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ABSTRACT

uring the cardiac cycle, the stiffness of the

myocardium changes because of the cyclic

contraction and relaxation of its contractile
elements. In a relaxed state, myocardial stiffness de-
pends on the passive mechanical characteristics of
the cardiomyocytes and the components of the extra-
cellular matrix. Changes in myocardial stiffness may
be found in many pathophysiological conditions
affecting cardiac function. Assessing myocardial stiff-
ness can therefore provide important clinical informa-
tion for patient diagnosis and follow-up. Recent
technological advancements in echocardiography
have enabled high-frame rate imaging (typically
1,000 frames/s)," providing a gateway to a new,

The advent of high-frame rate imaging in ultrasound allowed the development of shear wave elastography as a noninvasive
alternative for myocardial stiffness assessment. It measures mechanical waves propagating along the cardiac wall with speeds
that are related to stiffness. The use of cardiac shear wave elastography in clinical studies is increasing, but a proper under-
standing of the different factors that affect wave propagation is required to correctly interpret results because of the heart's
thin-walled geometry and intricate material properties. The aims of this review are to give an overview of the general concepts
in cardiac shear wave elastography and to discuss in depth the effects of age, hemodynamic loading, cardiac morphology, fiber
architecture, contractility, viscoelasticity, and system-dependent factors on the measurements, with a focus on clinical
application. It also describes how these factors should be considered during acquisition, analysis, and reporting to ensure
an accurate, robust, and reproducible measurement of the shear wave. (J Am Coll Cardiol Img 2024;17:314-329)

© 2024 Published by Elsevier on behalf of the American College of Cardiology Foundation.

noninvasive tool for tissue stiffness assessment:
shear wave elastography (SWE).” The high temporal
resolution allows to study the propagation of exter-
nally or naturally induced mechanical shear waves
(SWs) that travel along the cardiac wall. Interestingly,
their propagation speed is linked to the stiffness of the
tissue in which they propagate. Preclinical studies of
cardiac SWE have demonstrated a clear relation be-
tween wave propagation speed and stiffness parame-
ters derived from the end-diastolic pressure-volume
relationship®® and stress-strain relationship.®” SWE
has already been successfully implemented in clinical
scanners for various noncardiac applications, such as
the FibroScan (Echosens) for detecting liver fibrosis.
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In a previous review, Villemain et al” has summarized
the increasing and encouraging evidence to support
the potential clinical use of SWE in cardiac ultrasound,
but its interpretation might be more complex. Indeed,
the layered fiber structure of the myocardium makes
the mechanical properties position- and direction-
dependent, and the cyclic function of the heart leads
to time- and loading-dependent changes. Addition-
ally, factors related to the characteristics and configu-
rations of the ultrasound system itself (system-
dependent factors) also affect the relationship be-
tween wave propagation speed and myocardial stiff-
Therefore, in this paper we review the
principles and clinical applications of cardiac SWE,
but now with a particular focus on the appropriate
interpretation of SW measurements in this challenging
context, compared with the previous review of Ville-
main et al. Also, some recommendations are given on
how to perform accurate and robust cardiac SWE

ness.

measurements.

HOW TO DESCRIBE CARDIAC STIFFNESS?

MYOCARDIAL VS CHAMBER STIFFNESS. In the
heart, stiffness can be measured as: 1) the intrinsic
local material stiffness of the myocardium
(ie, myocardial stiffness, as derived from stress-strain
analysis);®*° and 2) the structural stiffness of a heart
chamber as a whole (ie, chamber stiffness, as assessed
using pressure-volume curves).'® Chamber stiffness is
not directly equivalent to myocardial stiffness, as it
also depends on left ventricular (LV) morphology,
muscle mass, and structures surrounding the LV.
During systole, both chamber and myocardial stiff-
ness are affected by myocyte contraction.®

STIFFNESS CONSTANT VS OPERATIONAL STIFFNESS.
The mechanical behavior of the heart in diastole is
commonly described by an exponential relation in a
stress-strain or pressure-volume analysis. Two or
more parameters, so-called stiffness constants, are
generally necessary to mathematically describe this
relation. The operational stiffness is defined as the
slope of the tangent to these exponential relations at
a given working point (Figure 1). Consequently,
operational stiffness can vary because of either
changes in preload for the same myocardium or
changes of the myocardial stiffness constant at a
certain loading state.

CARDIAC SWE

WHAT IS A SW AND HOW DOES IT RELATE TO TISSUE
STIFFNESS? A SW is a type of mechanical wave in
which an elastic material displaces perpendicular to
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the direction of wave propagation, as shown
in Figure 2 (left). While the wave propagates,
the material undergoes shearing, meaning
that it changes shape without a change in
volume, as illustrated in Figure 2 (right). As
fluids cannot support shear forces, a SW
cannot travel in fluids such as blood. The SW
propagation speed (SWS) in elastic materials
is directly linked to the stiffness constants of
that material (ie, shear strength [expressed as
shear modulus] that can be converted into
the elasticity or Young’s modulus when
assuming tissue incompressibility)'':

ABBREVIATIONS
AND ACRONYMS

ARF = acoustic radiation force
AVC = aortic valve closure
CA = cardiac amyloidosis

CMR = cardiac magnetic
resonance

HCM = hypertrophic
cardiomyopathy

HHD = hypertensive heart
disease

LV = left ventricular

LVEDP = left ventricular
end-diastolic pressure

MVC = mitral valve closure

_ fm_ EB
Vﬁ\/; p W

with SWS v, shear modulus y, elasticity modulus
E, and mass density p (typically 1,000 kg/m3). SWS
in soft biological tissue is in the range of 0.5 to
20 m/s," and pathologic changes can elevate its
value up to 1 order of magnitude."

