
ORIGINAL RESEARCH

Natural Shear Wave Elastography
A Promising Tool to Assess Myocardial Stiffness 
in Fontan Patients

Irene Cattapan, MD, PHD, a,b, * Ahmed Youssef, MD, PHD, c,d, * Aleksandra Cieplucha, MD, c,e Hannah Van Belle, MD, c 

Annette Caenen, MSC, PHD, b,f Thomas Salaets, MD, PHD, g Marta Orlowska, MSC, PHD, b Biagio Castaldi, MD, PHD, a 

Giovanni Di Salvo, MD, PHD, a Bjorn Cools, MD, PHD, g Werner Budts, MD, PHD, c Mark Gewillig, MD, PHD, g

Jan D’hooge, MD, PHD, b Jens-Uwe Voigt, MD, PHD, c, † Alexander Van De Bruaene, MD, PHD c, †

ABSTRACT

BACKGROUND Noninvasive assessment of myocardial properties and hemodynamics in Fontan patients remains 
challenging. Natural shear wave (SW) elastography is a promising new echocardiographic modality that allows nonin-
vasive assessment of myocardial stiffness using the velocity of naturally occurring SWs detected with high frame rate 
(HFR) imaging.

OBJECTIVES The objectives of the study were to document SW speed after atrioventricular valve closure (AVVC) and 
outflow valve closure in Fontan patients; to compare it with age-matched healthy volunteers; and to investigate the 
relation between SW speed, clinical features, and systemic venous pressures (SVPs).

METHODS The authors enrolled 47 Fontan patients (mean age: 19 ± 11 years, range 3-46y range: 3-46 years). For all, 
we acquired clinical data, conventional echocardiographic parameters, HFR parasternal long-axis views, and SVP when 
available (n = 30). HFR images were processed offline by extracting tissue Doppler acceleration color-coded maps of 
M-modes drawn in the middle of the wall related to both the inflow and the outflow valve.

RESULTS Average SW speeds were higher in Fontan patients than in healthy volunteers (5.3 ± 1.6 m/s vs 3.0 ± 0.5 m/s 
after AVVC, P < 0.001; 5.1 ± 2.0 m/s vs 3.4 ± 0.6 m/s after outflow valve closure , P < 0.001). Patients with Fontan 
circulatory failure had increased SW speed compared to well-functioning Fontan patients (6.3 ± 1.4 m/s vs 4.9 ± 1.5 m/s; 
P = 0.008). SW velocities after AVVC correlated moderately to SVP (r = 0.55, P = 0.002), whereas no other conventional 
diastolic parameter did.

CONCLUSIONS Our findings suggest that Fontan hearts may be stiffer than normal and that SW velocities are higher 
in patients with a Fontan circulatory failure. Moreover, SW speed was related to SVP. (JACC Adv. 2026;5:102608) 
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M anagement of patients with a 
single ventricle circulation re-
mains challenging. 1 In a Fontan 

circulation the systemic venous return is 
connected to the pulmonary arteries 
without the interposition of a pumping 
chamber. Advantages of a Fontan circuit 
include a near normalization of the arterial 
oxygen saturation and abolishment of the
chronic volume load on the single ventricle. 
However, since venous return through the 
pulmonary vasculature is hindered by the 
pulmonary impedance, this circulation cre-
ates a state of chronic systemic venous hy-

pertension and congestion and results in decreased 
cardiac output, both at rest and during exercise. 2,3 

Indeed, systemic venous hypertension and low car-
diac output will cause ongoing end-organ damage 
and late attrition observed in Fontan patients. 4 

This process starts at pediatric age and leads to 
fibrotic myocardial remodeling and circuit dysfunc-
tion 5-8 with few treatment options. 9,10

Several studies have shown a progressive age-
related increase in end-diastolic pressure in Fontan 
patients 11 with pulmonary capillary wedge pressure, 
in particular, correlating to morbidity and long-term 

survival. 12 However, the assessment of myocardial 
stiffness (MS) and filling pressures using standard 
echocardiographic methods is limited. 13,14 Therefore, 
new noninvasive echocardiography parameters to 
assess stiffness (and filling pressures) in these pa-
tients are needed. 15,16

Natural shear wave (SW) elastography (SWE) is a 
novel echocardiographic technique for the noninva-
sive assessment of MS 17,18 SWE uses high frame rate 
(HFR) imaging to detect the natural SWs after both 
mitral valve closure (MVC) and aortic valve closure, 
thus providing information on end-diastole and end-
systole, respectively. 18,19 The propagation velocity of 
these mechanical waves is directly related to MS. 20,21 

Furthermore, Bezy et al 22 have shown that SW 

propagation speed reflects operational stiffness, 
implying filling pressures next to myocardial prop-
erties affect wave propagation speed.
The aims of our study were: 1) to assess the feasi-

bility of natural SWE in Fontan patients; 2) to docu-
ment the observed natural SW speed after 
atrioventricular valve closure (AVVC) and outflow 

valve closure (OVC) in both pediatric and adult Fon-
tan patients; 3) to compare natural SW speed in 
Fontan patients with age-matched healthy volun-
teers from previous studies in our lab; 4) to deter-
mine how wave speed varies with age and patients 
clinical condition; and 5) to study whether SW

velocities are related with SVP assessed invasively in 
the catheterization laboratory or noninvasively from 

peripheral intravenous lines.

