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AUTHOR'S SUMMARY

Myocardial stiffness plays a critical role in determining cardiac function, yet its evaluation 
traditionally relies on invasive procedures. Advances in echocardiography have introduced 
promising non-invasive approaches. This review highlights the leading ultrasound-based 
techniques for assessing myocardial stiffness and examines key findings from recent clinical 
studies in this area.

ABSTRACT

Myocardial stiffness is a key determinant of cardiac function. So far, its assessment required 
invasive methods such as pressure-volume loop measurements or mechanical testing of 
tissue biopsies, which are both not suited for daily clinical use. However, recent advances 
in echocardiography offer promising non-invasive alternatives. Initial clinical studies in 
different pathologies are encouraging and indicate a huge potential of these new ultrasound-
based techniques for evaluating myocardial stiffness. In this review, we explain the concept 
of myocardial stiffness, explore the most promising ultrasound techniques currently available 
for its evaluation, and discuss key insights from recent clinical research in the field.

Keywords: Myocardial stiffness; Echocardiography; Shear wave elastography;  
Time harmonic elastography; Acoustic radiation force imaging

INTRODUCTION

Myocardial stiffness is an important aspect of cardiac function and reflects the intrinsic 
properties of the myocardium as well as pressure and stress acting on the myocardial wall.1)2) 
Myocardial stiffness is altered in a variety of pathologies so that its correct assessment 
might help in diagnosis and patient management. Only recently, new imaging-based 
techniques to evaluate myocardial stiffness became available.3-7) In this review, we will focus 
on echocardiographic techniques, as echocardiography is the most widely used imaging 
modality in cardiology and adding stiffness assessment to its armamentarium could be 
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of great clinical value. This review aims at introducing the fundamental physical and 
physiological concepts of myocardial stiffness, will discuss the echocardiographic techniques 
able to assess it (e.g., cardiac shear wave [SW] elastography, time-harmonic elastography and 
acoustic radiation force [ARF] impulse imaging), and will provide a comprehensive overview 
of initial experience from clinical studies. Given its more frequent application in clinical 
research, SW elastography will be discussed more elaborately than the other techniques.

WHAT IS (MYOCARDIAL) STIFFNESS?

In general, stiffness describes an object's resistance to deformation in response to an applied 
force. A simple example is pulling on a spring. The stiffer the spring, the more force is 
needed to cause a certain elongation. In physics, this is described by Hooke’s law, in which 
the elastic (or Young’s) modulus (E) relates stress (σ) (i.e., the amount of force per unit area) 
to strain (ε) (i.e., the amount of deformation per unit length).8)

σ = E · ε

A 3-dimensional (3D) object can deform in different ways, and there are different types 
of elastic moduli, depending on the type of deformation. In ultrasound elastography, we 
focus on the shear modulus, which relates shear stress to strain. Shear deformation causes a 
change in shape without a change in volume (Figure 1).

In the heart, stiffness can be evaluated on two levels. First, myocardial stiffness, defined 
as the local mechanical properties of the myocardium. It comprises both, passive material 
properties of the tissue and the active force development during contraction. The pure 
passive material properties determine myocardial stiffness from the end of relaxation until 
the beginning of the next contraction (end-diastole, mitral valve closure [MVC]). They form 
non-linear, upwards-curved stress-strain relation (Figure 2A).1)9)10) Chamber stiffness, on the 
other hand, describes the overall stiffness of a heart chamber as an entity. It depends on the 
stiffness of the myocardium that forms the chamber, but is modulated by chamber geometry, 
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Figure 1. Examples of different types of elastic moduli: Young’s modulus relates perpendicular stress to 
perpendicular strain (A), shear modulus relates tangential stress to shear strain (B). In a 3-dimensional object, 
deformation may be described by up to 81 different deformation tensors.8) 
A = area; ΔL = difference in length; E = Young’s modulus; ε = strain; F = Force; G = shear modulus; γ = shear strain; 
L = length; σ = stress; τ = shear stress; tan θ = resulting shear of the material.



such as wall thickness, chamber volume, and shape.1)11) Passive chamber stiffness, i.e., when 
all parts of the chamber myocardium are relaxed, forms a similar non-linear, upwards-curved 
relation in a pressure-volume (PV) diagram (Figure 2B), commonly referred to as the end-
diastolic PV relation (EDPVR). Stress-strain- and PV-loops can be constructed to describe 
local myocardial and chamber function, respectively, throughout the cardiac cycle. The loop 
area of a stress-strain loop reflects the external work per volume unit performed by the local 
myocardium. The loop area of the pressure volume loop reflects the external work performed 
by the entire ventricle.

Both the end-diastolic stress-strain relation and the EDPVR can be approximated with an 
exponential equation. In this equation, stiffness constant k (stress-strain) and ß (EDPVR) 
are the most relevant variables. These stiffness constants define the shape and steepness 
of the exponential function. Changes in the properties of the myocardium, such as the 
intracellular and extracellular components and their interaction (e.g., the cytoskeleton and 
the extracellular matrix), could result in a change in shape and steepness of the end-diastolic 
relations, and with this, in a change of k and ß.9)
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Figure 2. Myocardial stiffness and chamber stiffness. Myocardial stiffness (A) describes the relative elongation of the myocardial (strain, ε) wall in response 
to the wall stress (σ). This wall stress is caused by the filling pressure of the cavity but also modulated by the wall thickness and chamber size and shape. The 
end-diastolic stress-strain relation (black curves) is curvilinear and can be characterized as a whole by an exponential function with the stiffness constant k 
as dominant variable. The operational stiffness (red dot) represents the instantaneous stiffness (Δσ over Δε) at a certain preload (wall stress). An increase 
in preload causes a shift (blue arrow) towards a higher operating myocardial stiffness without changes of intrinsic myocardial properties (along the same 
stress-strain relation, same k). Changes in intrinsic myocardial properties because of pathologic processes (e.g., fibrosis or ischemic scar) change the entire 
stress strain relation towards a steeper curve (increased stiffness constant k). The operating myocardial stiffness increases, even at the same preload (green 
arrow). Chamber stiffness (B) is a result of myocardial stiffness, modulated by wall thickness and ventricular size and shape. It describes the increase in 
volume (ΔV) relative to the increase in cavity pressure (ΔP). The end-diastolic pressure-volume-relation can be approximated by an exponential function with 
stiffness constant ß as dominating variable and describes the chamber properties independent from preload as a whole. The operational stiffness (red dot) is 
the instantaneous stiffness (ΔP over ΔV) at a certain preload (filling pressure). Also here, both, an increase in preload as well as a higher myocardial stiffness 
constant will result in higher operating stiffness (adapted from Gaasch et al.1)). 
LV = left ventricle.



