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Aims Myocardial disarray, an early feature of hypertrophic cardiomyopathy (HCM) and a substrate for ventricular arrhythmia, is 
poorly characterized in pre-hypertrophic sarcomeric variant carriers (SARC+LVH−). Using diffusion tensor cardiac magnet
ic resonance (DT-CMR) we assessed myocardial disarray and fibrosis in both SARC+LVH− and HCM patients and evaluated 
the relationship between microstructural alterations and electrocardiographic (ECG) parameters associated with arrhyth
mic risk.

Methods 
and results

Sixty-two individuals (24 SARC+LVH−, 24 HCM, and 14 matched controls) were evaluated with multi-parametric CMR 
including stimulated echo acquisition mode DT-CMR, and blinded quantitative 12-lead ECG analysis. Mean diastolic fraction
al anisotropy (FA) was reduced in HCM compared with SARC+LVH− and controls (0.49 ± 0.05 vs. 0.52 ± 0.04 vs. 0.53 ±  
0.04, P = 0.009), even after adjustment for differences in extracellular volume (ECV) (P = 0.038). Both HCM and SARC 
+LVH− had segments with significantly reduced diastolic FA relative to controls (54 vs. 25 vs. 0%, P = 0.002). Multiple re
polarization parameters were prolonged in HCM and SARC+LVH−, with corrected JT interval (JTc) being most significant 
(354 ± 42 vs. 356 ± 26 vs. 314 ± 26 ms, P = 0.002). Among SARC+LVH−, JTc duration correlated negatively with mean dia
stolic FA (r = −0.6, P = 0.002). In HCM, the JTc interval showed a stronger association with ECV (r = 0.6 P = 0.019) than 
with mean diastolic FA (r = −0.1 P = 0.72). JTc discriminated SARC+LVH− from controls [area under the receiver operator 
curve 0.88, confidence interval 0.76–1.00, P < 0.001], and in HCM correlated with the European Society of Cardiology HCM 
sudden cardiac death risk score (r = 0.5, P = 0.014).

Conclusion Low diastolic FA, suggestive of myocardial disarray, is present in both SARC+LVH− and HCM. Low FA and raised ECV were 
associated with repolarization prolongation. Myocardial disarray assessment using DT-CMR and repolarization parameters 
such as the JTc interval demonstrate significant potential as markers of disease activity in HCM.
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Introduction
Myocardial disarray, a hallmark feature of hypertrophic cardiomyop
athy (HCM) is an important substrate for ventricular arrhythmia. It is 
known that myocardial disarray can develop before the onset of hyper
trophy in patients,1,2 with emerging evidence indicating its presence 
even in pre-natal animal models.3 Despite this, myocardial disarray re
mains poorly characterized in pre-hypertrophic sarcomeric variant car
riers (SARC+LVH−), and the mechanisms by which it predisposes to 
ventricular arrhythmia are yet to be fully elucidated.

Several studies have explored the electrophysiological disruption 
caused by myocardial disarray, specifically with regards to myocardial 
conduction and action potential propagation.4–6 Changes in fibre orien
tation and gap junction distribution are thought to lead to regional varia
tions in conduction velocity and alterations in conduction pathways. 
These alterations in turn lead to myocardial repolarization heterogeneity, 
thereby facilitating an environment vulnerable to re-entrant arrhythmia.

Diffusion tensor cardiac magnetic resonance (DT-CMR) imaging has 
now made it possible to non-invasively estimate the burden of myocar
dial disarray. By tracking the directionality and magnitude of water 
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diffusion through myocardial tissue, DT-CMR enables voxel-wise as
sessment of myocardial microstructure. Two key DT-CMR para
meters; fractional anisotropy (FA) and mean diffusivity (MD) are 
sensitive to microstructural alterations caused by myocardial disarray 
and fibrosis.7–9 FA is a scalar value of the directionality in diffusion of 
water molecules (with 1 representing perfect alignment or ‘isotropy’, 
and 0 complete disorganisation or ‘anisotropy’), and MD measures 
the magnitude of water diffusion (which increases with greater disrup
tion of myocardial architecture). In recent years, our group and others 
have demonstrated that HCM patients exhibit reduced FA, even after 
adjustment for fibrosis and indicative of myocardial disarray.7,10,11

We also showed that low FA independently associated with ventricular 
arrhythmia, suggesting a possible link between the extent of myocardial 
disarray and arrhythmic events.

