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Aims To perform a comparative analysis of right ventricle (RV) myocardial mechanics, assessed by 2D speckle-tracking echo-
cardiography (2D-STE), between patients with Fabry disease and patients with sarcomeric disease.

Methods
and results

Patients with Fabry cardiomyopathy (FC) (n= 28) were compared with patients with sarcomeric hypertrophic cardio-
myopathy (HCM), matched for degree of left ventricle hypertrophy (LVH) and demographic characteristics (n= 112). In
addition, patients with Fabry disease and no LVH [phenotype-negative carriers of pathogenic α-galactosidase gene muta-
tions (GLA LVH-)] (n= 28) were compared with age and sex-matched carriers of sarcomeric gene mutations without
LVH [Phenotype-negative carriers of pathogenic sarcomeric gene mutations (Sarc LVH-)] (n= 56). Standard echocardi-
ography and 2D-STE were performed in all participants. Despite a subtle impairment of RV global longitudinal strain (RV-
GLS) was common in both groups, patients with FC showed a more prominent reduction of RV free wall longitudinal
strain (RV-FWS) and lower values of difference between RV-FWS and RV-GLS (ΔRV strain), in comparison to individuals
with HCM (P< 0.001 and P= 0.002, respectively). RV-FWS and ΔRV strain demonstrated an independent and additive
value in discriminating FC from HCM, over the presence of symmetric LVH, systolic anterior motion of the mitral valve
and RV hypertrophy. Similar results were found in GLA LVH- patients: they had worse RV-FWS and lower values of ΔRV
strain as compared to Sarc LVH- patients (both P< 0.001).

Conclusion Patients with FC show a specific pattern of RV myocardial mechanics, characterized by a larger impairment of RV-FWS
and lower ΔRV strain in comparison to patients with HCM, which may be helpful in the differential diagnosis between
these two diseases.
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Introduction
Fabry disease is a rare lysosomal storage disorder, often misdiag-
nosed and with poor outcome if left untreated. Cardiac involve-
ment is frequent and represents the strongest determinant of
prognosis.1 Left ventricular hypertrophy (LVH) is the hallmark of
Fabry cardiomyopathy (FC), which may be indistinguishable from
sarcomeric hypertrophic cardiomyopathy (HCM) using conven-
tional echocardiography.1

Right ventricular hypertrophy (RVH) is found in a consistent pro-
portion of patients with FC,2–4 while is less frequent and usually
milder in HCM.5–7 In both diseases, right ventricular (RV) systolic
function is typically normal when assessed by conventional echocar-
diography.2–8 Two-dimensional speckle-tracking echocardiography
(2D-STE) allows to detect subtle RV impairment in different clinical
settings, including FC9,10 and HCM.7,11,12 However, potential differ-
ences between FC and HCM in terms of RV strain analysis have never
been investigated. The aim of the current study was to perform a
comparative analysis of RV myocardial mechanics assessed by
2D-STE in: (i) patients with sarcomeric HCM vs. patients with FC
and (ii) phenotype-negative carriers of pathogenic sarcomeric gene
mutations (Sarc LVH-) vs. phenotype-negative carriers of pathogenic
α-galactosidase (GLA) gene mutations (GLA LVH-).

Methods
Study population
We retrospectively screened two cohorts of: (i) patients with Fabry dis-
ease (n= 74), evaluated at the Fondazione Policlinico A. Gemelli IRCCS,
Rome, Italy between January 2010 and January 2021 and (ii) patients with
pathogenic sarcomeric mutations (n= 293), evaluated at the Leiden
University Medical Center (LUMC), Leiden, The Netherland during the
same period.

As currently recommended,1 the diagnosis of Fabry disease was based
on the measurement of the enzymatic activity of α-galactosidase A in leu-
cocytes (for male patients) and confirmed by genetic testing demonstrat-
ing pathogenetic variants in the GLA gene (for all patients). In the second
study cohort, HCM-causing mutations were identified by direct DNA se-
quencing of sarcomeric genes, performed through clinical evaluation (pa-
tients with LVH or family history of HCM). Genotypic information for
both study populations are reported in Supplementary data online,
Table S1.