While k and ß describe the shape of entire curve and with this the passive properties of 
wall and chamber independent from preload, a specific point on the curves describes the 
instantaneous stiffness at a given preload: operating stiffness. The curvilinear end-diastolic 
relations imply, that operating stiffness of myocardium and chamber is different at each 
point of the curve. In particular, it increases with increasing preload (higher strain or 
volume), as the point of operating stiffness moves to a steeper part of the curve.1) Operating 
stiffness can be determined by the slope of the tangent to the stress-strain or EDPVR curve 
(Figure 2).

With this, measuring operational stiffness offers a dynamic evaluation of the instantaneous 
mechanical state of the heart, reflecting both, the passive myocardial properties of the 
myocardium and the current state of preload.

Myocardial stiffness during systole, on the other hand, is dominated by cross-bridge 
formation, and is therefore an indicator of contractility. As such, evaluating myocardial 
stiffness could provide direct insight into both the systolic and diastolic performance of the 
heart. This makes echocardiographic stiffness assessment a potentially valuable tool in the 
clinical setting.

DETERMINATION OF MYOCARDIAL STIFFNESS BASED 
ON SHEAR WAVES
Nowadays, non-invasive methods to assess myocardial stiffness based on the detection of 
SWs are emerging: cardiac SW elastography (SWE) and cardiac time harmonic elastography 
(THE).3)5) SWs are transverse waves, i.e., the particle motion is perpendicular to the 
propagation direction of the wave (Figure 3). Interestingly, the propagation speed (c) of 
SWs is dependent on the shear modulus (G) of the material (Equation 1).8)13-15)

	

𝑐𝑐 =  √𝐺𝐺
𝜌𝜌 

 

	 (1)

In a homogenous, isotropic material, Young’s modulus (E) has a simple relation with 
G (Equation 2):

	      E = 3 · G 	 (2)

As such, SW speed can be described in relation to Young’s modulus (Equation 3):

	

𝑐𝑐 =  √ 𝐸𝐸
3 𝜌𝜌 

 
(3)

The imaging modality of choice is echocardiography as it combines flexibility, feasibility and 
high temporal resolution, but the use of cardiac magnetic resonance imaging (MRI) has also 
been explored.
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Natural vs. induced shear waves
SWs in the myocardium are naturally generated by valve closure events. Such “natural SWs” 
occur, e.g.,, after aortic valve closure (AVC) and MVC and travel from the ventricular base to 
the apex (Figure 4).13)14)16) Natural SWs are strong, easy to detect waves, but they are tied to 
specific events during the cardiac cycle and can therefore only provide information about 
myocardial stiffness at these particular time points.

SWs can also be “induced” using ARF (Figure 4).16)17) In this technique, a strong focused 
ultrasound impulse is used to cause mechanical vibration of the tissue. With this, SWs can 
(in theory) be induced at any place in the myocardium at any point during the cardiac cycle, 
offering greater flexibility. However, ARF induced waves have lower amplitude, making them 
more difficult to be detected and less feasible to track over larger distances.

SWs can also be induced via an external vibrator. Mechanical longitudinal waves then 
travel through the body and cause SWs while they pass through the tissue. The latter can 
be observed using MRI or echocardiography (time harmonic imaging, THE) (Figure 4).5) 
As vibrations have to travel across several layers of tissue (skin, ribcage, lungs, pericardium, 
etc.), low frequency vibrations are used, since they penetrate more easily in the body. 
However, such waves have a longer wavelength and are still considerably attenuated, which 
makes SW speed estimates more prone to errors. Furthermore, these waves also interact 
with all anatomical structures they encounter and movement of the heart can lead to 
inconsistencies in the force that external stimuli delivers to the myocardium, making its 
interpretation more difficult.18)

Besides SWs, a mechanical wave following atrial contraction (atrial kick, AK) can be 
observed in the myocardium and has been explored for myocardial stiffness assessment. This 
mechanical stretching wave is most likely caused by a local pressure change in the ventricular 
cavity that originates from a blood vortex travelling to the apex after atrial contraction. 
Early studies have described this phenomenon using tissue Doppler under different loading 
conditions.19) Other studies have investigated the AK wave speed in patients with aortic 
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Figure 3. Example of a SW and a longitudinal wave. Schematic representation of a longitudinal wave of which 
the particle displacement is in line with the wave propagation (A) and a shear or transverse wave of which the 
particle displacement is perpendicular to the wave propagation (B).12) 
SW = shear wave.



stenosis (AS),20)21) cardiac amyloidosis (CA)22) and hypertrophic cardiomyopathy (HCM) and 
in healthy volunteers (HVs).23) However, the AK waves have different physical behavior than 
SWs and therefore, will not further be discussed in this paper.
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Figure 4. Overview of ultrasound-based techniques to determine myocardial stiffness. (A) SWE. The 2 most used 
techniques within SWE are shown: natural SWE, where SWs that arise from closure of the valves are tracked and 
ARF induced SWE, where SW are induced by sending a focused ultrasound push towards the septum. (B) Cardiac 
time-harmonic elastography. SWs are induced in the whole imaging window by sending low-frequency vibrations 
with an external vibrator. (C) Acoustic radiation force impulse imaging: This techniques looks directly at tissue 
displacement induced by an acoustic radiation force impulse to determine tissue stiffness. It is based on the 
principle that the magnitude of the ARF-displacement is inversely related to tissue stiffness. 
ARF = acoustic radiation force; LV = left ventricle; SW = shear wave; SWE = shear wave elastography.