Although DT-CMR is promising, its current status remains within the 
research domain, with limited clinical applicability. This is partly due to 
the need for complex hardware, software and expertise to interpret 
the data. In contrast, surface 12-lead electrocardiography (ECG) is a 
well-established and universally adopted clinical and diagnostic screen
ing tool used in the management of both SARC+LVH− and overt HCM 
patients. Abnormalities in repolarization on ECG have long been asso
ciated with ventricular arrhythmia and sudden cardiac death (SCD) in 
HCM,12–16 and as with myocardial disarray, have been shown to pre
cede hypertrophy.17,18 We hypothesize that myocardial disarray may 
influence repolarization parameter duration and heterogeneity on 
12-lead ECG, including in SARC+LVH− patients. Establishing a relation
ship between myocardial disarray burden and ECG alterations could be 
of significant clinical value and provide mechanistic insight into the role 
of microstructural changes in HCM in arrhythmogenesis.

In this study, we aimed to characterize the extent of myocardial dis
array in SARC+LVH− and HCM patients relative to healthy controls 
using DT-CMR. We additionally probed the relationship between myo
cardial disarray burden and ventricular repolarization using quantitative 
ECG analysis.

Methods
Study population
Twenty-four pre-hypertrophic (pathogenic or likely pathogenic) sarco
meric variant carriers (SARC+LVH−), 24 patients with HCM, and 14 age 
and gender-matched controls were included this study. SARC+LVH− and 
HCM patients were recruited from the inherited cardiac conditions service 
at the John Radcliffe Hospital, Oxford, UK. All SARC+LVH− and HCM pa
tients underwent genetic testing to establish presence/absence of patho
genic and likely pathogenic sarcomeric variants (Sarc+ status) by the 
Oxford Medical Genetics Laboratory. Patients who tested positive for var
iants in genes associated with HCM phenocopies, e.g. TTR (amyloidosis) or 
GLA (Fabry disease) were excluded, as were cases with variants of uncer
tain significance. SARC+LVH− patients and healthy controls had confirmed 
left ventricular (LV) wall thickness < 13 mm, and HCM patients ≥ 15 mm 
(or ≥ 13 mm in case of positive family history/genetic test) on CMR. 
HCM patients with significant resting outflow tract obstruction (LV outflow 
tract gradient ≥ 50 mm Hg based on echocardiographic assessment) were 
excluded. Any participants who had past medical history of significant car
diac disease including severe hypertension (HTN), moderate/severe valvu
lar dysfunction or ischaemic heart disease, and those with contraindications 
to CMR scanning were also excluded. The study was approved by the 
National Research Ethics Committee (REC ref 12/LO/1979). All partici
pants provided written informed consent.

CMR protocol
CMR scans were performed using a 3T Siemens Trio scanner (Siemens 
Healthineers, Erlangen, Germany). The standard protocol included cine 

imaging, DT-CMR, pre- and post-contrast T1 mapping using a Shortened 
Modified Look-Locker Inversion recovery (ShMOLLI) sequence,19 and 
late gadolinium enhancement (LGE) imaging.

DT-CMR was performed using a previously described stimulated echo 
acquisition mode (STEAM) sequence7 to obtain a single mid-ventricular 
short axis slice at the diastolic pause. The same mid-ventricular slice pos
ition was used during pre- and post-contrast T1 acquisitions to obtain na
tive T1 and extracellular volume (ECV) mapping.

