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Aims Fabry disease (FD) is a multisystemic lysosomal storage disorder caused by a defect in the alpha-galactosidase A gene that 
manifests as a phenocopy of hypertrophic cardiomyopathy. We assessed the echocardiographic 3D left ventricular (LV) 
strain of patients with FD in relation to heart failure severity using natriuretic peptides, the presence of a cardiovascular 
magnetic resonance (CMR) late gadolinium enhancement scar, and long-term prognosis.

Methods 
and results

3D echocardiography was feasible in 75/99 patients with FD [aged 47 ± 14 years, 44% males, LV ejection fraction (EF) 65 ±  
6% and 51% with hypertrophy or concentric remodelling of the LV]. Long-term prognosis (death, heart failure decompen
sation, or cardiovascular hospitalization) was assessed over a median follow-up of 3.1 years. A stronger correlation was ob
served for N-terminal pro-brain natriuretic peptide levels with 3D LV global longitudinal strain (GLS, r = −0.49, P < 0.0001) 
than with 3D LV global circumferential strain (GCS, r = −0.38, P < 0.001) or 3D LVEF (r = −0.25, P = 0.036). Individuals with 
posterolateral scar on CMR had lower posterolateral 3D circumferential strain (CS; P = 0.009). 3D LV-GLS was associated 
with long-term prognosis [adjusted hazard ratio 0.85 (confidence interval 0.75–0.95), P = 0.004], while 3D LV-GCS and 3D 
LVEF were not (P = 0.284 and P = 0.324).

Conclusion 3D LV-GLS is associated with both heart failure severity measured by natriuretic peptide levels and long-term prognosis. 
Decreased posterolateral 3D CS reflects typical posterolateral scarring in FD. Where feasible, 3D-strain echocardiography 
can be used for a comprehensive mechanical assessment of the LV in patients with FD.
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Graphical Abstract

CMR, cardiovascular magnetic resonance; CS, circumferential strain; CV, cardiovascular; GLS, global longitudinal strain; LV, left ventricle.
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Introduction
Fabry disease (FD, OMIM 301500) is a multisystemic X-linked genetic 
disease caused by a defect in the gene coding for the lysosomal enzyme 
alpha-galactosidase.1,2 Cardiac, renal, and central nervous system in
volvement are the major life-threatening complications. Cardiac in
volvement is common and morphologically manifests as concentric 
remodelling or hypertrophy of the left ventricle (LV), with replacement 
fibrosis usually located in the posterolateral wall.3,4 While LV systolic 
dysfunction and ventricular arrhythmias can develop at later stages, 
the majority of patients with FD have preserved LV ejection fraction 
(EF).5,6 Clinically, heart failure is a common syndrome.6,7

3D echocardiography is a unique technique that allows a full-volume 
acquisition of the beating heart using dedicated matrix ultrasound 
probes.8 Moreover, 3D myocardial strain can be analysed from these 
acquisitions, potentially overcoming the out-of-plane loss of speckles 
associated with 2D speckle-tracking strain analyses and providing 
true 3D deformation analysis.9,10 It has been validated by sonomicro
metry, its usefulness was confirmed by clinical surrogate parameters, 
and it is feasible using commercially available platforms.11–13

While 2D analysis of myocardial deformation and its clinical impact 
on FD have been evaluated before, no data on echocardiographic 3D 
LV deformation have been published previously. Accordingly, our aim 
was to assess the feasibility of 3D echocardiographic LV strain, its rela
tion to heart failure severity, and its impact on the long-term prognosis 
of patients with FD.

Methods
Study design
Current analysis is a pre-specified substudy of a systematic evaluation pro
ject for patients with genetically confirmed FD managed at the National 
Referral Centre for FD of the General University Hospital in Prague. This 
cohort has been described previously.6 Briefly, between 2016 and 2020, 
all patients ≥18 years with genetically proved disease were offered a diag
nostic hospitalization programme including a complex assessment of FD 
phenotype. Informed written consent was obtained from all patients and 
included an agreement with hospitalization, diagnostic procedures, and ana
lysis of anonymized clinical data for scientific purposes. The research was 
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approved by the Ethics Committee of the General Faculty Hospital. The in
vestigation conforms to the principles outlined in the Declaration of 
Helsinki.

