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Background: Myocardial diastolic function assessment in children by conventional echocardiography is chal-
lenging. High—frame rate echocardiography facilitates the assessment of myocardial stiffness, a key factor in
diastolic function, by measuring the propagation velocities of myocardial shear waves (SWs). However, normal
values of natural SWs in children are currently lacking. The aim of this study was to explore the behavior of
natural SWs among children and adolescents, their reproducibility, and the factors affecting SW velocities
from childhood into adulthood.

Methods: One hundred six healthy children (2-18 years of age) and 62 adults (19-80 years of age) were re-
cruited. High—frame rate images were acquired using a modified commercial scanner. An anatomic M-
mode line was drawn along the ventricular septum, and propagation velocities of natural SWs after mitral valve
closure were measured in the tissue acceleration-coded M-mode display.

Results: Throughout life, SW velocities after mitral valve closure exhibited pronounced age dependency
(r=0.73; P < .001). Among the pediatric population, SW velocities correlated significantly with measures of
cardiac geometry (septal thickness and left ventricular end-diastolic dimension), local hemodynamics (systolic
blood pressure), and echocardiographic parameters of systolic and diastolic function (global longitudinal
strain, mitral E/e’ ratio, isovolumic relaxation time, and mitral deceleration time) (P < .001). In a multivariate
analysis including all these factors, the predictors of SW velocities were age, mitral E/e’, and global longitudinal
strain (r = 0.81).

Conclusions: Natural myocardial SW velocities in children can be detected and measured. SW velocities
showed significant dependence on age and diastolic function. Natural SWs could be a promising additive
tool for the assessment of diastolic function among children. (J Am Soc Echocardiogr 2024;l: 1l -H.)

Keywords: Natural shear waves, Echocardiography, High frame rate, Myocardial stiffness, Pediatric diastolic
function

Diastolic function assessment in a pediatric population with diverse
cardiac problems, whether congenital or acquired, is crucial for under-
standing symptoms and guiding treatment.' Diastolic dysfunction
could be the earliest pathologic change in symptomatic children

despite normal systolic heart function. Therefore, a thorough assess-
ment of diastolic function in children holds prognostic implications.”
Nevertheless, current echocardiographic parameters are limited by
variations in cardiac geometry (heart size) and hemodynamics (heart
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Central lllustration (A) Factors affecting the behavior of natural SWs in the pediatric population. (B) SW velocities as a function of
age. A logarithmic regression model with its 95% CI was fitted to the data, taking the heteroscedasticity of the data into account
for the error model. The Pearson correlation coefficient (r) was calculated to quantify the strength and direction of the relationship
between SW velocities and age. ECG, Electrocardiogram; /VCT, isovolumic contraction time.
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Abbreviations

ARF = Acoustic radiation
force

DT = Deceleration time

GLS = Global longitudinal
strain

HFR = High-frame rate

ICC = Intraclass correlation
coefficient

IVRT = Isovolumic relaxation
time

IVS = Interventricular septum

rate and loading conditions) dur-
ing childhood,' leading to a
broad range of normal values
that might not effectively identify
diastolic dysfunction.’

Cardiac diastole is a complex
process that incorporates the
interplay between active
myocardial relaxation, left ven-
tricular (LV) diastolic recoil, and
passive  myocardial  stiffness
(MS). These three determinants,
modulated by LV geometry and
loading conditions, determine
the filling pressure of the LV,

which in turn is used as clinical
surrogate of diastolic function.
LV filling pressures can be
approximated by conventional
echocardiography, but the
approach has a wide error range
and often detects only later
stages of disease reliably.’
Importantly, these approxima-
tions have never been validated
in children. Therefore, the adop-
tion of a more precise, clinically
feasible, noninvasive tool
capable of identifying diastolic
dysfunction is desirable. This is of particular importance in pediatric
cardiac diseases, in which changes in MS are a hallmark pathologic
finding (e.g., hypertrophic cardiomyopathy and post-Fontan pallia-
tion).®”

Recently, measuring the propagation velocity of shear waves (SWs)
in the myocardium has been proposed for the assessment of MS, one
of the key components of diastolic function.® Nonetheless, conven-
tional echocardiography has insufficient temporal resolution for
tracking such short-lived fast-motion events.” Recent developments
in transducer design and processing power, however, allow
diverging-wave imaging at up to 5,000 frames/sec, which is sufficient
for capturing myocardial SWs.""'? High—frame rate (HFR) imaging—
based SW elastography (SWE) could therefore become a technically
feasible innovative tool for the direct assessment of MS.'""1

