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Right heart and left atrial strain 
to differentiate cardiac amyloidosis 
and Fabry disease
Isabel Mattig 1,2,3,4,5, Tilman Steudel 1,2,3, Karin Klingel 6, Gina Barzen 1,2,3, David Frumkin 1,2,3,4, 
Sebastian Spethmann 1,2,3,4, Elena Romero Dorta 1,2,3, Karl Stangl 1,2,4, Bettina Heidecker 2,3,7, 
Ulf Landmesser 2,7, Fabian Knebel 1,2,3,4,5,8, Sima Canaan‑Kühl 2,3,9, Katrin Hahn 2,3,5,10 & 
Anna Brand 1,2,3,4,6*

Echocardiographic differentiation of cardiac amyloidosis (CA) and Fabry disease (FD) is often 
challenging using standard echocardiographic parameters. We retrospectively analyzed the 
diagnostic accuracy of right heart and left atrial strain parameters to discriminate CA from FD using 
receiver operating characteristic curve analyses and logistic regression models. A total of 47 FD 
and 88 CA patients with left ventricular wall thickening were analyzed. The comparison of both 
cardiomyopathies revealed significantly reduced global and free wall longitudinal right ventricular 
strain (RVS; global RVS: CA − 13 ± 4%, n = 67, vs. FD − 18 ± 4%, n = 39, p < 0.001) as well as right atrial 
strain (RAS; reservoir RAS: CA 12 ± 8%, n = 70, vs. FD 26 ± 9%, n = 40, p < 0.001) and left atrial strain 
(LAS) in CA patients. Individually, global RVS as well as phasic LAS and RAS showed the highest 
diagnostic accuracy to distinguish CA and FD. The best diagnostic accuracy was achieved by combining 
the age, basal RV diameter, global RVS, and reservoir and conduit RAS (area under the curve 0.96 
[95% CI 0.90–1.00]). Differential echocardiographic diagnostic work‑up of patients with suspected CA 
or FD can be improved by integrating structural and functional parameters of the right heart and the 
left atrium.
Trial registration: DRKS00027403.

Abbreviations
2D STE  2D speckle tracking echocardiography
AL  Monoclonal immunoglobulin light chain amyloidosis
AScd  Atrial conduit strain
ASct  Atrial contraction strain
ASE  American Society of Echocardiography
ASr  Atrial reservoir strain
ATTRv  Hereditary transthyretin amyloidosis
ATTRwt  Wild type transthyretin amyloidosis
AUC   Area under the curve
CA  Cardiac amyloidosis
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CI  Confidence interval
EACVI  European Association of Cardiovascular Imaging
FD  Fabry disease
Gb3  Globotriaosylceramide
GLA  α-galactosidase A
HF  Heart failure
HFpEF  Heart failure with preserved ejection fraction
ICC  Intraclass correlation coefficient
LA  Left atrium
LAS  Left atrial strain
LV  Left ventricle
RA  Right atrium
RAS  Right atrial strain
ROC  Receiver operating characteristic curve analysis
RV  Right ventricle function
RVFAC  Right ventricular fractional area change
RVOT  Right ventricular outflow tract
RVS  Right ventricular strain
RV-Sʹ  Systolic tricuspid annular velocity
TAPSE  Tricuspid plane systolic excursion

Left ventricular (LV) wall thickness ≥ 12 mm is a common finding in various cardiomyopathies such as hyper-
trophic cardiomyopathy, cardiac amyloidosis (CA), Fabry disease (FD), and hypertensive heart  disease1. Espe-
cially in CA and FD, diagnosis is often challenging using standard echocardiographic imaging with a considerable 
delay of confirmation of both  diseases2,3 impeding access to specific therapeutic approaches that have recently 
become available.

CA is frequently underdiagnosed in patients with heart failure (HF), particularly in HF with preserved ejec-
tion fraction (HFpEF)4. It is characterized by an extracellular accumulation of mis-folded proteins including 
hereditary (ATTRv) or wild type transthyretin (ATTRwt) and monoclonal immunoglobulin light chains (AL) 
as the most common  forms5. As recommended by the European Society of Cardiology (ESC), CA should be 
suspected in patients with LV wall thickness ≥ 12 mm and a variety of additional findings such as heart failure, 
reduced longitudinal LV strain (LVS), and present apical sparing pattern in echocardiographic  assessment5. 
Additional to these typical findings, echocardiographic studies in CA patients revealed a characteristic myo-
cardial texture known as granular sparkling, a reduced LV systolic and diastolic function, an enlargement of 
the left atrium (LA), a reduction of right ventricular (RV) function as well as pericardial  effusion6,7. However, 
these echocardiographic red flags may be of limited diagnostic value to discriminate specific etiologies while 
reductions of LA strain may be of higher accuracy to diagnose CA in patients with increased LV wall  thickness8. 
Prognosis is often poor depending on the amyloid type and disease  stage5,9 but can be improved by specific 
therapeutic  approaches10.

FD is a rare X-linked lysosomal storage disorder with minimal or absent α-galactosidase A (GLA) activity 
associated with a reduced life-expectancy, mostly due to cardiovascular  events11. Intracellular cardiac deposition 
of globotriaosylceramide (Gb3) leads to a staged progression of FD with a silent phase, including a microvas-
cular stage, followed by a detectable accumulation stage, and a clinical phase with inflammation, hypertrophy, 
and  fibrosis12. Typical echocardiographic characteristics of FD comprise prominent papillary muscles, reduced 
basal-lateral LVS and diastolic dysfunction beside the thickened LV  wall13.