Clinical and laboratory characteristics
Baseline characteristics including clinical assessment, echocardiography, and 
laboratory investigations were acquired during the index diagnostic hospi
talization. The overall severity of FD manifestations was quantified using the 
Mainz Severity Score Index.14

Laboratory values were analysed in the clinical laboratory of the General 
University Hospital in Prague. In September 2017, the clinical laboratory at 
our hospital moved from brain natriuretic peptide (BNP) to N-terminal 
pro-BNP (NTproBNP) evaluation (Elecsys®; Roche Diagnostics, Basel, 
Switzerland). We used a validated conversion formula to calculate 
NTproBNP from the older BNP values for the correlation analysis.15 The 
estimated glomerular filtration rate (eGFR) for this conversion was calcu
lated using the Cockroft–Gault formula, as recommended.16 For other ana
lyses, the Chronic Kidney Disease Epidemiology Collaboration formula was 
used.17

2D echocardiography
Transthoracic echocardiography was acquired using the Vivid E9 and E95 
machines (GE Healthcare, Chicago, IL, USA). All routine measurements 
were performed according to the guidelines of the American Society of 
Echocardiography.18 2D global longitudinal strain (GLS) was measured 
from the three apical windows using the GE EchoPAC v204 software.

3D echocardiography
3D full-volume data were acquired with a 3D matrix-array transducer using 
four to six consecutive cardiac cycles from the apical view to achieve a 
frame rate of ≥20 frames/s. Special care was taken to include all myocardial 
segments; for this, a live 12-plane image view was used.

The EchoPAC v204 workstation software’s AutoLVQ feature was uti
lized to perform a 3D analysis of LVEF, volumes, and speckle-tracking 3D 
strain. Appropriate endocardial and epicardial borders in systole and dia
stole were semiautomatically selected. From this, the software automatic
ally generated strain tracking in 17 myocardial segments. The tracking was 
then visually reviewed for adequacy. Segments that did not track were ex
cluded. If more than three segments could not be analysed, the whole study 
was excluded; otherwise, strain was calculated based on the average of the 
analysable segments. Four modalities of deformation were derived. 
Longitudinal and circumferential strain (LS and CS) describe shortening in 
the long axis of the ventricle and along its circumference. Area strain 
(AS) was defined as a change in area of mid-myocardial strain, and radial 
strain (RS) was derived based on the assumption of constant volume.19

The first author (J.M.) performed the 3D acquisition and analyses, J.M. 
and B.C. performed the interobserver analysis.

Cardiovascular magnetic resonance
If possible, subjects underwent electrocardiogram-gated cardiovascular 
magnetic resonance (CMR) at a 1.5-T system (Philips Gyroscan Intera 
T15) using a standardized protocol including late gadolinium enhancement 
(LGE) imaging that was analysed in this study. Images were acquired during 
end-expiratory breath hold. LGE images covering the LV in multiple short- 
and long-axis views were obtained between 1 and 15 min after an intraven
ous bolus of 0.2 mmol/kg gadoterate meglumine (Dotarem; Guerbet, 
France) with segmented inversion recovery fast gradient echo sequences 
(TE [echo time] 1.19 ms, TR [repetition time] 3.7 ms, flip angle 15°, matrix 
209 × 164, FOV [field of view] 310 mm). All images were analysed using 
commercially available software (Extended MR Work Space 2.6.3.4; Philips).

Clinical follow-up and long-term prognosis
Follow-up was conducted at regular 6-month intervals and every 2 weeks 
for patients treated with enzyme replacement therapy at our centre. 
Long-term prognosis was assessed using a composite endpoint of all-cause 
death, heart failure decompensation (hospitalization for heart failure or 
emergency visit necessitating intravenous diuretic treatment), and hospita
lizations due to cardiovascular reasons, including hospitalizations for arryth
mias, hospitalizations because of chest pain or dyspnoea progression, or 
vascular causes (stroke, peripheral arterial disease, or pulmonary embol
ism). Investigator blinded to echocardiographic results evaluated the clinical 
events.