Myocardial SWs can be either externally induced by a strong ultra-
sound pulse (acoustic radiation force [ARFI) or naturally induced
through a mechanical event (e.g., mitral valve closure [IMVC]).
Then, they propagate through the myocardium at a velocity that is
directly linked to MS."" ARF-induced waves have a high frequency
content and low amplitude, and they decay rapidly, which makes
their detection and speed estimation challenging even in an echo-
genic pediatric population. Natural waves have a lower frequency
content and higher amplitude, and they attenuate less during propa-
gation. This improves feasibility for SW detection and the accuracy of
wave speed estimates.'"">'* The timing of natural wave measure-
ments is, however, restricted to the valve closure events (i.e., the
beginning of the respective isovolumic intervals).'*'>

Natural SWE-derived MS has been validated in phantoms, animals,
and humans'®'” and shown to provide clinically useful information in
pathology in adults.'®?! SW elastographic studies in children have so
far been focused mainly on the behavior of ARF-induced SWs®** and
have reported a linear correlation between SW velocities at end-

LV = Left ventricular

LVEDD = Left ventricular
end-diastolic diameter

MS = Myocardial stiffness
MVC = Mitral valve closure

SBP = Systolic blood
pressure

SW = Shear wave

SWE = Shear wave
elastography

Youssef et al 3

diastole with age and the geometric characteristics of the left
ventricle.”> Reports of normal values of natural SWs in children, how-
ever, remain scarce, and systematic data about their changes during
childhood and adolescence are lacking.'>*>>*

In our study, we explored natural SW velocities in a large group of
children and adolescents with the aim of developing a normal refer-
ence range from childhood into adulthood as a step toward imple-
menting this novel parameter in clinical practice. We also aimed to
determine the variability of our measurements and to explore the fac-
tors that might influence SW velocity estimates in the growing hearts.
For the latter aim, we compared both clinical data and results from
computer modeling.

METHODS

Study Population

This was a single-center observational study conducted at the
University Hospitals Leuven in Belgium. One hundred eight healthy
volunteers 2 to 18 years of age were recruited through a public
announcement. To explore the behavior of natural SWs with aging
in adulthood, collected SW elastographic data were compared with
acquisitions from 62 healthy adults 19 to 80 years of age. Some of
the adult volunteers participated during this study, whereas others
were recruited by Petrescu et al.'” in the context of a previous study.
All data sets were analyzed by the same reader (A.Y.). Exclusion
criteria were a history of cardiac abnormalities, a history of previous
cardiac disease or cardiac risk factors (e.g., hypertension, diabetes),
conduction abnormalities or arrhythmias other than occasional pre-
mature beats, and a history of previous systemic treatment with a po-
tential effect on the heart (e.g., chemotherapy). Furthermore, patients
with pathologic findings on conventional echocardiography or poor
echogenicity were excluded.

All healthy volunteers underwent both conventional transthoracic
echocardiography and HFR imaging for SWE. This study was
approved by the ethics committee of the University Hospitals
Leuven. Written informed consent was obtained from all participants
12 years and older as well as from the parents of all participants
younger than 18 years.

Conventional Echocardiography

Conventional echocardiography was performed using an E95
scanner (GE Vingmed Ultrasound) equipped with a phased-array ul-
trasound probe (M5S-D). Parasternal and apical standard views as
well as spectral and color Doppler data were acquired and stored
as raw Digital Imaging and Communications in Medicine data.
Offline analysis was performed using EchoPAC PC version 204
(GE Vingmed Ultrasound). We measured conventional parameters
of LV morphology and systolic and diastolic function (LV dimen-
sions, LV biplane ejection fraction, mitral annular velocity, and tissue
Doppler parameters) as well as the average global longitudinal strain
(GLS) from three planes (apical four-, two-, and three-chamber
views). Z scores and percentiles were calculated where appro-
priate.*®

HFR Imaging

HFR image data were recorded using the same aforemen-
tioned scanner and the same probe after switching the operating
mode from conventional scanning to diverging-wave imaging, in
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HIGHLIGHTS

e Easy detection and trackability of pediatric cardiac natural SWs
are demonstrated.