Shear wave imaging
SWs travel along the myocardium with a relatively high propagation speed ranging from 
1–10 m/s, requiring imaging with sufficient temporal resolution for their detection. 
Therefore, high frame rate (HFR) echocardiography is used for SWE based on natural or ARF-
induced SWs.13) In THE, where the frequency of the inducing waves is known, low frame rate 
stroboscopic sampling (controlled aliasing) is possible so that images can be acquired with 
regular echocardiography or even with (low frame rate) MRI.5)

High frame rate echocardiography
In conventional 2D echocardiography, focused ultrasound pulses are emitted in different 
directions. Each pulse-echo event constructs one of approximately 180 image lines that form 
the 90° image sector. The acquisition of one line takes approximately 200 µs given a speed 
of sound in soft tissue of approximately 1,540 m/s and the round-trip distance between 
probe and the maximum image depth being typically 30 cm. Consequently, generating 
a complete image requires about 36 ms (180 lines × 200 µs), allowing for a frame rate of 
roughly 28 frames per second. Since both the speed of sound and the imaging depth are 
fixed, the only way to increase the frame rate is by reducing the number of pulses needed to 
form an image.14) In modern ultrasound machines, images are constructed using multiline 
acquisition, in which the sent-out ultrasound beam is less focused and covers multiple 
scan lines that are then reconstructed in parallel (Figure 5). This can increase frame rate 
without significant loss in image quality to the 60 to 80 frames per second that are typical for 
contemporary echo machines.

HFR echocardiography uses diverging waves, that represent a single, unfocused ultrasound 
pulse that covers the entire image sector at once (Figure 5). This approach requires 
the live processing and intermediate storage of all signals received by all crystals of 
the probe to allow the subsequent reconstruction of all scan lines for one frame. Only 
recent developments in probe design and increases in computational power made the 
theoretical idea of diverging wave imaging (DWI), and with this SWE, become a reality. 
DWI dramatically increases the frame rate, theoretically up to 5,000 frames per second 
(1 frame per 200 µs), considering the same imaging depth of 15 cm. However, because the 
energy of each diverging wave pulse is spread across the entire image sector, the signal-
to-noise ratio and the spatial resolution are reduced. To address this, coherent spatial 
compounding is applied, where subsequent acquisitions image the same region from slightly 
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Figure 5. Schematic overview of different approaches to increase the temporal resolution of ultrasound imaging, 
such as multiline acquisition and diverging wave imaging with and without compounding.12)



different angles and resulting images are combined (compounded) to form a single, higher-
quality image. Depending on the number of compounded acquisitions, the effective frame 
rate is again reduced. For SWE, a frame rate of at least 1,000 frames per second should be 
maintained to appropriately image the propagating waves.14)

Time-harmonic elastography: stroboscopic sampling
In THE, echocardiographic image acquisition is performed with a relatively low frame rate 
of around 100 frames per second. SWs are then imaged through ‘controlled aliasing’ or 
‘stroboscopic sampling’ over several wave cycles. As the inducing wave frequency is known, 
the true signal can be recovered from the data.5) A disadvantage of this approach is a longer 
acquisition time and sensitivity to myocardial motion. Any change during the acquisition due 
to noise or movement may cause distortion of the reconstructed wave. Furthermore, the wave 
propagation component in the desired direction (e.g., along the myocardial wall) needs to be 
reconstructed, causing additional error.

Wave speed assessment
Shear wave elastography
Compared to longitudinal waves, SWs are particularly advantageous for tissue 
characterization for several reasons. First, in soft tissue, their propagation speed spans over 
a wider range than in longitudinal waves, typically 1–10 m/s compared to 1,350–1,700 m/s, 
making it easier to detect variations in speed. Second, their speed increases significantly 
with pathological changes. Finally, simple Tissue Doppler processing can be used to track 
transverse SW propagation in the HFR images when the heart wall is imaged from the side.24) 
The latter is the reason why SW speed is typically measured from a parasternal window. 
While natural SWs originating from the valves and travelling mainly from base to apex are 
best imaged in a parasternal long axis (PLAX) view, waves induced by ARF spread in all 
directions from the source of excitation and can therefore be investigated in both, PLAX and 
parasternal short axis views (SAX).24)25) It is important to note that natural SWs are not ‘pure’ 
SWs. They also contain a longitudinal wave mode which can be imaged from the apical views. 
However, as the shear and longitudinal wave mode have different velocities and different 
response to myocardial changes, measured wave speeds, e.g., from a parasternal and an 
apical approach, cannot be interchangeably used.

To evaluate SW speed, an M-mode in the middle of the anteroseptal wall is drawn. The M-mode 
display is then color-coded for tissue velocity or acceleration, so that SWs appear as tilted color 
bands. The slope of these bands represents SW propagation speed (Figure 6). An example of 
how these tissue velocity and acceleration maps are calculated can be found in.13)

The slope can be measured using manual or semi-automatic approaches. An example of a 
semi-automatic way to determine SW speed in an acceleration map is as follows: first, the 
wave of interest is indicated with a mouse click and then automatically roughly segmented, 
e.g., by using a certain threshold (e.g., 1 mm/s2). Next, the algorithm searches for the 
peak accelerations within this segmented area. A linear regression is applied to the found 
acceleration peaks, the slope of which reflects the propagation speed of the wave. In this way, 
the algorithm takes both the peak accelerations and the shape of the wave into account when 
determining the SW slope (Figure 7).26) In our experience, this approach delivers more robust 
results compared to other methods of slope detection, e.g., a Radon transform.27)
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Time-harmonic elastography
In THE, stiffness maps of the septal and posterior wall are created in the PLAX-view using a 
specific postprocessing algorithm (Figure 8). To generate these maps, the axial displacement 
of the tissue is tracked between each frame. Background noise from the overall movement of 
the heart (breathing, heartbeat, other movements) is reduced by applying a bandpass filter to 
isolate the frequencies of interest. As these waves travel through the tissue in all directions, 
directional filters are used to focus on the direction of interest. Finally, a stiffness map is 
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constructed in which regions of interest can be defined for measuring stiffness in a certain 
area of the image.5)

Factors that influence shear wave speed
SW speed is influenced by different factors that need to be considered when interpreting 
measurements (Figure 9).

Age: in HVs, myocardial stiffness derived from ARF-induced SW speeds in diastole has been 
shown to have a linear correlation with age (r=0.88 in HV of 20–80 years old and r=0.83 in 
HV of 0–45 years old) (Figure 10).17)28) Likewise, there is also a clear relationship between 
age and natural SW speed after MVC in HV from 2–80 years old (r=0.71) (Figure 9).29)30) 
This dependency could be explained by the changes in tissue properties with age due to 
accumulation of collagen and fibrotic remodeling of the myocardium. Interestingly, Youssef 
et al.29) observed a strong non-linear correlation between SW speed and age in children from 
2–10 years old, suggesting an impact of the rapid growth and changing geometry of the 
heart in young children.29) These results advocate the use of age-specific reference values of 
SW speed. An overview of SW speed for every age category is given in Table 1.