Statistical analysis
Categorical variables were represented using percentages and continuous 
variables using means ± standard deviation or median (25th and 75th per
centiles). Differences in variables were compared with the t-test, Mann– 
Whitney U test or χ2 test, as appropriate. NTproBNP was log-transformed 
to achieve normal distribution. The Pearson correlation coefficient was 
used to determine the relationship between numerical variables. For 
NYHA class, Spearman rank correlation was used. Linear regression models 
were used to evaluate predictors of NTproBNP. Logistic regression model 
was used to evaluate the presence of LGE on CMR. Cox proportional ha
zards model was used for assessing long-term prognosis. In multivariate 
modelling, we adjusted for age, gender, and renal function. Dichotomized 
analysis using the median value was done with the Kaplan–Meier method 
and the log-rank test. Intra- and interobserver intraclass correlation coeffi
cients and the standard error of measurement were calculated. R software 
version 4.1.2 (The R Foundation for Statistical Computing, Vienna, Austria) 
was used. A value of P < 0.05 was considered statistically significant.

Results
Population and 2D echocardiography
Out of 99 patients with 3D echocardiographic acquisition, 75 (76%) pa
tients had adequate image quality that allowed analysis in at least 14/17 
segments of the volume data set. Basic characteristics of the study popu
lation according to gender are shown in Table 1. Male patients had both 
overall more severe organ involvement as well as more pronounced LV 
morphology alterations. LV-EF was preserved in almost all patients.

3D echocardiography
3D echocardiographic data are presented in Table 2. Overall, 92% 
(1168/1275) 3D echocardiographic LV segments were analysable using 
myocardial strain. Females had significantly lower 3D LV volumes and 
3D LV mass. 3D LV-GLS, global area strain (3D LV-GAS), and radial 
strain (3D LV-GRS) were all significantly higher in females (P < 0.001 
for all), while 3D global circumferential strain (3D LV-GCS) was not sig
nificantly different (P = 0.25). There were significant correlations of LV 
volumes, mass, GLS, and EF between 2D and 3D echocardiography (P  
< 0.001 for all, see Supplementary data online, Table S1). Moreover, a 
significant correlation was noted between all the 3D strains and LV 
mass (P < 0.01 for all, Supplementary data online, Table S2). 
Furthermore, significant correlation was observed between NYHA 
class and 3D LV-GLS (Spearman’s rho = −0.317, P = 0.005) but not 
with 3D LV-GCS (P = 0.221, Supplementary data online, Table S3).

Correlation between 3D 
echocardiography and NTproBNP
Out of 73 patients with NTproBNP value, the strongest correlations 
with NTproBNP were observed for 3D LV-GAS, 3-LV-GLS, and 
3D LV-GRS strain (r = −0.52, P < 0.0001; r = −0.49, P < 0.0001; and 
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r = −0.47, P < 0.0001, respectively), as shown in Figure 1. Weaker correl
ation was noted with 3D LV-GCS (r = −0.38, P = 0.0008). A weak 
correlation was observed with 3D LV-EF (r = −0.25, P = 0.036) and no 
correlation with 2D LV-EF (r = 0.11, P = 0.35). In multivariable linear mod
els, all 3D LV strains but not EF remained significantly associated with 
NTproBNP after correcting for age, gender, and eGFR (Table 3), with 
3D LV-GLS having the strongest association. No significant effect of gender 
on predictive value of strains was observed (P for interaction >0.5 for all).

CMR fibrosis
In 53 patients, CMR for scar was performed within 6 months of index 
hospitalization. Overall, patients with LGE had significantly higher LV 

mass (P < 0.001) and lower 3D LV-GLS, 3D LV-GAS, and 3D LV-GRS 
(P < 0.05 for all), but only a non-significant trend was observed in 3D 
LV-GCS (P = 0.069). 3D LV-GLS and 3D LV-GAS remained significantly 
associated with LGE scar after correcting for age, gender, and renal func
tion [odds ratio, OR 0.54 (0.33–0.88); P = 0.012 and OR 0.78 (0.62–0.97); 
P = 0.025].