e Natural SWs showed clear dependence on age, implying
increasing MS.

o Age-specific reference vales for SWs are needed when assess-
ing MS.

e SWs correlate well with parameters used to assess diastolic
function in children.

which one echo impulse generates one image instead of one im-
age line."® Coherent compounding of four diverging-wave im-
ages resulted in an average frame rate of 1,295 = 164 frames/
sec. We acquired parasternal long-axis images for 3 sec. Raw
data were digitally stored for further offline beamforming and
reconstruction. Doppler processing was used to obtain tissue ac-
celeration.

The timing of MVC was determined by visual assessment of valve
closure or, if needed, on the basis of time-aligned pulsed-wave
Doppler tracing. Then, an anatomic M-mode line was drawn from
the base toward the apex along the midline of the interventricular
septum (IVS) around the time of MVC. The M-mode display was co-
lor coded for tissue acceleration so that the propagation of SWs from
base to apex became visible as a tilted green band, the slope of which
was measured semiautomatically. For this, the clinician identified the
approximate position of the wave of interest (the first wave immedi-
ately after MVC) with a mouse click, and then the slope of the wave
was calculated as best fit to the automatically detected first accelera-
tion nadir (Figure 1). The result was visually checked and manually
adjusted, if needed.

All HFR image postprocessing and analysis were performed using
in-house-developed MATLAB-based (The MathWorks) software
(SPEQLE). A detailed description of data acquisition, processing,
and SW analysis has been previously provided."'®
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All SW velocity measurements were repeated three times by the
same reader (A.Y.) and averaged. Measurement variability was evalu-
ated at four levels:

e slope estimation reproducibility, in which the SW slope was reeval-
uated on the same anatomic M-mode line of the same image acqui-
sition by the same observer (A.Y.);

e intraobserver variability, in which the same observer drew a new
M-mode line on the same image acquisition and measured the
slope of the SW;

e interobserver variability, in which another observer (L.W.), blinded
to previous results, repeated drawing the M-mode line and
measuring SW slopes in the same image acquisition; and

e test-retest variability, in which two subsequent image acquisitions, taken
during the same examination without any modifications in image set-
tings, were analyzed for SW velocities by the same observer.

Simulation Model for SW Propagation in the Heart

To study the potential effects of geometric changes of a growing heart,
we evaluated SW propagation velocities in relation to wall thickness in a
theoretical wave propagation model. In the model, the myocardial wall
was approximated as a linear elastic plate loaded with fluids on both sides
(Lamb wave model’>*’). As no exact analytic solutions are available, a
discrete numeric solution was calculated using MATLAB R2023a. We
focused on the first-order antisymmetric wave mode, which is the domi-
nant wave mode with shear motion at low frequencies, similar to natural
SWs. Plate stiffness was set to 350 kPa in the model to obtain a wave prop-
agation speed of 3.2 m/sec at a wave frequency of 50 Hz, which has been
reported as the dominant frequency of SWs after MVC?®in healthy vol-
unteers with a wall thickness of 10 mm.'® To study the effect of wall thick-
ness on propagation speed, the wall thickness was varied from 0.5 to
20 mm (Figure 2A).

Statistical Analysis

First, data normality was checked using the Shapiro-Wilk test.
Continuous data are presented as mean * SD, and categorial data

)  Shear wave analysis |

[ Shear wave imaging & propagation
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Figure 1 SW imaging and processing. On the B-mode image, an anatomic M-mode line is drawn along the septum (left). Tissue
Doppler acceleration shows a SW propagating from base to apex (indicated by white arrows at two time points, t1 and t2). In the
M-mode image, the SW becomes visible as a tilted green band starting after MVC (red dot). The clinician identifies the wave of interest
by a mouse click (black dot), and its slope (black/yellow dotted line), representing the propagation velocity (v), is then determined
automatically. The highlighted portion of the electrocardiogram (ECG) corresponds to the time interval displayed in the M-mode im-
age, and the red dot represents the onset of the SW on the ECG. LV, Left ventricle; MV, mitral valve.
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Age Simulated Wall 5 wall Thickness SW speed
Iyears] Thickness [mm]  "redicted Speed [m/s] [mm] [m/s]

