients
with acute myocardial infarction with less than 50% coro-
nary stenosis on their angiogram has been reported. The
objective of this study was to investigate the performance
of ME-based radial and circumferential strain with ECG-
gated and compounding acquisitions to differentiate nor-
mal, non-obstructive and obstructive CAD (>50%)
patients and perfusion territories.

METHODS

Study population

In this study, patients scheduled for an invasive cor-
onary angiography were screened. Patients with prior
known myocardial infarct, stent, bypass surgery and
heart transplants were excluded from the study. Of the
180 total number of patients meeting the inclusion crite-
ria and recruited for this study, 94 were excluded
because of poor B-mode (75/94) or tracking quality (19/
94) (Table 1). B-Mode and tracking quality were manu-
ally classified using a binary rating system. Poor B-mode
quality was defined as the inability to visualize the endo-
cardial border. Poor tracking quality was defined as a
misalignment between the motion of the actual and that
of the tracked endocardial border during systole. The
study protocol was approved by an institutional review
board (IRB) of Columbia University, and informed con-
sent was obtained before the study.

Table 1. Number of patients excluded because of poor B-mode

and tracking quality
Poor B-mode Poor tracking Total
quality quality
Compounding 40 12 52
Electrocardiogram-gated 35 7 42
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Mpyocardial elastography

The patients were imaged with customized ultra-
sound sequences prior to and on the same day as coro-
nary angiography. None of the patients received any
sedation prior to the ultrasound scan. The heart was
imaged in short-axis view at the basal, mid- and apical
levels. A 2.5-MHz center frequency transducer (P4-2,
ATL/Philips, Andover, MA, USA) connected to a
research ultrasound scanner (Vantage 256, Verasonics,
Kirkland, WA, USA) was used to scan the patients. The
ECG signal was acquired synchronously with the ultra-
sound data using an ECG unit (IX-BIO4, iWorx, Dover,
NH, USA) triggered by the ultrasound scanner. Two
different high-frame-rate imaging sequences were
used to acquire ultrasound signals: coherent compound-
ing of diverging waves and ECG-gated focused transmis-
sions, which have Dbeen previously described
(Sayseng et al. 2020). Briefly, diverging wave imaging
was performed with 10 virtual sources placed 10 mm
behind the surface of the transducer and transmitting at
different angles from —15° to 15° at a pulse repetition
frequency (PRF) of 3 kHz over 2 s, yielding a com-
pounded frame rate of 300 frames/s. On the other hand,
ECG-gated acquisitions were performed using five sec-
tors, with 16 transmit beams per sector at a pulse repeti-
tion frequency (PRF) of 3200 Hz, a focal depth of 8 cm
and 1.4-s acquisition duration per sector, yielding an
imaging frame rate of 200 frames/s. For patients who
were not able to perform breathholding for the entire
duration of the ECG-gated acquisition (7 s), coherent
compounding acquisition was performed because of pos-
sible motion artifacts. Therefore, ECG-gated and com-
pounding acquisitions were performed alternatively,
depending on the patient. For both acquisition methods,
the imaging field of view was 90°. The RF channel data
were acquired on the 64 elements of the probe and sam-
pled at four samples per wavelength. A standard delay-
and-sum method was used to reconstruct the ultrasound
images for both transmit methods (Grondin et al. 2015;
Sayseng et al. 2018). Axial motion estimation was per-
formed at the same rate as the imaging rate (300 Hz for
compounding and 200 Hz for ECG-gated acquisitions),
while lateral motion estimation was performed at 100 Hz
after temporal downsampling for improved lateral
motion estimation (Sayseng et al. 2018). Because lateral
sampling is coarser (180 lines over 90°, i.e,
0.70 mm/sample at a depth of 80 mm) than axial sam-
pling (2078 samples over 160 mm, i.e., 0.077 mm/sam-
ple), if the motion estimation rate is too high, there may
not be sufficient lateral motion between the reference
and comparison frames, which can lead to inaccurate lat-
eral motion estimation (Sayseng et al. 2018). Lateral dis-
placements estimated at 100 Hz were subsequently
upsampled back to the original frame rate (300 Hz for

