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Abstract: Shear wave elastography (SWE) is a promising technique to non-invasively assess cardiac

function through the evaluation of cardiac stiffness. However, in the literature, SWE varies in terms of analysed
tissue motion data (displacement, velocity or acceleration); method to characterize mechanical wave propagation
(time domain (TD) vs. frequency domain (FD)); and the metric reported (wave speed (WS), shear or Young's
modulus). This variety of reported methodologies complicates comparison of reported findings and sheds doubt on
which methodology better approximates the true myocardial properties. We, therefore, conducted a simulation
study to investigate the accuracy of various SWE data analysis approaches while varying cardiac geometry and
stiffness. Lower WS values were obtained by the TD method compared to the FD method. Acceleration-based WS
estimates in the TD were systematically larger than those based on velocity (~¥10% difference). These observations
were confirmed by TD analysis of 32 in vivo SWE mechanical wave measurements. /In vivo data quality is typically too
low for accurate FD analysis. Therefore, our study suggests using acceleration based TD analysis for in vivo SWE to
minimize the underestimation of the true WS and thus to maximize the sensitivity of SWE to detect stiffness

changes due to pathology.
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Introduction

Cardiac dysfunction is a frequent and significant problem in our society as it is associated with high
mortality and morbidity rates (Savarese and Lund 2017). Therefore, the field of cardiac diagnostics is exploring
methods to improve cardiac function assessment by potentially including measurements of mechanical tissue
properties next to conventionally measured metrics of cardiac morphology, tissue and blood flow velocities (Nagueh
et al. 2016). Indeed, information on mechanical tissue properties can help to monitor and treat cardiac diseases
(Golob et al. 2014) in the same way as it has proven successful in diagnosing breast tumours and staging liver
fibrosis (Guerra et al. 2015; Jayaraman et al. 2017). Furthermore, tissue elasticity enables to relate measured
myocardial deformation from strain imaging to the acting forces within the myocardial wall and can therefore

improve our understanding of cardiac function (Elgeti et al. 2014; Voigt 2019).

Ultrasound shear wave elastography (SWE) provides a non-invasive way to measure myocardial stiffness
and it comprises three stages. The first stage is tissue excitation, in which a mechanical wave can be excited
naturally by a physiological event such as valve closure, or externally with acoustic radiation force (ARF). Shear
waves are defined by a particle displacement perpendicular to the wave's travelling direction. The induced tissue
motion after excitation is then estimated in the second stage of SWE using high frame rate ultrasound imaging
(>500 Hz). At last, the third stage is a calculation of the measured tissue motion and the wave propagation velocity.

In case of an isotropic homogeneous incompressible linear elastic unbounded medium, the shear stiffness u or the

Young’s modulus E is directly related to the shear wave propagation velocity Cr :

1

with p the medium’s density.

A variety of analysis methods has been reported in literature for the third stage of cardiac SWE, as is
summarized in Table (Appendix A). Note that this table does not give a complete overview of all cardiac SWE
studies performed in literature. The wave propagation analysis varies in terms of (i) analysed type of particle motion
data, (i) the wave propagation characterization method and (iii) the reported metric. We will shortly describe each
of these factors separately. First, three different types of particle motion data have been reported for SWE analysis:
tissue displacement, velocity or acceleration (Bouchard et al. 2011; Kvale et al. 2020; Rouze et al. 2018; Salles et al.
2021). However, as wave dispersion might occur because of the viscoelasticity and geometry of the myocardium,
the wave propagation speeds estimated based on displacement, velocity or acceleration do not correspond
necessarily. Rouze et al. (Rouze et al. 2018) even used the difference in wave propagation speeds derived from
these signals to predict tissue viscoelasticity for bulk viscoelastic media. Second, many wave propagation
characterization methods have been proposed (Kijanka and Urban 2021; Pernot et al. 2010; Rouze et al. 2018;
Strachinaru et al. 2017a; Trutna et al. 2020) for estimating myocardial material properties, and they can be
categorized into two classes: time domain (TD) and frequency domain (FD) methods. TD methods typically measure
the mechanical wave propagation speed by tracking the wave’s position in the spatiotemporal domain. The analysis
of the wave propagation in the FD requires a Fourier transform, resulting in the frequency dependent phase speed,
which can be transformed into a group speed or intrinsic material characteristics by fitting a model (Bernal et al.