Both cardiomyopathies require a specific treatment to prevent further cardiac damage. Hussain et al.14 
observed a significant increase in life expectancy of CA patients with Tafamidis therapy. Enzyme replacement 
therapy in FD led to a reduction of LV mass and reduced severe  events15,16. Moreover, also chaperon therapy 
was associated with a reduced or at least stabilized LV mass, especially in case of early treatment  initiation17–19. 
Therefore, a timely and correct diagnosis enabling early treatment of both cardiomyopathies is essential for 
lifetime management of CA and FD patients.

CA red flags as reported by the ESC and echocardiographic characteristics of FD as proposed in multiple 
studies commonly concentrate on the assessment of the  LV5,13,20. To the best of our knowledge, the present ret-
rospective analysis is the first study with focus on the morphology and function of the RV, right atrium (RA), 
and LA to increase the diagnostic accuracy in CA and FD patients. The aim of the study is to evaluate and 
compare the diagnostic value of diverse echocardiographic parameters as well as RV, RA, and LA mechanics to 
discriminate both cardiomyopathies.

Methods
Study design
FD and CA patients with an age ≥ 18 years treated at the Charité – Universitätsmedizin Berlin, Germany 
from 2019 to 2022 were retrospectively screened for study participation (German clinical trials registry 
DRKS00027403). Diagnosis of FD was confirmed by genetic testing of GLA mutation according to current 
 recommendations20. CA was assessed by laboratory measurements, echocardiography, scintigraphy, magnetic 
resonance imaging and/or biopsy including immunohistochemical amyloidosis subtyping as proposed by the 
 ESC5. Patients without cardiac involvement of disease or with insufficient echocardiographic image quality to 
perform RV strain (RVS) or RA strain (RAS) and LA strain (LAS) analysis were excluded. The study was per-
formed in accordance with the Declaration of Helsinki and approved by the institutional ethics committee of 
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the Charité – Universitätsmedizin Berlin, Germany (EA4/224/21 and EA1/014/20)21. Requirement for informed 
consent was waived by the ethics committee of the Charité – Universitätsmedizin Berlin due to the retrospective 
design of the  study21.

Echocardiographic assessment
Echocardiographic examinations were performed according to the guidelines of the American Society of Echo-
cardiography (ASE) and the European Association of Cardiovascular Imaging (EACVI) using a GE healthcare 
Vivid E9 or E95 and a M5S 1.5–4.5 MHz transducer (GE Vingmed, Horton, Norway)22–24. Retrospective assess-
ment comprised parameters of cardiac morphology and function listed in Tables 1 and 2 as well as Tables S1 and 
S2 in the supplement. 2D speckle tracking echocardiography (2D STE) was performed offline (EchoPAC PC, GE 
Vingmed, Horton, Norway) analyzing echo loops with frame rates between 60 and 90 to assess longitudinal RVS 
and phasic RAS as well as LAS (Fig. 1). Strain analyses were conducted three times in each patient to calculate the 
arithmetic  mean25. Longitudinal RVS including global, free wall and six individual RV segments was performed 
from an RV-focused apical four-chamber view as recommended by the  EACVI25,26. Delta RVS was calculated 
as the difference between free wall longitudinal RVS and global longitudinal RVS. The RVS ratio was calculated 
as the ratio of basal and mid ventricular septal region to basal and mid ventricular free wall region. The endo-
cardial border was manually traced (RAS and LAS) or automatically reached with a three-point approach and 

Table 1.  Baseline characteristics. Continuous variables are shown as mean ± standard deviation (normally 
distributed) or median and interquartile ranges (IQR, not normally distributed), categorical variables are 
given as absolute number with percentages BMI Body mass index, NYHA class New York Heart Association 
Class, LVEF Left ventricular ejection fraction, IVSd Interventricular septal diameter at end-diastole, MR ≥ 2 + 
Moderate or severe mitral regurgitation, MS ≥ 2 + Moderate or severe mitral stenosis, AR ≥ 2 + Moderate or 
severe aortic regurgitation, AS ≥ 2 + Moderate or severe aortic stenosis, TR ≥ 2 + Moderate or severe tricuspid 
regurgitation, TS ≥ 2 + Moderate or severe tricuspid stenosis, PR ≥ 2 + moderate or severe pulmonary 
regurgitation, PS ≥ 2 + Moderate or severe pulmonary stenosis, NT-proBNP N-terminal pro brain natriuretic 
peptide.