compounding and 200 Hz for ECG-gated acquisitions)
to match the axial motion estimation rate. A linear tem-
poral interpolation was used for this upsampling process.
Motion estimation was performed using normalized 1-D
(axial) cross-correlation (Luo and Konofagou 2010) in a
2-D (axial and lateral) search (Konofagou and Ophir
1998) with a window length of 5.9 mm (=9.6 wave-
lengths) and 90% overlap. The window length was
selected based on prior studies (Chen et al. 2007,
Lee et al. 2008) that found a window length of approxi-
mately 10 wavelengths yielded less noisy displacement
and more precise strain estimates. The lateral search
range was 1 beam with a 10:1 linear interpolation factor.
The axial and lateral displacements were accumulated
during mechanical systole only, defined from the axial
displacement M-mode during the inward motion (Gron-
din et al. 2017a). More specifically, to manually select
the systolic phase, the axial displacement M-mode was
obtained along the line through the center of the ultrasound
array and the center of the left ventricular cavity. The axial
displacement M-mode and the ECG were displayed over a
duration of 400 ms starting from the ECG R wave. The
onset of systole was defined as the first time point for which
the anterior wall exhibited a downward motion and the
inferior wall exhibited an upward motion. End systole was
defined as the time point at which there was no longer an
inward motion. Manual selection of systole could be
adjusted by visualizing the B-mode movie during the
selected time window and ensuring that the entire LV
inward motion was included. For each pixel, appropriate
registration between consecutive displacement images was
performed to ensure that the cumulative displacement
depicted the motion of the same tissue region. The axial
and lateral displacements were scan-converted from polar
to Cartesian coordinates and median filtered with a 5 x 5-
mm kernel. The 2-D (axial and lateral) Lagrangian strain
tensor E was derived using a least-squares estimator imple-
mented with Savitzky—Golay filters (Luo et al. 2004),
where E is defined as

E= %(Vu—i—(Vu)T—i—(Vu)TVu)

where Vu is the 2-D displacement gradient tensor
defined by

ou, Ou,

| ox 9y
Vu= duy,  Ouy
ax  Jdy

where u is the 2-D displacement vector.

The endocardial and epicardial borders were manu-
ally segmented by an operator blinded to the angiogra-
phy results. The radial strains were then derived from
the 2-D strain tensor with the origin of the polar
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coordinate system at the centroid of the segmented myo-
cardium (Lee et al. 2007). The myocardium was divided
into four (at the apical level) or six (at the basal and mid-
cavity levels) sectors in accordance with the American
Heart Association 17-segment model (Voigt et al.,
2015), with equal sector angles. The end-systolic radial
strains were averaged in each myocardial segment. Cir-
cumferential strain estimation was performed using a
point-tracking method, described below, versus the gen-
erally used least-squares method, as the least-squares
method did not provide sufficiently accurate transmural
circumferential strain estimates. Tracking points were
positioned along the endocardial border of each myocar-
dial segment at end diastole (Fig. 1). The coordinates (x,
v) of the tracking points for a given frame number » dur-
ing systole were obtained using

x(n) =x(n=0)

+ ZZI':I) dX(x(f — 1),y(f = 1),f),forn>1

+ Zr(;:UdY(x(f— 1)7y(f_ 1),f), fOI'nZl

where x(n = 0) and y(n = 0) are the axial and lateral
coordinates of the tracking points at end diastole, and dX
and dY are the interframe axial and lateral displace-
ments, respectively, obtained from RF-based motion
estimation. For each myocardial segment, the mean dis-
tance R(¢) between the myocardium centroid and the

ES axial displacement ES axial strain

(mm%‘
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tracking points was calculated over the entire systolic
phase. The arc length of the endocardial border of each
segment

L(n) was calculated as

L(n) = R(n)6

where 6 = 27/N is the angle of each myocardial sector,
assumed to be constant during systole, and N is the num-
ber of sectors in the short-axis level. The endocardial cir-
cumferential Lagrangian strains &.(n) were calculated
from the tracking points in each myocardial segment as
eo(n) = (L(n) Ln= 0)) /QL(n = 0)). In addition to
circumferential strain calculation, endocardial tracking
also allowed for manually classifying the tracking qual-
ity as correct or incorrect by a trained operator. Acquisi-
tion views with insufficient B-mode and tracking quality
were discarded from the analysis. The radial and circum-
ferential strains were obtained from axial strains esti-
mated at the original frame rate and from lateral strains
upsampled to the original frame rate after estimation at
100 Hz.