When considering LV posterolateral fibrosis and localized strain 
averaged over the four segments of basal and mid posterior and lateral 
walls, patients with posterolateral fibrosis had significantly lower loca
lized 3D CS compared with the other regions (P = 0.009, Figure 2). 
There were numerical trends for AS and RS that did not reach statistical 
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Table 1 Baseline and 2D echocardiographic data

Variable Total (n = 75) Female (n = 42, 56%) Male (n = 33, 44%) P-value

Age 47 ± 14 46 ± 15 48 ± 11 0.41

Systolic BP (mmHg) 130 ± 18 124 ± 17 137 ± 16 0.002

Diastolic BP (mmHg) 80 ± 11 79 ± 11 83 ± 12 0.1

Heart rate (/s) 73 ± 12 75 ± 11 71 ± 13 0.23

BMI (kg/m2) 25 (23, 28) 25 (22, 28) 26 (24, 28) 0.69

MSSI total 16 (7, 27) 10 (5, 18) 26 (15, 35) <0.001

Years from FD diagnosis 4 (1, 12) 5 (0.25, 12) 3 (1, 12) 0.97

Heart failure medication

ACEi/AT1 blocker 33% (25) 24% (10) 45% (15) 0.048

Beta-blockers 25% (19) 7% (3) 48% (16) <0.001

Spironolactone 1% (1) 2% (1) 0% (0) 0.37

Loop diuretic 7% (5) 2% (1) 12% (4) 0.09

NTproBNP (ng/L) 101 (49, 277) 79 (44, 192) 143 (50, 385) 0.008

NYHA class 0.23

I 63% (47) 69% (29) 55% (18)

II 29% (22) 26% (11) 33% (11)

III 7% (5) 2% (1) 12% (4)

IV 1% (1) 2% (1) 0% (0)

LV mass, BSA indexed (g/m2) 94 (70, 142) 72 (62, 94) 140 (105, 155) <0.001

LV geometry 0.0015

Concentric hypertrophy 37% (28) 24% (10) 55% (18)

Concentric remodelling 12% (9) 7% (3) 18% (6)

Eccentric hypertrophy 1% (1) 0% (0) 3% (1)

Normal 49% (37) 69% (29) 24% (8)

Ejection fraction (%) 65 ± 6 64 ± 6 66 ± 7 0.27

Ejection fraction < 50%, % (n) 3% (2) 0% (0) 6% (2) 0.11

GLS (%) 18 ± 4 20 ± 4 15 ± 4 <0.001

GLS < 17%, % (n) 43% (32) 24% (10) 67% (22) <0.001

LA volume, BSA indexed (mL/m2) 32 (26,37) 29 (24, 34) 35 (28, 44) 0.011

E/e′ 8.6 (6.9, 12.0) 7.8 (6.0, 9.0) 9.8 (8.2, 14.0) <0.001

Diastolic function classification (n = 66) 0.24

Normal 33% (22) 42% (17) 19% (5)

Grade I 56% (37) 50% (20) 65% (17)

Grade II 8% (5) 5% (2) 12% (3)

Grade III 3% (2) 3% (1) 4% (1)

ACEi, angiotensin converting enzyme inhibitors; AT1, angiotensin receptor 1; BMI, body mass index; BP, blood pressure; BSA, body surface area; FD, Fabry disease; GLS, global longitudinal 
strain; LA, left atrium; LV, left ventricle; MSSI, Mainz severity score index.
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significance. 3D LS was lower overall in both scarred and non-scarred 
segments.

Long-term prognosis
Overall, there were 3 deaths, 7 heart failure decompensations, and 22 
cardiovascular hospitalizations in the cohort over a median follow-up of 
3.1 years. Out of the cardiovascular hospitalizations, 14 were for chest 
pain or dyspnoea progression (2 patients with acute coronary syn
drome, 1 with coronary artery disease treated with angioplasty, 1 
with coronary artery disease treated by surgical revascularization, 5 
with dynamic LV outflow tract obstruction treated with alcohol septal 
ablation, and 5 due to chest pain/dyspnoea progression not clearly iden
tified as heart failure decompensation), 5 patients were hospitalized be
cause of arrhythmias (3 pacemakers for bradyarrhythmia, 1 atrial 
fibrillation with electrical cardioversion, 1 implantable cardioverter de
fibrillator due to ventricular arrhythmias), 2 patients had stroke, and 1 
had pulmonary embolism. Three patients with heart failure decompen
sation had cardiovascular hospitalizations before. One patient who died 
had heart failure hospitalization before and one had cardiovascular hos
pitalization before. One patient was lost to follow-up.