CMR analysis
LV volumetric, functional, and fibrosis analysis was performed using cvi42 
(Circle Cardiovascular Imaging, Calgary, Canada). Focal fibrosis was esti
mated from the extent of enhanced myocardial pixels (defined as signal in
tensity > 5 standard deviations (SDs) above a normal reference region of 
interest20). Significant LGE burden was defined as > 15% of LV mass based 
on increased risk of adverse clinical events.20,21 DT-CMR data underwent 
rigorous quality control by two experienced observers (EMT, RA). No 
case required repeat MRI acquisition. DT-CMR post-processing was per
formed using a custom-built in-house software developed using MATLAB 
(MathWorks, MA, USA)7 to obtain mean slice and segmental diastolic FA, 
mean slice and segmental MD, as well as helix angle gradient (HA, a measure 
of the helical arrangement of cardiomyocytes) and absolute diastolic sheet
let normal angles (SA, a measure of myocardial sheetlet orientation). Strain 
correction was not attempted due to the questionable validity of assuming 
that microscopic myocyte strain is accurately represented by macroscopic 
myocardial strain.22 Previous work has shown that MD is strain-dependent, 
but that diastolic FA appears largely unaffected by strain.23 All segmental 
analysis was performed using the standard American Heart Association 
(AHA) 16-segment model.

ECG analysis
Participants underwent standard 12-lead resting digital ECG using the 
CARDIOVIT FT-1 Schiller ECG system (Baar, Switzerland). Standard mea
surements of ECG axes, amplitudes and intervals were obtained for all leads 
from the ECG reports. Two independent ECG analysts (AHAS and MA), 
both senior physicians who were blinded to clinical data, interpreted the 
ECG according to the Minnesota Code of Electrocardiographic findings.15

Specific ECG intervals were manually analysed using Adobe Acrobat Pro 
DC (version 2022.001.20085). Each digitized ECG was magnified to 
400% for optimum resolution. Parameters measured included: the QT 
interval duration (ventricular depolarization and repolarization), QT disper
sion (repolarization homogeneity), QTP (ventricular depolarization and re
polarization), QTP dispersion (repolarization homogeneity), and JT interval 
duration (ventricular repolarization). The terminal end of the T wave was 
determined using the tangent method, defined as the intersection between 
the isoelectric line and the line drawn along the steepest angle of the des
cending arm of the T wave.16 This technique has previously been used by 
our group to study associations between quantitative ECG parameters 
and multi-parametric CMR data.24 Heart rate-corrected intervals were gener
ated using the Bazett’s formula [Corrected QT interval (QTc) = QT/√R − R 
interval in second]. The inter-rater correlation coefficient between the two 
observers for corrected QT (QTc) and JT interval (JTc) were 0.88 and 0.86, 
respectively.

Statistical analysis
Statistical analyses were performed using SPSS Version 27.0 (IBM, Armonk, 
NY, USA). Normality was determined using the Kolmogorov–Smirnov 
test. Parametric continuous variables were presented as mean ± standard 
deviation (SD), and non-parametric variables as median with inter-quartile 
range (IQR). Categorical data were described using frequency and percen
tages. Difference between cohorts was assessed using either the independ
ent Student’s t-test or Mann–Whitney U test and Kruskal–Wallis test or 
ANOVA (with post hoc Bonferroni correction) as appropriate. 
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Associations between categorical variables were determined using the χ2 

test for independence or the Fischer’s exact test. Correlation between con
tinuous variables were analysed using Pearson’s correlation coefficient (r) 
for parametric data and Spearman’s rank correlation coefficient (rho) for 
non-parametric data. Linear regression using analysis of covariance 
(ANCOVA) with Bonferroni correction for multiple comparisons was per
formed to account for potential confounders. Associations between con
tinuous variables derived from regression models were expressed as 
standardized β coefficients. Statistical significance was set at P < 0.05.