Territory selection

The left ventricle was divided into three major coro-
nary vascular territories assuming the most common
right heart dominance for all patients (Voigt et al. 2015).
The LAD perfuses the anterior and anteroseptal at the
basal and midcavity levels, as well as the apical anterior
and septal regions; the LCX perfuses the inferolateral
and anterolateral at the basal and midcavity levels as
well as apical lateral regions; and the RCA perfuses the
inferoseptal and inferior at the basal and midcavity levels

ES lateral strain

ES radial strain (%)

ES circumferential strain

_L(m) - L(0)
T TTL0)

Fig. 1. Flowchart for the derivation of radial and circumferential strain from axial and lateral displacements in a normal

patient. Axial and lateral strains are calculated and converted into radial strains. The epicardial and endocardial contours

are delineated, and the myocardium is divided into six segments (or four segments for at the apical level). The myocar-

dial contour is tracked throughout systole. For each segment, the circumferential strain (&) is calculated as the relative
change in endocardial contour from ED to ES. ED = end diastole; ES = end systole.
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as well as apical inferior regions. The end-systolic radial
and cirumferential strains were averaged in each of the
three territories across short-axis levels.

Coronary angiography

The patients were escorted to the procedure room,
and left and right coronary angiography was performed
by advancing a catheter to the aorta and positioning it in
the ostium of the left main and the right coronary arteries,
respectively. Angiography was performed in multiple pro-
jections. Omnipaque and Visipaque (GE Healthcare, Chi-
cago, IL, USA) were used as a contrast agent. All images
were assessed by a cardiology board-certified physician.
Epicardial vessels with >50% stenosis on the angiogram
were considered obstructive, whereas those with
10%—49% stenosis were considered non-obstructive and
coronaries with no stenosis were considered normal.

Clinical echocardiography

The presence of wall motion abnormalities
(WMAs) in patients who had received an echocardio-
graphic evaluation as part of their clinical standard of
care was taken into account. The capability of WMAs to
detect CAD was compared with the ME performance.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA). A x*-test for categorical variables and an analysis
of variance (ANOVA) test for continuous variables were
used to investigate if the distribution of patient character-
istics in Table 2 differed. The mean and standard devia-
tion of end-systolic radial and circumferential strains in
each perfusion territory were computed for normal, non-
obstructive and obstructive CAD coronary arteries. A

one-way ANOVA with multiple comparison and
Holm—Sidak correction was used to compare the end-
systolic mean strains between the normal, non-obstruc-
tive and obstructive coronary arteries for each territory
and with all territories combined.

RESULTS

Among all the included patients, 21 were found to
be normal, 28 had non-obstructive CAD and 37 patients
had obstructive CAD. Twenty patients were found to
have obstructive single-vessel CAD, 11 patients were
found to have obstructive double-vessel CAD and 6
patients were found to have obstructive triple-vessel
CAD. The number of patients with obstructive or non-
obstructive CAD for each coronary artery is detailed in
Table 2. In addition, 80 of 86 patients had received a
clinical echocardiogram as part of their standard of care.
Among the 86 included patients, 53 were scanned with
diverging wave compounding and 33 with ECG-gated
focused acquisitions.

Strain imaging

In Figure 2 are left-ventricular, end-systolic axial,
lateral, radial and circumferential strains in a normal
patient, a patient with non-obstructive CAD and a patient
with obstructive CAD. In a normal heart, positive axial
strain is expected to be observed in the anterior and infe-
rior regions, while positive lateral strains are expected to
be observed in the septal and lateral regions. On the
other hand, positive radial strains and negative circum-
ferential strains are expected to be observed in all
regions. In the patient with no CAD (Fig. 2A), positive
radial strains in red is observed throughout the myocar-
dium, indicating normal radial thickening. Circumferen-
tial strains are negative in all segments, except the