PLAX = parasternal long-axis
view

SWE = shear wave
elastography

SWS = shear wave propagation
speed

PRINCIPLES OF CARDIAC SWE. To date, 2 types of
SWE have been applied to the heart in clinical studies,
acoustic radiation force (ARF)-based SWE™'” and
natural SWE,'®2° as illustrated in Figure 3. The tech-
niques differ in the manner of SW induction, but SW
detection is realized with high-frame rate imaging in
both cases:

e ARF-based SWE generates SWs using a localized
ultrasound pulse with a pulse duration of 0.1 to
1 ms”' that can be transmitted by a conventional

FIGURE 1 Illustrative Representation of End-Diastolic Pressure-Volume and
Stress-Strain Relations
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End-diastolic pressure-volume (left) and stress-strain (right) relations. Operating
chamber stiffness (dP/dV) and operating myocardial stiffness (da/de) can vary according
to changes to loading (green triangle) or stiffness constants (red triangle).
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FIGURE 2 A Shear Wave Displaces Perpendicular to the Direction of Wave Travel
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ultrasound transducer. This pulse locally pushes
tissue away from the transducer (displacement
magnitude of ~5 pum in the heart’) and is the
origin of the SW propagation. An example of SW
propagation in diastole and systole is illustrated in
Figure 4.

Natural SWE uses SWs caused by natural vibration
sources of the heart (eg, mitral valve closure [MVC]

and aortic valve closure [AVC]). When the valve
closes, it causes an impact force on the basal region
of the LV wall, generating a wave in the wall that
propagates toward the apex with a displacement
magnitude of about 100 pm.'®?>»?3 An example of
wave propagation after AVC is shown in Figure 5.
As the wave source is less defined in terms of
space, time, and magnitude, the exact wave nature

FIGURE 3 Principle of ARF-Based SWE and Natural SWE
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For acoustic radiation force (ARF)-based shear wave elastography (SWE), the probe first emits an impulsive ultrasound beam and
consequently switches into high-frame rate imaging mode. The excited shear wave (SW) travels in a cylindrical fashion away from the
push beam. For natural SWE, high-frame rate imaging is continuously used to visualize SW excitation and propagation. The SW is excited
by physiological events such as mitral valve closure and travels from base to apex. Ao = aorta; LA = left atrium; LV = left ventricle;

RV = right ventricle.
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FIGURE 4 Example of ARF-Induced SW Propagation During Diastole and Systole in a Closed-Chest Pig
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B-modes superimposed with tissue Doppler imaging in the parasternal long-axis view at 3 time points (left) and M-mode panels color-coded for tissue velocity
representing the shear wave as a tilted color band with its slope indicating the propagation speed (right). M-mode is generated from the midinterventricular septum
(white dotted line in third column). Details regarding the animal study can be found in the work by Caenen et al.* Abbreviations as in Figure 3.

and propagation direction may vary and are thus
theoretically unknown.

SWs have been typically studied in the interven-
tricular septum in the parasternal long-axis view
(PLAX) using 2-dimensional (2D) high-frame rate
imaging. Using tissue Doppler imaging techniques,
the transverse component of wave motion is tracked
during wave propagation along the wall, hence rep-
resenting a “shear wave.” Recent work® studied the

natural wave propagation in 3 dimensions to deter-
mine the location of the wave excitation source(s)
and the wave propagation direction in 3 volunteers
(Figure 6), but optimization of the imaging sequence
and postprocessing algorithms are necessary to apply
it on a large scale.

SW motion is discriminated from gross cardiac
tissue motion by applying a temporal filter,'>-**
tracting average wall motion® or calculating tissue

sub-

accelerations.’® For SWS estimation, an anatomical

FIGURE 5 Example of Wave Propagation After AVC in a Healthy Volunteer
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B-modes superimposed with tissue Doppler imaging in the parasternal long-axis view at 8 time points (left) and an M-mode panel color-coded for tissue acceleration
representing the shear wave as a tilted color band with its slope indicating the propagation speed (right). Adapted with permission from Santos et al.'® AVC = aortic
valve closure.
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17,

FIGURE 6 Preliminary Results of 3-Dimensional High-Frame Rate Imaging Applied to the LV of 1 Healthy Volunteer in the Apical View
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In A and B, row A represents the anterior wall view, row B the cross-sectional view from heart base, row C the posterior wall view, and row D the electrocardiogram
(ECG) signal. (A) For the wave after AVC, the wave originated in the basal anteroseptum near the aortic valve and propagated from base to apex with an average speed
of 3.4 m/s. The wave propagated faster from the septum to the posterior wall (5.4 + 0.3 m/s) than from the septum to the anterior wall (3.5 + 0.2 m/s). (B) For the
wave after mitral valve closure (MVC), 2 wave sources were found near the base: one on the anteroseptal wall and a second on the posterior wall (ST and S2),
corresponding to the anchoring points of the mitral valve. The waves propagate along the anterior and posterior wall from base to apex with speeds of 2.8 & 0.1 m/s

along the long axis and 4.6 4+ 0.3 m/s along the short axis for source S1and 2.9 + 0.2 m/s along the long axis for source S2. Adapted with permission from Papadacci
lZ3

et al.