The difference between the linear relationship of stiffness and the non-linear relationship 
of SW speed with age is explained by the conversion of SW speed to myocardial stiffness 
through a quadratic equation (see Equation 3). Furthermore, Malik et al.28) and Villemain 
et al.17) did not have many (or none) HV in the age group between 2–10 years old, where the 
largest increase in stiffness occurs. Finally, natural and induced SWs have different frequency 
spectra and may differ in their behavior.

Loading conditions: operational myocardial stiffness is dependent on tissue properties 
and loading. In preclinical animal experiments, changes in loading were achieved by saline 
infusion (preload increase) and caval/aortic balloon inflation (preload decrease/afterload 
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increase) and SW speeds followed these changes (Figure 11).7)18)31)32) It should be noted that, 
preclinical studies using ARF-induced SWs found that diastolic SW speed was more closely 
related to intrinsic myocardial properties than to changes in loading conditions, although 
both had their influence.7)31) With natural SW speeds, the dependency on loading is stronger, 
e.g., a patient study using natural SW speed showed a correlation with invasively measured 
left ventricular (LV) diastolic pressures as well as pulmonary capillary wedge pressure 
(PCWP) (Table 2).33)34)

Timing: with ARF, SWs can be induced at any time during the cardiac cycle. For diastolic 
measurements, SW can be induced before atrial contraction or strictly at the end of diastole 
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Figure 9. Influencing factors and applications. (A) shows factors that need to be considered when interpreting 
SW speed. Factors intrinsic to the heart are shown in blue, while factors related to demographics are shown in 
green. (B) shows the clinical applications of SWE: applications directly related to cardiac function are given in 
blue, while technical applications are shown in green. 
LV = left ventricle; RV = right ventricle; SWE = shear wave elastography; 3D = three-dimensional.



and SW speed will then reflect the pure diastolic properties of the myocardium. In natural 
SWs on the other hand, speed is measured at the beginning of the isovolumic contraction 
phase, where rapidly changing pressures in the ventricle may already play a role. Studies so 
far, however, have shown a strong dependence of the speed of natural SWs after MVC on 
end-diastolic filling pressures and limited influence of contractility.32)34) Left-bundle-branch-
block-like conduction delays, however, that lead to a slow pressure rise in the chamber and a 
late MVC may lead to natural SWs after MVC that are—in part—influenced by the beginning 
contraction of the septum.42)

Wall thickness: the simple relation between SW speed and myocardial stiffness as described 
by Equation 3 holds only true for homogeneous, isotropic bulk materials. In the heart 
however, SWs are reflected on the boundaries of the myocardium leading to wave guiding 
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Figure 10. Correlations between myocardial stiffness or SW speed and age. (A) shows a linear correlation between myocardial stiffness (derived from acoustic 
radiation force-induced SW speed) in diastole and age in HVs (adapted from Malik et al.28)). (B) shows the logarithmic relationship between natural SW speed 
after MVC and age in healthy volunteers. 
HV = healthy volunteer; MVC = mitral valve closure; SW = shear wave.

Table 1. Overview of natural and ARF-induced SW speed across all age categories
Group Age category SW speed (m/s) SW source Reference
Children <1 month 1.4±0.6 ARF (end-diastole) Malik et al.28)

1 month–10 years 1.2±0.3
10–18 years 1.3±0.2
2–6 years 2.4±0.2 Natural SW (MVC) Youssef et al.29)

7–12 years 2.7±0.2
13–18 years 3.0±0.2

Adults 20–39 years 1.6±0.2 ARF (end-diastole) Villemain et al.17)

40–59 years 2.2±0.2
60–80 years 4.3±0.6
20–39 years 3.1±0.5 Natural SW (MVC) Petrescu et al.30)

40–59 years 3.8±0.8
60–80 years 4.5±1.1
20–39 years 3.5±0.7 Natural SW (AVC) Petrescu et al.30)

40–59 years 3.8±0.8
60–80 years 4.3±0.6

Values are presented as mean ± standard deviation.
ARF = acoustic radiation force; AVC = aortic valve closure; MVC = mitral valve closure; SW = shear wave.



effects and wave dispersion, a frequency dependent change in wave speed that may result 
in an underestimation of the actual myocardial stiffness. The effect occurs particularly in 
natural SWs (larger wavelength) and children (thinner walls). Several clinical studies have 
shown a link between wall thickness or LV mass index and SW speed.28)29)36)37) Therefore, wall 
thickness should be reported or taken into account.

In THE, an even lower frequency wave is used to induce SWs causing also stronger guiding 
effects. However, as the frequency of the induced SW is known, it would in theory be possible 
to correct for this effect. However, this has not yet been tested in in vivo data.43)

Contractility: cross-bridge formation and rising pressures in the LV increase myocardial 
stiffness during systole. Malik et al.44) showed that ARF-induced SW speed increased 
during systole to a peak value of 3.8±0.7 m/s, while average SW speed during diastole was 
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Table 2. SW speed correlates with non-invasive and invasive markers of diastolic function
Type of diastolic 
parameter Correlation with diastolic parameters R-value p value AUC to detect increased 

filling pressures SW source Reference

Non-invasive SW speed vs. e’ −0.409 0.001 Not mentioned ARF (end-diastole) Cafezeiro et al.35)

SW speed vs. E/e’ 0.301 0.02 Not mentioned ARF (end-diastole) Cafezeiro et al.35)

0.61 <0.05 Not mentioned Natural SW (AVC) Jin et al.36)

0.74 0.002 Not mentioned Natural SW (MVC) Petrescu et al.30)

0.57 <0.001 Not mentioned Natural SW (MVC) Cvijic et al.37)

0.42 0.04 Not mentioned Natural SW (AVC) Strachinaru et al.38)

0.783 <0.01 Not mentioned ARF (end-diastole) Villemain et al.17)

0.54 <0.001 Not mentioned Natural SW (MVC) Popescu et al.39)

0.63 <0.01 Not mentioned Natural SW (MVC) Youssef et al.29)

SW speed vs. LAVI 0.324 0.012 Not mentioned ARF (end-diastole) Cafezeiro et al.35)

SW speed vs. diastolic function grade 0.361 0.009 Not mentioned ARF (end-diastole) Cafezeiro et al.35)

Invasive LV mid-diastolic pressure 0.65 <0.001 0.93 Natural SW (MVC) Youssef et al.40)

0.47 <0.001 0.79 Natural SW (MVC) Werner et al.34)

LV end-diastolic pressure 0.78 <0.001 0.96 Natural SW (MVC) Youssef et al.41)

0.71 <0.001 0.95 Natural SW (MVC) Werner et al.34)

Pulmonary capillary wedge pressure 0.54 <0.001 0.72 Natural SW (MVC) Petrescu et al.33)

ARF = acoustic radiation force; AUC = area under the curve; AVC = aortic valve closure; LAVI = left atrial volume index; LV = left ventricle; MVC = mitral valve 
closure; SW = shear wave.