METHODS

This prospective cohort single center study was 
conducted at the University Hospitals Leuven, 
Leuven, Belgium, between September 2022 and June 
2023. The study was approved by the local Ethical 
Committee before initiating the study (S66952-
B3222022000955).

STUDY POPULATION. We prospectively enrolled 47 
Fontan patients (15 <12 years of age, 12 between 
12-18 years of age, and 20 >18 years of age) who 
presented at the Department of Pediatric Cardiology 
or at the Department of Cardiology for scheduled 
cardiac catheterization or outpatients’ consultations, 
respectively. Informed consent was obtained directly 
from all patients from $12 years of age, as well as 
from the parents of all minors (<18 years of age). 
Patients who were hemodynamically unstable, pa-
tients with poor image quality, and patients with 
arrhythmias other than sporadic premature beats 
were excluded from the study.
Findings in this population were compared to 

those in age-matched healthy volunteers (n = 47) 
who had been recruited in the context of a previous 
study. 23 Control subjects were either healthy volun-
teers from our research lab or healthy children of 
coworkers who were invited to be scanned at the 
hospital in the context of previous studies. Before 
enrollment, a complete echocardiography excluded 
anatomical of functional defects.
Medical records of all patients were reviewed for 

baseline data: demographics, type of congenital heart 
defect and surgical/interventional history, clinical 
characteristics (NYHA functional class, blood pres-
sure, and resting oxygen saturation), current medical 
therapy, and electrocardiogram. Fontan circulatory 
failure was identified as the presence of one of the 
following conditions: patient being listed for heart 
transplantation, heart failure, NYHA functional class 
3, protein losing enteropathy, plastic bronchitis, and 
increased pulmonary vascular resistance.
To test whether SWs could reflect worse Fontan 

hemodynamics, we considered systemic venous 
pressures (SVPs). 24 These data were available in 30 
patients, via recent heart catheterization (n = 17) (ie 
up to 6 months before SWE measurement for a stable 
patient) or an intravenous-line cannulation (n = 13). 
For noninvasive recordings of pressure in the 
total cavopulmonary connection via intravenous 
lines, we followed the methodology published by

ABBR EV I A T I ON S 

AND ACRONYMS

AVVC = atrioventricular valve
closure

HFR = high frame rate

MS = myocardial stiffness

MVS = mitral valve closure

OVC = outflow valve closure

SVP = systemic venous
pressure

SW = shear wave

SWE = shear wave
elastography
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Miranda et al 25 and Cieplucha et al. 26 These data were 
collected on the same day of echocardiography.

CONVENTIONAL ECHOCARDIOGRAPHY. All patients
underwent a standard echocardiographic assessment 
using an E95 echocardiography machine, equipped 
with a M5S-D phased array transducer (GE Vingmed). 
Echocardiograms were performed by 2 pediatric car-
diologists. Images were then analyzed offline on 
EchoPAC (software version 204) by a single experi-
enced observer. Conventional parameters of systolic 
and diastolic function were recorded. We used left 
ventricular ejection fraction by the biplane Simpson 
method for morphologically left univentricular 
hearts and fractional area change for morphologically 
right ventricles. Atrioventricular valve inflow and 
annular velocities were recorded. Ventricular strain 
was determined by speckle tracking from the 3 apical 
views for left-dominant ventricles and from the api-
cal 4-chamber view for right dominant hearts. In 
addition, parameters with the predictive value of 
ventricular diastolic function were considered: Tei-
index, pulmonary veins S/D ratio, pulmonary A wave 
duration, duration of pulmonary A wave minus 
duration of atrioventricular inflow A wave. 27,28

HIGH FRAME RATE ECHOCARDIOGRAPHY. HFR im-
ages were acquired using the HFR image acquisition 
function of the same research ultrasound machine 
and the same clinical phased array transducer as for 
conventional echocardiography. Images were ac-
quired at an average frame rate of 1,367 ± 270 frame/s 
in a parasternal long axis view. Since tracing of nat-
ural SWs after MVC and aortic valve closure is per-
formed typically along the interventricular 
septum, 20,29,30 this is not always possible with the 
cardiac anatomy of single ventricles, where an intact 
interventricular septum does not always exist. 
Therefore, we considered tracking the natural waves 
across the ventricular septum or the anterior ven-
tricular wall (in case of absent septum/large septal 
defect). As a result, for patients with tricuspid 
atresia, pulmonary atresia with intact interventric-
ular septum, pulmonary atresia with septal defect, 
and Ebstein anomaly, we considered the interven-
tricular septum, whereas for patients with double 
inlet left ventricle, hypoplastic left ventricle, unbal-
anced atrioventricular canal, and double inlet right 
ventricles, we tracked the natural SWs along the 
anterior free wall.
Tissue Doppler images were extracted from the 