Abbreviations as in Figures 3 and 5.

M-mode line is typically drawn along the midwall
near the wave excitation source, representing the
wave propagation path. The M-mode panel then
displays the motion as a function of time (Figures 4
and 5), in which a propagating SW is displayed as a
tilted color band of which the slope yields the SWS.
When analyzing the wave pattern at 1 spatial location
in the M-mode, Figure 7A shows that the number of
crests and troughs depends on the selected quantity
of tissue motion (displacement, velocity, or acceler-
ation), and the first trough is typically tracked for
wave speed estimation (Figures 4 and 5). Both tissue
velocity and acceleration have been used in published
research to visualize the SWs in cardiac SWE, and it is
not clear yet which is superior to the other in terms of
feasibility, accuracy, and robustness of wave speed
estimation and diagnostics. Note that a 500-Hz
recording of a SW traveling at 4 m/s along an
M-mode line length of 4 cm gives 5 frames only to
estimate the wave speed. Frame rates of 1,000 Hz or
more are therefore preferred to precisely measure the
speed of cardiac SWs in pathology.

Externally and naturally induced SWs are also
studied using cardiac magnetic resonance (CMR), and

we refer the reader to previous papers®>*° for further
details.

ARF-BASED SWE VS NATURAL SWE. The following
differences in the characteristics of ARF-based and
natural SWE affect their clinical applicability.

First, the measurement timing is different for both
techniques. ARF-based SWE can be applied at any
time point in the cardiac cycle to measure, eg, end-
diastolic stiffness,'>'* or it can be applied repeti-
tively to measure dynamic stiffness variations®’>°
(Figure 8). Natural SW measurements occur after
valve closures, which determine the onset of the
isovolumic contraction or relaxation phase of the
heart. They therefore represent not strictly end-
diastolic or end-systolic stiffness.?®3!

Second, measurement location is limited by how
far the wave travels. For ARF-based SWE, SWs travel a
short distance, requiring multiple acquisitions to
assess stiffness at different locations. Furthermore,
the technology is currently restricted to several LV
wall segments in the PLAX and/or parasternal short-
axis view,'®> because of technical limitations and the
need for the ultrasound beam to be orthogonal with
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FIGURE 7 Example of Tissue Motion Panels in 1 and 2 Dimensions (M-Mode) Depicting SW Propagation
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(A) Schematic representation of different tissue motion signals as a function of time in 1-dimensional space and (B) M-mode panels color-coded for tissue
velocity, comparing natural and ARF-based SWE in in vivo pigs in the parasternal long-axis view. Abbreviations as in Figures 2 and 3.

the cardiac wall. In contrast, natural SWs travel
farther and can span several myocardial segments.”*
Some studies®*>%3* have used an apical view to re-
cord the longitudinal component of SW motion,
similar to the FibroScan technology used in liver
disease, but these propagation speeds cannot be
directly compared with the propagation speed of the
shear component in the PLAX view and showed
higher variability.

Third, the wavelengths of natural waves in space
and time are larger than those of ARF-induced waves
(a few centimeters vs a few millimeters®® and several
milliseconds vs a few milliseconds) (Figure 7B),
because of the differences in excitation source. The
propagation speed of natural waves is therefore more
susceptible to LV geometry and wall thickness,
potentially influencing SWS.

Fourth, the feasibility of natural SWE is generally
higher than that of ARF-based SWE,®:18:29:33:34 35
natural SWs have a higher amplitude and lower fre-
quency content (less attenuation), resulting in a
higher signal-to-noise ratio. Natural waves can
therefore more easily be detected.

OTHER NATURAL MECHANICAL WAVES: ATRIAL
KICK. Another type of natural wave that has been
studied in the context of myocardial stiffness evalu-
ation is the atrial kick wave, occurring after the P
wave of the electrocardiographic signal in Figure 9.

319

FIGURE 8 Simultaneous ARF-Induced and Natural SWS Measurements in 1 Pig
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ARF-based shear wave speed (SWS) captures the dynamic stiffness variations during the
cardiac cycle (gray spheres), whereas natural SWS (white and black boxplots) measures
after aortic and mitral valve closure during the isovolumic phases of the cardiac cycle.