Min 2-18 a 19 a0 21

Mean 26 5 22 45 23

Mean 7-12 6 24 5.5 27

Mean 13-18 7 26 7.0 3.0

Max 2-18 10 3.2 10.0 35

Figure 2 Modeling of SW velocities in a fluid-loaded plate: Lamb
wave theory. (A) Our theoretical wave propagation model showed
aclearincrease in SW propagation speed at 50 Hz (the dominant fre-
quency of SWs after MVC) when the wall thickness increases, as
observed in our in vivo study. (B) Model results were compared
with observed wall thicknesses and respective SW velocities in
our group of young healthy volunteers. In the model, the myocardial
wall was approximated as a linear elastic plate loaded with fluids on
both sides. Plate stiffness was set to 350 kPa. We focused on a wave
frequency of 50 Hz, which is the dominant frequency of SWs after
MVC. Max, Maximum; min, minimum.

are reported as frequencies and percentages. A univariate linear
regression model was used. Pearson correlation coefficients were
calculated to identify the pairwise correlations between SW velocity
and demographic variables (e.g., age), clinical data (e.g., systolic blood
pressure [SBPI, diastolic blood pressure), echocardiographic parame-
ters (e.g., IVS thickness, LV end-diastolic diameter [LVEDD], LV end-
diastolic volume), and conventional echocardiographic parameters
of diastolic function (e.g., mitral E/e’ ratio, isovolumic relaxation
time [IVRT], and deceleration time [DT]).

Subsequently, all significant variables were included in a back-
ward multivariate linear regression model to identify the potential
predictors of natural SW velocities. Analysis of variance was con-
ducted using F statistics and P values to assess how well the regres-
sion model fit the data. To control for the number of covariates, a
Pvalue =.10 was set as the threshold for removal. Collinearity diag-
nostics were performed and Z scores were used when needed. After
that, a curve estimation was performed in which the logarithmic
regression model was the best-fit model for the relationship between
age and SW velocities.

Finally, slope estimation, intraobserver, interobserver (between the
two observers, A.Y. and L.W.), and test-retest variabilities were evalu-
ated in 25 randomly selected young healthy volunteers using the in-
traclass correlation coefficient (ICC; two-way mixed model, absolute
agreement between single measures). Moreover, Bland-Altman anal-
ysis was performed to assess reproducibility. All statistical analyses
were done in SPSS version 24.0 (IBM), and a two-sided P value of
.05 was considered the cutoff of statistical significance for all tests.
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Table 1 Demographic and echocardiographic parameters at
baseline and admission

Young HV group  Adult HV group

Parameter (n =106) (n=62) P
Demographic data

Age,y 10+4 37 =15 <.001
Sex, male/female 57/49 39/23 .249*
Weight, kg 38.7 +18.7 73.3+125 <.001
Height, m 1.43 = 0.25 1.77 = 10.48 <.001
BSA, m? 1.24 £ 04 1.89 = 0.21 <.001
BMI, kg/m? 17.7 = 3.4 232+ 27 <.001
Heart rate, beats/min 75 =11 63 = 11 <.001
Systolic BP, mm Hg 111 £ 12 122 £ 12 <.001
Systolic BP, 73 + 22

percentile
Diastolic BP, mm Hg 62 =8 71 10 <.001
Diastolic BP, 54 + 24

percentile

Echocardiographic parameters

IVSd, mm 61 9+2 <.001
IVSd, Z score -0.48 = 0.91
LVESD, mm 27+ 4 313 <.001
LVEDD, mm 41 +6 47 + 5 <.001
LVEDD, Z score —0.29 + 0.83
LVESV, mL 24 + 11 40 =+ 9 <.001
LVEDV, mL 63 = 26 104 = 22 <.001
LVEDV, Z score —1.26 = 0.87
LVEF, % (Simpson) 63 = 2 63 = 4 794
LVFS, % (M-mode) 344 +26 34.9 £4.5 .554
MV E wave, cm/sec 92 + 11 77 =15 <.001
MV A wave, cm/sec 41+ 8 47 = 14 <.001
MV E/A ratio 23*+04 1.8 0.7 <.001
E/€’ ratio, average 5.8+ 0.5 58 *+1.6 919
E-wave DT, msec 182.2 £+ 295 198.9 * 40.2 .007
IVRT, msec 63.9 + 9.1 72.4 +13.8 <.001
GLS, % —21.4 1.2 —204 £1.7 <.001
SW velocity at MVC, 28 +0.3 3.5+0.7 <.001

m/sec

BMI, Body mass index; BP, blood pressure; BSA, body surface area;
HV, healthy volunteer; IVSd, IVS diameter; LVEDV, LV end-diastolic
volume; LVEF, LV ejection fraction; LVESD, LV end-systolic diam-
eter; LVFS, LV fractional shortening; MV, mitral valve.