In univariate analysis, all four types of 3D LV myocardial strain were 
associated with long-term prognosis (Table 4). In multivariable analysis, 
3D LV-GCS was not associated with prognosis (P = 0.284) while 3D 
LV-GLS remained the most strongly associated (P = 0.004). Gender 
had no significant effect on predictive value of any of the strains (P 
for interaction >0.5 for all).

Using dichotomization by median values, 3D LV-GCS and 3D LV-EF 
were not associated with prognosis, while 3D LV-GLS, 3D LV-GAS, and 
3D LV-GRS had significant association, with association for 3D LV-GLS 
being the strongest (Figure 3).

Reproducibility
Inter- and intraobserver variabilities were assessed on a random sample 
of 20 patients and are shown in Table 5.

Discussion
To our knowledge, this is the first study showing 3D echocardiographic 
analysis with myocardial LV strain in patients with FD. We have shown 
in our data that (i) 3D transthoracic echocardiography with strain 

analysis is feasible in most patients with FD; (ii) 3D LV-GLS correlates 
strongly with NTproBNP levels, even adjusting for age, gender, and re
nal function, while 3D LV-GCS does not; (iii) 3D LV-GLS predicts the 
long-term prognosis of patients with FD, mainly cardiovascular hospita
lizations; and (iv) decreased regional 3D CS at LV posterolateral seg
ments reflects the presence of typical FD-related myocardial scar 
depicted by LGE.

Comparison of 3D to 2D strain patterns in 
FD
The role of 2D-derived speckle-tracking imaging in FD has been shown 
previously. Shanks et al. analysed 16 patients with FD, 9 of them with LV 
hypertrophy. They have demonstrated that patients with FD have low
er 2D GLS compared with healthy controls, but did not observe any 
difference in 2D GCS.20

We have shown that 3D LV-GLS correlates negatively with LV 
hypertrophy, while only weak correlation was observed for 3D 
LV-GCS. This can explain why Shanks et al. have found no difference 
between 2D GCS in healthy controls and patients with FD. 
Moreover, their 2D GCS analysis was limited to only six LV segments 
in mid-level short axis, while our 3D data allow the analysis of 3D 
LV-GCS using all segments. Our observations are consistent with those 
reported in hypertrophic cardiomyopathy patients. Using 3D echocar
diography, Voilliot et al. have shown a significant decrease in 3D LV-GLS 
in hypertrophic cardiomyopathy patients compared with controls. On 
the other hand, no difference in 3D LV-GCS was noted between con
trol group and hypertrophic cardiomyopathy patients.21 The same pat
tern observed in our patients probably reflects the fact that increased 
LV mass in FD is also dominantly caused by true hypertrophy of the LV 
myocardium as opposed to sphingolipid accumulation.5

Spinelli et al.22 have demonstrated that patients with FD show early 
deterioration in 2D RS even at a pre-hypertrophic stage and have found 
significant associations of GLS with LV hypertrophy. However, no sig
nificant association was observed between LV hypertrophy and 2D 
GCS or GRS. In our data set, we have shown a similar association of 
3D LV-GLS with LV hypertrophy but have also shown a correlation 
with 3D LV-GAS and, albeit weaker, with 3D LV-GCS and 3D 
LV-GRS. This might again show an advantage of full-volume 3D acqui
sition in comparison with the approach of Spinelli et al., who have used 
an average of basal and apical segments from 2D data set. A different 
method of RS based on volume conservation that is used in our 3D ana
lysis might have also affected the results.19 More recently, Lu et al.23 and 
Esposito et al.24 have shown that 2D GLS is impaired in patients with 
FD with or without LV hypertrophy.