Adapted with permission from Keijzer et al.>° Abbreviation as in Figure 3.
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FIGURE 9 M-Mode Color-Coded for Tissue Velocity Obtained From Clutter Filter Wave Imaging in Apical View, Depicting Propagation of Several Mechanical

Waves Along the Septum Throughout the Cardiac Cycle in a Patient With Aortic Stenosis
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The atrial kick wave is highlighted with a white box and propagates with a speed of 2.7 m/s. The waves after mitral and aortic valve closure propagate with speeds of

4.8 and 4.35 m/s, respectively. Adapted with permission from Salles et al.**

An increased propagation speed of the atrial kick
wave has been reported in patients with aortic ste-
nosis,?*3*3° cardiac amyloidosis (CA),%® and hyper-
trophic cardiomyopathy (HCM),3”3®
preload increase in volunteers.?® Its exact nature is
not fully understood, but it is hypothesized to be a
pressure wave resulting from the blood vortex trav-
eling from the LV base to apex.*3*3° The atrial kick
wave has been studied mainly in the apical view,

as well as after

although very recent work also used a parasternal
view.>%33 Its relation to myocardial stiffness is thus
not given by equation 1 but by the theory of wave
propagation in elastic tubes (the Moens-Korteweg
equation),*> analogous to pulse-wave velocity in ar-
teries. As the atrial kick seems to have different me-
chanics from those assumed in SWE, in this review we
do not further consider the atrial kick wave.

CLINICAL APPLICATION OF CARDIAC SWE

The initial feasibility and reproducibility of cardiac
SWE have been investigated in several clinical
studies, most often using experimental ultrasound
systems and custom-built analysis software. A
concise overview of reported SWS values in healthy
subjects and different patient groups is provided in
Table 1, and a full overview can be found
Supplemental Table 1. For healthy volunteers 20 to 40
years of age, ARF-based SWE yields a SWS of 1.6 m/s

in

at end-diastole, whereas 3.1 and 3.5 m/s are measured
for the natural waves after MVC and AVC, respec-
tively. The difference in speeds between ARF-based
and natural SWE is probably caused by the different
timing in the cardiac cycle (Figure 8). All values in-
crease with age, and significantly higher SWS has
been reported for all SWE techniques in pathology,
demonstrating the capability of SWE to distinguish
healthy from diseased myocardium. Reported cutoff
SWS values for various diseases are listed in Table 2
(2.8 m/s for ARF-based SWE and 5.0 m/s for natural
SWE on average). Examples of wave propagation after
MVC are depicted in Figure 10, demonstrating how
the wave propagation pattern is affected by disease,
which leads to elevated SWS. The following sections
discuss the application of SWE for assessing LV dia-
stolic and systolic function.

SWE TO ASSESS LV DIASTOLIC FUNCTION. SWE can
measure myocardial wall stiffness, a key determinant
of diastolic dysfunction (Supplemental Table 2). End-
diastolic ARF-induced SWS was related to CMR
markers of fibrosis in patients with HCM': 1) native
T1 time; 2) T1 postcontrast; 3) extracellular volume
fraction; and 4) late gadolinium enhancement. For
natural SWE, SWSs after both MVC and AVC have
been studied to assess myocardial stiffness. SWS after
MVC correlated with CMR-defined diffuse myocardial
injury in heart transplantation patients,*® and its
magnitude provided information on the degree of
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remodeling in patients with hypertensive heart dis-
ease (HHD).*' SWS after AVC showed a weak positive
(nonsignificant) association with native T1 in a pop-
ulation consisting mainly of healthy volunteers.*® It
remains to be further investigated which natural
wave is most suitable for myocardial stiffness esti-
mation. The aforementioned research showed that
SWE can detect fibrosis as a result of a long-term
remodeling process, but SWE has also shown added
value in detecting stiffening caused by an acute
injury such as myocardial infarction (8.3 + 1.6 m/s vs
4.6 + 1.1 m/s).**

Diastolic SWS also correlated with conventional
echocardiographic parameters of diastolic function in
several patient populations, as
Supplemental Table 2. A strong relation between SWS
and E/e’ ratio, a marker of LV filling pressures, has
been found in patients with CA, HCM, and
HHD,'3-34-40-41:43,44 ragardless of the technique used.
SWS also positively correlated with other echocar-
diographic markers of diastolic function such as
transmitral inflow pattern (E/A ratio),'® global longi-
tudinal strain,** and left atrial dimensions.'?:4%-41:45

summarized in

Furthermore, SWS increased with the grade of dia-
stolic dysfunction in patients with CA.>*

Chronic high filling pressures, indirectly reflected
by increased left atrial size, have been shown to be
associated with increased SWS in patients with HCM
and HHD.">*' More important, SWS after MVC corre-
lated moderately with pulmonary capillary wedge
pressure in heart transplantation patients*® and
strongly with LV end-diastolic pressure (LVEDP) in
patients referred for diagnostic catheter examina-
tion.*® A cutoff of 5.3 m/s for SWS could predict
elevated LVEDP with sensitivity and specificity of
92% and 89%, respectively”’® (Table 3).