HFR images and an anatomical M-mode was per-
formed along the midline of the selected wall. Then 
tissue acceleration maps where derived from the 
M-mode where SWs appear as tilted green bands and

their slope represents their propagation velocity. 
SWs originated by the closure of atrioventricular 
valve (AVVC, isovolumic contraction phase) and of 
the outflow valve (OVC, isovolumic relaxation phase) 
were identified based on electrocardiogram and B-
mode images; and their wave speed was measured 
semiautomatically. All image processing and analysis 
was performed using in-house developed software 
(SPEQLE, KU Leuven) in Matlab R2021b (MathWorks 
Inc.). This process is shown in Figure 1.
SW speed measurements were repeated 3 times for 

every SW by the same reader (I.C.) and results were 
then averaged. Intraobserver variability (A.Y.) was 
assessed in 11 randomly selected cases representative 
of the overall cohort: 4 with right-dominant ventri-
cles (36.4%) and 7 with left-dominant ventricles 
(63.6%). In 6 cases, SWs were tracked along the 
anterior wall and in 5 cases along the septum. Inter-
observer variability between 2 observers (I.C. and 
A.Y.) was evaluated in 10 of these 11 cases, as 1 data 
set was unavailable at the time of the second analysis 
(eg, archived data could not be retrieved).

STATISTICAL ANALYSIS. Continuous variables are 
displayed as mean ± SD, when normally distributed, 
or as median and IQR. Categorical variables are pre-
sented as frequencies and percentages. Normal dis-
tribution was tested using the Shapiro-Wilk test. The 
association in between continuous variables was 
tested using Pearson’s correlation for normally 
distributed variables and with Spearman’s correla-
tion for not normally distributed variables. Between 
groups comparisons were assessed through Student’s 
t-test or Mann-Whitney test. One-way analysis of 
variance or Kruskal-Wallis was used if there were 
more than 2 groups. Associations between categorical 
variables were tested using the chi-square test. A 2-
sided P value of 0.05 was considered statistically 
significant for all tests.
Intraobserver and interobserver reproducibility 

were evaluated using the intraclass correlation coef-
ficient (ICC) (2-way random model, consistency be-
tween average measures). In addition, 
reproducibility was evaluated using the Bland-
Altman analysis. All statistical analyses were per-
formed using SPSS software (version 25.0; IBM).

RESULTS

POPULATION CHARACTERISTICS. In total, 47 pa-
tients (range 3-46y; median age 17y, IQR 18) and 47 
age- and sex-matched healthy volunteers were 
included in this study. Vital parameters and echo-
cardiographic features of the 2 populations are re-
ported in Table 1. Among the patients, there were
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15 children (<12 years of age), 12 adolescents between 
12 and 18 years of age, and 20 adults. Sixty-six 
percent of patients had a left-dominant ventricle 
whereas 34% had a right-dominant ventricle. In-
dications for Fontan palliation were tricuspid atresia 
(n = 12, 25.5%), double inlet left ventricle (n = 13, 
27.6%), unbalanced atrioventricular septal defect 
(n = 5, 10.6%), hypoplastic left ventricle (n = 8, 17%), 
double inlet right ventricle (n = 2, 4%), pulmonary 
atresia with ventricular septal defect (n = 4, 8.5%), 
pulmonary atresia with intact septum (n = 2, 4%), 
and Ebstein anomaly (n = 1, 2%). The median time 
from Fontan palliation was 13.3 years (16.8). 
Detailed clinical characteristics of the Fontan 

cohort are depicted in Table 2. Patients with a sys-
temic right ventricle were on average younger than 
patients with a systemic left ventricle. Consequently, 
there was also a difference in average time since 
Fontan palliation. Twelve patients met our definition 
of Fontan circulatory failure (systolic heart failure 
n = 3, listed for cardiac transplantation n = 1, NYHA 
functional class 3 n = 3, and protein losing enterop-
athy n = 5). Sixty percent of patients were in NYHA 
functional class 1, whereas 34% were in NYHA func-
tional class 2 and 6% in NYHA functional class 3. 
There were no patients in NYHA functional class 4.

CONVENTIONAL ECHOCARDIOGRAPHIC PARAMETERS.

Conventional echo parameters of the Fontan cohort 
and healthy volunteers are reported in Table 1. When 
compared to healthy volunteers, Fontan patients had 
lower heart rates, lower systolic function, global 
longitudinal strain and E/A ratio, and increased E/E’ 
ratio, isovolumetric relaxation and contraction time. 
Among different single ventricles anatomies, we

found a slightly higher ejection fraction in morpho-
logically left-dominant ventricles compared to a 
lower fractional area change in morphologically 
right-dominant ventricles (57 ± 7% vs 47 ± 5%; 
P = 0.044). There were no missing data for variables 
of interest.