Results
Study population baseline characteristics
Demographic and clinical data are shown in Table 1. All three groups 
had comparable gender proportions, mean age, body mass index 
(BMI), and resting heart rate. The majority of HCM patients (79%) 
were on either beta blockers or (non-dihydropyridine) calcium channel 
blockers, with four patients also on concurrent low dose disopyramide. 
Two-thirds (18/24) of HCM patients possessed pathogenic sarcomeric 
variants (SARC+HCM). HCM patients had greater LV maximum wall 
thickness (MWT) compared with SARC+LVH− and controls, as well 
as greater LV ejection fraction, greater LV mass index and left atrial 
diameter. Pathological LGE was only present in HCM patients, where 
it was visually apparent in 41% of cases, however only a fraction 
(13%) had significant LGE burden (≥ 15% of LV mass). Native T1 was 

raised in HCM and SARC+LVH− patients compared with controls 
(1208 ± 35 vs. 1196 ± 22 vs. 1175 ± 17 ms, respectively, P = 0.003). 
ECV was also raised in HCM relative to SARC+LVH− patients and con
trols (30 ± 3 vs. 28 ± 2 vs. 27 ± 2%, P = 0.039). HCM patients with 
pathogenic or likely pathogenic variants (SARC+HCM) had lower 
LVEF and greater LGE burden than the SARC-HCM sub-group (see 
Supplementary data online, Table S1). In both SARC+HCM and 
SARC+LVH− patients approximately two-thirds of likely pathogenic/ 
pathogenic variants were in the MYBPC3 gene, with the remainder in
volving MYH7, apart from a single Troponin I case in the SARC+HCM 
group.

DT-CMR parameters in SARC+LVH−, 
HCM, and control subjects
Mean diastolic FA was lower in HCM patients compared with both 
SARC+LVH− patients and healthy controls [0.49 ± 0.05 vs. 0.52 ±  
0.04 vs. 0.53 ± 0.04, P = 0.009 (Table 1 and Figure 1A)], including after 
adjustment for ECV (P = 0.038). Even in patients where visible replace
ment fibrosis was absent (i.e. no LGE) in the myocardium, HCM pa
tients exhibited lower mean diastolic FA relative to SARC+LVH− and 
healthy controls (see Supplementary data online, Figure S1). At a seg
mental level, 6/24 (25%) SARC+LVH− patients had segments with sig
nificantly reduced FA (defined as < 2 SD below control mean). A higher 
proportion of overt HCM 13/24 (54%) patients had abnormal 
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Table 1 Baseline demographic and clinical parameters

Controls (14) SARC+LVH (24) HCM (24) Sarc+LVH− vs. controls HCM vs. controls 3-way comparison
P-value P-value P-value

Demographics

Male n (%) 11 (79) 13 (54) 18 (75) 0.132 0.803 0.187

Age 32 ± 8 32 ± 9 36 ± 11 0.859 0.234 0.322

BMI 23 ± 3 24 ± 4 26 ± 4 0.288 0.013 0.050

Hazard ratio (HR) 61 ± 13 63 ± 7 60 ± 10 0.454 0.386 0.463

HTN n (%) 0 0 4 (17%) 0.033

Anti-arrhythmic therapy 0 3 (13) 19 (79) 0.283 < 0.001 < 0.001

ESC SCD risk score 3.3 ± 1.9%

CMR findings

LV MWT (mm) 11 ± 1 10 ± 1 22 ± 5 0.145 < 0.001 < 0.001

LV EDVI (mL/m2) 90 ± 17 83 ± 15 81 ± 9 0.216 0.046 0.157

LV EF (%) 66 ± 6 67 ± 6 76 ± 5 0.776 < 0.001 < 0.001

LV mass index (g/m2) 56 ± 13 51 ± 13 73 ± 20 0.289 0.010 < 0.001

LA diameter (mm) 31 ± 7 32 ± 6 37 ± 6 0.805 0.002 < 0.001

LGE present n (%) 10 (41)

LGE > 15% of LV mass n (%) 3 (13)