SWE TO ASSESS LV  SYSTOLIC FUNCTION
(PRELIMINARY). ARF-based SWS in systole and SWS
after AVC have been shown to be related to LV sys-
tolic function in preclinical studies.?””*7*® In
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TABLE 1 Overview of Reported SWS Values for Healthy Volunteers and Several Patient
Groups in the Parasternal Long-Axis View

ARF-Based SWE Natural SWE

End-Diastole, m/s MVC, m/s AVC, m/s
Healthy volunteers (20-39 y) 1.6 + 0.2 3.1+ 0.5* 3.5+ 0.7**
Healthy volunteers (40-59 y) 2.2 4+ 0.2 3.8+ 0.8 3.8 + 0.8%*
Healthy volunteers (60-80 y) 2.4 +0.2" 4.5+ 1.1°* 43+ 0.6>*
Cardiac amyloidosis NA 6.3 +1.6> 5.6 + 113444
Hypertrophic cardiomyopathy 3.7 +£ 0352 6.7 +1.34° 5.2 + 0.8%°
Hypertensive heart disease NA 6.0 + 1.4% NA
Myocardial infarction NA 7.9 +1.2% NA
Heart transplantation NA 5.7 +2.3%° NA
Aortic stenosis NA NA 3.4 +£1.4%¢

As age is a confounding factor of wave speed estimation, patients of the same age group (60-80 y) were
selected, unless stated otherwise. Although this age group was most common in all studies, additional data in
younger populations is essential for SWE to serve as an early biomarker of cardiac stiffness. A more complete
overview can be found in Supplemental Table 1. *Converted from shear stiffness by using equation 1 and
assuming a density of 1,000 kg/m>. "Mean patient age 51 + 12 years. “Mean patient age 69 + 12 years.

ARF = acoustic radiation force; AVC = aortic valve closure; MVC = mitral valve closure; NA = not available;
SWE = shear wave elastography; SWS = shear wave propagation speed.

preliminary human data, this correlation was also
observed for SWS after AVC for increasing exercise
levels of bicycle testing and for increasing dobut-
amine doses (correlation with single beat end-
systolic elastance: r = 0.64; P < 0.001*°). In cardiac
disease, however, the relation might not be as
straightforward. An unchanged systolic ARF-induced
SWS was reported in pigs after infarct-reperfusion
injury*’ and in patients with HCM,*° while
increased SWS after AVC was seen in patients with
CA** and HCM.3°*® More clinical evidence with both
SWE techniques in a large and diverse patient pop-
ulation is needed to further assess its role in systolic
function evaluation.

INTERPRETATION OF SW MEASUREMENTS

The relationship between SWS and myocardial stiff-
ness is more complex than in equation 1, which is
valid only for a large, isotropic material sample with a
linear stress-strain relation. Hardly any of these

TABLE 2 Reported Cutoff Values of SWS for Various Populations, Together With Their Sensitivity, Specificity, and AUC

Excitation Cutoff
Population First Author Discriminating Factor Source AUC Sensitivity, % Specificity, % Speed, m/s

Hypertrophic cardiomyopathy Villemain et al'® Normal vs cardiomyopathy ARF? 0.99 95 100 2.8°
Strachinaru et al*>  Normal vs cardiomyopathy AVC 0.98 95 90 4.0

Hypertensive heart disease Cvijic et al*' Normal vs cardiomyopathy MVC 0.97 94 91 4.99
Heart transplantation Petrescu et al*® Normal vs elevated filling pressures MVC 0.81 82 82 4.84
Normal vs fibrosis MvC 0.72 7 84 5.14
Patients with indication for heart catheterization Werner et al*® Normal vs elevated filling pressures MVC 0.94 92 89 53

3ARF was applied at end-diastole. ®Converted from shear stiffness using equation 1
AUC = area under the curve; other abbreviations as in Table 1.

and assuming a density of 1,000 kg/m>.
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FIGURE 10 M-Mode Color-Coded for Tissue Acceleration Depicting the SW After Mitral Valve Closure in a Healthy Volunteer and Patients With Arterial

Hypertension, Cardiac Amyloidosis and Hypertrophic Cardiomyopathy, Together With the ECG Signal

Healthy volunteer

M-mode length

Arterial hypertension

V:

Cardiac amyloidosis

Hypertrophic
cardiomyopathy
3%
E
38
<

Wave speed is higher for patients than volunteers. ECG = electrocardiogram; SW = shear wave.

assumptions apply to the heart, whose tissue has a
certain thickness (geometric boundaries) and is
composed of layers with fibers of varying orientation
(anisotropy) and in which operational stiffness

depends on loading (material nonlinearity) and time
(viscoelasticity, cyclic contraction). Furthermore, the
relation between SWS and myocardial stiffness is also
affected by the patient’s age,

determining the

TABLE 3 Overview of Factors Affecting SWS, Together With Descriptions of Their Effects, the Reported Variables That Correlated With SWS, and Our Suggestions

on How to Account for Them

Factor Affecting Shear Wave Speed

Description of Effect

Reported Variable That Correlated

With SWS

Authors’ Suggestions to Account for Factor

Age

Ventricular loading

Ventricular morphology

Viscoelasticity

Fiber architecture

Contractility

SWE settings

SWSarrmvc.ave T when age 1

SWSarrmvc,ave T when
preload/afterload 1

SWSarr,mvcave T when
thickness 1

SWSarr,mvc,ave T When
viscosity 1 /-202255:56

SWSagr mvcave T when
measuring along the fiber'*>*

SWSare,mve,avc affected by
contraction®®
SWSarr,mvc,ave T when
contractility 174549

SWSarF,mvc, avc Vary

° Age13,34,45

e Invasive pressure
measurements*©:4¢
E/e/ rati013,34,40,4'\,43,44
o LA size: LA length,**
LA diameter,*' LAV|'>#0

e VS thickness at

end-diastole*!#*4°
e LV mass index*"**

e Heart rate’” (no correla-
tion reported but trend
was shown)