Cardiac amyloidosis (n = 88) Fabry disease (n = 47) p-value

Female, n (%) 21 (21) 22 (47) 0.002

Age at time of echocardiography, years (IQR) 80 (72–84) 54 (43–60) < 0.001

BMI, kg/m2 ± SD 25 ± 3 25 ± 4, n = 45 0.707

NYHA class n = 88 n = 39 < 0.001

 I, n (%) 6 (7) 27 (57)

 II, n (%) 16 (18) 8 (17)

 III, n (%) 28 (32) 4 (9)

 IV, n (%) 2 (2) 0 (0)

 Not assessed, n (%) 36 (41) 8 (17)

LVEF, % ± SD 50 ± 9 57 ± 8 < 0.001

IVSd, mm ± SD 18 ± 4 15 ± 4 < 0.001

Valvular heart disease

 MR ≥ 2 + , n (%) 17 (19) 6 (13) 0.335

 MS ≥ 2 + , n (%) 1 (1) 0 (0) 0.463

 AR ≥ 2 + , n (%) 11 (13) 2 (4) 0.122

 AS ≥ 2 + , n (%) 2 (2) 0 (0) 0.298

 TR ≥ 2 + , n (%) 27 (31) 5 (10) 0.009

 TS ≥ 2 + , n (%) 0 (0) 0 (0), n = 46 Not assessed

 PR ≥ 2 + , n (%) 5 (6) 0 (0) 0.096

 PS ≥ 2 + , n (%) 0 (0) 0 (0) Not assessed

Pericardial effusion, n (%) 22 (25) 4 (9) 0.021

NT-proBNP, ng/l (IQR) 2861 (1460–5434) 186 (71–814) 0.005

Serum creatinine, mg/dl (IQR) 1.1 (0.9–1.5) 0.9 (0.7–1.3) 0.001

Coronary artery disease, n (%) 29 (33), n = 83 5 (11), n = 46 0.003

Pacemaker, n (%) 9 (10), n = 80 2 (4), n = 46 0.186

Cardioverter defibrillator, n (%) 2 (2), n = 80 4 (9), n = 46 0.116

Atrial fibrillation, n (%) 42 (48), n = 82 6 (13), n = 46  < 0.001

Arterial hypertension, n (%) 65 (74), n = 81 19 (40), n = 46  < 0.001

Diabetes mellitus, n (%) 15 (17), n = 81 3 (6), n = 46 0.062

Chronic obstructive pulmonary disease, n (%) 4 (5), n = 80 3 (6), n = 46 0.720

Specific medical treatment, n (%) 39 (44); tafamidis 39 (44) 30 (64); agalsidase alfa 8 (17), agalsidase beta 6 (13), chaperone 14 (30), unknown 
type 2 (4) 0.036
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manually adapted afterwards (RVS). The region of interest was determined semi-automatically by the EchoPAC 
software and manually corrected where indicated. RAS and LAS were calculated from the apical four-chamber 
view using a QRS-triggered strain  curve25. Atrial reservoir strain (ASr) was measured at the highest average 
value of the strain  curve25. Atrial conduit strain (AScd) during the passive LV filling was calculated as the differ-
ence of atrial strain value at the onset of the P wave minus ASr, or as (negative) strain at end-diastole in patients 
with atrial  fibrillation25. Atrial contraction strain (ASct), i. e. peak atrial contraction strain, was assessed by the 
difference of maximum atrial contraction and atrial strain at the onset of the P wave and was not measured in 
atrial  fibrillation25. We previously reported on inter- and intra-observer variability for strain assessment which 
showed very good to excellent intraclass  correlations27–29.

Statistical analysis
Statistical assessment was performed with SPSS Statistics version 28 for Windows (IBM Corporation, New York, 
NY, USA). Variables are listed in percentages (categorical variables), median with 25th and 75th percentile or 
mean with standard deviation (continuous variables, depending on skewness, uniform per variable for a better 
comparison). Categorical variables were analysed by Chi squared test. Statistical analysis of continuous vari-
ables was performed using a t-test assuming a normal distribution or a Mann–Whitney-U-test in case of not 
normally distributed parameters. A p-value of < 0.05 was defined as statistically significant. Diagnostic accuracy 
was evaluated using receiver operating characteristic (ROC) curve analysis with area under the curve (AUC) and 
confidence intervals (CI). Logistic regression and subsequently ROC curve analysis were performed to include 
covariates. Parameters were selected for the model according to their clinical relevance, AUC value, Nagelkerke`s 
 R2 and if there was a significant difference between the two groups.

Results
We retrospectively screened 54 FD and 126 CA patients treated at the Charité – Universitätsmedizin Berlin, Ger-
many for study participation. Echocardiographic assessment was performed in 135 patients due to the exclusion 
of patients with lack of RV-focused echocardiographic images or insufficient quality for 2D STE (FD n = 7, CA 
n = 38). Baseline characteristics are presented in Table 1. Patients with FD were significantly younger, showed 
a higher proportion of women and less symptom burden than subjects with CA. Mean interventricular septal 
thickness at end-diastole was 18 ± 4 mm in CA and 15 ± 4 mm in FD patients. Patients with CA had the follow-
ing subtypes of amyloidosis: 62 patients (70%) ATTRwt, 18 patients (21%) ATTRv, 6 patients (7%) AL, and one 
patient (1%) AA CA. FD patients comprised 24 classic (51%) and 19 late-onset mutations (40%) as well as 4 
variants of unknown significance (9%).

Standard echocardiographic parameters
Standard echocardiographic parameters are listed in Table S1. In comparison of both cardiomyopathies, CA 
patients presented a more dilated RA, LA, and RV. The RV wall and interatrial septum were thicker and RV 
function lower in patients with CA, as measured by tricuspid plane systolic excursion (TAPSE), systolic tricuspid 
annular velocity (RV-Sʹ) and right ventricular fractional area change (RVFAC).