Posterolateral LV scar and strain
Previous studies in FD have shown that myocardial deformation is low
er in posterolateral segments with an LGE-detected scar.25 In our pa
tients with LGE posterolateral scar, 3D LS was perhaps not 
surprisingly low in all segments, scarred as well as non-scarred, due 
to intrinsic myocardial disease in the majority of patients that had pos
terolateral LGE. However, in posterolateral segments with LV scarring, 
not only local 3D LS, but also local 3D CS was significantly decreased, 
while being relatively more preserved in non-scarred segments. This is 
similar to an observation reported in patients with ischaemic cardiomy
opathy, where LGE-based localized scar presence was shown to have a 
stronger association with 3D local CS when compared with 3D local 
LS.26

Heart failure severity
Others have shown that in patients with FD, 2D GLS was associated 
with NYHA class; however, they did not report on the association 
with GCS.27 We have shown similar results for heart failure severity 
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Table 2 Baseline 3D echocardiographic data

Variable (3D) Female Male P-value

LV end-diastolic volume (mL) 72 (66, 86) 106 (91, 
120)

<0.001

LV end-systolic volume (mL) 27 (24, 35) 43 (29, 48) <0.001

LV ejection fraction (%) 62 ± 5.9 62 ± 6.8 0.78

LV mass (end-diastolic, g) 172 (153, 

203)

280 (233, 

320)

<0.001

LV mass (end-systolic, g) 150 (134, 

172)

245 (217, 

290)

<0.001

Global longitudinal strain (%) 17 ± 4 12 ± 4 <0.001

Global circumferential strain 
(%)

17 ± 4 16 ± 4 0.25

Global area strain (%) 29 ± 5 24 ± 6 <0.001

Global radial strain (%) 47 (39, 51) 37 (30, 46) <0.001

LV, left ventricle.
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with 3D LV-GLS not only for NYHA class, but also using the more ob
jective NTproBNP values. A similarly strong association with 
NTproBNP was also observed for the 3D-unique 3D LV-GAS. 
Furthermore, a significant, but weaker correlation was shown for 3D 
LV-GCS and 3D LV-GRS.

Long-term prognosis
In a general inpatient population, 3D LV-GLS has been established as a 
strong predictor of prognosis and possibly better than 2D GLS in pa
tients with LV-EF 30–50%.28,29 However, its prognostic value in FD 
has not been proved before. Zada et al.30 have shown in 43 patients 
that local basal 2D GLS can be associated with major adverse cardiac 

events in patients with FD in the long term. We have shown a similar 
result using the conceptually simpler 3D LV-GLS without any specific 
segment selection. Our conclusions regarding 3D GLS are also sup
ported by Spinelli et al., who have shown a prognostic value of 2D 
GLS in predicting long-term prognosis in patients with FD in a retro
spective setting as well as by our own work in a larger set using 2D 
GLS.6,22

Limitations
The main limitation of 3D echocardiography is the limited feasibility 
of acquisitions. An adequate apical window that allows visualization 
of the whole LV is difficult to achieve. Furthermore, gated 

Figure 1 The correlation between NTproBNP, 3D LV strain, and EF. Correlation of 3D global strains is shown in the upper four scatterplots. 
Correlation for EF is shown in the lower two plots, with no significant correlation observed for 2D EF and borderline correlation for 3D EF.
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Table 3 Linear models for prediction of NTproBNP

Variable (3D LV) Unadjusted Adjusted

β 95% CI P-value β 95% CI P-value

Longitudinal straina −0.16 (−0.23, −0.10) <0.0001 −0.11 (−0.18, −0.04) 0.0020

Circumferential straina −0.16 (−0.25, −0.07) 0.0008 −0.08 (−0.15, −0.01) 0.0350

Area straina −0.14 (−0.19, −0.08) <0.0001 −0.08 (−0.13, −0.03) 0.0022

Radial straina −0.05 (−0.08, −0.03) <0.0001 −0.03 (−0.05, −0.01) 0.0050

Ejection fraction −0.06 (−0.11, −0.005) 0.0362 −0.02 (−0.06, 0.03) 0.4329

CI, confidence interval; LV, left ventricle. 
aAll strain modalities are global strain.