HIGH FRAME RATE ECHOCARDIOGRAPHY. Feasibility
of high frame rate echocardiography. SW measurements 
in 40 of 47 patients (85%) after AVVC and in 43 of 47 
(91%) patients after OVC were included in this study. 
In 17/47 patients (36%) SWs were measured in the 
septum, whereas in 30/47 patients (64%), SWs were 
measured in the anterior wall. One patient was 
excluded due to noisy signals. Notably, at the time of 
AVVC, 3 SWs were observed: 1 occurring immediately 
before complete AVVC and 2 occurring immediately 
afterward with a fixed interval. The wave most 
closely aligned with AVVC was identified by visual 
assessment and confirmed using pulsed wave-
Doppler timing. Six patients (13%) showed an SW 

traveling in the opposite direction of normal 
propagation after AVVC (ie apex to base) and 3 
patients (6%) after OVC. This finding appeared to be 
independent of underlying anatomy and speed 
values were similar to those of waves propagating 
from base to apex. Nevertheless, these patients 
were excluded from further analysis to avoid biases 
due to altered wave physics, as the origin of these 
waves was not fully understood. Specifically, it was 
unclear whether they arose from different source 
points following the same valve-closure event, as 
described by Papadacci et al, 31 represented different 
phases of the same wave, or originated from an 
alternative mechanism. 32

FIGURE 1 SW Measurement

An example of SW measurement is shown. First, an anatomical M-mode is drawn along the midline of the selected wall. Then, a tissue 
acceleration map is derived from the M-mode. SWs appear as tilted green bands and their slope represents their propagation velocity. 
Lastly, SW speed is assessed with SPEQLE, an in-house developed software. SW = shear wave.
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TABLE 2 Clinical Features of the Fontan Cohort Based on Anatomical Variants

Tricuspid 
Atresia 
(n = 12)

DILV 
(n = 13)

Unbalanced 
AVSD 
(n = 5)

HLHS 
(n = 8)

DIRV 
(n = 2)

Pulmonary 
Atresia VSD 

(n = 4)

Pulmonary 
Atresia IVS 
(n = 2)

Ebstein 
Anomaly 
(n = 1)

Sex
Male 7 9 3 6 2 2 1
Female 5 4 2 2 2 2

Age, y 30 (16-37) 16 (9-28) 10 (8-16) 14 (7-18) 7 25 16 37
Time since Fontan palliation, y 27 (14-34) 12 (5-23) 7 (3-11) 7 (3-11) 4.5 19 13 33
BSA, m 2 1.7 (1.5-1.9) 1.8 (0.9-2.0) 1.2 (0.8-1.8) 1.2 (0.8-1.7) 0.9 1.4 1.4 1.6
BMI, kg/cm 2 21 (18-25) 21 (6-21) 18 (16-36) 17 (15-20) 16 18 21 24
Heart rate, beats/min 78 ± 8 76 ± 11 98 ± 28 72 ± 12 88.5 ± 2.1 81 79 79
Systolic blood pressure, mm Hg 118 ± 12 119 ± 14 107 ± 19 113 ± 8 107 ± 9.9 104 119 127
Diastolic blood pressure, mm Hg 70 ± 6 67 ± 14 71 ± 14 67 ± 15 70 ± 12 67 63 81
Saturation, % 96 (93-98) 95 (92-97) 90 (86-96) 94 (91-98) 90 94 95 92
NYHA functional class 7 (1); 5 (2) 7 (1); 4 (2); 2 (3) 2 (1); 2 (2); 1 (3) 6 (1); 2 (2) 2 (1) 2 (1); 2 (2) 2 (1) 1 (2)
Fontan failure 3 3 3 3 0 1 0 0
Number of patients with 

SVP measurements
8 10 4 5 - 3 - -

SVP, mm Hg 19 ± 3 18 ± 5 20 ± 4 18 ± 5 - 16 - -

Values are mean ± SD or median (IQR); if n < 5 only a mean value is reported.
AVSD = unbalanced atrioventricular canal; DILV = double inlet left ventricle; DIRV = double inlet right ventricle; HLHS = hypoplastic left ventricle; IVS = interventricular septum; SVP = systemic venous 

pressure; VSD = ventricular septal defect; other abbreviations as in Table 1.