Fiber tracking with diffu-
sion tensor CMR*®

Invasive PV-based measures
of contractility>?7#&4°

NA

Create lookup tables of reference and cutoff
speeds for different age groups/diseases

Measure extra parameter (eg, wall stress or LV
volume)

Perform extra SWE measurement at a loading
change (eg, leg lifting or tilt-table test)®
Measure the transmural SWS gradient”’

Report ventricular dimensions (eg, curvature,
thickness)

Use frequency analysis to report main excited
frequency of the wave and local dispersion
slope

Use frequency analysis to report main excited
frequency of the wave and local dispersion
slope

Perform SWE measurements in multiple echo-
cardiographic views (or 3D SWE imaging) and
report the wall segment analyzed

Use ARF-based SWE imaging and time that to
the diastolic phase when not interested in a
measure of contractility

Standardize SWE software in ultrasound sys-
tems concerning acquisition and analysis, and
provide protocols

Define different cutoff speeds for natural and
ARF-based SWE studies

3D = 3-dimensional; CMR = cardiac magnetic resonance; E/e’ = ratio of early mitral inflow velocity to mitral annular early diastolic velocity; IVS = interventricular septal; LA = left atrial; LAVI = left atrial
volume index; LV = left ventricle; PV = pressure-volume; other abbreviations as in Table 1.
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CENTRAL ILLUSTRATION Factors Other Than Myocardial Stiffness Affecting SWS

Other Factors Than Myocardial Stiffness Affecting SWS
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Caenen A, et al. J Am Coll Cardiol Img. 2024;17(3):314-329.

Factors other than myocardial stiffness that affect shear wave propagation speed (SWS) on shear wave elastography (SWE): age, fiber architecture, contractility,
viscoelasticity, hemodynamic loading, morphology, system-dependent settings, and pathology. Typical findings are schematically shown for each factor. SWS in-
creases have been reported in various patient populations with myocardial fibrosis and left ventricular (LV) diastolic dysfunction. CMR = cardiac magnetic resonance.

composition of the extracellular matrix and thus
stiffness, and system-dependent factors. These
influencing factors are summarized in Table 3

pathologically altered valve closure affecting wave
excitation in natural SWE.

(a complete overview is provided in Supplemental
Table 2) and illustrated in the Central Illustration.
Note that the effect size of a factor can be different for
natural and ARF-based SWE, not only because of
but also because of

intrinsic  differences

AGE. For ARF-based SWE in diastole, SWS correlated
with age in healthy volunteers: r = 0.88 for 20 to 80
years of age'® and r = 0.83 for 0 to 45 years of age.**
For natural SWE, healthy volunteers 60 to 80 years of
age yielded higher speeds compared with those 20 to



324

Caenen et al
Ultrasound Shear Wave Elastography in Cardiology

A

Tissue Displacement

Shear Wave Speed

FIGURE 11 Schematic Representation of SW Dispersion
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(A) SW propagation in dispersive and nondispersive media at 2 time points T, and T».
(B, C) SW speed as a function of wall thickness (B) or viscosity (C) for nondispersive and
dispersive media, while changing frequency. Abbreviation as in Figure 2.

39 years of age.®* This agrees with the observed
reduction of LV compliance due to aging.”® Nomo-
grams showing age-related normal values could help
discriminate between normality and disease.

VENTRICULAR LOADING. An altered loading state of
the LV due to changes in preload or afterload shifts
the working point along the nonlinear stress-strain
relation, affecting operational stiffness and thus
SWS (Figure 1, Central Illustration). This has been
confirmed in: 1) preclinical studies showing increased
SWS after saline infusion and/or balloon infla-
tion;**>7-?”7 and 2) clinical studies demonstrating cor-
relations between SWS and parameters reflecting
filling pressures, such as E/e’ ratio,'>**#"4344 pul-
monary capillary wedge pressure,’® and LVEDP*®
(Supplemental Table 2). To distinguish intrinsic
myocardial stiffening from load-induced changes in
operational stiffness, some concepts have been pro-
posed to decouple this relationship (registration of an
additional parameter such as wall stress*' or

JACC: CARDIOVASCULAR IMAGING, VOL. 17, NO. 3, 2024
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transmural SWS gradient assessment),”’ but they
need further clinical validation.

CARDIAC MORPHOLOGY. Wall thickness and curva-
ture can guide the wave propagating inside the car-
diac wall,>® resulting in wave dispersion. This
interaction can visually distort the waveshape during
propagation (Figure 11A) and results in a frequency-
dependent wave speed. Following Horace Lamb’s
theory,”® the wave speed is then underestimated,
especially for low frequencies (ie, large temporal
wavelength, as in natural SWE) and thin walls (e,
pediatric patients), as shown in Figure 11B. This im-
plies that increased SWS might be attributed partly to
the thickened walls. For example, Lamb’s model
predicts that 21% of the natural SWS increase in a
patient with 15-mm wall thickness is due to the
thicker wall compared with a healthy volunteer with a
10-mm-thick wall. Clinical studies have confirmed a
positive correlation between SWS and measures of LV
morphology (Supplemental Table 2): wall thickness
(r =0.79 in HHD,*' r = 0.68 in CA,** and r = 0.72 in
healthy volunteers)*> and LV mass index (r = 0.76 in
HHD*' and r = 0.49 in CA).** However, in a multiple
linear regression analysis for ARF-based SWE in
healthy volunteers,*> wall thickness remained in the
equation only when it was <4.4 mm (neonates). Wall
thickness should therefore be reported, or taken into
account through a frequency analysis,”® but the latter
is often not achievable because of inadequate signal-
to-noise ratio.