Exclusion criteria from the present study were: age<18 years (n= 14),
obstructive form (defined as maximum resting gradient >30 mmHg and/
or maximum provocable gradient >50 mmHg, n= 33), insufficient qual-
ity of echocardiographic images (n= 38), known coronary artery disease
(n= 8).
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Both populations were divided in two groups according to left ven-
tricular (LV) wall thickness: patients with LVH (defined as LV thickness
≥13 mm) were considered as those with an overt cardiac phenotype
(FC and HCM). Patients without LVH (LV wall thickness <13 mm)
were regarded as genetic positive but phenotype negative (GLA LVH-
and Sarc LVH-).13

For the purpose of the present study, FC patients were compared with
HCM patients matched for maximal LV wall thickness and demographic
characteristics in a 1:4 ratio. In addition, GLA LVH- patients were com-
pared with age and sex-matched Sarc LVH- individuals in a 1:2 ratio.

The Fabry population was previously enrolled in ongoing clinical and
echocardiographic registries (Fabry Outcome Survey, Fabry Registry
and FollowMe Registry) and all patients signed a dedicated informed con-
sent. Due to the retrospective design of this study, the Medical Ethical
Committee of the LUMC declared that no formal ethical approval was
needed and waived the need for written informed consent. The study
was conducted in accordance with the principles of the Helsinki
Declaration.

Conventional echocardiographic assessment
Comprehensive echocardiographic examinations were performed with
the patients at rest in the left lateral decubitus position using commercial-
ly available ultrasound systems (Toshiba ArtidaTM, Toshiba Medical
System, Tokio, Japan or Philips EPIQ CVx, Philips Medical Systems,
Andover, Massachusetts, USA in the Policlinico A. Gemelli; E7, E9 and
E95 system, General Electric Vingmed, Horten, Norway or Philips
EPIQ 7, Philips Medical Systems, Andover, Massachusetts, USA in the
LUMC). Two-dimensional, colour, pulsed-wave, and continuous-wave
Doppler images were acquired from the parasternal, apical and subcostal
views. All images were digitally stored for offline analyses, which were
performed by an experienced operator (M.C.M.), in both study centres.

From a short-axis view at basal, mid, and apical levels the maximal LV
end-diastolic wall thickness was assessed. LV linear dimensions were
measured from parasternal long-axis views, and LV mass was calculated
according to the Devereux formula and indexed for body surface area.14

The asymmetry of LVH was quantified using the ratio between the thick-
ness of the interventricular septum and the posterior wall (IVS-PW thick-
ness ratio). Chamber quantification, LV ejection fraction (LVEF) and
diastolic function were assessed according to the most recent
guidelines.14,15

A comprehensive assessment of RV geometry, size and systolic func-
tion was performed according to current recommendations.16 RV free
wall thickness was derived from 2D echocardiography using the subcos-
tal view; RV hypertrophy was defined as RV wall thickness >5 mm. RV
end-diastolic and end-systolic area were measured from a RV focused
apical four-chamber view. RV systolic function was evaluated using tricus-
pid annular plane systolic excursion (TAPSE) by M-mode, tricuspid annu-
lar peak systolic velocity (RV S′ velocity) by pulsed-wave tissue Doppler
imaging (TDI) and RV fractional area change (RVFAC). TAPSE <17 mm,
RV S′ velocity <9.5 cm/s and RVFAC <35% were considered suggestive
of RV systolic dysfunction.16

The presence of systolic anterior movement (SAM) of the mitral valve
apparatus was visually assessed from the parasternal and apical long-axis
views. The peak velocity of the tricuspid regurgitant jet was derived using
continuous-waveDoppler, from a RV focused apical four-chamber view.16

Finally, the severity of mitral regurgitation and tricuspid regurgitation was
evaluated using a multiparametric approach, as recommended.