Native T1 (ms) 1175 ± 17 1197 ± 22 1208 ± 35 0.052 0.002 0.003

ECV (%) 27 ± 2 28 ± 2 30 ± 3 0.076 0.014 0.039

Mean diastolic FA 0.53 ± 0.04 0.52 ± 0.04 0.49 ± 0.05 0.535 0.009 0.009

Low segmental FA n (%) 0 6 (25) 13 (54) 0.041 < 0.001 0.002

Mean MD (× 10−3 mm2/s) 1.20 ± 0.08 1.28 ± 0.08 1.30 ± 0.10 0.006 0.005 0.007

SA (°) 69 ± 7 59 ± 14 47 ± 10 0.031 < 0.001 < 0.001

HA (°/mm) 8 ± 2 7 ± 3 7 ± 1 0.061 0.076 0.087

Values are mean ± SD or n (%). 
EDVI, end diastolic volume index; EF, ejection fraction; LA, left atrial; LVOT, left ventricular outflow tract.
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segmental FA (Figure 2), both in patients with and without LGE (80 and 
36%, respectively). There was no specific pattern in the location of low 
FA segments within the SARC+LVH− cohort, but in the overt HCM 
group abnormal segments were concentrated in the anteroseptum.

In SARC+LVH−, low segmental FA was not accompanied by raised 
segmental ECV in most cases (5/6 cases). In the HCM cohort, 5/13 
(38%) of low FA segments did not have significantly raised ECV. There 
was no significant difference in mean or segmental FA in HCM patients 
according to sarcomeric status (see Supplementary data online, Table S1).

Mean MD was raised in both HCM patients (including those without 
LGE) and SARC+LVH− relative to healthy controls (1.30 ± 0.1 vs. 1.28  
± 0.08 vs. 1.20 ± 0.08, P = 0.007; Table 1. Given that impaired myocar
dial strain is associated with lower MD on STEAM DT-CMR,23 we eval
uated if diastolic myocardial strain was also abnormal in SARC+LVH− 
and HCM patients. Only HCM patients, but not SARC+LVH−, had im
paired global longitudinal and circumferential diastolic strain (see 
Supplementary data online, Table S2). Despite adjusting for diastolic 
strain, MD was still raised in HCM patients relative to controls (P =  
0.02).

In terms of secondary DT-CMR parameters, we noted an increase in 
diastolic absolute SA between HCM and controls (circular mean 47 ±  
10° vs. 59 ± 14° vs. 69 ± 7°, P < 0.001) indicating more radially orien
tated sheetlet populations in the HCM patients, compared with both 
SARC+LVH− and controls. There was no significant difference in 
HA between groups. Mean diastolic FA correlated with LV wall thick
ness (r = −0.352, P = 0.005), LV mass (r = −0.381, P = 0.002) and 
LGE mass (r = −0.497, P < 0.001).

ECG parameters in SARC+LVH−, HCM, 
and control subjects
ECG characteristics are depicted in Table 2. PR interval and ventricular 
depolarization (QRS) durations were comparable between groups. 
In contrast, a significant higher frequency of qualitative ST/T wave ab
normalities and prolongation of most repolarization parameters were 
observed in SARC+LVH− and overt HCM patients relative to healthy 
controls. In terms of quantitative parameters, QTc, QTPc, and JTc 
durations were prolonged in both SARC+LVH− and HCM cases rela
tive to healthy controls, as was QTc dispersion, which was significantly 
longer in HCM patients compared with controls. The prolongation of 
these parameters was evident in SARC+LVH− and HCM patients 
even in the absence of regular anti-arrhythmic or QT prolonging medi
cation use (see Supplementary data online, Table S3). There was no sig
nificant sex difference in any of the repolarization parameters within 
this cohort, and an increase in repolarization parameter durations 
was also observed in SARC+LVH− and HCM patients relative to 
healthy controls when sexes were analysed separately (see 
Supplementary data online, Tables S4 and S5). Figure 3 shows scatter 
plots displaying differences in QTc interval, QTc dispersion, and JTc 
interval across the three groups.