2011). In literature (Bernal et al. 2011; Kanai 2005), the use of the zero-order asymmetric mode of the Lamb wave



model, describing wave propagation in a fluid-loaded elastic plate, has been reported to approach the mechanical
wave travelling along the cardiac wall. The phase velocity curve of the AO-mode increases as a function of frequency
until it reaches a plateau-value approaching the bulk SWS (Rose 2014). This model explains the expected differences
in wave propagation speed estimated from different types of particle motion data: analysing acceleration data will
yield wave speed estimates closest to the bulk SWS due to its higher frequency content. Third, wave speed, shear
modulus or Young’s modulus has been reported as metric in cardiac SWE, depending on the used wave propagation
characterization method (TD/FD) and the assumed material model. It is important to note that applying equation (1)
to reconstruct the elastic modulus from the group velocity comes with the assumption of isotropy, homogeneity,

incompressibility, linear elasticity and bulkiness none of which holds for the myocardium (Pelivanov et al. 2019).

It should be noted that the studied wave in SWE is not by definition a shear wave due to the heart’s
geometry and complex material properties. Therefore, we refer to the studied wave with more general terms such
as ‘wave’ and ‘mechanical wave’ throughout the manuscript, but the technology itself is still referred to as shear

wave elastography (SWE) as that naming has historically grown.

Different SWE analysis approaches resulted in a wide range of reported propagation speed or tissue
stiffness as shown in Table (Appendix A). It is however unclear how each method performs on the same dataset,
and how the reported metric relates to the true material’s stiffness in cardiac SWE. Furthermore, these results
might be highly dependent on the considered cardiac geometry and (visco)elastic material properties, as velocity
dispersion can be present. Therefore, the objective of this work was to systematically investigate the accuracy of
often-recurring settings in cardiac SWE data analysis for various cardiac geometries and material properties. In
particular, we studied the effect of considering different quantities describing tissue motion
(displacement/velocity/acceleration) and the effect of applying time vs. FD approaches on the accuracy of

mechanical wave speed estimation.

Materials and Methods

Virtual wave propagation datasets mimicking natural cardiac SWE were generated using the open-source k-
Wave V1.3 toolbox (Treeby and Cox 2010) in MATLAB R2018a (MathWorks, Natick, MA, USA). More specifically, the
pstdElastic2D script simulates waves in a viscoelastic medium relying on the Kelvin-Voigt material model. The left
ventricle (LV) of the heart was approximated as a 2D truncated ellipsoid (Bankman 2009), of which the LV cavity was
41.8 mm along the major axis and 25 mm along the minor axis (see). We considered 9 different LV sizes with the
thickness along the minor axis a varying from 4.2 to 10.5 mm and the thickness along the major axis b changing
from 6 to 15 mm Fig.1, covering a wide range of values typically reported in the clinic for healthy volunteers (+2
standard deviations) (Kou et al. 2014) and for patients with cardiac amyloidosis (Petrescu et al. 2019). A LV shear
stiffness between 1 to 108 kPa and a shear viscosity between 6.3 to 6300 mPa-s was considered to mimic clinical
relevant values (Kanai 2009). Both material parameters are directly depending on the bulk shear wave speed (SWS)
in the k-Wave simulation toolbox, which was varied from 1 to 10 m/s in steps of 1 m/s to obtain the before
mentioned ranges of shear stiffness and viscosity. The mechanical wave excitation source was located at the base of

the LV (see Fig.1). Mitral valve closure (MVC) was modelled by imposing a transversal velocity (25 mm/s) as a band



filtered single sine cycle at 50 Hz (Arnott et al. 1984, Finel 2018; Vos et al. 2017), as visualized at the inlet of the LV

in Fig.1.
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Fig.1. Simulation geometry. The ellipsoidal shape represents the heart model, in which the different colours visualize
the 9 different LV sizes that were considered: the dimensions of the LV cavity did not change, but the cardiac
wall thickness altered according to the thickness variations as tabulated in the table on the right, with ‘@’ the
thickness along the ellipse major axis and ‘b’” the thickness along the ellipse minor axis. The blue region
represents the surrounding tissues modelled as water. The white vertical line of single pixels at the bottom
right is a wave source that mimics valve closure (i.e. band filtered single sine cycle at 50 Hz); whereas the
horizontal white line at the bottom is a single pixel line that consists of sensors recording data during the
simulation (M-mode line). The position of this sensor line shifts in the vertical direction to be located at the
middle of the cardiac wall depending on the chosen wall thickness. The M-line has a length of 35 mm for all

simulations.