Speckle tracking echocardiography
Global and free wall longitudinal RVS were reduced in patients with CA (n = 67) compared to FD (n = 39), 
whereas delta RVS was not different between the two groups (Table 2). Figure 2 shows the longitudinal RVS bull’s 
eye plots with median strain values of both cardiomyopathies adapted from LVS pattern. The typical CA apical 
sparing pattern of the LV was observed in the septal region, but not detected in the RV free wall. In FD patients, 
the septal region showed a more reduced RVS than the RV free wall. RVS of the basal to mid ventricular region 
and the apical septal region was significantly reduced in CA compared to FD patients (p ≤ 0.001), while free wall 
apical RVS presented no significant difference (p = 0.474). The ratio of the basal and mid ventricular septal region 
to the basal and mid ventricular free wall region was significant lower in CA patients. An impaired RV function, 
as defined by global RVS > − 20% and/ or free wall RVS > − 23%30,31, was prevalent in 64 CA (96%) and 28 FD 
patients (72%). Nevertheless, only 44 CA (50%) and 11 FD patients (23%) presented a reduced RV function, as 
measured by standard echocardiographic parameters (TAPSE < 16 mm, RV-Sʹ < 10 cm/s and/ or RVFAC < 35%24).

Table 2.  Speckle tracking echocardiography of the right ventricle. Continuous variables are shown as 
mean ± standard deviation (normally distributed) or median and interquartile ranges (IQR, not normally 
distributed) RVS Right ventricular strain, Delta RVS Difference between free wall longitudinal RVS and global 
longitudinal RVS, RVS ratio Ratio of basal and mid ventricular septal region to basal and mid ventricular free 
wall region.

Cardiac amyloidosis
(n = 67) Fabry disease (n = 39) p-value

Global longitudinal RVS, % ± SD − 13 ± 4 − 18 ± 4 < 0.001

Free wall longitudinal RVS, % ± SD − 16 ± 5 − 21 ± 5 < 0.001

Delta RVS, % ± SD − 4 ± 3 − 4 ± 2 0.594

RVS ratio, % (IQR) 0.31 (0.19–0.53) 0.62 (0.50–0.75) < 0.001
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LAS and RAS including ASr, AScd and ASct were analysed in 82 CA and 43 FD patients as well as in 70 
CA and 40 FD patients, respectively. Atrial strain parameters were impaired in both groups, with CA patients 
demonstrating significantly lower LAS and RAS values (Fig. 3).

Figure 1.  Assessment of longitudinal right ventricular strain, phasic right and left atrial strain in in cardiac 
amyloidosis and Fabry disease as well as receiver operating characteristic (ROC) curve analysis to differentiate 
between both cardiomyopathies.
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Diagnostic value of echocardiographic parameters
LASr and RASr showed the highest diagnostic accuracy of all evaluated atrial parameters to discriminate both 
cardiomyopathies (Fig. 4). A LASr and RASr value of 20% corresponded to a sensitivity of 90% and 87% and a 
specificity of 64% and 83% for the diagnosis of CA. A LAScd and RAScd cut off value of − 8% had a sensitivity 
of 67% and 63% and a specificity of 79% and 75% for the diagnosis of CA. Global RVS and RVS ratio reached 

Figure 2.  Bull’s eye plots of the median right ventricular strain including the free wall (left side), septum (right 
side) and the apical, mid and basal segments (from the inside out) in cardiac amyloidosis (A) and Fabry disease 
(B).

Figure 3.  Left (A–C) and right atrial strain (D–F) in cardiac amyloidosis (CA) and Fabry disease (FD). LASr, 
left atrial reservoir strain; LAScd, left atrial conduit strain; LASct, left atrial contraction strain; RASr, right atrial 
reservoir strain; RAScd, right atrial conduit strain; RASct, right atrial contraction strain. ○) The dot indicates 
the exceeding of the 1.5-fold interquartile range (IQR). ⃰) The star indicates the exceeding of the threefold IQR:.
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the highest diagnostic accuracy of RV parameters to distinguish CA from FD. The RV ratio value of 0.4 reached 
a high specificity (90%) but a low sensitivity (44%) to discriminate CA.

All predicters for the diagnosis of CA are listed in Table S2. Based on the binary logistic regression analysis 
and on the clinical relevance of the different parameters, we built the following models: We selected the four 
standard echocardiographic parameters RA area, basal RV diameter, RVFAC, and E/eʹ and the four parameters 
basal RV diameter, global longitudinal RVS, RASr, and RAScd for two different models (Fig. 5). The second 
model with 2D STE parameters showed a higher diagnostic accuracy compared to the first model with standard 
echocardiographic parameters only. For a third model, we included the age at time of echocardiography in our 
analysis with basal RV diameter, global longitudinal RVS, RASr, and RAScd corresponding to the highest diag-
nostic accuracy of 0.96 (95% CI 0.90–1.00).

Figure 4.  Receiver operating characteristic (ROC) curve analysis with area under the curve (AUC, blue bar) 
and confidence interval (CI, black line) of the following parameters to discriminate cardiac amyloidosis (CA) 
from Fabry disease (FD): right ventricular outflow tract (RVOT 1 and 2*), tricuspid annular plane systolic 
excursion (TAPSE*), systolic tricuspid annular velocity (RV-Sʹ*), right ventricular strain (RVS), right ventricular 
strain (RVS) ratio (ratio of basal and mid ventricular septal right ventricular strain to basal and mid ventricular 
free wall right ventricular strain), left atrial volume index (LAVI), left atrial reservoir strain (LASr*), left atrial 
conduit strain (LAScd), left atrial contraction strain (LASct), right atrial reservoir strain (RASr*), right atrial 
conduit strain (RAScd) and right atrial contraction strain (RASct). *) CA predicted by a smaller value. The red 
line marks an AUC of 0.5.