Two-dimensional speckle-tracking
echocardiographic analysis
2D-STE analysis was performed offline using commercially available,
vendor-independent, dedicated software, 2D Cardiac Performance
Analysis© by TomTec-Arena TM (TomTec Imaging Systems,
Unterschleissheim, Germany). Images from the apical 4- and 2-chamber
and long-axis views were used for the assessment of LV global longitudin-
al strain (LV-GLS), while the RV focused apical four-chamber view was
used to obtain RV global longitudinal strain (RV-GLS) and RV free wall
longitudinal strain (RV-FWS).14,17 Images with frame rates between 50
and 90 were selected for 2D-STE analysis. The endocardial border was
traced from an end-systolic frame by using a point-and-click approach.
The region of interest was defined by the software and manually adapted
to include the entire myocardial thickness. Then, the myocardium was
automatically divided in six segments in each view. For the assessment
of RV strain, the average values of the longitudinal peak systolic strain
from the three segments of the free wall (RV-FWS) and from all six seg-
ments of the free wall and septal wall of the RV (RV-GLS) were calcu-
lated.17,18 For the assessment of LV-GLS, the average of the
longitudinal peak systolic values obtained from the 17 LV segments in
the three apical views was evaluated.14 In the present study, the values
of strain measurements are reported in absolute values. According to
current evidence,18 RV-GLS <20% and RV-FWS <23% were considered
as impaired RV systolic function. In addition, the difference between
RV-FWS and RV-GLS, referred to as ΔRV strain, was investigated as
marker of the equilibrium of RV mechanical properties. RV strain is typ-
ically higher in the free wall as compared to the septum and a reference
range of 5± 2% for ΔRV strain has been reported in healthy subjects.18

Statistical analysis
Normally-distributed continuous variables are presented as mean±
standard deviation whereas non-normally distributed data are presented
as median and interquartile range. Categorical variables are expressed as
frequencies and percentages. Comparison of clinical and echocardio-
graphic characteristics between groups was performed by the unpaired
Student’s t-test (for normally-distributed continuous variables), Mann–
Whitney U test (for non-normally distributed continuous variables)
and χ2 test or the Fisher’s exact test, as appropriate (for categorical vari-
ables). Multiple comparisons of continuous variables were tested with
Bonferroni correction. The correlation between RV-FWS and RV free
wall thickness was assessed using the Spearman’s method. Univariable
and multivariable binary logistic regression analyses were performed to
investigate the association between echocardiographic characteristics
and FC (vs. HCM). Variables with a significant correlation at univariable
analysis (P< 0.05) were included in the multivariable analysis. The odds
ratio (OR) and 95% confidence intervals (CIs) were calculated for each
variable. The goodness of fit of the univariable and multivariable regres-
sion models was evaluated by calculating Harrell’s C statistic with 95% CI.
Since ΔRV strain has not been previously investigated in the context of
cardiomyopathies with hypertrophic phenotype, a penalized spline curve
was fitted to specifically characterize the association between FC and
ΔRV strain. The spline curve displayed the changes of FC probability (ex-
pressed as percentage) across a range of ΔRV strain values and, based on
this analysis, a threshold value of ΔRV strain to predict FC was proposed.
Additionally, receiver-operating characteristics (ROC) curve analyses
were performed to determine the optimal cut-offs of RV-FWS and
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ΔRV strain for discriminating FC from HCM. Different measures of diag-
nostic accuracy were computed for the relevant thresholds of RV-FWS
and ΔRV strain.

Twenty random individuals (10 from each study cohort) were selected
for the evaluation of intra- and inter-observer variability of RV strain
parameters. Excellent agreement was defined by an intraclass correlation
coefficient> 0.9, whereas good agreement was defined by a value be-
tween 0.75 and 0.90.

All tests were two-sided and P-values< 0.05 were considered statis-
tically significant. Statistical analysis was performed using SPSS version
25.0 (IBM Corporation, Armonk, NY, USA) and R version 4.0.1 (R
Foundation for Statistical Computing, Vienna, Austria).

Results

Phenotype-positive patients
Clinical and echocardiographic characteristics of FC and HCM pa-
tients are summarized in Table 1. A total of 140 patients with LVH
(28 FC and 112 HCM) were included.