Data are expressed mean * SD or as numbers. P values were calcu-
lated using independent-samples t tests.

*P value calculated using the x2 test.

RESULTS

Population Characteristics

Demographic and echocardiographic characteristics of our study
population are summarized in Table |. Among the 108 children
and adolescents who were screened, two children were excluded
(one was found to have fibroelastoma with mild aortic insufficiency,
and the other had a depressed ejection fraction). A total of 106
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healthy children and adolescents were eligible for analysis, with 22
children 2 to 6 years of age, 49 children 7 to 12 years of age, and 35
adolescents 13 to 18 years of age. We had 45 adult volunteers 19 to
40 years of age, nine 41 to 60 years of age, and eight 60 to 80 years
of age.

Myocardial SWs in Children and Adolescents

In all young volunteers (=18 years), natural SW propagation was
easily detected and tracked along the IVS immediately after MVC
from the base toward the apex. The mean propagation velocity of
SWs across the IVS in the parasternal long-axis view was found to
be 2.8 = 0.3 m/sec (Table 1).

SW velocities correlated with demographic and echocardiographic
parameters, as described in Table 2. We found a strong positive corre-
lation with age (r=0.75, P<.001; Figure 3A), a moderate correlation
with SBP (r=0.54, P<.001; Figure 4A), and a weak but significant
correlation with GLS (r=0.33, P=.001; Figure 4B), as well as with
septal thickness (r=0.49, P<.001; Figure 5A), and a moderate cor-
relation with LVEDD (r=0.62, P < .001; Figure 5B). Moderate cor-
relations were also noted between SW velocities and conventional
echocardiographic parameters of diastolic function—E-wave DT
(r=0.58, P < .001; Figure 6A) and mitral E/e’ ratio (r = 0.63,
P<.001; Figure 6B)—and a weak but significant correlation was found
with IVRT (r = 0.48, P < .001; Figure 6C). Adjusting echocardio-
graphic parameters using Z scores provided no significant correlations
with SW velocities (P> .05 for all).

In a multivariate linear regression model (Table 2) age, mitral E/¢
ratio, and GLS remained the only predictors of SW velocities after ad-
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justing for hemodynamic (heart rate and SBP) and geometric (IVS
thickness and LVEDD) parameters (r = 0.81).

Myocardial SW Findings in Adults Compared With Children

The mean SW velocity after MVC was significantly lower among
healthy children and adolescents compared with adult volunteers
(2.8 203 vs3.4 + 0.8 P<.001; Table 1). Combining measurements
from both groups (all healthy volunteers 2-80 years of age), a strong
positive correlation between SW velocities and age was found, persist-
ing throughout life (r=0.73, P<.001; Figure 3B).

Modeling of SW Velocities

Our theoretical wave propagation model predicted an increase in SW
propagation speed with increasing wall thickness, despite constant
material properties. For wall thicknesses of 5, 6, and 7 mm, the pre-
dicted SW propagation velocities were 2.2, 2.4, and 2.6 m/sec,
respectively. The predicted speeds correspond very well with those
observed in the age groups of 2to 6, 7 to 12, and 13 to 18 years, which
had comparable wall thicknesses. Furthermore, wall thicknesses of 4
and 10 mm were modeled and compared, which corresponded to the
minimum and maximum values observed in the young volunteers
(Figure 2B).