Figure 2 Local strain in posterolateral segments and CMR scar. Average local strain value of the four posterolateral segments and non-posterolateral 
segments is compared. Patients are grouped by the presence of posterolateral scarring on CMR. Tendency towards lower local strains in scarred pos
terolateral segments is noted for area and radial strain, and this difference is significant for circumferential strain. Longitudinal strain is diffusely decreased 
in all segments in patients with CMR posterolateral scar.
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Table 4 Predictors of long-term prognosis using Cox model analysis

Variable (3D LV) Unadjusted Adjusted

HR 95% CI P-value HR 95% CI P-value

Longitudinal straina 0.79 (0.72, 0.87) <0.0001 0.85 (0.75,0.95) 0.004

Circumferential straina 0.87 (0.77, 0.98) 0.018 0.94 (0.85,1.10) 0.284

Area straina 0.87 (0.82, 0.93) <0.0001 0.93 (0.86,1.00) 0.04

Radial straina 0.93 (0.90, 0.97) 0.0001 0.96 (0.93,1.00) 0.038

Ejection fraction 1.03 (0.96, 1.10) 0.424 1.03 (0.97,1.1) 0.324

CI, confidence interval; HR, hazard ratio; LV, left ventricle. 
aGlobal strain.
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acquisitions over four to six heart cycles were needed, leading to pos
sible stitching artefacts.8 In our data set, 76% patients had adequate 
image quality to perform 3D echo analysis and only 92% of their seg
ments were analysable. This is a little lower than feasibilities reported 
in some other studies.11 However, feasibility of 3D GLS in European 
patients is reported to be 81%, which is comparable with our data.10

Intra- and interobserver variabilities were good to excellent and 
comparable with previous publications using the same software 
platform.11

Another limitation is the direct comparison of segments from 3D 
echocardiography to localized magnetic resonance imaging scar. Only 
53 of our patients had CMR studies within 6 months of index hospital
ization. Furthermore, to obtain stable measurements, we have used an 
average over the four posterolateral segments, where the scar is loca
lized in FD. Average over specific regions has been shown to be feasible 
using territorial-based 3D strains in patients with coronary artery dis
ease, and in our case, it illustrates the difference in the behaviour of 
GCS and GLS in scarred posterolateral segments.31

A significant limitation is also the low number of clinical events, which 
limits the statistical power of our analyses, as well as the heterogeneity 
of the population. Also, due to the high correlation between 2D and 3D 
GLS, we could not show any difference or superiority of 3D GLS. 
However, this is primarily a hypothesis-generating study that should 
be verified in a larger, preferentially multicentric, setting.

Conclusion
Transthoracic 3D echocardiography with strain analysis is feasible for 
most patients with FD. 3D LV-GLS correlates strongly with 
NTproBNP levels and predicts the long-term prognosis of patients 
with FD. 3D LV-GCS is only weakly associated with NTproBNP levels 
and not with adjusted long-term prognosis; however, decreased local 
3D CS reflects the presence of LV posterolateral scarring on CMR. 
3D echocardiography might be used for a comprehensive mechanical 
assessment of LV in patients with FD, but technological advancements 
in image acquisition and analysis are needed.
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Table 5 Inter- and intraobserver variabilities

Variable (3D LV) Intraobserver Interobserver

ICC (95%CI) SEM ICC (95%CI) SEM

Longitudinal strain 0.96 (0.93–0.99) 0.77 0.97 (0.92–0.98) 0.74

Circumferential strain 0.84 (0.68–0.92) 1.27 0.84 (0.68–0.92) 1.27

Area strain 0.94 (0.88–0.97) 1.22 0.94 (0.87–0.97) 1.36

Radial strain 0.93 (0.85–0.97) 2.78 0.93 (0.86–0.97) 2.83

CI, confidence interval; ICC, intraclass correlation coefficient; LV, left ventricle; SEM, standard error of measurement.

Figure 3 Long-term prognosis (survival without HF decompensation or CV hospitalization). On the left side of the image, Kaplan–Meier plot of 3D 
GLS, which showed the highest statistical difference, is shown. On the right side of the image, results for 3D global area, radial and circumferential strains 
along with EF, are shown. No significant survival difference was noted for 3D GCS and 3D EF. Population was divided by the median strain and EF values, 
with curves showing survival of patients with values below the median compared to  survival of patients with values above the median. *The last follow- 
up of patients in the below median longitudinal strain arm was 4.99 years. HF, heart failure; CV, cardiovascular; EF, ejection fraction.
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