FC and HCM patients were similar for most of the echocardio-
graphic parameters, such as LV and RV dimensions, LVEF, LV-GLS
as well as parameters of LV diastolic function. In accordance with
the selection criteria, the degree of LVH was similar between the
two groups, but FC patients showed a more symmetric pattern of
LVH, as expressed by a significantly lower IVS-PW thickness ratio
(P< 0.001). Mitral SAM (without LV outflow tract gradient) was
more frequently observed in HCM patients than FC patients (P=
0.010). FC patients had significantly increased RV wall thickness as
compared to HCM patients (P< 0.001). Accordingly, the prevalence
of RVH was higher in the FC group (93% vs. 44%, P< 0.001). The as-
sessment of RV systolic function using conventional echocardio-
graphic parameters did not show significant differences between
the two groups and TAPSE, RVFAC and RV S′ were within the nor-
mal range in most of the patients. On the contrary, RV strain analysis
revealed a subclinical RV systolic impairment in a sizeable proportion
of subjects in both groups. Specifically, RV-GLS was impaired (<20%)
in 61% of FC patients and 46% of HCM patients, with no significant
difference between the two populations (P= 0.151). Conversely, ab-
normal RV-FWS (<23%) was more common in FC individuals than
HCM patients (68% vs. 27%, P< 0.001), with significantly lower va-
lues of ΔRV strain in FC vs. HCM (P= 0.002). Figure 1 shows the
comparison of RV parameters in FC vs. HCM. Figure 2 illustrates
the proportion of patients with RV systolic dysfunction based on dif-
ferent echocardiographic parameters. Notably, there were no signifi-
cant differences in RV strain parameters between patients with
disease-causing mutations of the MYBPC3 gene (72% of the HCM
patients) and patients with other sarcomeric gene mutations (see
Supplementary data online, Table S2). In the overall population,
RV-FWS was moderately correlated with RV wall thickness (correl-
ation coefficient= 0.370; P< 0.001).

Diagnostic value of RV mechanics to
discriminate FC vs. HCM
At univariate logistic regression analysis, a significant correlation was
found between FC and the following echocardiographic variables:
IVS-PW thickness ratio, mitral SAM, RV wall thickness, RV-GLS,

RV-FWS and ΔRV strain (see Supplementary data online,
Table S3). For collinearity reasons, different multivariable logistic re-
gression models including IVS-PW thickness ratio, mitral SAM, RV
wall thickness and one parameter of RV mechanics were built
(Table 2). After correcting for IVS-PW thickness ratio, mitral SAM
and RV wall thickness, RV-GLS was not significantly associated
with FC (P= 0.141). Conversely, both RV-FWS and ΔRV strain re-
tained an independent association with FC (P= 0.005 and P=
0.002, respectively). Notably, the likelihood ratio test demonstrated
a significant improvement in the predictive value with the addition of
RV-FWS or ΔRV strain to the baseline model (P= 0.003 and P=
0.005, respectively). The multivariate model incorporating ΔRV
strain yielded the highest increment in the C statistic (0.881, 95%
CI: 0.809–0.953). Therefore, a spline curve was specifically per-
formed to characterize the association between ΔRV strain and
FC. Figure 3 demonstrates a linear increase of FC probability with
lower values of ΔRV strain; based on the fitted spline curve, the
threshold value of 4% was chosen to discriminate FC vs. HCM.
This cut-off value (ΔRV strain <4%) was also confirmed by the
ROC analysis [sensitivity 68%, specificity 65%, positive predictive va-
lue (PPV) 33%, negative predictive value (NPV) 89%] (see
Supplementary data online, Figure S1). The ROC analysis built for
RV-FWS identified a value of 23.3% as the best threshold for discrim-
inating FC vs. HCM (sensitivity 75%, specificity 72%, PPV 40%, NPV
92%). Notably, this threshold corresponded approximately to the
lower limit of normality for RV-FWS (23.0%), derived from the lit-
erature (see Supplementary data online, Figure S1 and Table S4).

Phenotype-negative patients
A total of 84 patients without LVHwere included (28 GLA LVH- and
56 Sarc LVH-) (Table 3). As expected, most of the conventional
echocardiographic parameters were within the normal range and
did not significantly differ between the two groups, except for the
E/e′ ratio that was higher in the Sarc LVH- group (P= 0.001). GLA
LVH- patients showed significantly lower values of LV-GLS (P<
0.001). No significant differences were found in conventional para-
meters of RV systolic function between the two populations.
However, when assessing RV systolic function by strain analysis,
GLA LVH- patients showed significantly reduced RV-FWS (P<
0.0001) with lower values of ΔRV strain (P< 0.001), as compared
to Sarc LVH- patients (Figure 4). Impaired RV-FWS values (defined
as <23%) were found in 21% of GLA LVH- patients, as compared
to 5% of Sarc LVH- patients (P= 0.025).