Figure 5.  Receiver operating characteristic (ROC) curve analysis of the following variables to differentiate 
cardiac amyloidosis (CA) and Fabry disease (FD): Model 1 (combined variable including right atrial [RA] 
area, basal right ventricular [RV] diameter, right ventricular fractional area change [RVFAC], and E/eʹ; blue 
line), model 2 (combined variable including basal RV diameter, global longitudinal right ventricular strain 
[RVS], right atrial reservoir strain [RASr], and right atrial conduit strain [RAScd]; green line) and model 3 
(combined variable including basal RV diameter, global longitudinal RVS, RASr, RAScd, and age at time of 
echocardiography; pink line). Reference line in red.
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Discussion
To the best of our knowledge, the present study is the first investigation to compare the diagnostic value of an 
extended echocardiographic assessment of structural and functional RV, RA, and LA parameters to discriminate 
CA and FD. Moreover, we introduced a new diagnostic marker, the RVS ratio, to distinguish between CA and FD. 
AScd and ASr of both atria as well as global RVS had the highest diagnostic accuracy of the assessed parameters 
to distinguish CA from FD. However, the best diagnostic accuracy was achieved with a combination of 2D STE 
and standard echocardiographic parameters also including patient age at time of echocardiography.

A reduced RV function is well known in both cardiomyopathies. Chacko et al. reported a decrease of longi-
tudinal RV function as assessed with RV-Sʹ, TAPSE and RVS during a follow-up period of 24 months in ATTR 
 CA6. In comparison of different CA subtypes, patients with AL CA presented a more severe RV dysfunction and 
an impaired RV apical-to-base ratio (ratio of apical free wall RVS and the sum of basal and mid free wall RVS)32. 
In contrast, Bodez et al.33 did not find an apical-to-base ratio of the RVS in patients with AL and ATTR CA. Con-
sistent with these results, we also did not detect an STE-based apical sparing pattern of the RV free wall, but only 
of the septum, possibly due to the small number of AL CA patients. The bull’s eye plot showed a crescent-shaped 
loss of septal function (Fig. 2). In CA, the LV apical sparing pattern may result from the segmental distribution 
of amyloid  mass34. A minor involvement of the RV compared to the LV may also explain our findings. Neverthe-
less, the deposition of amyloid fibrils in the RV and atrial walls may impact on myocardial function already in an 
early disease stage of  CA8. Regarding FD, the typical course of disease contains an impairment of LV function, 
followed by a LV and RV wall thickening and finally a reduced RV  function13,35. In line with the FD course, we 
observed a more reduced RVS of the septum compared to the RV free wall (Fig. 2) which correlates with the 
detection of fibrosis in magnetic resonance  imaging13. In the present study, we detected a more impaired RV 
function in CA patients compared to FD, which was consistent with the findings of Graziani et al. who studied a 
cohort of AA CA and FD  patients13,35. Other studies compared hypertrophic, FD, and CA cardiomyopathies and 
found a more impaired RV function in CA and FD  patients30,36,37. The pathophysiological mechanism is not yet 
fully understood. The different involvement of the RV and LV may be explainable by the diverse storage pattern 
with secondary mechanics including hypertrophy, inflammation, and fibrosis as well as the different anatomy of 
the RV with two myocardial layers compared to the LV with three  layers38. As shown in our study and by Lillo 
et al.38 RVS was more sensitive to detect RV dysfunction in FD and CA patients. In both groups of our cohort, 
delta RVS was in a normal range as a possible marker for the equilibrium of RV mechanical properties.

In addition to RV dysfunction, atriopathy is also described in CA and FD  patients39,40. We detected a more 
dilated LA and RA as well as a more reduced LAS and RAS in CA compared to FD patients. AScd and ASr 
showed the highest diagnostic accuracy to differentiate CA and FD. CA patients reportedly develop an impaired 
LA function due to the restrictive pattern of the LV and amyloid infiltration of the  LA39. This corresponds to a 
high prevalence of atrial fibrillation in CA  patients41. Moreover, Singulane et al.42 observed an impaired RAS in 
CA patients compared to healthy controls associated with an increased mortality. In addition to its prognostic 
value, atrial strain assessment may be also useful in the differential diagnosis of cardiomyopathies such as CA, 
hypertensive heart disease and  FD8,43,44. In a retrospective study including CA patients and patients with LV 
wall thickening and negative biopsy for CA, CA patients presented with the most impaired  LAS8. Moreover, 
LAS was significantly reduced in FD compared to other patients with LV wall thickening including hypertrophic 
cardiomyopathy and borderline  myocarditis44. Previous studies observed a reduced LAS in FD patients, most 
common in patients with LV wall thickening, associated with a worse symptomatic  status40,45–47. Linhart et al.48 
reported the accumulation of Gb3 in the LA of FD patients in histopathological studies. In accordance with these 
findings, enzyme replacement therapy improved LAS, but not LA volume index (LAVI) and/ or RV  function13. 
A stabilized LA function measured by LAS was also detected in patients with chaperone  therapy49. The present 
study is the first assessing RAS in FD patients. We observed a reduced RAS in comparison to reported normal 
 values50. All in all, our results showed a more severe atriopathy in patients with CA compared to FD which may 
serve as a useful future tool to differentiate CA and FD.