Within the HCM group, patients with pathogenic sarcomeric 
variants tended to have longer repolarization parameters than those 
without. As a result, a more pronounced stepwise prolongation of re
polarization parameters was evident between healthy controls, SARC 
+LVH− and SARC+HCM patients (Table 3). The clearest increase 

Figure 1 Mean diastolic FA and ECV correlation with JTc interval in SARC+LVH− and HCM. (A) Mean diastolic FA across groups. (B) Correlation 
between mean diastolic FA and JTc duration in pre-hypertrophic variant carriers. (C) Mean ECV across groups. (D) Correlation between mean ECV and 
JTc duration in HCM patients. ECV, extracellular volume; FA, fractional anisotropy; JTc, J point → T wave tangential line, corrected for heart rate; HCM, 
hypertrophic cardiomyopathy; SARC+LVH, pre-hypertrophic sarcomeric variant carriers.
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Figure 2 Microstructural abnormalities detected using DT-CMR in both SARC+LVH− and overt HCM are associated with prolongation of repo
larization parameters linked to arrhythmic risk (main illustration). DT-CMR, diffusion tensor cardiac magnetic resonance imaging; HCM, hypertrophic 
cardiomyopathy; SARC+LVH−, pre-hypertrophic sarcomeric variant carriers.
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Table 2 ECG analysis results

Controls (14) SARC+LVH− (24) HCM (24) SARC+LVH− vs.  
controls

HCM vs.  
controls

3-way  
comparison

P-value P-value P-value

Qualitative ECG parameters

Sinus rhythm 14 (100) 24 (100) 24 (100)

Abnormal ECG 1 (2) 9 (38) 17 (63) 0.115 < 0.001 < 0.001

LVH voltage criteria 0 7 (29) 9 (38) 0.07 0.014 0.053

Pathological Q waves 0 3 (13) 5 (21) 0.536 0.088 0.220

LBBB/RBBB 0 1 (4) 2 (8) 0.99 0.303 0.541

ST/T wave abnormalities 1 (8) 5 (21) 16 (67) 0.640 < 0.001 < 0.001

Quantitative ECG parameters

PR interval (ms) 155 ± 24 150 ± 17 165 ± 21 0.451 0.239 0.052

QRS duration (ms) 94 ± 8 91 ± 16 98 ± 13 0.652 0.328 0.258

QTc (ms) 413 ± 27 454 ± 29 451 ± 50 < 0.001 0.026 0.013

QTc dispersion (ms) 48 ± 20 71 ± 27 78 ± 41 0.017 0.027 0.033

QTPc (ms) 340 ± 24 373 ± 28 375 ± 46 0.002 0.021 0.021

QTPc dispersion (ms) 40 ± 16 66 ± 18 88 ± 81 < 0.001 0.064 0.057

JTc (ms) 314 ± 26 356 ± 26 354 ± 42 < 0.001 0.006 0.002

cTPe (ms) 89 ± 10 102 ± 15 105 ± 10 0.023 0.185 0.678

Values are mean ± SD or n (%). 
cTPe, corrected T wave peak → T wave end; ECG, electrocardiogram; JTc, ventricular repolarization (J point → T wave tangential line); LBBB, left bundle branch abnormality PR, 
atrial depolarization (P wave → R wave); QTc, ventricular depolarization + repolarization (Q wave → T wave tangential line); QTPc, ventricular depolarization + repolarization 
(Q wave → T wave peak).
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and distinction from healthy individuals were seen with the JTc interval; 
this was significantly prolonged in both SARC+LVH− and overt HCM 
patients (354 ± 42 vs. 356 ± 26 vs. controls 314 ± 26 ms, P = 0.002). 
Both the QTc and JTc intervals showed significant correlation with 
the European Society of Cardiology (ESC) SCD risk score in HCM pa
tients (r = 0.418, P = 0.042 and r = 0.494, P = 0.014, respectively). The 
JTc interval also demonstrated substantial diagnostic potential in dis
criminating SARC+LVH− from healthy controls with an area under 
the curve of 0.88 (95% confidence interval (CI) 0.76 – 1.00, P <  
0.001), with a JTc interval ≥ 342 ms delivering the highest combined 
sensitivity (75%) and specificity (91%) (Figure 4). A JTc interval ≥  
342 ms had a positive predictive value of 95% and a negative predictive 
value of 63% for discriminating variant carriers from controls.