Reproducibility
The intra- and inter-observer reproducibility of RV strain parameters
is summarized in Supplementary data online, Table S5. The agree-
ment was excellent for RV-GLS and RV-FWS and good for ΔRV
strain measurements.

Discussion
In the present study we performed a comparative analysis of RV lon-
gitudinal mechanics assessed by 2D-STE in FC vs. HCM, as well as in
genotype positive-phenotype negative patients. The original and
relevant finding of the current study is that the impairment of RV
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strain in patients with FC shows peculiar features as compared to in-
dividuals with HCM and similar degree of LVH. Patients with FC ex-
hibited a more prominent impairment of RV-FWS and lower values
of ΔRV strain than HCM patients. This pattern was useful in discrim-
inating FC from HCM and may be used as an adjunctive tool in the

echocardiographic differential diagnosis between these two diseases.
Moreover, we found that patients with Fabry disease without LVH
have more reduced longitudinal strain values, as compared to pa-
tients with sarcomeric mutations without LVH, both at LV and RV
level.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Clinical and echocardiographic characteristics of the phenotype-positive population

Overall LVH+ (N= 140) HCM (N= 112) FC (N=28) P-value*

Clinical characteristics

Age (years) 55 (42–64) 54 (41–63) 55 (51–65) 0.128

Female (n,%) 30 (21) 23 (21) 7 (25) 0.607

NYHA class (n,%) 0.240

I/II 128 (91) 104 (93) 24 (86)

III/IV 12 (9) 8 (7) 4 (14)

Hypertension (n,%) 49 (35) 39 (35) 10 (36) 0.929

COPD (n,%) 7 (5) 6 (5) 1 (4) 0.739

Diabetes (n,%) 3 (3) 3 (3) 0 (0) 1.000

Previous history of AF (n,%) 31 (22) 29 (26) 2 (7) 0.033

Echocardiographic characteristicsa

Maximum LVWT (cm) 2.0 (1.6–2.3) 2.0 (1.7–2.4) 1.8 (1.5–2.2) 0.090

LV mass index (g/m2) 151 (132–191) 149 (132–182) 167 (132–228) 0.106

IVS/PW ratio 1.4 (1.1–1.6) 1.5 (1.2–1.6) 1.1 (1.0–1.3) <0.001

LVEDV index (ml/m2) 51 (43–60) 51 (43–60) 50 (42–60) 0.698

LVEF (%) 62± 8 62± 8 62± 4 0.843

LV-GLS (%) 16.3 (13.1–18.1) 16.3 (13.2–18.2) 15.6 (10.5–17.0) 0.153

LAV index (ml/m2) 41 (32–54) 40 (30–51) 48 (34–60) 0.069

E/A ratio 1.1 (0.8–1.5) 1.1 (0.8–1.5) 1.1 (0.8–1.3) 0.481

E/E′ ratio 10.3 (8.1–13.3) 10.4 (7.9–13.4) 10.4 (8.7–13.0) 0.660

Mitral SAM 43 (31) 40 (36) 3 (11) 0.010

MR grade (n,%) 0.383

Trivial/Mild 131 (94) 106 (95) 25 (89)

Moderate 9 (6) 6 (5) 3 (11)

RVWT (mm) 5.5 (4.2–7.0) 5.0 (4.0–6.5) 7.0 (5.5–8.5) <0.001

RVEDA (cm2) 18.3 (15.3–21.0) 18.3 (15.5–21.2) 17.6 (14.8–20.5) 0.453

RVESA (cm2) 9.5 (8.0–11.3) 9.5 (8.0–11.4) 9.3 (7.9–11.5) 0.976

RAV index (ml/m2) 24 (16–29) 22 (16–29) 25 (18–30) 0.185

TAPSE (mm) 21± 4 21± 4 20± 3 0.085

RVFAC (%) 46± 8 46± 8 46± 9 0.772

RV S′ velocity (cm/s) 11.3± 2.8 11.4± 2.6 11.1± 3.1 0.566

RV-GLS (%) 20.6 (16.5–23.6) 21.2 (17.5–23.8) 17.9 (14.2–21.8) 0.010

RV-FWS (%) 25.6 (20.7–28.1) 26.0 (22.6–28.4) 21.4 (17.1–23.9) <0.001

ΔRV strain (%) 4.5 (2.8–6.0) 4.8 (3.0–6.5) 3.1 (1.7–4.8) 0.002

TR jet velocity (m/s) 2.4 (2.1–2.6) 2.4 (2.1–2.6) 2.4 (2.2–2.7) 0.615

TR grade (n,%) 0.584

Trivial/mild 136 (97) 108 (96) 28 (100)