Table 2. Clinical characteristics of the 86 patients*

Normal (n =21, 24.4%) Non-significant (n = 28, 32.6%) Significant (n = 37, 43.0%) P Value
Age (y) 623+ 152 66.8 £9.8 69.8 £ 13.1 0.108
Body mass index (kg/m?) 26.5+4.6 26.7+49 25.6 +4.1 0.596
Men, n (%) 7 (33.3%) 15 (53.6%) 29 (78.4%) 0.003
Hypertension, n (%) 11 (52.4%) 16 (57.1%) 30 (81.1%) 0.039
Diabetes, n (%) 9 (42.9%) 15 (53.6%) 17 (45.9%) 0.325
Smoker, n (%) 11 (30.1%) 4(26.7%) 9 (60.0%) 0.730
Hyperlipidemia, n (%) 9 (42.9%) 14 (50.0%) 28 (75.7%) 0.024
CKD, n (%) 3(14.3%) 4 (14.3%) 10 (27.0%) 0.340
COPD, n (%) 2 (9.5%) 1 (3.6%) 0 (0.0%) 0.165
WMAs, n (%) 0 (0%) 7 (26.9%) 8(23.5%) 0.0436
No WMAs, n (%) 20 (100%) 19 (73.1%) 26 (76.5)
Coronary disease, n
LAD 0 26 27
LCX 0 22 15
RCA 0 23 18

* Normal, non-obstructive and obstructive groups correspond to patients with highest stenosis level of 0%, 10%—49% and >50% stenosis in all
coronary arteries combined.CKD = chronic kidney disease; COPD = chronic obstructive pulmonary disease; LAD = left anterior descending artery;
LCX = left circumflex artery; RCA = right coronary artery; WMAs = wall motion abnormalities.
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Fig. 2. Left ventricular, end-systolic axial, lateral, radial and circumferential strains in a normal patient (A), a non-
obstructive CAD patient (30% stenosis in the proximal LAD) (B) and a obstructive CAD patient (60% stenosis in the
proximal LAD, 40% stenosis in the proximal LCX, 70% stenosis in the proximal RCA and 90% stenosis in the midlevel
RCA) (C). The LAD, LCX and RCA perfusion territories are delineated by the white solid line. End-systolic epicardial
(+), myocardial (®) and endocardial (x) contours, as well as circumferential strain values in each AHA segment, are
shown. Systolic segmental radial and circumferential strain curves are also shown. The corresponding angiogram for the
normal, non-obstructive and obstructive patients are also shown. The yellow circle indicates the stenosis.
CAD = coronary artery disease; ED = end diastole; ES = end systole; LAD = left anterior descending artery; LCX = left
circumflex artery; LV = left ventricular; LAD = left anterior descending artery; LCX = left circumflex artery;
RCA = right coronary artery.

lateral one. The patient with non-obstructive CAD
(Fig. 2B) has 30% stenosis in the proximal LAD, and
positive radial strains are also observed throughout the
myocardium, with lower radial strain magnitude in the
anterior region and lower circumferential strain magni-
tude in the anterior—lateral region. The patient with
obstructive CAD (Fig. 2C) has 60% stenosis in the proxi-
mal LAD, 40% stenosis in the proximal LCX, 70% ste-
nosis in the proximal RCA and 90% stenosis in the
middle RCA. In this patient, with double-vessel obstruc-
tive CAD, decreases in radial strain magnitude and also
negative strains (indicating radial thinning) are observed
in LAD and RCA territories. In addition, circumferential
strain curves in the territories perfused by coronaries
with significant stenosis (LAD and RCA) exhibit posi-
tive (corresponding to passive relaxation) or significantly
reduced strains compared with the normal and obstruc-
tive cases.

Statistical analysis
Left-ventricular end-systolic radial (Fig. 3A) and
circumferential (Fig. 3B) strains were compared in each

perfusion territory and for all patient groups. RCA terri-
tories with obstructive lesions had significantly lower
radial strains than normal RCA territories (55.3 £ 29.8%
vs. 73.4 + 30.4%, p < 0.05) and non-obstructive RCA
territories (55.3 £ 29.8% vs. 72.5 £ 46.8%, p < 0.05). A
non-significant difference in radial strains was found in
the LAD and LCX territories, although a trend toward
decreasing strain as a function of stenosis level was
observed. However, when all territories were combined,
we also found that territories with obstructive lesions
had significantly lower radial strain compared with nor-
mal territories (354 £ 25.1% vs. 52.7 £+ 32.7%,
p < 0.0001) or non-obstructive territories (35.4 & 25.1%
vs. 46.3 + 36.0%, p < 0.05).