A summary of the general parameters used for the simulation setup is presented in Table 1. A grid
optimization study in terms of computational time and accuracy was performed to select the optimal full field size
(91x91 mm) and grid spacing (0.25x0.25 mm). A perfectly matched layer (PML) of 20 grid points was modelled at the
edges of the grid to absorb any oscillations and avoid reflections. The time step in the k-Wave simulation was
automatically determined from the Courant-Friedrichs-Lewy number (CFL), prescribing the ratio of the distance a
wave can travel in one time step and the grid spacing. After optimization, a CFL value of 0.1 was chosen for better
accuracy while still fulfilling the k-Wave recommendation of CFL<0.3. A total of 90 simulations (9 geometries and 10
bulk shear wave propagation velocity values) were run on a Vlaams Supercomputer Center (VSC)-cluster with 2 Xeon

Gold 6140 CPUs@2.3 GHz and 18 cores (each 192 GB RAM).

Tissue motion data was collected along a straight line of sensors on the cardiac wall (see Fig.1) to create an
M-mode image (as done in clinical studies, e.g. (Petrescu et al. 2020). These sensors recorded tissue velocities at
every time instance of the simulation. The data was down sampled to a resolution of 16 ps afterwards. To
approximate a typical parasternal long axis Doppler recording, only the components of the recorded velocities that

are normal to the sensor line were considered. To get displacement and acceleration M-modes, the velocity data



was integrated and temporally derivated respectively. An example of the resulting M-mode images in displacement,

velocity and acceleration is shown in Fig.2.

Table 1 — Parameters used for simulations.

Thickness along major ellipse axis a [mm] 4.2-10.5
Thickness along minor ellipse axis b [mm] 6-15
Nx/Ny (full simulation field size) 364/364
PML size (at the edges additional to Nx/Ny) 20
Grid step size dx/dy [mm)] (same for all simulations) 0.25/0.25
CFL (same for all simulations) 0.1
dt [ns] (same for all simulations) 16
Downsampling after simulation dt [us] 16
Compressional speed [m/s] (tissue and blood) 1540
Transversal speed [m/s] 1-10
Blood density (close to water density) [kg/m”3] 1050
tissue density [kg/m*3] 1081
absorption coefficient for compression waves [dB/(MHz”*2 cm)] 1
absorption coefficient for shear waves [dB/(MHz*2 cm)] 1077
displacement velocity acceleration
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Fig.2. Illustrative simulated M-mode image showing the individually normalized tissue displacement, velocity and

acceleration of a model with b=6 mm and bulk shear wave speed (SWS) =1 m/s.

We considered two methods to estimate the WS from the tissue motion data, one in the TD and one in the
FD. The selected TD method is a typical time of flight method that characterizes mechanical wave position as a
function of time. In particular, the slope detection method (Santos et al. 2019) of the in-house developed SPEQLE
software was used on the M-mode recording, and this software has yet been used in various clinical studies (Cvijic
et al. 2020; Petrescu et al. 2019). The method consists of three steps: (i) smoothing the M-mode image with a kernel
of 11 elements in space (~2.2 mm) and 139 elements in time (~2.3 ms) (ii) tracking a wave over time using the cross-

correlation method and (iii) fitting a line and obtaining WS via the slope.