Moderate 4 (3) 4 (4) 0 (0)

aAll patients had sinus rhythm during the echocardiographic examination.
*Comparison of echocardiographic parameters was performed applying a Bonferroni correction. P values <0.0028 were considered statistically significant (18 comparisons) and are
shown in bold type.
AF, atrial fibrillation; COPD, chronic obstructive pulmonary disease; IVS/PW, interventricular septum/posterior wall; LAV, left atrial volume; LVEDV, LV end diastolic volume; LVWT,
LVwall thickness; MR, mitral regurgitation; RAV, right atrial volume; RVEDA, RV end-diastolic area; RVESA, RV end-systolic area; RVWT, RVwall thickness; TR, tricuspid regurgitation.
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Phenotype-positive patients
RVH is considered a ‘red flag’ for HCM phenocopies.19 RVH has
been reported with a prevalence ranging between 40 and 70% in pa-
tients with FC,2–4 and its presence has been shown to correlate with
LVH, global disease severity and increasing age, suggesting that it is a
feature of advanced stages of FC.2–4 In HCM, RVH is usually less fre-
quent and milder as compared to storage/infiltrative cardiomyop-
athies5–7 but is still correlated with clinical and echocardiographic
features of severe disease, especially LVH.5–7 In both diseases,
RVH is typically associated with normal RV systolic function when as-
sessed by standard echocardiography.3,4,6–8 However, the complex
RV shape and geometry weaken the accuracy of conventional para-
meters of RV systolic function and recent studies on RV strain ana-
lysis revealed that this novel technique can unveil a common
subclinical impairment of RV mechanics in both HCM and FC pa-
tients.7,9–12 In the present study, RV strain impairment was

confirmed in a sizeable proportion of the cohort and was more fre-
quent in FC than in HCM patients with similar degree of LVH.
However, data on segmental variability of RV strain in cardiomyop-
athies with hypertrophic phenotype are still limited.17 In patients
with FC, we previously reported that both RV-GLS and RV-FWS
are more impaired in comparison to patients with Fabry disease in
the pre-hypertrophic stage and healthy controls, while the equilib-
rium of RV mechanical properties was preserved, as demonstrated
by similar values of ΔRV strain.10 Intriguingly, in the present study,
FC patients showed a more prominent reduction of RV-FWS and
lower values of ΔRV strain than HCM patients, adjusting for the po-
tential confounding effect of the degree of LVH.

A previous work by Militaru et al.20showed a larger impairment of
RV-FWS in 20 FC patients vs. 20 HCM patients with similar age and
degree of LVH. The present study extended these findings in a larger
and more homogenous population (only patients with genetically-

Figure 1 Box plots showing echocardiographic parameters of RV systolic function in phenotype-positive patients. Lower, middle, and upper
hinges of the box correspond to the 25th, 50th, and 75th percentiles. The upper and lower whiskers extend from the hinge to the largest and
smallest value, respectively, no further than 1.5 times the interquartile range of the hinge.

Figure 2 Prevalence of RV systolic dysfunction according to different echocardiographic parameters in phenotype-positive patients. The follow-
ing thresholds were used to define RV systolic dysfunction: TAPSE<17 cm; RV S′ velocity<9.5 m/s; RVFAC< 35%; RV-GLS<20%; RV-FWS<23%.
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proven, non-obstructive HCM were selected) and using a different
post-processing software for strain measurements.
We can speculate that in FC the accumulation of globotriaosylcer-