The mean circumferential strain in each territory
and in each group is negative. When comparing the
mean circumferential strain between groups, the term
higher (or lower) indicates “higher in absolute value” (or
“lower in absolute value”) for simplicity. LAD territories
with obstructive lesions had significantly lower circum-
ferential strain than normal LAD territories (—3.1 =+
7.5% vs. —6.9 + 8.0%, p < 0.05) and non-obstructive
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Fig. 3. Evolution of ME radial (A) and circumferential (B) strains with the degree of stenosis in each perfusion territory

and in all territories combined. The number of territories in each group is indicated at the bottom of the corresponding

bar. *p < 0.05, **p < 0.01, ****p < 0.0001. LAD = left anterior descending artery; LCX = left circumflex artery;
ME = myocardial elastography; RCA = right coronary artery.

LAD territories (—3.1 & 7.5 % vs. —=7.2 £ 6.8%, p <
0.05). Normal RCA territories had significantly higher
circumferential strain than obstructive RCA territories
(=17.1 £ 8.2% vs. —12.8 £ 7.2%, p < 0.05) and non-
obstructive RCA territories (—17.1 + 8.2% vs. —13.6 +
8.5%, p < 0.05). No significant difference in circumfer-
ential strains was found in the LCX territory, although a
trend toward decreasing circumferential strain as a func-
tion of stenosis level was observed. When combining all
territories, we also found that territories with obstructive
lesions had significantly lower circumferential strain
than normal territories (—7.5 + 7.6% vs. —12.7 &+ 9.1%,
p < 0.0001) and non-obstructive territories (—7.5 =+
7.6% vs. —10.2 + 7.9%, p < 0.01). Also, non-obstruc-
tive territories had lower circumferential strains than
normal territories (—10.2 & 7.9% vs. —12.7 £ 9.1%, p
< 0.01). Axial displacements (and strains) are typically
more accurate than lateral displacements because of the
lack of phase information and coarser sampling in the
lateral direction. Therefore, the accuracy of radial and
circumferential strains, which depends both on the axial
and lateral components, is not homogeneous. In particu-
lar, the anterior and posterior regions exhibit mainly
overall axial motion, while the septal and lateral regions
exhibit mainly lateral motion. This could partially
explain the absence of statistical significance in strains
in the different groups in the LCX territory, which
depends significantly on lateral motion estimation.

A receiver operating characteristic (ROC) analysis
was performed to assess the diagnostic ability of ME to
classify patients based on their level of stenosis. Because
ROC analysis is intended for binary classification and

we have three groups, we performed two sets of ROC
analysis in the LAD, LCX, RCA and all territories. In
the first analysis, we attempted to classify the patient as
having obstructive CAD versus not having obstructive
CAD (normal coronaries and non-obstructive CAD)
(Fig. 4A, B). In the second analysis, we attempted to
classify the patient as having normal coronaries versus
abnormal coronaries (non-obstructive and obstructive
CAD) (Fig. 4C, D). The area under the ROC curve
(AUC), sensitivity and specificity of the radial and cir-
cumferential ME strains in each territory and in all terri-
tories combined at the optimal cutoff value based on the
Youden index are given in Table 3. When classifying
patients as having obstructive CAD versus not having
obstructive CAD, the AUC was higher in the LAD (0.65
for ME radial and 0.71 for ME circumferential strains)
than in the RCA (0.64 for both ME radial and circumfer-
ential strains) and lower in the LCX (0.52 for ME radial
and 0.56 for ME circumferential strains). When classify-
ing patients as having normal coronaries versus abnor-
mal coronaries, for radial strains the AUC was higher in
the LAD (0.58) than in the RCA (0.57) and lower in the
LCX (0.57), while for circumferential strains the AUC
was higher in the RCA (0.67) than in the LAD (0.59)
and lower in the LCX (0.57) (Table 4). On the other
hand, when the normal group was compared with the
group of non-obstructive and obstructive CAD, the sen-
sitivity and specificity of WMAs were 25% and 100%,
respectively. When comparing the group of normal and
non-obstructive CAD against the obstructive CAD
group, the sensitivity and specificity of WMA were 24%
and 85%, respectively.
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Fig. 4. Receiver operating characteristic curve for the diagnostic ability of ME to classify patients with obstructive ste-