TABLE 1 Baseline Characteristics of Fontan Patients and Healthy Volunteers

Fontan Patients 
(n = 47)

Anterior Wall 
(n = 30)

Septum 

(n = 17)
Healthy Volunteers 

(n = 47)

P Value 
With Fontan 
vs Control

Age, y 17 (10-28) 15 (9-20) 26 (13-36) a 19 (10-28) 0.836
Sex 0.403 b

Male 30 19 11 25
Female 17 11 6 22

BSA, m 2 1.5 ± 0.5 1.4 ± 0.5 1.6 ± 0.3 1.6 ± 0.4 0.475
BMI, kg/m 2 20.6 ± 5.4 20.4 ± 6.2 20.9 ± 3.7 20.2 ± 4.4 0.682
Heart rate 81 ± 17 83 ± 20 76 ± 10 69 ± 12 <0.001
Systolic blood pressure, mm Hg 115 ± 13 114 ± 13 115 ± 13 115 ± 12 0.932
Diastolic blood pressure, mm Hg 68 ± 12 69 ± 14 68 ± 8 67 ± 10 0.502
Ejection fraction/FAC, % c 54 ± 8 52 ± 7 57 ± 8 a 63 ± 3 <0.001
Ejection fraction, % (n = 32) 57 ± 7 56 ± 6 58 ± 8 63 ± 3 -
FAC, % (n = 15) 47 ± 5 47 ± 5 44 - -
GLS, % − 17.7 ± 3.1 − 17.6 ± 3.0 − 17.8 ± 3.3 − 20.9 ± 1.2 <0.001
E/A 1.5 ± 0.4 1.5 ± 0.4 1.5 ± 0.3 2.2 ± 0.7 <0.001
Deceleration time, ms 197 ± 75 180 (139-228) 177 (143-247) 185 ± 32 0.333
E/e ′ 7.6 ± 4.1 8.3 ± 4.4 6.3 ± 3.4 5.8 ± 0.8 0.005
IVCT, ms 87 (67-114) 96 (70-121) 81 (60-107) 67 (51-71) <0.001
IVRT, ms 79 (65-96) 82 (64-97) 78 (67-91) 69 (61-78) 0.005
SW speed after AVVC, m/s 5.3 ± 1.6 5.0 ± 1.5 5.9 ± 1.7 3.0 ± 0.5 <0.001
SW speed after OVC, m/s 5.1 ± 2.0 4.6 ± 1.7 6.0 ± 2.1 a 3.4 ± 0.6 <0.001

Values are mean ± SD or median (IQR); P values were calculated using independent sample t-test or Mann-Whitney test basing on distribution of variables. Bold indicates significant results. 
a P < 0.05 vs anterior wall. b P value calculated using chi-square test. c Ejection fraction by the biplane Simpson method was used for morphologically left univentricular hearts while 
fractional area change was used for morphologically right ventricles.
AVVC = atrioventricular valve closure; BMI = body mass index; BSA = body surface area; E/A = early to-late inflow velocity ratio; E/e’ = inflow to relaxation velocity ratio; FAC = fractional 

area change; GLS = global longitudinal strain; IVCT = isovolumic contraction time; IVRT = isovolumic relaxation time; OVC = outflow valve closure; SW = shear wave.
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Shear wave speed in Fontan pat ients and age-
matched healthy volunteers . In Fontan patients, 
the average SW speed was 5.3 ± 1.6 m/s after AVVC 
and 5.1 ± 2.0 m/s after OVC. The mean SW speed in 
healthy volunteers was 3.0 ± 0.5 m/s after AVVC and 
3.4 ± 0.6 m/s after OVC. Values were significantly 
higher in Fontan patients both after AVVC (P < 0.001) 
and OVC (P < 0.001), as shown in Table 1 and Figure 2. 
Considering Fontan patients alone, SW velocities 
were slightly slower across the anterior wall 
compared to the interventricular septum (respec-
tively, 5.0 ± 1.5 m/s vs 5.9 ± 1.7 m/s after AVVC 
(P = 0.078); 4.6 ± 1.7 m/s vs 6.0 ± 2.1 m/s after OVC 
(P = 0.029), although both remained higher when 
compared to controls (P < 0.001). In contrast to 
healthy volunteers, where SW speed after OVC was 
higher compared to SW speed after AVVC 
(P < 0.0001), in Fontan patients, there was not sig-
nificant difference between SW velocity during the 
cardiac cycle (P = 0.614).
Shear wave speed and c l in ica l features . There 
was no correlation between SW speed and age 
(r = 0.092; P = 0.54 for SW after AVVC r = 0.13; 
P = 0.39 for SW after OVC). The mean SW speed was 
5.6 ± 1.7 m/s after AVVC and 5.0 ± 2.3 m/s after OVC 
in children, 4.7 ± 1.4 m/s after AVVC and 4.9 ± 2.1 m/s 
after OVC in adolescents, and 5.3 ± 1.6 m/s after 
AVVC and 5.4 ± 1.7 m/s after OVC in adults. Of in-
terest, the SW speed after OVC was higher in the

septum compared to the anterior wall. On average, 
these patients were also older (Table 1).
In terms of anatomy, SW speed showed no signif-

icant difference among patients with a left-dominant 
ventricle and a right-dominant ventricle, both after 
AVVC (P = 0.68) and OVC (P = 0.36). The results 
appeared similar across different anatomical cate-
gories (Table 3).
Patients with Fontan circulatory failure showed 