amide in the RV free-wall parallels LV structural changes, while in
HCM the higher values of ΔRV strain are likely the consequence of
the imbalance between the interventricular septum strain, which is
more impaired, and RV free-wall strain, which is less affected.
Notably, there was no difference in the tricuspid regurgitant jet vel-
ocity between the two populations, thus suggesting that afterload
conditions do not play a major role in determining these differences.
Furthermore, RV-FWS and ΔRV strain showed an independent

and incremental value in discriminating FC from HCM, above the
presence of symmetric LVH, mitral SAM and RVH. Several echocar-
diographic features have been identified as evocative of FC rather
than HCM, including the concentric pattern of LVH, disproportion-
ate hypertrophy of papillary muscles, loss of base-to-apex circumfer-
ential strain gradient,1,19,21,22 but with variable sensitivity and
specificity and none of them can be considered pathognomonic.1

In this scenario, our findings may have relevant implications in clinical

practice, helping in the differential diagnosis. Nevertheless, our re-
sults do not allow to draw definite conclusions on the diagnostic va-
lue of RV strain impairment in the setting of unexplained LVH, since
other HCM phenocopies (i.e. cardiac amyloidosis and Danon dis-
ease) have not been investigated in the present study. Additionally,
although echocardiography remains the first-line investigation in rou-
tine clinical practice, it is worth mentioning the central role gained by
cardiac magnetic resonance imaging with T1 mapping in the early dif-
ferential diagnosis of FC.1

Phenotype-negative patients
Currently, no data are available on comparative echocardiographic
analysis between sarcomeric vs. GLA pathogenic gene mutation car-
riers without LVH. Previous studies on pre-hypertrophic stages of
both HCM and FDweremainly focused on the LV. Specifically, in car-
riers of HCM-related gene mutations, structural LV abnormalities
have been described, including myocardial crypts and anterior mitral
valve leaflet elongation,13 with conflicting results on LV function as-
sessed by TDI and myocardial strain analysis.23,24 Conversely,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Multivariable logistic regression to identify parameters of RV mechanics independently associated with FC

Echocardiographic parameters Adjusted odds ratioa (95% CI) P-value C-statistic (95% CI)

RV-GLS (%) 0.911 (0.805–1.031) 0.141 0.848 (0.776–0.920)

RV-FWS (%) 0.854 (0.766–0.953) 0.005 0.870 (0.801–0.934)

ΔRV strain (%) 0.676 (0.528–0.866) 0.002 0.881 (0.809–0.953)

aAdjusted for IVS/PW thickness ratio, mitral SAM and RV wall thickness. Statistically signifcance at the 0.05 level is shown in bold type.
IVS/PW, interventricular septum/posterior wall.

Figure 3 Spline curve analysis demonstrating the probability of FC according to ΔRV strain values. The spline curve demonstrates the changes of
FC probability in phenotype-positive patients across the values of ΔRV strain, with overlaid % confidence intervals displayed (shaded areas).
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patients with Fabry disease showed reduced TDI systolic velocities
and LV-GLS values as compared to healthy controls.25–27 In the cur-
rent study, patients with Fabry disease in the pre-hypertrophic stage

showed worse LV-GLS values as compared to patients with sarco-
meric mutations, even if LV-GLS was within the normal range in
both populations. As regards the RV, the results obtained in the

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Clinical and echocardiographic characteristics of the phenotype-negative population