For the FD method, the region of interest in the M-mode was first zero-padded to obtain a matrix size that
is a power of two in each dimension to optimize computation time. The edges of the space-time acceleration data
were further interpolated using a sigmoid function (size adapted according to the region of interest) to reduce
windowing-related artefacts, and subsequently the 2D Fast Fourier transform was applied. The result is represented

in the wavenumber-frequency (k-f) FD. The group velocity Vy is defined as:

&

= (2)

b = w

with w the angular frequency and k the spatial frequency. Detecting the slope of the wave mode with the maximum

intensity on the k-f image then gives the group velocity:

v, = % (3)
with a the slope of the inclination angle. Therefore, the wave mode with maximum energy was tracked by obtaining
the wave number with maximum energy for every frequency. The tracked points with a magnitude in Fourier energy
larger than -12 dB of the maximum energy were then considered in a least-squares fit to determine a and

consecutively V; (Nightingale et al. 2015).

For each simulation, the group velocity was estimated with the TD M-mode slope detection and the FD k-f
image slope detection. This was done for displacement, velocity and acceleration data, resulting in 6 different WS

estimates for all 90 simulated cases.

To support and verify the findings from the simulations, the SWE data of 32 in vivo measurements were
considered (for this retrospective study all in vivo measurements were taken from KU Leuven database; human
participants gave informed consent prior to enrollment; the original studies were approved by the local ethical
committee with following numbers: S60439, S62685, P041/2019; more detailed information on the population is
described in Appendix B). The SPEQLE software used in in vivo clinical studies at our lab only allowed for analysis of
velocities and accelerations, thus only velocities and accelerations were examined in the TD and FD. As most of the
data sets were not normally distributed (according to the Shapiro-Wilk test), WS results of the different
methodologies applied to simulated and clinical data were compared using a Wilcoxon signed-rank test. A p-value
smaller than 0.05/9=0.006 was considered statistically significant for simulation data after applying Bonferroni

Correction for repeated comparisons.
Results

Fig.3 shows representative M-mode images in tissue velocity together with the estimated WS in the TD,
and Fig.4 represents the same cases in the FD with their WS estimates. As expected, both figures show that the
detected WS increased with stiffness (i.e. the bulk SWS definition in k-Wave) and wall thickness (i.e. b),
corresponding to what could be expected from the Lamb wave theory when assuming a zero-order antisymmetric
(AO) mode excitation because of the direction of the imposed load. For ellipsoidal LV model, the estimated group
WS was higher with the k-f image slope detection method than with the M-mode slope detection method (e.g. a LV
with a base thickness of 6 mm and a bulk SWS of 3 m/s yields 1.4 m/s in the TD and 2.8 m/s in the FD). The top right
panel of Fig.4 (b=15 mm and bulk SWS 1 m/s) illustrates two slopes, corresponding to the A0 and SO mode. Only the

WS value of the AO-mode was considered for further analysis. It can also be noted that a rippling effect appears in



the Fourier energies when bulk SWS increased (see Fig.4), due to a decreased time interval for the signal to be

observed (similar to a windowing effect).
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Fig.3. Simulated M-mode images (normalized tissue velocity data) for bulk SWS (shear wave speed) values of 1, 3

and 7 m/s and b (wall thickness) values of 6, 9.3 and 15 mm. The slope of the black line depicts the

measured WS.
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Fig.4. Frequency domain (FD) k-f images obtained from tissue velocity data, for bulk SWS (shear wave speed) values
of 1,3 and 7 m/s and b (wall thickness) values of 6, 9.3 and 15 mm. The white slope depicts the measured WS.

The two slopes present at the top right image for b=15 mm and bulk SWS 1 m/s correspond to the AO and SO

mode respectively.

The WS results from all simulations are summarized in Fig.5. There is a clear difference between WS values
measured in the FD and the TD with those measured in the FD being markedly larger, regardless of the type of
tissue motion considered. For example, for a LV thickness of 9.3 mm and a bulk speed of 3 m/s, the WS derived with

the FD method is 67% larger than the one estimated with the TD method, when considering tissue acceleration data.