The present study is limited by its retrospective design. Baseline characteristics differed significantly between 
both groups, a problem that mirrors common clinical practice since patients with CA usually are older and 
present with more comorbidities than FD patients. However, these parameters may also give an indication of 
the specific disease as shown by our logistic regression model 3. Furthermore, FD patients received more often 
a specific treatment at the time of echocardiography and different disease stages were pooled in both groups. 
Cardiac function decreases over time in both cardiomyopathies, difference of measurements will be more present 
in the end stage of  disease6,12. Moreover, not all strain parameters were assessable in all patients due to lack of RV-
focused echocardiographic images or insufficient quality for 2D STE. Therefore, our results should be interpreted 
as a first description and hypothesis-generating and should hence be confirmed in further prospective trials.

To conclude, CA patients presented a more severe cardiomyopathy including a significantly more dilated right 
heart and left atrium, and overall, a more reduced cardiac function in comparison to FD. The different types 
of substrate storage and related pathophysiological, including inflammatory, responses as well as the specific 
anatomy of heart chambers may result in the seen differences between both cardiomyopathies. The combination 
of standard and 2D STE imaging showed the best diagnostic accuracy to distinguish CA and FD. As specific 
treatment with paramount prognostic importance is available for both cardiomyopathies, a correct diagnosis 
at an early stage of the disease is crucial for  patients14–16. Our results suggest that a comprehensive echocardio-
graphic assessment that integrates the evaluation of RV, RA, and LA strain into the diagnostic workup is useful 
to discriminate CA and FD in patients with unclear left ventricular wall thickening and suspected infiltrative 
or storage disease.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2445  | https://doi.org/10.1038/s41598-024-52890-y

www.nature.com/scientificreports/

Data availability
The data underlying this article will be shared on request for research purposes to the corresponding author.

Received: 11 August 2023; Accepted: 24 January 2024

References
 1. Beneyto, M. et al. Tip of the iceberg: A tertiary care centre retrospective study of left ventricular hypertrophy aetiologies. Open 

Heart 8(1), e001462 (2021).
 2. Tsurumi, M., Ozaki, A. & Eto, Y. A survey on the patient journey in Fabry disease in Japan. Mol. Genet. Metab. Rep. 33, 100909 

(2022).
 3. Brons, M. et al. Evaluation of the cardiac amyloidosis clinical pathway implementation: A real-world experience. Eur. Heart J. 

Open 2(2), oeac011 (2022).
 4. Authors/Task Force Members et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: Devel-

oped by the Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology 
(ESC). With the special contribution of the Heart Failure Association (HFA) of the ESC. Eur. J. Heart Fail. 24(1), 4–131 (2022).

 5. Garcia-Pavia, P. et al. Diagnosis and treatment of cardiac amyloidosis: A position statement of the ESC Working Group on Myo-
cardial and Pericardial Diseases. Eur. Heart J. 42(16), 1554–1568 (2021).

 6. Chacko, L. et al. Progression of echocardiographic parameters and prognosis in transthyretin cardiac amyloidosis. Eur. J. Heart 
Fail. https:// doi. org/ 10. 1002/ ejhf. 2606 (2022).

 7. Bay, K. et al. Suspicion, screening, and diagnosis of wild-type transthyretin amyloid cardiomyopathy: A systematic literature review. 
ESC Heart Fail. 9(3), 1524–1541 (2022).

 8. Brand, A. et al. Phasic left atrial strain analysis to discriminate cardiac amyloidosis in patients with unclear thick heart pathology. 
Eur. Heart J. Cardiovasc. Imaging 22(6), 680–687 (2021).

 9. Law, S. et al. Characteristics and natural history of early-stage cardiac transthyretin amyloidosis. Eur. Heart J. 43(27), 2622–2632 
(2022).

 10. Maurer, M. S. et al. Tafamidis treatment for patients with transthyretin amyloid cardiomyopathy. N. Engl. J. Med. 379(11), 1007–
1016 (2018).

 11. Waldek, S. et al. Life expectancy and cause of death in males and females with Fabry disease: Findings from the Fabry Registry. 
Genet. Med. 11(11), 790–796 (2009).

 12. Augusto, J. B. et al. The myocardial phenotype of Fabry disease pre-hypertrophy and pre-detectable storage. Eur. Heart J. Cardiovasc. 
Imaging 22(7), 790–799 (2021).

 13. Lillo, R. et al. Echocardiography in Anderson-Fabry disease. Rev. Cardiovasc. Med. 23(6), 201 (2022).
 14. Hussain, K. et al. Impact of Tafamidis on survival in a real world community-based cohort. Curr. Probl. Cardiol. 19, 101358 (2022).
 15. Germain, D. P. et al. Ten-year outcome of enzyme replacement therapy with agalsidase beta in patients with Fabry disease. J. Med. 