Total LVH- (N= 84) Sarc LVH- (N=56) GLA LVH- (N=28) P-value*

Demographic characteristics

Age (years) 39± 15 37± 15 40± 15 0.337

Female (n,%) 57 (68) 38 (68) 19 (68) 1.000

Hypertension (n,%) 15 (18) 9 (16) 6 (21) 0.546

Echocardiographic characteristics

LV mass index (g/m2) 80 (68–93) 80 (69–92) 78 (66–93) 0.708

LVEDV index (mL/m2) 49 (43–54) 51 (45–56) 47 (40–52) 0.256

LVEF (%) 63± 5 63± 6 64± 3 0.258

LV-GLS (%) 21.8 (19.9–23.2) 22.3 (20.6–23.7) 20.2 (18.5–22.0) 0.002

LAV index (mL/m2) 28 (23–32) 27 (23–33) 29 (24–30) 1.000

E/A ratio 1.3 (1.1–1.7) 1.3 (1.1–1.5) 1.6 (1.3–1.9) 0.013

E/E′ ratio 7.1 (5.8–8.6) 7.9 (6.0–9.3) 6.3 (5.4–7.3) 0.001

RVWT (mm) 3.5 (3.0–4.0) 3.5 (3.0–4.0) 3.6 (3.2–4.0) 0.747

RVEDA (cm2) 16.4 (14.2–19.3) 16.9 (14.1–19.3) 15.1 (14.5–18.6) 0.407

RVESA (cm2) 8.3 (6.5–9.7) 8.3 (6.5–9.7) 8.0 (6.3–10.6) 0.859

RAV index (ml/m2) 14 (11–19) 15 (11–19) 14 (11–19) 0.772

TAPSE (mm) 24± 3 24± 3 23± 3 0.745

RVFAC (%) 51± 6 51± 6 51± 6 0.817

RV S′ velocity (cm/s) 13.4± 2.2 13.2± 3.0 13.5± 1.5 0.669

RV-GLS (%) 24.9 (22.2–27.4) 25.3 (22.9–28.0) 23.5 (21.8–26.0) 0.049

RV-FWS (%) 29.2 (26.6–32.6) 30.3 (27.5–33.4) 26.6 (23.9–29.6) <0.001

ΔRV strain (%) 4.3 (2.8–5.9) 5.0 (3.3–7.0) 2.9 (2.0–4.3) <0.001

TR jet velocity (m/s) 2.1 (2.0–2.3) 2.1 (2.0–2.3) 2.1 (2.0–2.4) 0.989

*Comparison of echocardiographic parameters was performed applying a Bonferroni correction. P values <0.0028 were considered statistically significant (18 comparisons) and are
shown in bold type.
LAV, left atrial volume; LVEDV, LV end diastolic volume; RAV, right atrial volume; RVEDA, RV end-diastolic area; RVESA, RV end-systolic area; RVWT, RVwall thickness; TR, tricuspid
regurgitation.

Figure 4 Box plots showing parameters of LV and RV strain in phenotype-negative patients. Lower, middle, and upper hinges of the box cor-
respond to the 25th, 50th, and 75th percentiles. The upper and lower whiskers extend from the hinge to the largest and smallest value, respectively,
no further than 1.5 times the interquartile range of the hinge.
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phenotype-positive populations were also confirmed in phenotype-
negative patients. Indeed, RV-FWS andΔRV strain values were lower
in Fabry patients. This finding suggests that RV mechanical properties
in Fabry patients are not entirely dependent upon RVH. We can hy-
pothesize that, in the pre-hypertrophic stage of Fabry disease, a mild
effect of globotriaosylceramide storage on both LV and RV may be
detected by strain analysis, while in patients with HCM-related
gene mutations, LV and RV mechanics remain unaffected.

Limitations
Some limitations of the present study should be acknowledged. First,
given its retrospective nature, the study is not immune to source of
bias. The HCM group was selected by matching with FC cases and
therefore may be not representative of an average HCM population.
Moreover, the majority of HCM patients had a mutation in the
MYBPC3 gene and, although there were no significant differences be-
tween these patients and those with other sarcomeric gene muta-
tions, further studies should be performed to clarify this issue.
Considering the unpredictable and variable penetrance of sarco-

meric HCM, carriers of sarcomeric mutations that will never express
the clinical phenotype may have been included in the present study.
Similarly, in patients with a pre-hypertrophic stage of Fabry disease,
the evolution of cardiac phenotype is not predictable, especially in fe-
males and with possible differences between naïve vs. treated
patients.
In addition, cardiac magnetic resonance imaging was not systemat-

ically available and therefore the correlation between strain mea-
surements and myocardial tissue characterization was not possible.
Similarly, 3D echocardiographic datasets were not systematically ac-
quired, thus 3D volumetric and strain measurements could not be
performed.

Conclusions
Patients with FC have a more prominent reduction of RV-FWS and
lower values of ΔRV strain as compared to HCM patients with simi-
lar degree of LVH. Both RV-FWS and ΔRV strain show an independ-
ent and incremental value in discriminating FC from sarcomeric
HCM above conventional echocardiographic ‘red flags’.

Supplementary data
Supplementary data are available at European Heart Journal -
Cardiovascular Imaging online.
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