Feasibility and Reproducibility of SW Velocity
Measurements

SWE was highly feasible in children and adolescents, so that SW
velocities could be measured in all participants (100%). We

Table 2 Predictors of SW velocities among children and adolescents using univariate and multivariate analysis (n = 106)

SW velocities after MVC
Univariate Multivariate Collinearity diagnostics
Variable r P B8 P Tolerance VIF

Age 0.75 <.001 0.641 <.001 0.592 1.690
BSA 0.67 <.001
BMI 0.41 <.001
SBP 0.54 <.001
HR —0.24 .012
Echocardiographic parameters

Septal thickness 0.49 <.001

LVEDD 0.62 <.001

LVEDV 0.59 <.001

LVEF (biplane —0.24 .012

Simpson)

LVFS (M-mode) 0.08 423

GLS 0.33 .001 0.138 .041 0.784 1.276

E-wave DT 0.58 <.001

E/e’ ratio 0.63 <.001 0.297 <.001 0.804 1.244

IVRT 0.48 <.001

BMI, Body mass index; BSA, body surface area; IVSd, IVS diameter; LVEDV, LV diastolic volume; LVEF, LV ejection fraction; LVFS, LV fractional

shortening; SBP, systolic blood pressure; VIF, variance inflation factor.

In the univariate analysis, parameters in bold correlates significantly with SW velocities in children (P < .05). In the multivariate analysis, parameters

in bold are significant predictors for SW velocities (P < .05).
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Figure 3 SW velocities and age. Correlation between velocities of natural SWs after MVC and age in (A) children and adolescents only
(n = 106) and among (B) all healthy volunteers (children, adolescents, and adults [n = 168]). SW velocities show a significant strong
positive dependence on age (P < .001). This increase was observed to be particularly steep in the first decade, while the curve flat-

tened during adolescence and adulthood.

found a good to moderate slope estimator, intraobserver repro-
ducibility, and test-retest reproducibility of our SW velocity esti-
mates (ICC = 0.95 [95% CI, 0.90-0.971, ICC = 0.92 [95%
Cl, 0.84-0.961, and ICC = 0.83 [95% ClI, 0.70-0.911, respec-
tively). The interobserver variability —was  acceptable
(ICC = 0.84; 95% CI, 0.70-0.92). Respective Bland-Altman plots
are shown in Figure 7.
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DISCUSSION

The results of this study showed that the assessment of MS by means
of HFR echocardiography—based measurements of propagation ve-
locities of natural myocardial SWs after MVC in children and adoles-
cents is feasible. Throughout the life span, natural SW velocities
showed a clear dependence on age, verifying the need for age-
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Figure 5 SW velocities and cardiac geometry. A weak positive correlation between SW velocities after MVC and IVS thickness was
found among healthy children and adolescents (A), and a moderate positive correlation was found with LVEDD (B).

specific reference values. In addition, natural SW velocities correlated
well with conventional parameters used to assess diastolic function.
Modeling suggests that the particular increase in SW speed at a young
age is due in part to the growth of the heart. To our knowledge, this is
the first larger study to show the behavior of natural SW velocities
from childhood into elderly and to provide a normal reference range
for children (Central Illustration).

Induced vs Natural SWs

Echocardiographic SWE is a novel technique for the noninvasive assess-
ment of MS5!"32% So far, only externally induced SW have been
explored in children,”>** while the behavior of natural SW velocities

has not yet been reported. In our study, natural SW velocities among
healthy children and adolescents were higher than the externally induced
SW that were explored by Malik et al>* using ARE This might be because
the externally induced SWs were measured strictly at end-diastole, depict-
ing myocardial properties in a fully relaxed state, while the natural SWs are
measured after MVC (i.e,, at the beginning of the isovolumic contraction
phase), when MS s already rising because of active contraction.'"*!°
Furthermore, the difference in excitation source (ARF vs valve closure)
leads to distinct physical characteristics (e.g.,, wavelength and frequency)
that play a significant role in how these waves interact with cardiac geom-
etry affecting their propagation speed. Thereby, this could explain the var-
jations between both waves velocities despite the consistent MS.'"'*
However, when ARF-induced SW velocities were measured during the
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5 51 5 -
7 ) -
S~ S~ ~~
E E £
() 4 o o
sS4 >4 g4
= = =
ol = rel
2 2 &
© 3 1 w3 53
38 k4 2
B =} 2
82 PR 82
g g >
% r=0.58 % r=0.63 g r=0.48
g, P <.001 214 P <.001 21 P <.001
§ y =0.0061x + 1.6596 § y = 0.3535x + 0.7175 © y =0.0164x + 1.722
5 & &
0 +—— ———————— (] — —————— 0 —_——
40 80 120 160 200 240 280 4 5 6 7 8 20 40 60 80 100
E-wave DT [ms] E/e’ IVRT [ms]