Genet. 52(5), 353–358 (2015).
 16. Hughes, D. A. et al. Effects of enzyme replacement therapy on the cardiomyopathy of Anderson-Fabry disease: A randomised, 

double-blind, placebo-controlled clinical trial of agalsidase alfa. Heart 94(2), 153–158 (2008).
 17. Feldt-Rasmussen, U. et al. Long-term efficacy and safety of migalastat treatment in Fabry disease: 30-month results from the 

open-label extension of the randomized, phase 3 ATT RAC T study. Mol. Genet. Metab. 131(1–2), 219–228 (2020).
 18. Camporeale, A. et al. Effect of Migalastat on cArdiac InvOlvement in FabRry DiseAse: MAIORA study. J. Med. Genet. 60(9), 

850–858 (2023).
 19. Gatterer, C. et al. Long-term monitoring of cardiac involvement under migalastat treatment using magnetic resonance tomography 

in Fabry disease. Life (Basel) 13(5), 1213 (2023).
 20. Linhart, A. et al. An expert consensus document on the management of cardiovascular manifestations of Fabry disease. Eur. J. 

Heart Fail. 22(7), 1076–1096 (2020).
 21. Mattig, I. et al. Diagnostic value of papillary muscle hypertrophy and mitral valve thickness to discriminate cardiac amyloidosis 

and Fabry disease. Int. J. Cardiol. 3, 131629 (2023).
 22. Lang, R. M. et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the 

American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc. Imag-
ing 16(3), 233–270 (2015).

 23. Mitchell, C. et al. Guidelines for performing a comprehensive transthoracic echocardiographic examination in adults: Recom-
mendations from the American Society of Echocardiography. J. Am. Soc. Echocardiogr. 32(1), 1–64 (2019).

 24. Rudski, L. G. et al. Guidelines for the echocardiographic assessment of the right heart in adults: A report from the American Society 
of Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of 
Cardiology, and the Canadian Society of Echocardiography. J. Am. Soc. Echocardiogr. 23(7), 685–713 (2010).

 25. Badano, L. P. et al. Standardization of left atrial, right ventricular, and right atrial deformation imaging using two-dimensional 
speckle tracking echocardiography: A consensus document of the EACVI/ASE/Industry Task Force to standardize deformation 
imaging. Eur. Heart J. Cardiovasc. Imaging 19(6), 591–600 (2018).

 26. Muraru, D. et al. Right ventricular longitudinal strain in the clinical routine: A state-of-the-art review. Eur. Heart J. Cardiovasc. 
Imaging https:// doi. org/ 10. 1093/ ehjci/ jeac0 22 (2022).

 27. Brecht, A. et al. Left atrial function in preclinical diastolic dysfunction: Two-dimensional speckle-tracking echocardiography-
derived results from the BEFRI trial. J. Am. Soc. Echocardiogr. 29(8), 750–758 (2016).

 28. Brand, A. et al. Right heart function in impaired left ventricular diastolic function: 2D speckle tracking echocardiography-based 
and Doppler tissue imaging-based analysis of right atrial and ventricular function. Echocardiography 35(1), 47–55 (2018).

 29. Brand, A. et al. Normative reference data, determinants, and clinical implications of right atrial reservoir function in women 
assessed by 2D speckle-tracking echocardiography. Echocardiography 35(10), 1542–1549 (2018).

 30. Muraru, D. et al. Sex- and method-specific reference values for right ventricular strain by 2-dimensional speckle-tracking echo-
cardiography. Circ. Cardiovasc. Imaging 9(2), e003866 (2016).

 31. Muraru, D. et al. Right ventricular longitudinal strain in the clinical routine: A state-of-the-art review. Eur. Heart J. Cardiovasc. 
Imaging 23(7), 898–912 (2022).

 32. Monivas Palomero, V. et al. Role of right ventricular strain measured by two-dimensional echocardiography in the diagnosis of 
cardiac amyloidosis. J. Am. Soc. Echocardiogr. 32(7), 845-853 e1 (2019).

 33. Bodez, D. et al. Prognostic value of right ventricular systolic function in cardiac amyloidosis. Amyloid 23(3), 158–167 (2016).
 34. Bravo, P. E. et al. Relative apical sparing of myocardial longitudinal strain is explained by regional differences in total amyloid mass 

rather than the proportion of amyloid deposits. JACC Cardiovasc. Imaging 12(7 Pt 1), 1165–1173 (2019).
 35. Graziani, F. et al. Right ventricular hypertrophy, systolic function, and disease severity in Anderson-Fabry disease: An echocar-

diographic study. J. Am. Soc. Echocardiogr. 30(3), 282–291 (2017).

https://doi.org/10.1002/ejhf.2606
https://doi.org/10.1093/ehjci/jeac022


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:2445  | https://doi.org/10.1038/s41598-024-52890-y

www.nature.com/scientificreports/

 36. Meucci, M. C. et al. Comparative analysis of right ventricular strain in Fabry cardiomyopathy and sarcomeric hypertrophic car-
diomyopathy. Eur. Heart J. Cardiovasc. Imaging https:// doi. org/ 10. 1093/ ehjci/ jeac1 51 (2022).

 37. Liu, H. et al. Distinguishing cardiac amyloidosis and hypertrophic cardiomyopathy by thickness and myocardial deformation of 
the right ventricle. Cardiol. Res. Pract. 2022, 4364279 (2022).

 38. Lillo, R. et al. Right ventricular strain in Anderson-Fabry disease. Int. J. Cardiol. 1(330), 84–90 (2021).
 39. Inoue, K. et al. Echocardiographic assessment of atrial function: From basic mechanics to specific cardiac diseases. J. Cardiovasc. 