1.6±0.2 m/s. ARF induced SWs therefore offer the option to investigate both, systolic and 
diastolic properties of the heart. Natural SWs may in part reflect contractility as they are 
always measured in an isovolumetric phase. While this effect appears small for natural 
SWs after MVC (end-diastole) it may be considerable for those after AVC which makes their 
interpretation complex. In a clinical study, Bezy et al.45) found a positive correlation between 
SW speed after AVC and the end-systolic elastance (Ees, a marker of LV contractility), while 
Taha et al.46) reported a significant increase in HV during stress echo, while there was no 
change in endurance athletes. In the same study, Taha et al.46) found that SW speed after 
MVC significantly increased during exercise in both groups and Bézy et al.32) reported an 
increase in SW speed after MVC in pigs after administration of dobutamine. However, the 
latter study could not prove a correlation between dP/dt max and change in SW speed.32) 
On the other hand, a study in patients with invasively measured filling pressures showed 
a strong correlation of LV end-diastolic pressure (LVEDP) and SW speed measured after 
MVC was independent of the contractile state of the heart.34) These interesting but—in 
part—contradicting findings show that the exact effect of contractility on the propagation 
speed of natural SWs is complex and needs further investigation.

Viscoelasticity: viscoelasticity of the myocardium causes SW dispersion and attenuation due 
to absorption of the mechanical wave energy, leading to a frequency-dependent wave speed. 
This effect has been studied in preclinical settings.6)18)43)47)48) Clinical studies have not yet 
been performed. THE would theoretically allow a compensation since the frequency of the 
induced SW is known, however, this has not yet been tested in vivo.43)

Fiber architecture: SW speed depends on myocardial fiber orientation as SWs propagate 
faster along fibers than across. This can be demonstrated by comparing induced SWs in the 
short axis and long-axis views.17) Modelling shows that this effect is most pronounced in 
induced SWs due to a shorter length of the waves.49) The dependency of SW speed on the 
fiber architecture has the potential to detect fiber disarray, which might hold a diagnostic 
value, but needs further investigation.17)50) As the propagation direction of natural SWs is 
predetermined, and since in current clinical approaches of transthoracic measurements 
of ARF induced SWs, averaging measurements over the entire thickness of the myocardial 
wall are needed in order to increase signal-to-noise-ratio, fiber orientation cannot be 
distinguished and remains a theoretical concern.

Measurement method: ARF induced and natural SWs have different frequency spectra and 
differ in their behavior. Measurements from both methods cannot be directly compared as 
both, SW speeds and speed changes in pathology may differ.24)44)

Recommendations for the clinical use of shear wave based elastography
Especially in vivo, it is often difficult to determine the exact effect of each of the above 
mentioned factors. Limited image quality, low signal to noise ratio or different techniques 
to visualize SWs (e.g., tissue doppler imaging13) vs. clutter filter wave imaging [CFWI]21)) 
complicate the interpretation of the measured SW speeds further. Future research should 
thus aim at a better understanding of which effects can influence SW measurements 
in a clinically relevant way. Table 3 provides an overview of each influencing factor and 
recommendations to adjust for them when using SW based elastography.

Standardizing both the imaging procedure and the post-processing algorithm enables direct 
comparison across different studies and improves clinical implementation. For example, 
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consistently using the same echocardiographic view during follow-up within a study is crucial 
to ensure that the same cardiac wall is assessed and the same SW component is tracked. 
In addition, temporal resolution should be maximized, while maintaining acceptable spatial 
resolution, and an electrocardiogram should be recorded during acquisition to accurately 
determine wave timing.

During post-processing, it is important to use the same parameter for describing motion data 
(e.g.,, displacement, velocity, or acceleration) consistently. SW speed should be determined 
using a (semi-)automatic slope detection algorithm applied uniformly throughout the study. 
To minimize variability, averaging measurements over multiple cardiac beats and images is 
recommended. Finally, converting SW speed to stiffness using Equation 3 is not advised, as 
this relies on invalid material assumptions for the myocardium; therefore, SW speed should 
be reported directly.

Clinical applications of shear wave elastography
Over the past few years, the application of SWE has been studied in various pathologies, 
demonstrating the potential versatility of SWE in clinical echocardiography (Figure 9). 
An overview of these studies is given below.

Normal hearts
Considering that SWE should be able to detect increased myocardial stiffness, it is primarily 
important to determine normal reference values of a healthy population. Due to age-
dependency of SW speed, reference values for HV should always be given for certain age 
categories. Values reported in the literature per age category and SW type (induced vs. 
natural) are given in Table 1.17)28-30)

Myocardial disease
SW propagation speed reflects the intrinsic properties of the myocardium. In this way, 
changes in the intrinsic properties, such as deposition of amyloid proteins, formation of 
interstitial fibrosis during maladaptive remodeling, edema due to inflammation, damage 
to the myocardium after chemo- or radiotherapy etc., could influence SW speed.17)23)30)35-37)41) 
One early in-human study was performed using ARF-induced SWs in HV and patients with 
sarcomeric HCM. They showed that myocardial stiffness was significantly increased in 
HCM patients compared to HV (4.47±1.68 vs. 12.68±2.91 kPa; p<0.01).17) Further, Petrescu 
et al.30) demonstrated clearly elevated natural SW speeds in amyloidosis patients compared 
to HV (6.33±1.63 vs. 3.54±0.93 m/s; p<0.001). SW speed in different cardiac pathologies is 
shown in Table 4. These results show that cardiac SWE can differentiate pathologic from 
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Table 3. Overview of influencing factors of SW speed and suggestions how to potentially account for them
Factor influencing SW speed Author’s recommendation to adjust for this factor
Age Create age-specific reference values.
Loading Perform an SW measurement during a loading change (e.g., passive leg raise).
Timing Only compare SWs measured in the same phase of the cardiac cycle (e.g., at end-diastole or after MVC).
Wall thickness Report wall thickness, consider potential underestimation of stiffness in walls under 1 cm thickness.
Contractility For assessment of diastolic properties, measure SW speed at end-diastole.
Viscoelasticity Perform a frequency analysis to report the main excited frequency of the wave.
Fiber architecture Perform SWE in multiple echocardiographic views (PLAX and PSAX) and compare speeds.
ARF vs. natural Report type and time of SW measurement. Do not compare measurements obtained at different time points of the cardiac cycle 

or with different methods.
ARF = acoustic radiation force; MVC = mitral valve closure; PLAX = parasternal long axis view; PSAX = parasternal short axis view; SW = shear wave; SWE = shear 
wave elastography.