VISCOELASTICITY. In SWE, tissue viscoelasticity
causes wave attenuation and dispersion,>* leading to
a frequency-dependent wave speed. Figure 11C dem-
onstrates an overestimated diastolic speed when
viscosity and/or frequency increases. For example,
the model predicts an increase in diastolic speed by
35% for ARF-based SWE when doubling viscosity.
Next to pathologically altered viscoelastic properties,
elevated SWS in cardiac disease might also be attrib-
uted to an increased deformation rate (heart rate),
making the viscoelastic material appear stiffer when
subjected to faster stretching.>* Indeed, a heart rate
dependence of SWS has been shown in Langendorff
rat hearts.”” Despite preclinical evidence of myocar-
dial viscoelasticity affecting SWS,7-2©:2%:27:55:56 clinical
studies have largely ignored this aspect. Potential
clinical value in quantifying viscoelastic effects
through frequency analysis has been investigated for
SWE in the liver.5”->® However, its diagnostic value for
cardiac SWE needs further investigation.

FIBER ARCHITECTURE. As SWs travel faster along
the fiber than across,'>?*°° the wave propagation
pattern becomes elliptical in the plane of the fiber.
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FIGURE 12 Effect of Transmural Varying Fiber Orientation on SW
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profile (right). Abbreviations as in Figures 2 and 3.

Simulated SW propagation is visualized in 3 dimensions at 1 time point (middle). The SW propagates faster along the fiber than across resulting in an elliptical wave

The transmural varying fiber architecture of the
heart will therefore generate complex 3-dimensional
wave propagation patterns, as shown in Figure 12.
This leads to a higher ARF-based SWS along the
short axis compared with the long axis of the heart:
2.2 m/s vs 1.5 m/s in healthy volunteers. Such dif-
ferences in speed are also found for natural SWE in
the apical view?® but need verification in a larger
study. It is thus important to consistently consider
the same view and wall depth in SWE. However, in
case of fiber disarray, the difference in SWS might
hold potential additional diagnostic value, and this
concept forms the basis of a new parameter called
fractional anisotropy. For more details on fractional
anisotropy, we refer the reader to previous
papers.>°©

CONTRACTILITY. SWS after AVC and ARF-based SWS
in systole have been proposed as measures for
contractility.?”*7:*® However, contractility might also
affect SWS after MVC,>?°*! as the measurement oc-
curs in the isovolumic contraction phase (Figure 8).
Furthermore, in pigs receiving dobutamine, SWS after
MVC significantly increased, although there was no
relation with invasive global measures of LV
contractility.® More research is needed to assess this
effect in a large and diverse patient population.

SWE METHOD AND OTHER SYSTEM-DEPENDENT
FACTORS. Intrinsic factors specific to the SWE-
technique that affect SWS estimation are: 1) the

unknown timing of natural SWE measurements with
respect to the dynamics of cardiac muscle stiffness;
2) wave amplitude; and 3) wavelength (affecting SWS
through wave dispersion, as discussed earlier). Other
relevant factors are situated at the level of the mea-
surement protocol (eg, echocardiographic view,
number of measurements, outlier exclusion criteria)
or at the postprocessing level (eg, clutter filters, wave
speed estimator, analyzed type of tissue motion).®"-®?
It is therefore essential to create standardized pro-
tocols for uniform data acquisition, analysis, and
interpretation, as has been done for liver fibrosis
staging using SWE.®*

TOWARD CLINICAL TRANSLATION

BARRIERS TO THE IMPLEMENTATION OF SWE IN
CLINICAL PRACTICE. Until now, cardiac SWE mea-
surements are performed mainly with experimental
ultrasound systems and custom-built analysis soft-
ware. To investigate the diagnostic and prognostic
power of SWE on a large scale for establishing refer-
ence and cutoff values, SWE needs to be integrated
on clinical ultrasound systems of major vendors.
Furthermore, to account for all confounding factors
as discussed in this review, standardized protocols
should be available for uniform data acquisition,
analysis, reporting and interpretation. A starting
point for this could be the suggestions formulated in
Table 3 and Figure 13.
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FIGURE 13 Recommendations for the Clinical Use of SW Measurements

« Choose imaging view depending on excitation source and region of

« Use consistent imaging views within a study and for follow-up of

« Acquire images with sufficient high temporal resolution.
« Acquire multiple and regular heart beats.

» Position M-mode line with sufficient length in the middle of the cardiac
wall along the propagation direction.

« Obtain multiple measurements over different heart beats/acquisitions
and report averages.

« Consistently use the same type of tissue motion data (displacement,
velocity or acceleration) and SW speed estimation algorithm.

« Do not report shear or Young's modulus, but report wave propagation

» More advanced metrics (e.g. fractional anisotropy, velocity dispersion)
might provide additional information.