Furthermore, in the TD, there was a clear difference for displacement, velocity and acceleration data with WS

estimates based on displacements being the lowest and those based on acceleration the highest (e.g. WS of 1.5 m/s,

1.7 m/s and 1.8 m/s for displacement, velocity and acceleration respectively in a LV model with a base thickness of

9.3 mm and a bulk SWS of 3 m/s).
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Fig.5. The estimated WS values for the three wall thickness values (b) and ten bulk SWS simulation setups. Error bars

represent the standard deviation of 5 measurements in case of the time domain (TD) methodology and the

standard deviation of the linear fit in case of the FD method.
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Fig.6. WS estimates made by 6 approaches on all 90 simulated data sets. All methods within TD and FD were

compared to each other and also the methods within TD and FD for one specific tissue motion signal. A

statistical significance level of 0.05/9 = 0.006 was considered after taking Bonferroni correction into account.

The above-mentioned trends for the three geometries are statistically significant as demonstrated in Fig.6.

The values extracted in the FD did not show a significant difference between displacement and velocity data

(p=0.97) and displacement and acceleration data (p=0.65); whereas a significant difference was found between



velocity and acceleration data (p=0.004). On the other hand, significant differences were observed for all estimation
methods in the TD with acceleration-based values being significantly higher and displacement-based values being

significantly lower.

For the clinical data, WS estimation in the FD showed poor performance (only 12 out of 32 could reliably be
estimated) compared to the TD methods (25 out of 32). Therefore, only the TD results are depicted in Fig.7.c
showing a significant difference (p = 0.004) between WS measured on the velocity and acceleration data
respectively. The mean of the relative difference between the propagation speeds estimated from tissue velocities

and accelerations was 10%, which is similar to the results obtained from our simulations (9%).

Discussion

In cardiac SWE, various approaches have been reported to characterise mechanical wave propagation using
tissue displacement, velocity or acceleration data in the time or frequency domain. However, as wave velocity
dispersion might be present during wave propagation, these six approaches do not necessarily result in the same
outcome. Therefore, we considered a simulation framework that provides access to the ground truth tissue
characteristics, to investigate the effect of geometry and material properties on the accuracy of these six commonly
used methodologies within cardiac SWE in a systematic way. The results showed that WS evaluation in the TD
yielded in general lower WS estimates than the Fourier-based analysis (see Fig.6) — especially for increased wall
thickness and stiffness as present in cardiac disease (for example hypertrophic cardiomyopathy) — and showed
significant differences in WS estimates in the TD for a different types of tissue motion (max. difference of 35% and

18% for displacement and velocity respectively compared to acceleration).
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Fig.7. in vivo data: a) example of an individual WS slope estimation based on acceleration data; b) example of an
individual WS slope estimation based on velocity data; c) the resulting WS values distribution made in 25

measurements (statistically significant p< 0.05).

This study is the first to systematically compare the results of time and frequency domain approaches for
various clinical relevant cardiac geometries and material properties, according to the best of the authors’ knowledge.
Some cardiac ARF-based SWE studies (Nenadic et al. 2018; Pislaru et al. 2014) involving in vivo animals did describe
the results of both the time and FD methods but these studies implemented the FD method differently: instead of

determining a group speed as described in equations (2) and (3), these studies assumed a Lamb wave propagation