nosis versus those who do not have obstructive stenosis (A, B), as well as between patients with normal coronaries and

those with abnormal (non-obstructive and obstructive) coronaries (C, D) in each territory and with all territories com-

bined. AUC = area under curve; LAD = left anterior descending artery; LCX = left circumflex artery; ME = myocardial
elastography; RCA = right coronary artery.

DISCUSSION coronary angiography. It has been reported that almost
66% of patients referred for invasive coronary angiogra-
phy with suspicion of CAD have normal or non-obstruc-
tive CAD (Patel et al. 2010). ME is an ultrasound
technique that can image myocardial strains at high

Non-invasive and radiation-free detection and char-
acterization of CAD can assist in preventing normal
patients from undergoing invasive procedures such as

Table 3. AUC, sensitivity and specificity of ME radial and circumferential strains to classify patient as having obstructive CAD ver-
sus non-obstructive CAD in each perfusion territory and all territories combined

ME radial strains ME circumferential strains
AUC Sensitivity (%) Specificity (%) AUC Sensitivity (%) Specificity (%)
All territories 0.57 84 41 0.64 38 90
LAD 0.65 67 61 0.71 78 66
LCX 0.52 93 37 0.56 80 49
RCA 0.64 67 63 0.64 50 76
AUC = area under the receiver operating characteristic curve; LAD = left anterior descending artery; LCX = left circumflex artery;

ME = myocardial elastography; RCA = right coronary artery.



Myocardial strain imaging for CAD diagnosis ® J. GRONDIN et al. 9

Table 4. AUC, sensitivity and specificity of ME radial and circumferential strains used to classify patient as having normal coronary
versus abnormal coronary stenosis in each perfusion territory and all territories combined

ME radial strains

ME circumferential strains

AUC Sensitivity (%) Specificity (%) AUC Sensitivity (%) Specificity (%)
All territories 0.54 68 52 0.65 48 81
LAD 0.58 93 32 0.59 85 40
LCX 0.56 77 45 0.57 68 48
RCA 0.57 41 77 0.67 61 71

AUC = area under the receiver operating characteristic curve; LAD = left anterior descending artery, LCX = left circumflex artery;

ME = myocardial elastography; RCA = right coronary artery.

frame rates using the ultrasound RF signals. High-frame-
rate imaging can be achieved using diverging wave
imaging or ECG-gated acquisitions with focused trans-
mission. Our objectives were to investigate the capabil-
ity of ME radial and circumferential strains with
compounding and ECG gating in differentiating normal,
non-obstructive and obstructive coronary arteries.

Left-ventricular, end-systolic radial and circumfer-
ential strains were obtained in normal patients, patients
with non-obstructive CAD and patients with obstructive
CAD (Fig. 2). Patients with no CAD tended to have nor-
mal strains (Fig. 2A), while regions of reduced strain
were observed in territories perfused by stenotic coro-
nary arteries. For instance, ME radial strain in the patient
with obstructive CAD in Figure 2C is reduced in the
anterior, septal and inferior-septal regions, which is con-
sistent with obstructive CAD in the LAD (60% proxi-
mal) and RCA (70% proximal, 90% middle) vessels.
Regions of negative strain can result from the passive
tethering caused by ischemia, as reported in previous
studies (Holmes et al. 2005) and predicted by theoretical
models (Lee et al. 2007). However, an obstructive steno-
sis is not necessarily hemodynamically significant.
Indeed, it was reported that 65% of lesions with
50%—70% stenosis and one in five lesions with
70%—90% stenosis have normal fractional flow reserve
(FFR > 0.80) (Tonino et al. 2010). Therefore, normal
function can also be observed in territories perfused by
obstructive CAD vessels.