higher SW speed after AVVC compared to patients 
with a well-functioning Fontan circulation 
(4.9 ± 1.5 m/s vs 6.3 ± 1.4 m/s; P = 0.008), as shown 
in Figure 3.
Corre lat ion of SW veloc i t ies with SVP and other 
echo parameters . SW speed after AVVC, at the end 
of diastole, showed a correlation with SVP (n = 29; 
r = 0.55; P = 0.002), as demonstrated in Figure 4. Pa-
tients with Fontan circulatory failure showed on 
average higher SVP when compared to well-
functioning Fontan (20 ± 4 mm Hg vs 16 ± 2 mm Hg. 
P = 0.012). No other conventional echocardiographic 
parameter of diastolic function showed a correlation 
with SVP, as illustrated in Figure 5.
Intraobserver and interobserver variability. Intraob-
server variability was excellent (ICC: 0.98; 95% CI: 
0.94 to 0.99; P < 0.0001). Interobserver variability 
was very good (ICC: 0.95; 95% CI: 0.8 to 0.99; 
P < 0.0001). Respective Bland-Altman plots are 
shown in Figure 6.

FIGURE 2 Comparison Between SW Speed Values in Fontan (in the Septum and the Anterior Wall) and in Healthy Volunteers (in the
Septum)

SW speed was significantly higher in Fontan patients both at end-diastole (AVVC) and end-systole (OVC). AVVC = atrioventricular valve 
closure; OVC = outflow valve closure; other abbreviation as in Figure 1.
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DISCUSSION

To the best of our knowledge, this is the first study to 
characterize the behavior of naturally occurring SWs 
in patients with a Fontan circulation. Our work pro-
vides novel insights into the feasibility and clinical 
relevance of natural SW velocity measurements in 
this complex congenital heart disease group. Impor-
tantly, we demonstrate for the first time a significant, 
albeit moderate, correlation between SW velocities— 
particularly after AVVC—and SVP, suggesting that 
natural SW speed may serve as a promising nonin-
vasive marker of hemodynamic status in Fontan pa-
tients (Central Illustration).
To date, data on SWE in children and adults 

palliated with a Fontan circulation remain limited. A 
recent study by Salaets et al 33 assessed ventricular 
stiffness using induced SWs in 24 pediatric Fontan 
patients, showing significantly increased end-
diastolic stiffness compared to controls, without 
statistical differences between left- and right-
dominant ventricles. Similarly, our findings 
revealed significantly higher SW velocities post-
AVVC and OVC in Fontan patients (Figure 2). This 
likely reflects ventricular remodeling and reduced 
compliance due to chronic preload deprivation, 
which results in a stiffer ventricle. 2 Interestingly, the 
observed velocities align with those reported in 
multisystem inflammatory syndrome in children 
patients, where myocardial inflammation and edema 
contribute to increased stiffness. 34

Although feasible in the majority of cases, the 
need to measure in the anterior wall in a subgroup of 
patients is challenging. Further investigation in wave

physics in single ventricle physiology is needed and 
is a barrier to easily extrapolate findings from other 
studies. Pragmatically, we focused our analysis on 
the wave that was most consistently aligned with 
AVVC, as it corresponds temporally to the naturally 
occurring wave observed after MVC in biventricular 
hearts. Nevertheless, the heterogeneous atrioven-
tricular valve anatomy in the Fontan population may

TABLE 3 Conventional Echo Parameters and SW Speed are Reported for Different Single Ventricles Anatomy Groups

Number of Patients

Tricuspid 
Atresia 
(n = 12)

DILV 
(n = 13)

Unbalanced 
AVSD 
(n = 5)

HLHS 
(n = 8)

DIRV 
(n = 2)

Pulmonary 
Atresia VSD 

(n = 4)

Pulmonary 
Atresia IVS 
(n = 2)

Ebstein 
Anomaly 
(n = 1)

Ejection fraction/FAC (%) a 58 ± 3 54 ± 9 49 ± 12 49 ± 4 48 53 62 64
GLS (%) − 18.9 ± 2.3 − 17.2 ± 3.7 − 16.3 ± 5 − 18.4 ± 2.7 − 18.3 − 16.3 − 15.9 − 18.6
E/A 1.5 ± 0.2 1.5 ± 0.5 1.3 ± 0.4 1.6 ± 0.2 1.23 1.64 0.97 1.4
Deceleration time (ms) 177 ± 64 235 ± 94 160 ± 40 183 ± 46 134 245 145 280
E/e’ 4.8 (3.9-7.0) 7.1 (4.9-7.8) 7.8 (4.6-9.3) 8.8 (6.3-12.8) 8.7 8.4 6.1 6.1
IVCT (ms) 81 (57-104) 93 (69-116) 120 (81-242) 81 (61-135) 115 87 75 75
IVRT (ms) 82 ± 13 85 ± 18 79 ± 12 86 ± 25 89 75 55 95
Tei-index 0.5 (0.5-0.7) 0.7 (0.5-0.9) 0.8 (0.7-1.4) 0.7 (0.7-0.9) 0.8 0.7 0.5 0.7
S/D 0.8 ± 0.2 0.8 ± 0.3 1 ± 0.4 0.7 ± 0.3 1 0.7 0.8 0.6
SW speed after AVVC (m/s) 5.3 ± 1.8 5.1 ± 1.7 5.3 ± 0.9 5.6 ± 1.1 4.4 ± 0.1 5.5 7.0 6.3
SW speed after OVC (m/s) 4.9 ± 1.4 5.1 ± 2 5.1 ± 1.4 4.4 ± 1.8 3.8 ± 0.7 7.2 6.3 4.4