healthy myocardium, which makes it a potentially valuable clinical tool for diagnosis and 
follow-up of patients.

Fibrosis and scar
As SWE gives direct insight into the intrinsic properties of the myocardium, it could 
potentially be used to detect presence of diffuse or replacement fibrosis. Until now, the 
presence of fibrosis is mostly determined using cardiac MRI. T1 mapping or the assessment 
of the extracellular volume fraction (ECV) are typically used to assess diffuse fibrosis, 
while late gadolinium enhancement describes the extent of myocardial scar. The ability of 
SWE to determine the presence of diffuse or replacement fibrosis has been investigated in 
several studies.17)21)33)42)51) Good correlations were observed between SW speed after MVC and 
T1 mapping values and ECV (Table 5). Petrescu et al.51) found good correlations between 
native T1 mapping and SW speed in heart transplant patients and HCM patients (r=0.48; 
p<0.001). However, the correlation between SW speed and ECV was even better (r=0.70; 
p<0.001).51) Also, Villemain et al.17) observed a good correlation between ARF-induced 
SW speed and T1 mapping in HV and HCM patients (r=0.71; p<0.01) and ECV and SW speed 
(r=0.45; p=0.03). Only Espeland et al.21) found a weak correlation between SW speed after 
AVC and T1 mapping and ECV fraction. This might suggest that natural SW speed after 
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Table 4. SW speed in different cardiac pathologies

Pathology SW speed (m/s) in 
pathology vs. HV p value

AUC to 
detect 

pathology
Cut-off (m/s) Discriminating 

factor
Average age 
of patients SW source SWE 

technique Reference

Cardiac 
amyloidosis

6.3±1.6 vs. 3.5±0.9 <0.001 Not 
mentioned

NA Not mentioned 68.0 Natural SW 
(MVC)

TDI Petrescu et al.30)

5.6±1.1 vs. 3.8±0.8 <0.001 Not 
mentioned

NA Not mentioned 68.0 Natural SW 
(AVC)

TDI Petrescu et al.30)

1.5±0.2 vs. 1.3±0.1 0.03 0.69 NA CA vs. HV 69±8.2 ARF (end-
diastole)

TDI Cafezeiro et al.35)

5.6±1.1 vs. 3.8±1.1 <0.001 0.88 4.6 CA vs. HV 72.7±6.2 Natural SW 
(AVC)

TDI Jin et al.36)

HCM 3.7±0.3 vs. 2.4±0.2 <0.01 0.993 NA HCM vs. HV 57±17.5 ARF (end-
diastole)

TDI Villemain et al.17)

6.9±1.1 vs. 4.7±0.8 <0.0001 Not 
mentioned

NA Not mentioned 48±13 Natural SW 
(MVC)

TDI Strachinaru et al.38)

5.1±0.7 vs. 3.6±0.5 <0.0001 0.98 4.0 HCM vs. HV 48±13 Natural SW 
(AVC)

TDI Strachinaru et al.38)

Hypertension 5.8±1.2 vs. 4.0±1.0 <0.001 0.971 5 Concentric 
hypertrophy vs. HV

59±14 Natural SW 
(MVC)

TDI Cvijic et al.37)

Heart 
transplantation

5.7±2.3 (HV not 
mentioned)

NA Not 
mentioned

NA Not mentioned 54.1±17.8 Natural SW 
(MVC)

TDI Petrescu et al.33)

Aortic stenosis 3.4±1.4 vs. 2.1±0.7 0.007 Not 
mentioned

NA Not mentioned 69±12 Natural SW 
(AVC)

CFWI Espeland et al.21)

Fabry disease 1.4±0.2 vs. 1.3±0.1 0.03 Not 
mentioned

NA Not mentioned 49±14.2 ARF TDI Cafezeiro et al.35)

Cancer survivors 3.9±0.6 vs. 3.2±0.3 <0.001 Not 
mentioned

NA Not mentioned 20±3 Natural SW 
(MVC)

TDI Youssef et al.41)

Myocardial 
infarction

7.7±1.2 vs. 4.6±1.1 <0.001 0.92 7.1 Septal infarct vs. HV 73±6 Natural SW 
(MVC)

TDI Wouters et al.42)

8.7±1.2 vs. 3.4±1.0 <0.001 0.92 8.1 Interstitial fibrosis vs. 
replacement fibrosis

54.4±15.2 Natural SW 
(MVC)

TDI Petrescu et al.51)

Interstitial 
fibrosis

6.5±1.1 vs. 3.4±1.0 <0.001 0.95 6 No fibrosis vs. 
fibrosis

56.7±16.2 Natural SW 
(MVC)

TDI Petrescu et al.51)

Patients with 
increased LVEDP

7.3±2.3 vs. 3.6±0.9 <0.001 0.95 4.8 Elevated LVEDP vs. 
normal LVEDP

70±10 Natural SW 
(MVC)

TDI Werner et al.34)

The ability of SW speed to distinguish between HV and different pathologies is given by the AUC.
ARF = acoustic radiation force; AUC = area under the curve; AVC = aortic valve closure; CA = cardiac amyloidosis; CFWI = clutter filter wave imaging; HCM = 
hypertrophic cardiomyopathy; HV = healthy volunteers; LVEDP = left ventricular end-diastolic pressure; MVC = mitral valve closure; NA = not applicable; SW = 
shear wave; SWE = shear wave elastography; TDI = tissue doppler imaging.