Figure 6 SW velocities and conventional parameters of diastolic function. (A-C) Conventional echocardiographic parameters for the
assessment of diastolic function correlate significantly with natural SW velocities measured after MVC (P < .001).
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Figure 7 Bland-Altman plots for the reproducibility of SW velocity measurements. Variability of SW velocity measurements after MVC
in children. Slope estimation and intraobserver and test-retest variability were assessed by A.Y. Interobserver variability was

compared between A.Y. and L.W.

same time interval as for natural SWs (e.g.,, IVRT), Malik et al."® found no
statistically significant difference between both SW velocities among 20
healthy children.

Myocardial SW Velocities From Childhood Into Adulthood

SW velocities at MVC showed a clear dependency on age during
childhood (Figure 3A) and adult life (Figure 3B), reflecting the natural
evolution of MS with age. Our findings are in agreement with previ-
ous studies by Song et al,”> who observed lower speeds of ARF-
induced SWs among children compared with adults. Similar findings
with ARF-induced SWs in healthy children and young adults (aged
1 month to 45 years) were reported by Malik et al>* and from a
purely adult population (20-80 years of age) by Villemain et al.*°
These findings might reflect changes in MS due to a changing compo-
sition of extracellular matrix (changing ratio of collagen type | to
collagen type III>'*?) that gets gradually stiffer with age.*

Interestingly, our data revealed a strong positive logarithmic rela-
tionship between SW velocities and age, with a particularly steep in-
crease in the first decade of life (Figure 3B). This might be explained
by the rapid growth with significant increase in heart size and thick-
ness during childhood.>**> This adaptation occurs in response to
the increased metabolic demands and hemodynamic changes, which
cause a gradual stiffening of the cardiac matrix in an attempt to keep
the wall stress normal.>®> Another possible explanation for such steep-
ness is that septal thickening during early childhood might be associ-
ated with a diminished wave-guiding effect of the thinner walls on
natural SWs, resulting in higher SW speeds that exceed the rate of
age-related increase in MS.”* Nevertheless, changes in cardiac geom-
etry and local hemodynamics during growth might also alter leaflets
dynamics, so that SWs with a different frequency spectrum and ampli-
tude are generated. In theory, this might be a confounder potentially
influencing propagation velocities even in the absence of true MS
changes.'""'* Moving into adulthood, cardiac geometric maturation
has been reached and stabilization of hemodynamics is achieved, so
that changes of tissue properties (e.g., MS) are due mainly to accumu-
lation of cross-linked collagen and fibrotic remodeling of the cardiac
interstitium.>® Our results indicate that age-specific reference values
for SW speeds should be applied, and they are of particular impor-
tance in young children.

Influence of Myocardial Thickness on SW Velocities (Geo-
metric Effects). In our study, we observed a significant positive
correlation of SW velocities with increasing LVEDD and IVS thickness
during childhood (Figure 5A). The guiding effect of a thinner septum
in children could cause wave dispersion and result in underestimation
of the wave speed. This suggests that the observed increase in SW
speed might be partially attributed to the concurrent increase in
wall thickness during growth.”” Our findings are also consistent
with studies by Bézy et al,'®>” Strachinaru et al,*° and Malik
et al,>* who investigated variations of SW propagation velocity with
myocardial septal thickness and muscle mass.

Our hypothesis is supported by our simulation model, which
showed a clear increase in SW speed with increasing wall thickness
(Figure 2) that resembles very well the observations in the young vol-
unteers. Nevertheless, in the multivariate analysis model of our in vivo
data, the effect of increasing IVS thickness on SW velocities was
nonsignificant compared with the strong effect of age (Table 2), which
might be explained by the collinearity of both parameters. This sup-
ports the hypothesis that the observed increase in SW velocities
with age reflects changes in intrinsic myocardial properties more
than the differences in wall thickness due to maintenance of wall
stress within normal physiologic range during childhood.*®

Influence of Loading and Contractility on SW
Velocities. Given that natural SWs occur at the beginning of the iso-
volumic contraction phase, we propose that both afterload and
myocardial contractility (reflected by SBP and GLS) might theoreti-
cally influence natural SWs (Figure 4).! 3 However, considering the mi-
nor age-related changes in these parameters during childhood, it
appears most plausible that natural SWs velocities primarily reflect
age-related changes in MS. These thoughts are in line with findings
from previous animal experiment by Bézy et al.'®