with a specific rheological model after Fourier analysis to determine elasticity (and viscosity). The advantage of our
approach is that no model concerning mechanical wave or material properties needs to be assumed. However, we
assumed the group velocity to be linearly dependent on the frequency in equation (3), whereas in general this
dependency is nonlinear. Despite this limitation, the linear model fit well for the particular cases described in this
paper (maximum relative standard error of the estimated slopes was 17%). It should also be noted that the FD
approach becomes inadequate for tissue displacement data at high SW velocities for the larger thicknesses (bulk
SWS>6 m/s at b=15 mm). This is probably due to the smaller number of data points available for fitting the k-f slope
compared to velocity or acceleration data. This is especially true for natural waves, of which the frequency content
is typically low (<150 Hz). Therefore, displacement-based frequency domain analysis is not reliable. In general, all six
WS estimation approaches seemed to underestimate the actual stiffness — represented by the bulk SWS in k-Wave —
for all considered geometries and material properties (see Fig.5). However, the bulk SWS cannot be treated as the
reference speed by which the wave effectively travels in the considered LV model as it is affected by velocity
dispersion due to the cardiac morphology and viscoelastic material properties. The Fourier method is therefore the
benchmark method that determines the true SW speed, but the numerical accuracy of current simulation set-up of
a LV model is unknown. Therefore, to validate our simulation set-up we also simulated SW propagation in a plate
model with a thickness 8.5 mm and a bulk SWS of 3 m/s, where a theoretical solution is at hand. Figure 8a and b
illustrate the results in the FD of the simulated plate in comparison with the AO-mode of the analytical Lamb wave
model: the simulated dispersion curve fits the analytical Lamb dispersion curve well and the k-f image slope
detection method yields a wave speed of 2.7 m/s (underestimation of 10% compared to bulk SWS) for both
simulation and theory. The good correspondence between simulation and theory demonstrates the reliability of the
numerical settings of our simulations, confirming that the outcome of the FD method applied to the simulations is
accurate enough to be used as benchmark. It should however be noted that a few simulations yielded a WS
estimate in the FD larger than the bulk SWS (especially in LV models with large thickness and high stiffness, see Fig.5
and Fig.6), whereas this should be in theory lower than the plate velocity (95% of the bulk SWS). This can be
explained by the (k,f)-grid dependency of the accuracy of the WS estimation in the Fourier domain: the higher the
WS detected, the lower the slope and the more sensitive the slope estimation is to the (k,f)-grid size. The accuracy
can be improved by refining the spatial and/or temporal resolution of the simulations or zero padding the fast

Fourier transform, but this requires more memory and calculation time.

The TD method dramatically underestimated the true WS obtained with the FD method for natural
mechanical waves in the heart (see Fig.6). As demonstrated in Fig.8.c, the speed that we are measuring in the TD
rather corresponded to the phase velocity at the centre frequency of the pulse rather than the true group speed
derived from the Fourier analysis, mainly explaining the observed underestimation. An underestimation of the WS in
the TD method was also previously reported for ARF-induced waves in LV phantom experiments and simulations
(Caenen et al. 2017a) and arterial phantom experiments (Maksuti et al. 2016). Note however that the frequency
content of ARF-induced cardiac mechanical waves are in general higher than that of natural mechanical waves (up

to 500 Hz vs. 150 Hz (Kanai 2005; Sarvazyan et al. 2013; Vos et al. 2017)).
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Fig.8. WS estimation in the TD and FD using acceleration data in a simulated plate with a thickness of 8.5 mm and a
bulk SWS of 3 m/s in comparison to the zero-order antisymmetric mode (AO) of the Lamb wave theory. FD
images in wavenumber-frequency (k-f; panel a) and phase velocity-frequency (cp-f; panel b) show the
dispersion curve extracted from the simulation data (red circles) in combination with the dispersion curve
calculated from the Lamb wave model (green dots). Red and green lines in panel a yield the velocity estimate
(2.7 and 2.7 m/s) with the k-f slope detection method for the same frequency range for simulation and theory
respectively, demonstrating a solid match. The simulated acceleration data of the M-mode is depicted in panel
¢, illustrating the WS estimate in the TD (1.9 m/s). The WS estimate in the TD corresponds to the phase speed

of 1.85 m/s at the centre frequency of the shear wave (90 Hz).

The use of different types of tissue motion signals (displacement, velocity and acceleration) in the WS
analysis showed statistical differences between the WS estimates in the TD and in the FD (only between velocity and
acceleration), as illustrated in Fig.6. Also, there was a clear trend noticeable: WS estimates from tissue acceleration
data were higher than that from tissue velocity data, which was again higher than that from tissue displacement
data (median values of 1.98 m/s, 2.34 m/s and 2.62 m/s for displacement, velocity and acceleration in Fig.6). This
trend is expected as phase speed is expected to increase with frequency (as stated by the A0 Lamb wave model
(Rose 2014)), and taking the derivative in the TD means multiplying with frequency in the FD, which indicates that
the larger phase velocities at higher frequency are weighted more heavily for the acceleration data compared to the
velocity and displacement data. These observations are in line with previous work in three in vivo pigs (Keijzer et al.
2018) demonstrating a higher propagation speed for acceleration than velocity panels for 12 SWE measurements
after aortic valve closure (median speed of 5.8 m/s vs. 5.1 m/s). Additionally, similar trends were found by Rouze et
al. (Rouze et al. 2018) in bulky viscoelastic phantoms, in which phase speed also increased as a function of frequency,
even though the origin of dispersion was solely due to viscoelasticity. Furthermore, the difference between WS
estimates based on different types of motion signals in the TD got larger when bulk SWS and thickness increased
(see Fig.5). WS estimation based on tissue acceleration yields thus the smallest underestimation of the true speed.
Furthermore, it gives the largest sensitivity (detection range of 0.9-3.8 m/s, 0.9-4 m/s and 0.9-4.4 m/s for