MVC is a better time point to explore the passive intrinsic properties of the myocardium then 
after AVC. Furthermore the differing methodology (CFWI) of the latter study to determine 
SW propagation speed may also have had an influence on the results.

Whether SWE could detect replacement fibrosis was investigated by Petrescu et al.51) and 
Wouters et al.42). They both found that SW speed was increased in the presence of a septal 
scar (Table 5). Moreover, Wouters et al.42) found that a cut-off of 7.1 m/s of SW speed after 
MVC could accurately detect the presence of a septal scar even in patients with a left bundle 
branch block. Petrescu et al.51) found a cut-off value of 8.1 m/s for the best distinction of 
interstitial and replacement fibrosis (sensitivity and a specificity of 69 and 100%, area under 
the curve [AUC]=0.92) (Figure 11).

Loading conditions
Besides intrinsic properties, SW speed also reflects the filling status of the heart. As a result, 
it could be used to evaluate volume overload during acute cardiac decompensation and 
volume unloading after administration of diuretics. This was studied by Werner et al.,34) who 
found a significant decrease in SW speed after MVC in patients with acute decompensation 
after administration of intravenous diuretics. Along the same line, Bezy et al.52) investigated 
the effect of volume unloading on SW speed in patients undergoing hemodialysis. They 
found that SW speed significantly decreased 1 hour after the start of dialysis.52)

Left ventricular diastolic function
Diastolic function is a complex interplay of active relaxation, chamber stiffness and early 
diastolic recoil leading to increased LV filling pressures as a common final pathway in most 
pathologies. In the clinic, the non-invasive assessment of diastolic function requires the 
interpretation of several echocardiographic parameters, which is complex, cumbersome 
and prone to errors. At end-diastole, SW speed reflects passive myocardial properties, which 
could make it an excellent tool to determine diastolic function. The correlation between 
SW speed and non-invasive (E/A, E/e’, E-wave deceleration time) and invasive measures 
(LVEDP, PCWP) of diastolic function have been investigated in several studies (Table 2).17)29)33-

40) Overall, SW speed seems to be able to determine diastolic function, possibly even more 
precise than the conventional echocardiographic indices. In a study with 85 patients who 
underwent invasive measurements of filling pressures, Werner et al.34) found that SWE could 
detect elevated LV mean-diastolic pressure as good as the currently used guideline algorithm 
(AUC of 0.79 vs. 0.78, not significant) while it outperformed the current guideline algorithm 
for the detection of elevated LVEDP (AUC of 0.95 vs. 0.60, p<0.001) (Figure 12). Therefore, 
using SW speed in addition to the conventional parameters could help to improve the 
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Table 5. Correlation between SW speed and indices of intrinsic myocardial tissue properties
Correlation with intrinsic 
myocardial properties R-value p value SW source SWE 

technique Reference

SW speed vs. native T1 0.35 0.11 Natural SW (AVC) CFWI Espeland et al.21)

0.75 <0.001 Natural SW (MVC) TDI Petrescu et al.33)

0.48 <0.001 Natural SW (MVC) TDI Petrescu et al.51)

0.711 <0.01 ARF (end-diastole) TDI Villemain et al.17)

SW speed vs. ECV 0.70 <0.001 Natural SW (MVC) TDI Petrescu et al.51)

0.14 0.55 Natural SW (AVC) CFWI Espeland et al.21)

0.447 0.03 ARF (end-diastole) TDI Villemain et al.17)

ARF = acoustic radiation force; AVC = aortic valve closure; CFWI = clutter filter wave imaging; ECV = extracellular 
volume fraction; MVC = mitral valve closure; SW = shear wave; SWE = shear wave elastography; TDI = tissue 
doppler imaging.



diagnosis of diastolic dysfunction. Larger studies to confirm these early findings and to 
establish clinical cut-off values are currently performed.

In univentricular hearts, increased end-diastolic pressure is associated with a poor prognosis. 
However, determining diastolic dysfunction in these patients is difficult as conventional 
echocardiographic approaches are inadequate. Therefore, Salaets et al.53) investigated 
whether SWE could determine diastolic stiffness in these patients. They showed that diastolic 
myocardial stiffness was significantly higher in the univentricular patient vs. HV.53) This was 
also confirmed for natural SWs in other studies.54)55) Own data using natural SWs, compared 
findings to invasively measured venous pressures in univentricular hearts. A correlation of 
r=0.55 (p=0.002) was observed.

Left ventricular systolic function
Myocardial contraction increases stiffness which is reflected by higher SW speeds during 
systole.44) Potentially, ARF induced SWs at end-systole could therefore be used to determine end-
diastolic elastance. Malik et al.44) observed that there was no significant difference in SW speed 
between HCM patients and HV in mean systolic stiffness, in contrast to end-diastolic stiffness. 
This might indicate that systolic myocardial stiffness depends mostly on active myocardial 
properties (contractility), which is not different between HCM patients and controls.44)

Right ventricular function
Most studies using SWE so far focused on the assessment of the LV function, but SW speeds 
both in the right ventricular (RV) free wall and in the septum may also be influenced 
by RV pathology. Venet et al.27) investigated whether SWE could be used to determine 
RV remodeling pediatric patients with RV pressure overload. They measured natural 
SW speed after pulmonary valve closure (PVC) and tricuspid valve closure (TVC) in RV-
focused parasternal and apical views. SW speed after TVC and after PVC was higher in 
patients with pressure overload compared to HV. Further, they showed a correlation between 
RV myocardial stiffness and hemodynamic parameters. This indicates that SWE is able to 
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determine myocardial stiffness in the RV, which suggests the potential utility of using SWE to 
track disease progression in the RV.

Nevertheless, SWE in the RV has technical challenges. The RV free wall is difficult to image 
and natural SWs after TVC or PVC are weaker and difficult to identify while SWs originating 
from MVC or AVC have a less well defined propagation direction on the RV.