Values are mean ± SD or median (IQR); if n < 5 only a mean value is reported. a We used LV ejection fraction by the biplane Simpson method for morphologically left univentricular hearts and 
fractional area change for morphologically right ventricles.
Abbreviations as in Tables 1 and 2.

FIGURE 3 Comparison Between SW Speed Values in 
Well-Functioning Fontan and in Patients With Fontan 
Circulatory Failure

Patients with Fontan circulatory failure showed significantly 
increased SW speed after AVVC. Abbreviations as in Figures 1 
and 2.
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give rise to waves with distinct physical characteris-
tics, potentially offering additional and highly 
informative physiological insights. Together with the 
presence of multiple waves observed around the time 
of valve closure, future studies should further 
explore their origins, physical properties, and clinical 
relevance.
Previous research has shown that SW speed is age-

dependent in healthy individuals due to growth-
related changes in diastolic function. 20,23 In 
contrast to Salaets et al, 33 we did not observe an age-
related increase in SW velocities in Fontan patients. 
One could speculate that this could be related to 
early remodeling variability in surgical pathway be-
tween patients or survivor bias for adult Fontan pa-
tients. However, the fact that children were more 
likely to be included at the time of cardiac catheter-
ization, although adult patients were mainly 
recruited in the outpatient clinic, will have intro-
duced selection bias. Finally, the observation of 
higher SW velocities measured in the septum, in a 
group of patients that was on average older (hinting 
towards an age relation), indicates the complexity of 
the analysis. A longitudinal analysis of individual 
patients is required to confirm or refute age-
dependency of these parameters.
An animal study by Bezy et al 22 suggests that 

increased SW speed after AVVC may result from 

changes in both MS and/or loading conditions. 
Different studies report a profibrotic environment 
in Fontan patients whereas invasive exercise

hemodynamic confirms marked abnormalities in 
ventricular compliance. 35 Filling pressures and tis-
sue properties appear tightly linked in this group 
since T1 signal on cardiac MRI appears higher in 
patients with a single ventricle compared to other 
congenital heart disease and the extension of 
fibrosis correlates to increased end-diastolic pres-
sures. 36 Although right-dominant ventricles have 
been reported as more fibrosis-prone, 5 our findings, 
in line with Salaets et al, 33 did not show a signifi-
cant difference in stiffness between right and left 
ventricles. This may reflect the younger age of our 
right-dominant subgroup (Table 1). However, more 
likely, the limited size of the anatomical subgroups 
may have reduced the statistical power to detect 
such differences.
Filling and SVPs are critical prognostic indicators 

in Fontan physiology. 12,26 However, traditional 
echocardiographic parameters of diastolic function 
are unreliable in this group. Although Cordina et al 28 

showed that the S/D ratio predicts elevated end-
diastolic pressure in adult Fontan patients, this was 
not reproducible in pediatric populations or in our 
study. In our study group, there was a moderate 
correlation between SW velocity after AVVC and SVP 
(Figure 4). SVP is a compound measure, reflecting 
ventricular and atrial stiffness, systolic ventricular 
function, atrioventricular valve regurgitation and 
pulmonary vascular resistance. In adult Fontan pa-
tients, SVP is closely linked to pulmonary capillary 
wedge pressure. 28 Our findings indicate the potential 
application of SW speed after AVVC as a noninvasive 
marker of hemodynamic status. In addition, we 
observed significantly higher SW velocities after 
AVVC in patients with Fontan circulatory failure 
(Figure 3) further confirming its value in assessing 
Fontan hemodynamics. Interestingly, none of the 
conventional diastolic parameters showed any cor-
relation with SVP (Figure 5).
However, a more precise description of loading 

status and fibrotic remodeling to directly relate SW 

velocities to filling pressures are needed to disen-
tangle the relative contributions from altered loading 
conditions and fibrotic remodeling to increased SW 

velocities observed in the current study. In the cur-
rent cross-sectional design, the increased SW veloc-
ities in univentricular hearts should be interpreted as 
an integrated marker of both myocardial properties 
and hemodynamic status. Longitudinal studies to 
assess changes over time may inform us whether 
absolute thresholds (to identify those with worse 
hemodynamics) or changes over time (to identify 
clinical worsening) are more useful in this patient 
population.