displacement, velocity and acceleration for all considered material properties in Fig.5).

Frequency analysis is the preferred way of characterizing wave propagation in cardiac SWE from a
theoretical point of view, but its clinical applicability is still questionable as the Fourier domain of in vivo cardiac SWE
data has typically a poor resolution (conventionally a time resolution of min. 0.75 ms within an observed time

window of 40 ms and a space resolution of minimal 0.3 mm within a field of view of 30-120 mm for a parasternal



long axis view of the interventricular septum, it should however be noted that in vivo SWE data are typically up-
sampled with a factor 10-50 in time to increase the time resolution of the wave speed estimator, resulting in a
similar time resolution for simulations and experiments). The feasibility of the FD analysis might be improved by
using an S-transform instead of FFT, as recently shown in application to liver (Kijanka and Urban 2021), but this
should be investigated for cardiac SWE. Most research on cardiac SWE has thus far focused on the TD methods for
wave characterization. These considerations are in line with our observations of the human SWE data: WS
estimation in the FD was successful in only 12 out of 32 cases, whereas TD analysis showed a better feasibility (25
out of 32). Due to the low success rate of the FD method, this method was refrained from further comparison. A
Wilcoxon signed-rank test for WS estimates based on velocity and acceleration data in the TD demonstrated a
significant difference (p = 0.004), with a relative difference in WS of 10%. This is in line with the observed difference
in the simulation data (9%). This difference in propagation speed should be taken into account when comparing

various clinical studies and when setting cut-off values for diagnosis.

Even though our simulations provided the advantage of access to the full control of the true tissue
mechanical properties, there are some limitations inherently linked to the simulation framework. First, the
myocardium was modelled as a linear viscoelastic isotropic media, whereas it is generally known that material
nonlinearity and anisotropy can also affect wave propagation (Bezy et al. 2021; Caenen et al. 2017b; Couade et al.
2011; E.M.Lifshitz 1970). Second, even though the theoretical validation of the plate model in Fig.8 showed the
accuracy of our selected numerical settings, a true experimental validation of wave propagation in a LV model is

missing.

Conclusions

This work numerically studied the accuracy of cardiac SWE analysis methods to characterize wave
propagation in the TD and FD by using tissue displacement, velocity and acceleration for various cardiac
morphologies and material properties. Ideally, FD methods are used for wave propagation characterization, but this
can be challenging in vivo because of the limited temporal and spatial resolution and image quality. Significantly
lower propagation speeds were obtained for the TD methods compared to the true wave speed as obtained by the
FD method, especially for thick and stiff myocardium (as in cardiac disease). WS underestimation was however the
smallest when using tissue acceleration data, and is therefore the preferred way for characterizing wave
propagation in the TD. Results showed that care should be taken when comparing the outcomes of cardiac SWE

studies using a different wave characterization method and/or type of tissue motion in their data analysis.
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Appendix A: Literature overview of different mechanical wave characterization methods reported

in cardiac SWE

An overview of various analysis methods reported in literature for the cardiac SWE summarized in Table .