Specific technical applications of shear wave elastography
Shear wave elastography in 3-dimensional
In SWE, a 2D image of the PLAX is used to track SW speed along the septum. However, 
SW propagation is a complex 3D phenomenon. Therefore, to properly understand SW speed 
propagation, 3D HFR echocardiography is needed. Papadacci et al.56) investigated the 
propagation path of natural SWs using 4D ultrafast imaging. They found that natural 
SWs after AVC arise from a single source near the base of the heart that corresponds to 
the aortic valve position. The wave propagated along the anterior wall and the septum, 
consistent with the direction assessed in 2D. For the SW after MVC, 2 point-sources were 
identified which corresponded to the hinge regions of the 2 mitral valve leaflets. One source 
was located in the anteroseptal wall, which causes the SW observed in the PLAX view in 
2D (Figure 13). Also, Caenen et al.57) investigated the propagation of natural SWs, using the 
parasternal window to obtain a 3D data set. They found that for both the SWs after AVC and 
MVC, the wave propagation direction was from base to apex in the septum which justifies the 
assessment of SW speeds from a 2D PLAX view.57) In both studies, measured SW speed was 
comparable in 2D and 3D for both valve closure events. It should be noted that both studies 
only included HV. Findings still need to be confirmed in pathologic hearts.

Shear wave elastography to determine myocardial work
Speckle tracking strain measurements have been proposed as basis for regional work 
assessment of the myocardium. Nevertheless, for the sake of clinical feasibility, such 
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approaches use estimates of the ventricular pressure for work calculations instead of 
invasively measured data. In theory, SWE would allow to calculate myocardial stress based 
on myocardial stiffness and deformation, and with this allow a completely non-invasive 
measurement of myocardial work. Venet et al.58) have performed a proof-of-concept study 
in children with HCM, AS and HV. They induced SWs in the basal-anteroseptal wall at 
20 different timepoints during the cardiac cycle to determine myocardial stiffness. Data were 
then used to calculate myocardial stress and eventually myocardial work. The authors report 
increased myocardial work in AS patients and a significant reduction in HCM. It should 
be noted, however, that the results were not directly compared to invasive gold standard 
measurements and that the presented stress-strain-loops did not resemble the shape that 
would be expected from invasive PV loops.59) At the moment, the technique is limited to 
measuring myocardial work at the basal anteroseptal wall only.

Clinical applications of time-harmonic elastography
THE was performed by Meyer et al.5) to quantify myocardial stiffness in patients with CA, 
HCM and HV in the septal and posterior wall. They showed that THE was feasible in all 
participants and that SW speed was higher in CA and HCM patients compared to HV (Figure 
8). Furthermore, CA patients treated with Tafamidis had slightly lower SW speed values than 
untreated patients. Finally, THE could discriminate HV from CA and HCM patients based 
on SW speed with excellent and acceptable discriminative power respectively, showing that 
THE could become a promising tool to determine stiffness in different patient populations. 
However, further research is needed.5)

Future of shear wave elastography
SWE could become a valuable tool to assess myocardial stiffness in a clinical setting. Many 
studies have confirmed the link between SW speed and echocardiographic or invasive 
measures of LV stiffness. SWE has also shown to be able to detect changes in intrinsic 
properties in various cardiac pathologies. However, further research is still needed. Large 
studies investigating direct comparisons between SW speed and closely related clinical 
parameters, such as invasive pressure measurements or MRI-based fibrosis assessment, are 
still missing and are essential before this promising tool can be used in clinical routine. For 
example, most studies were cross-sectional and conducted in a single center with a limited 
number of participants. Longitudinal studies could show the potential of SWE to help with 
patient management; while large multicenter studies are needed to confirm these findings. 
It should be noted that there is no non-invasive gold standard to determine cardiac stiffness 
in vivo, making a direct validation of SWE in clinical studies difficult. There is also a need 
for a more unified approach to acquire and analyze SW speed, to make the different findings 
of these studies more comparable. Overall, SWE remains a promising tool to non-invasively 
determine myocardial stiffness with a potentially significant role in daily patient management.

DETERMINATION OF MYOCARDIAL STIFFNESS BASED 
ON ACOUSTIC RADIATION FORCE IMPULSE IMAGING
Not only the propagation speed of SWs can be used as a measure of stiffness. Measuring 
how much an ARF impulse can move or deform tissue is a direct application of Hooke’s law. 
In acoustic radiation force imaging (ARFI), myocardial stiffness is estimated from the tissue 
displacement at the location of the ultrasound push within the cardiac wall within a fixed 
time window after the force is applied (Figure 4).

674

Measuring Stiffness With Echocardiography

https://doi.org/10.4070/kcj.2025.0420https://e-kcj.org



ARFI can differentiate stiff from non-stiff tissue60) and can be used to generate spatial or 
temporal maps of relative tissue stiffness.61) By looking directly at displacement, ARFI is less 
susceptible to problems with the tracking of SWs due to attenuation or bias introduced due 
to changes in fiber orientation.4) However, some challenges remain. First, the induced tissue 
displacement is small and difficult to distinguish from background noise. This becomes 
particularly challenging in stiffer hearts or in imaging at large depths. Further, the force 
applied through the ARF push is not defined, as the attenuation of the ultrasound impulse 
between probe and region of interest is not known. Measurement results are therefore 
dependent on the technical setup and the investigated individual and can be difficult to 
compare among studies or patients.

Clinical applications of acoustic radiation force impulse imaging
ARFI has already been tested in a clinical setting, although not as widely as SWE. Kakkad 
et al.4) investigated the feasibility of ARFI in 12 HV in 2 echocardiographic views: PLAX and 
SAX. Overall, they found a median displacement of 3.04 μm in diastole, 1.19 μm in systole 
and 0.03 μm right before the push. ARFI was successful in 41% of the total acquisitions. This 
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is a quite low success-rate, which could be attributed to the more challenging conditions 
of performing ARFI in transthoracic echocardiography.4) ARFI was tested and compared 
to natural SW speeds in CA patients and HV by Jin et al.36) They found that CA patients had 
lower peak diastolic displacements compared to HV (Figure 14). SW speed after AVC was also 
significantly higher in CA patients. These findings suggest an increased diastolic stiffness in 
CA patients.36)

CONCLUSION

In this review we provided an overview of the newest echocardiographic-based methods 
to determine myocardial stiffness. Cardiac SW elastography is the most studied method 
in this field. Although SW speed is influenced by many different factors, making its 
interpretation rather complex, it shows great promise in assessing both systolic and diastolic 
function across various cardiac conditions and age groups, including in pediatric patients. 
Acoustic radiation force imaging and cardiac time-harmonic imaging may offer alternative 
approaches, but require further investigation. Given the importance of myocardial stiffness 
in many cardiac pathologies and the lack of easy-to-use, non-invasive tools to determine this 
parameter, SWE has the potential to play an important future role in patient diagnosis and 
management in daily clinical routine.
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