Dev. Dis. 9(3), 68 (2022).
 40. Pichette, M. et al. Impaired left atrial function in Fabry disease: A longitudinal speckle-tracking echocardiography study. J. Am. 

Soc. Echocardiogr. 30(2), 170-179 e2 (2017).
 41. Donnellan, E. et al. Atrial fibrillation in transthyretin cardiac amyloidosis: Predictors, prevalence, and efficacy of rhythm control 

strategies. JACC Clin. Electrophysiol. 6(9), 1118–1127 (2020).
 42. Singulane, C. C. et al. Prevalence of right atrial impairment and association with outcomes in cardiac amyloidosis. J. Am. Soc. 

Echocardiogr. 35(8), 829-835 e1 (2022).
 43. Rausch, K. et al. Left atrial strain imaging differentiates cardiac amyloidosis and hypertensive heart disease. Int. J. Cardiovasc. 

Imaging 37(1), 81–90 (2021).
 44. Frumkin, D. et al. Comparative analysis of phasic left atrial strain and left ventricular posterolateral strain pattern to discriminate 

Fabry cardiomyopathy from other forms of left ventricular hypertrophy. Echocardiography 38(11), 1870–1878 (2021).
 45. Morris, D. A. et al. Global cardiac alterations detected by speckle-tracking echocardiography in Fabry disease: Left ventricular, 

right ventricular, and left atrial dysfunction are common and linked to worse symptomatic status. Int. J. Cardiovasc. Imaging 31(2), 
301–313 (2015).

 46. Pieroni, M. et al. Early detection of Fabry cardiomyopathy by tissue Doppler imaging. Circulation 107(15), 1978–1984 (2003).
 47. Boyd, A. C. et al. Left atrial enlargement and reduced atrial compliance occurs early in Fabry cardiomyopathy. J. Am. Soc. Echocar-

diogr. 26(12), 1415–1423 (2013).
 48. Linhart, A. et al. Cardiac manifestations of Anderson-Fabry disease: Results from the international Fabry outcome survey. Eur. 

Heart J. 28(10), 1228–1235 (2007).
 49. Pogoda, C. et al. Impact of enzyme replacement therapy and migalastat on left atrial strain and cardiomyopathy in patients with 

Fabry disease. Front. Cardiovasc. Med. 10, 1223635 (2023).
 50. Carvalho Singulane, C. et al. Sex-, age-, and race-related normal values of right ventricular diastolic function parameters: Data 

from the World Alliance Societies of Echocardiography Study. J. Am. Soc. Echocardiogr. 35(4), 426–434 (2022).

Author contributions
I.M.: Conception of the study, echocardiographic assessment, statistical analysis, writing and revising the arti-
cle, final approval of the version to be published. T.S.: Echocardiographic assessment, revising the article, final 
approval of the version to be published. K.K.: Providing figures, revising the article. G.B.: Echocardiographic 
assessment, diagnostic and treatment of the patients, revising the article. D.F.: Echocardiographic assessment, 
revising the article. S.S.: Echocardiographic assessment, diagnostic and treatment of the patients, revising the 
article. E.R.D.: Echocardiographic assessment, diagnostic and treatment of the patients, revising the article. K.S.: 
Diagnostic and treatment of the patients, revising the article, final approval of the version to be published. B.H.: 
Diagnostic and treatment of the patients, revising the article. U.L.: Diagnostic and treatment of the patients, 
revising the article. F.K.: Echocardiographic assessment, revising the article, final approval of the version to be 
published. S.C.K.: Diagnostic and treatment of the patients, revising the article, final approval of the version to 
be published. K.H.: Diagnostic and treatment of the patients, revising the article, final approval of the version 
to be published. A.B.: Echocardiographic assessment, conception of the study, writing and revising the article, 
final approval of the version to be published.

Funding
Open Access funding enabled and organized by Projekt DEAL. The study was financially supported by Alnylam 
Pharmaceuticals (Cambridge, MA, USA).

Competing interests 
Isabel Mattig is participant in the BIH Charité Clinician Scientist Program funded by the Charité – Univer-
sitätsmedizin Berlin and the Berlin Institute of Health at Charité (BIH). She received research grants from Pfizer 
Pharmaceuticals, lecture fee and financial reimbursement for advisory board activities from Sanofi outside the 
submitted work. Katrin Hahn achieved financial reimbursement for consulting, advisory board activities and 
travel support by Akcea Therapeuticals Inc., Alnylam Pharmaceuticals Inc., Swedish Orphan Biovitrum, and 
Pfizer Pharmaceuticals, research funding by Alnylam Pharmaceuticals Inc., and Pfizer Pharmaceuticals as well 
as research funding by the foundation Charité (BIH clinical fellow). AB received lecture fee from Pfizer Phar-
maceuticals. All other author have no competing interest. All author takes responsibility for all aspects of the 
reliability and freedom from bias of the data presented and their discussed interpretation.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 52890-y.

Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1093/ehjci/jeac151
https://doi.org/10.1038/s41598-024-52890-y
https://doi.org/10.1038/s41598-024-52890-y
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2445  | https://doi.org/10.1038/s41598-024-52890-y

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Right heart and left atrial strain to differentiate cardiac amyloidosis and Fabry disease
	Methods
	Study design
	Echocardiographic assessment
	Statistical analysis

	Results
	Standard echocardiographic parameters
	Speckle tracking echocardiography
	Diagnostic value of echocardiographic parameters

	Discussion
	References