Table A.1 — Overview of reported analysis methods and resulting shear wave speed in healthy controls in cardiac

SWE (this table does not give a comprehensive overview all cardiac SWE studies, but to summarizes studies

that show differences in analysis approaches). In this table, MVC is classified as diastole and AVC as systole

even though this is not necessarily true. The type of tissue motion is indicated with ‘U’ for displacements, ‘v’

for velocities and ‘a’ for accelerations (HV — healthy volunteer; IVS —interventricular septum; LV — left

ventricle; LVFW - left ventricular free wall; PLAX — parasternal long-axis; APAC — apical four chamber; PSAX —

parasternal short-axis; MVC — mitral valve closure; AVC — aortic valve closure; ARF — acoustic radiation force).

o Analysed | Wave propagation Result for healthy controls
Excitation Reported Ref
Subject | Region View particle | characterization
type SWE . end-metric Diastole Systole
motion method
Canine (Bouchard
LVFW | open chest ARF u Time & frequency speed 0.78 m/s 1.97 m/s
(n=2) et al. 2011)
2.01m/s 4.63 m/s
Pigs mechanical speed/shear (Urban et
LV | open chest u frequency 1.81+0.80 21.14+7.72
(n=8) actuator modulus al. 2013)
kPa kPa
Pigs (Vos et al.
IVS PLAX MVC/AVC \ Time speed 0.8—-3.2m/s| 1.4-6.3m/s
(n=22) 2017)
shear
HV 24 — 40 kPa (Kanai
IVS PLAX AVC v frequency modulus and
= (n=5) 70-400 Pa's 2005)
E viscosity
C
< 1.45+0.32
open
Sheep speed/shear m/s 4.8+1.4m/s | (Couade et
Lv chest; long ARF v Time
(n=10) modulus 2.17+09 |[249+11kPa | al.2011)
axis
kPa
shear
Pigs mechanical 1.8+0.7 kPa 23+ 7 kPa (Pislaru et
LV | open chest u Time modulus and
(n=10) actuator 2.5+06Pas| 50+3.6Pas al. 2014)
viscosity
Rat isolated shear (Pernot et
LV ARF \ Time 1.7+0.8kPa | 8.6+0.7 kPa
(n=6) heart modulus al. 2011)
HV 4.04+0.96 (Cvijic et al.
VS PLAX MVC a Time speed
(n=26) m/s 2020)
HV (Strachinaru
IVS PLAX AVC Y Time speed 3.6+0.4 m/s
(n=10) et al. 2020)
HV 3.25-6.50 3.00-4.66 | (Strachinaru
= VS PLAX MVC/AVC v Time speed
c (n=45) m/s m/s et al. 2019)
>
+ HV 541#1.25 | (Brekke et
IVS AP4C AVC a Time speed
(n=10) m/s al. 2014)
4.47+1.68
HV shear (Villemain
IVS PSAX ARF \Y Time kPa
(n=60) modulus et al. 2019)
(~2.03 m/s)




(Strachinaru

HV
VS PLAX AVC Time speed 3.00 m/s et al.
(n=1)
2017b)
HV PLAX & 5.1240.61 (Salles et al.
LV MVC/AVC Time speed
(n=1) AP4C m/s 2019)




Appendix B: Describing the study population of the in vivo shear wave elastography measurements

This study describes in essence a methodology testing, so therefore the origin of the SWE data is irrelevant
and consequently SWE measurements were randomly selected from the KU Leuven database to represent a wide

range of SW speeds. The SWE data originated from the following three ongoing studies at the KU Leuven:

e healthy volunteers and patients that underwent a bicycle exercise stress test, with shear wave
measurements at rest and during exercise (approved by the local ethical committee S60439).

e patients undergoing haemodialysis, with shear wave measurements taken before the start of
haemodialysis (approved by the local ethical committee S62685).

e pigs with shear wave measurements at baseline, loading alterations (preload increase/decrease and
afterload increase) and after the induction of an ischemia/reperfusion injury (approved by the Ethical

Committee for Animal Experiments of KU Leuven P041/2019).

An overview of the structure of the in vivo shear wave data is presented in Table B.1.

Table B.1 — Structure of the study populations of the in vivo shear wave data used for analysis.

all measurements (32 measurements; 23 subjects)

humans (13 subjects)

pigs (10 subjects) healthy volunteers (7 subjects) patients (6 subjects)
state measurements state measurements state measurements

baseline 7 baseline 5 baseline 6
infarct 3 bicycle exercise 2 bicycle exercise 1
receiving dobutamine 3
afterload increase 2
preload decrease 2
preload increase 1
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