Figure 3 compares the left-ventricular, end-systolic
radial (A) and circumferential (B) strains in normal
patients and patients with CAD in each perfusion terri-
tory and with all territories combined. ME radial strains
were capable of differentiating the obstructive CAD
group from the non-obstructive CAD group and no CAD
groups in the RCA territory. ME circumferential strains
were capable of differentiating the obstructive CAD
group from the non-obstructive CAD and normal groups
in the LAD territory and to differentiate the normal
group from the obstructive and non-obstructive CAD
groups in the RCA territory. Although relatively high
variability in ME strains were obtained in the different

groups, their means were found to be significantly differ-
ent. This could be due to the relatively large sample size
of each group, especially when all territories are com-
bined. Increasing precision and accuracy of strain esti-
mates could reduce standard deviations in groups and
further support the hypothesis that the observed differen-
ces are due to stenosis severity. ME circumferential
strain performed better than ME radial strain in differen-
tiating normal, non-obstructive and obstructive perfusion
territories. When all perfusion territories were combined,
both ME radial strain and ME circumferential strain
were capable of differentiating each group (normal, non-
obstructive and obstructive) from the other. This is
of significant interest because previous studies reported
that non-obstructive lesions can cause ischemia
(Schuijf et al. 2006; Curzen et al. 2014; Park et al. 2015).

The ROC curves, indicating the sensitivity and
specificity of ME strains to the anatomical significance
of the stenosis (Fig. 4), indicate that the AUC for both
radial and circumferential strains is higher in the LAD
than in the RCA and lower in the LCX. The relatively
low AUC, sensitivity and specificity can be due to rela-
tively large variability (standard deviation) in strains in
each group. Increasing ultrasound RF-based image and
strain estimation quality can improve accuracy in patient
classification. In this study, the sensitivity was found to
be higher for ME than for WMAs. However, the specific-
ity was found to be higher for WMAs than for ME. The
low sensitivity of WMAs (24%—25%) may be due to the
fact that the echocardiogram was performed at rest.
Diagnosis of CAD with WMAs with echocardiography
is usually performed during stress and has a sensitivity
of 85% (Knuuti et al. 2018). This could provide a role
for ME, which is typically used at rest and could enhance
the sensitivity of echocardiography at rest beyond what
WMA s can currently provide.

This study has several limitations. There are differ-
ences in some patient characteristics between the differ-
ent groups. The proportions of men, hypertensive
patients and patients with hyperlipidemia are higher in
the groups where the lesion is more significant. A signifi-
cant proportion of the patients (94/180) were excluded
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from ME analysis because of insufficient echocardio-
graphic windows (75/94, caused by clutter noise or rib
shadows) and poor tracking (19/94). More specifically,
for compounding acquisitions, 40 of 52 (77%) and 12 of
52 (23%) patients were excluded because of poor B-
mode and poor tracking quality, respectively. For ECG-
gated acquisitions, 35 of 42 (83%) and 7 of 42 (17%)
patients were excluded because of poor B-mode and
poor tracking quality, respectively. The proportion of
patients excluded in our study is larger than usually
reported in  the  literature, such as in
Skaarup et al. (2021), where 21% of the patients were
excluded from global circumferential strain analysis
because of inadequate image quality. One of the reasons
for a higher exclusion rate in our study can be the use of
high-frame-rate imaging sequences, which favors tempo-
ral over spatial resolution as well a non-clinical ultra-
sound system, for which B-mode image quality is not as
good as in clinical ultrasound scanners. In addition, the
global mean strain (i.e., the average strain across all seg-
ments for a given patient) were not computed because
for a given patient, some segments were excluded from
the analysis because of poor B-mode or tracking quality.
Therefore, the global mean strain may be biased toward
certain territories, which would make interpretation of
the results difficult. Improvement in image quality while
preserving the phase of the RF signals at high frame rates
is being investigated to improve the quality of ME esti-
mates and preserve the initial number of recruited
patients throughout the analysis. In addition, the use of
two different methods of ultrasound acquisition with
slightly different precisions, with ECG-gated acquisi-
tions being approximately 13% more precise than com-
pounding sequences (Sayseng et al. 2020), can be
sufficient to affect the strain distribution in the different
groups. In addition, the PRF could be set higher and
adjusted for each patient based on the imaging depth to
increase the imaging frame rate, which can lead to
improved motion and strain estimates. However, higher
temporal resolution is usually obtained at lower spatial
resolution or composite acquisitions. Therefore, further
investigation is needed to investigate the optimal imag-
ing sequence and, in particular, the optimal trade-off
between spatial and temporal resolution. Also, while the
division of the myocardium into LAD, LCX and RCA
territories was standardized, there is an interparticipant
variability of coronary anatomy (Voigt et al., 2015),
which makes it difficult to align the perfusion territories
with the echocardiographic views and can affect the rela-
tionship between regional strain and coronary stenosis
level.