FA = fractional anisotropy; SW = shear wave; SWE = shear-wave elastography.

Concerning target patient populations, SWE mea-
surements in the PLAX view have restricted current
clinical studies to patients with septal pathology or
with diffuse myocardial disease in which the septum
is considered a representative sample. To expand the
applicability to a wider range of patients, potential
approaches include analyzing 2D SWE in multiple
echocardiographic views®* or using 3-dimensional
imaging.”®> Other pressing issues include: 1)
increasing the feasibility of stiffness evaluation
throughout the cardiac cycle using ARF-based SWE,
which is currently challenging®®-®4 and reported only
in a pediatric population;*° and 2) assessing the
appropriateness of wave speed after MVC for diastolic
stiffness evaluation and wave speed after AVC for
systolic stiffness evaluation.?%-°°

CLINICAL OUTLOOK FOR SWE. Cardiac SWE has
shown to provide diagnostic information beyond
conventionally evaluated parameters in patient pop-
ulations with advanced cardiac dysfunction, but its
sensitivity in detecting more subtle changes in car-
diac function warrants further investigation. Longi-
tudinal clinical trials are needed to assess the
prognostic significance of SWE as well as its ability to
improve outcomes by guiding patient management.
In the setting of multimodality imaging, cardiac
SWE could have complementary value in patient

JACC: CARDIOVASCULAR IMAGING, VOL. 17, NO. 3, 2024
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diagnosis and prognosis, as it is currently the only
available imaging modality providing noninvasive,
direct, and quantitative measures of myocardial
stiffness. Conventional echocardiography provides
measures of diastolic function using cardiac volume,
flow, and tissue velocity, and CMR provides infor-
mation on the cause of diastolic dysfunction (pres-
ence of fibrosis), not tissue stiffness itself. Integrating
SWE into clinical practice could enhance our
understanding of the role of myocardial stiffness in
pathophysiology, and in combination with other
techniques, it will allow follow-up of therapy
efficacy and a better patient stratification in the
future. SWE might also have potential in systolic
function evaluation, but this still needs to be further
investigated.

RECOMMENDATIONS FOR THE CLINICAL USE
OF CARDIAC SWE

To encourage consistency in data collection and
reporting, this section proposes best practices in 2D
cardiac SWE to provide guidance on how to obtain
accurate and reproducible measurements. The
main points are summarized in Figure 13 and are
based on our previously published expert consensus
statement.®®

IMAGING. Typically, a PLAX view is used in SWE.
Other (less common) echocardiographic views are the
parasternal short-axis view for ARF-based SWE and
apical 3- and 4-chamber views for natural SWE.
Consistency in imaging view within a study and
during patient follow-up is essential for: 1) studying
the same wall; and 2) tracking the same component of
tissue motion. During SWE acquisition, temporal
resolution should be maximized, and an electrocar-
diographic trace should be simultaneously recorded
to time the wave. Additional mitral and aortic valve
Doppler spectra can be helpful for natural SWE.
Obtaining multiple SWE measurements reduces the
variability of the SWS estimates.

POSTPROCESSING. SWs can be visualized using a
classical M-mode display, color-coded for tissue mo-
tion. The anatomical M-mode line represents the
wave propagation path and is thus best positioned in
the middle of the cardiac wall and parallel to the
border, as transmural speed variations might be pre-
sent.”’ It should be as long as possible, yet cover only
the visible wave propagation path, to achieve accu-
rate SWS estimates. The chosen wave speed estimator
must be consistently used and clearly documented.
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Analyzing and averaging multiple anatomical M-
modes of different heartbeats or repeated acquisi-
tions, especially in case of arrhythmias, will increase
the robustness of the SWS estimates.

SWE-DERIVED METRICS. We recommend to report
wave propagation speed as metric of SWE.
Commercial noncardiac elastography systems convert
speed into stiffness via equation 1, which relies on
invalid material assumptions for the myocardium.
Further insights can be gained from advanced metrics
such as dispersion characteristics (how wave speed
varies as a function of wave frequency) and fractional
anisotropy (how wave speed is affected by the
analyzed propagation direction). Reporting basic
clinical information such as wall thickness, E/e’ ratio,
and age is relevant for the correct interpretation
of SWE.

CONCLUSIONS

More evidence is accumulating on the potential of
cardiac SWE in improving patient diagnosis and
prognosis, which will move SWE forward as a clini-
cally useful tool for the noninvasive assessment of
myocardial stiffness. Interpretation of SWE mea-
surements is not straightforward, as they are affected
by multiple factors from a mechanical point of view
(eg, material nonlinearity, cardiac morphology) and a
technical perspective (eg, echocardiographic view,
tissue motion signal). Therefore, a continuing effort is
needed to further validate SWE-derived parameters
as markers of myocardial stiffness for different clin-
ical scenarios and to standardize measurements for
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HIGHLIGHTS

e SWE has potential to assess myocardial
stiffness, providing insights into cardiac
pathophysiology.

e Interpreting cardiac SW measurements
requires a proper understanding of the
SW physics.

e Technical/mechanical improvements and
standardization will leverage SWE
research into clinical reality.

robust and reproducible application of cardiac SWE in
the clinic.
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