FIGURE 4 SW Velocities and Systemic Venous Pressure

SW velocities after AVVC correlated significantly with SVP 
(P = 0.002). Abbreviations as in Figures 1 and 2.
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FIGURE 5 Conventional Echo Parameters of Diastolic Function and Systemic Venous Pressure

None of the conventional parameters of diastolic function showed any correlation with SVP (P > 0.05). E/A = early to-late inflow velocity ratio; E/e’ = inflow to 
relaxation velocity ratio; S/D = systolic to diastolic duration ratio; other abbreviation as in Figure 2.

FIGURE 6 Interobserver and Intraobserver Variability

The Bland-Altman plot on the left shows a good agreement between SW speed measurements from 2 different observers (I.C. and A.Y.). The 
Bland-Altman plot on the right shows a good agreement between repeated SW speed measurements from the same observer (A.Y.).
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Notably, SW velocities captured after AVVC are 
measured during the isovolumic contraction phase 
and have been shown to be closely associated with 
end-diastolic filling pressures and MS in biven-
tricular hearts. 16,22 Given their timing within the

isovolumic contraction phase, natural SW velocities 
after AVVC in Fontan patients reflect operational 
MS 21 and filling pressures at that specific time point, 
rather than being direct measures of diastolic 
function.

CENTRAL ILLUSTRATION Natural SWE Imaging in Patients With a Fontan Circulation

47 Fontan patients (age 3-47 years) + 47 matched healthy controls
Conventional echocardiography & HFR imaging
Systemic venous pressure from catheterization or peripheral venous pressure measurement
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Lastly, we also noticed elevated SW speed after 
OVC (end-systole) in Fontan patients compared to 
controls. These values were on average slightly lower 
than end-diastolic velocities and did not show sig-
nificant intrapatient difference. This pattern re-
sembles findings in cardiac amyloidosis, suggesting a 
potential contribution of fibrosis to systolic stiff-
ness. 20 Interestingly, SW velocities after OVC (or 
AVVC) did not correlate with ejection fraction or 
global longitudinal strain, indicating they may reflect 
tissue properties not captured by conventional met-
rics. Alternatively, the lack of correlation may relate 
to the limited validation of ejection fraction and 
strain in the Fontan population, where complex 
anatomy and marked heterogeneity may render these 
indices suboptimal surrogates of systolic contrac-
tility, thereby explaining the absence of an associa-
tion with SW velocities.

STUDY LIMITATIONS. First, the population of pa-
tients with single ventricle physiology who have 
undergone Fontan palliation remains relatively 
small, limiting the ability to conduct studies with 
large sample sizes.
Second, the marked heterogeneity within the 

Fontan cohort—stemming from variations in under-
lying cardiac anatomy and the type of surgical palli-
ation performed—poses significant challenges for the 
measurement and interpretation of SW velocities 
across anatomies and subgroups in a study with a 
cross-sectional design.
Third, SWs are typically assessed in the interven-

tricular septum. Sometimes, the lack of an intact 
septum in this population increases the heterogene-
ity in SW tracking and analysis, necessitating a 
cautious interpretation of the velocities measured. 
Indeed, geometric differences between the assessed 
regions—namely the thick septal wall vs the thinner 
anterior wall—may influence SW propagation, as 
demonstrated by Malik et al. 37 Nevertheless, the 
relatively thick anterior free wall in single-ventricle 
patients permits feasible SW tracking comparable to 
septal measurements. The consistently lower SW 

velocities observed in the anterior wall compared 
with the septal region likely reflect the combined 
effects of geometric differences and MS variations 
and should therefore be interpreted with caution.
In addition, the wide range of phenotypic pre-

sentations may influence SW behavior and velocity 
measurements. For instance, the presence of a ven-
tricular septal defect may alter the typical

propagation pattern of SWs, potentially introducing 
longitudinal wave components and resulting in an 
overestimation of velocity. Alternatively, SWs may 
propagate around the septal defect and reach the 
anterior wall in an apex-to-base direction, which 
could explain our observation of waves propagating 
in the opposite direction. However, this represents a 
limitation of 2-dimensional imaging, as the true 
origin of reversely propagating waves cannot be 
accurately determined. Three-dimensional SWE may 
overcome this limitation by enabling more accurate 
identification of wave origins.
Furthermore, it remains unclear whether valvular 

abnormalities such as stenosis or regurgitation 
significantly affect SW propagation speed.

CONCLUSIONS

To the best of our knowledge, this is the first study to 
demonstrate the feasibility of natural SWE in patients 
with single ventricle physiology following Fontan 
palliation. On average, SW velocity was higher in 
Fontan patients than in healthy controls, possibly 
reflecting increased MS. We found that end-diastolic 
SW velocity correlated with SVP. This novel obser-
vation suggests that SWE may provide unique in-
sights into the hemodynamic status of this complex 
physiology. Furthermore, patients with clinical signs 
of Fontan failure—regardless of the underlying eti-
ology—demonstrated increased end-diastolic SW 

speeds, supporting the hypothesis that ventricular 
stiffness may play a central role in Fontan circulatory 
failure.
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