Left-ventricular end-systolic radial strain character-
izes systolic function of the heart, but the level of steno-
sis is an anatomical characteristic. Discrepancies have

Volume 00, Number 00, 2021

been found between LV functional aspects such as coro-
nary flow rate and myocardial perfusion and anatomical
characteristics (percentage of stenosis) determined by
coronary  angiography (White et al.  1984;
Gaemperli et al. 2008; Meijboom et al. 2008;
Tonino et al. 2010). Therefore, a stenosis greater than
50% will not always cause functional impairment, and
LV function can be impaired for stenosis less than 50%.
In our study, the functional significance of the stenosis
was not determined. However, our study obtained results
consistent with those of other studies, which reported
that patients with CAD have lower radial
(Xie et al. 2016) and longitudinal (Biering-
Sorensen et al. 2014; Gaibazzi et al. 2014) strain than
healthy subjects. Also, in this study, ME strain was
obtained at rest. While other studies have found that
strain or strain rate at rest can differentiate normal
patients from patients with CAD (Liang et al. 2006;
Choi et al. 2009; Montgomery et al. 2012;
Gaibazzi et al. 2014; Mansour et al. 2018), cardiac strain
assessment during stress is expected to better discrimi-
nate normal patients from patients with CAD
(Pellikka et al. 2020). This is of particular interest as,
during stress, higher frame rates are needed for accurate
strain estimation (>85 frames/s at a heart rate >160
beats/min) (Rosner et al. 2015) and conventional imag-
ing methods (40—60 frames/s) (Amzulescu et al. 2019)
may not provide sufficient temporal resolution
for speckle tracking while ME can achieve
100—300 frames/s. Ongoing studies are investigating the
potential of ME to detect and characterize CAD during
stress.

In this study, end-systolic strain was used because it
was the quantity recommended by the EACVI/ASE/
Industry Task Force to standardize deformation imaging
(Voigt et al. 2015) and is commonly reported for cardiac
strain imaging (Amzulescu et al. 2019). The interframe
displacements were accumulated over an average sys-
tolic duration of 280 + 36 ms across all acquisitions
included in the analysis, and end-systolic strain was
obtained without applying drift compensation. End-dia-
stolic strain could convey additional information but this
was beyond the scope of this study. In addition, longitu-
dinal strain may improve CAD characterization and will
be the topic of future investigations.

The number of patients (N = 86) analyzed in this
study is not sufficiently high to draw robust conclusions.
A study with a larger number of patients should be car-
ried out to determine if these preliminary findings are
confirmed and to better determine the relationship
between ME strains and the severity of the stenosis. A
comparison between our method and strain imaging with
clinical scanners was not performed and will be investi-
gated in a future study.
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CONCLUSIONS

Myocardial elastography radial strains were capable
of differentiating obstructive CAD group from non-
obstructive CAD and no CAD groups in the RCA terri-
tory. ME circumferential strains were capable of differ-
entiating the obstructive CAD group from non-
obstructive CAD and normal groups in the LAD territory
and of differentiating the normal group from the obstruc-
tive and non-obstructive CAD groups in the RCA terri-
tory. ME circumferential strain performed better than
ME radial strain in differentiating normal, non-obstruc-
tive and obstructive perfusion territories. This study indi-
cates that ME has the potential to serve as an important
screening tool for non-invasive, radiation-free and early
detection of CAD.
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