Conventional Diastolic Parameters and Filling Pressure vs
SW Velocities. In our study, we found moderate positive correla-
tions between all conventional parameters of diastolic function and
natural SW velocities after MVC among children and adolescents
(Figure 6), except for IVRT, which showed a weak but significant
correlation with SWs. Of note, all volunteers had normal cardiac
function, leading to narrow ranges of all parameters of diastolic
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function, suggesting that our observations reflect true lifelong
changes in diastolic myocardial properties. When adjusted for geo-
metric and hemodynamic effects in the multivariate model, mitral
E-wave DT (as a marker of compliance) did not correlate with SW
velocities, while E/¢’ ratio (as a central estimate of LV filling pressure)
persisted as a predictor of SW velocity. A possible explanation could
be that E-wave DT does not solely reflect LV stiffness but also LV
relaxation, and thus different children might have indistinguishable
DTs but significantly different LV stiffness if chamber relaxation is
different.*”

Our findings are in agreement with those of a previous study by
Bézy etal,>” who found a strong positive correlation between SW ve-
locities after MV C and filling pressure assessed by E/¢’ ratio in healthy
volunteers and patients with different cardiac diseases. Also in an an-
imal experiment in pigs,'® acute increases in LV end-diastolic pressure
were associated with a significant rise in SW speed after MVC.
Moreover, we previously observed higher SW velocities in children
with multisystem inflammatory syndrome after COVID-19 with
elevated filling pressures compared with healthy children.*
Another study by Petrescu et al.'’ produced similar findings in adults
with cardiac amyloidosis but not in healthy volunteers. We therefore
assume that as children grow up, the insignificant growth-related in-
crease in end-diastolic pressure weakly contributes to the observed
rise in SW velocities (8 = 0.29, P<.001), while age has the strongest
effect.

Conversely, Malik et al.> did not find any correlation between the
speed of ARF-induced SWs and mitral E/¢’ ratio. One possible expla-
nation could be their small sample, with only 30 healthy children. In
addition, ARF-induced SWs are of small magnitude with lower signal-
to-noise ratio, which makes it more challenging to detect small differ-
ences in SW velocities. Also in other studies, ARF-based SWE showed
negligible changes,'”* whereas the velocities of natural SWs after
MVC increased significantly with increasing end-diastolic pressure.*’

1.23

Feasibility and Reproducibility of SW Velocities

In our study, we found that measuring naturally occurring SW was
highly feasible in children and had good to moderate reproducibility
(Figure 7). On the other hand, the variability of SW velocities among
adults older than 40 years could be attributed to many factors. One
possible explanation might be the better image quality and lower im-
age depth in children, which offer a favorable signal-to-noise ratio and
less variability in measurements among children. In addition, the
higher SW values in adults are closer to the accuracy limits implied
by the temporal resolution of our acquisitions, which results in higher
measurement errors.''?*? Another possible explanation could be
the true variability in MS due to the heterogenous lifestyle among
adults and elderly individuals, some of whom follow sedentary life-
styles and others more athletic lifestyles. However, to what extent
physical exercise affects SW measurements is currently under investi-
gation by our group.

Study Limitations

MS shows dynamic changes throughout the cardiac cycle, while the
velocities of natural SWs after MVC reflect the myocardial state at
the beginning of the isovolumic interval. Observed SWs might there-
fore be in part influenced by contractility or afterload and not entirely
related to passive MS. Nevertheless, previous studies by our
group'®*! could show that SW velocities after MVC are mainly and
closely linked to passive end-diastolic MS.
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CONCLUSION

Natural myocardial SW in children can be detected and quantified
with a reasonable degree of reproducibility. Among children and ad-
olescents, the velocities of these natural SWs show a clear and signif-
icant dependence on age and correlated well with parameters used to
assess diastolic function. On the basis of our findings, natural SW mea-
surements appear as a promising noninvasive tool for evaluating MS,
which could help improve the comprehensive assessment of diastolic
function. Establishing age-specific normal reference values is an
important step to facilitate the use of natural SW imaging in future
studies and to evaluate their clinical utility.
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