Relationship between DT-CMR and 
repolarization parameters
In SARC+LVH− patients, there was a clear negative correlation be
tween FA and the JTc interval (r = −0.6, P = 0.002) (Figure 1B) and to 
a lesser degree the QTc interval (r = −0.5, P = 0.012). This associ
ation was not as strong in HCM patients and absent in healthy con
trols (see Supplementary data online, Figure S2). MD did not show 
significant associations with any repolarization parameters in the 
SARC+LVH− group. In the HCM group, MD was associated with 
longer JTc and QTc intervals, and greater QTc dispersion, even after 
accounting for strain in the linear regression model (JTc β = 0.407, 
P = 0.04, QTc β = 0.385, P = 0.036, and QTc dispersion β = 0.54, 
P = 0.03).

Relationship between markers of fibrosis 
and repolarization parameters
The presence of replacement fibrosis on LGE imaging did not signifi
cantly affect the duration of repolarization parameters in HCM pa
tients. In contrast, repolarization parameters, particularly the JTc and 
QTc intervals demonstrated a strong positive correlation with ECV 
(both r = 0.6, P = 0.019), an indicator of interstitial fibrosis which was 
elevated in HCM (Figure 1D). This was also the case for QTc dispersion 
(r = 0.7, P = 0.01) (see Supplementary data online, Figure S3). This rela
tionship between repolarization parameters and ECV was not seen in 
SARC+LVH− patients.

Discussion
This study assessed the sensitivity of DT-CMR in detecting micro
structural changes in SARC+LVH− and HCM patients and exam
ined whether a standard 12-lead ECG can be used to detect the 
presence of microstructural abnormalities in early and late phases 
of disease. Our findings indicate that: (i) myocardial disarray, in
ferred from reduced FA on DT-CMR, is detectable in one in 
four SARC+LVH− patients as well as the majority of HCM pa
tients, (ii) relative to controls, SARC+LVH− patients and overt 
HCM patients had a higher frequency of qualitative ECG abnormal
ities and more prolonged repolarization intervals (i.e. QTc and JTc 
intervals), and (iii) the JTc interval is associated with disarray and 
fibrosis as a continuum in pre-hypertrophic variant carriers and 
HCM patients and may serve as a promising marker for risk strati
fication in patients.

Myocardial disarray in SARC+LVH− 
patients
In our study, a substantial subset of SARC+LVH− patients (25%) 
exhibited low segmental FA compared with healthy individuals. 
Our analysis showed that SARC+LVH− patients exhibited higher 
mean MD in contrast to controls, a measure potentially suggestive 
of cellular hypertrophy and early interstitial expansion. In the ab
sence of significant fibrosis in our SARC+LVH− patients, we have 
interpreted the reduced FA to primarily represent localized re
gions of myocardial disarray. These findings are in line with pub
lished histology from post-mortem studies which have shown the 
presence of disarray in SARC+LVH− patients2 and demonstrated 
its patchy nature within the myocardium in HCM.25 Previous 
work from our group has identified low FA as a marker of myocar
dial disarray in overt HCM, which also correlates independently 
with the risk of ventricular arrhythmias.7 Complementing our find
ings, a recent study by Joy et al. employed a spin-echo DT-CMR 
sequence and similarly found reduced (systolic) FA in SARC+LVH− 
patients.26 Other indicators of microstructural changes, such as dif
fuse fibrosis, have also been observed in this group; however, the evi
dence remains inconsistent. For example, Ho et al.27 noted an 
increased ECV, indicative of diffuse fibrosis, in SARC+LVH− patients, 
whereas Joy’s study and ours did not find significant ECV differences. 

Figure 3 QTc interval, QTc dispersion, and JTc interval across groups. JTc, J point → T wave tangential line, corrected for heart rate; QTc, Q wave →  
T wave tangential line, corrected for heart rate.
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Discrepancies between these studies may stem from variations in pa
tient selection, particularly regarding the stage of disease in cohorts. 
Nonetheless, our findings collectively imply that DT-CMR may detect 
disarray before diffuse fibrosis becomes apparent, underscoring its 
potential as an early marker for disease progression and clinical 
surveillance.

Myocardial repolarization abnormalities in 
SARC+LVH− and HCM patients
Using quantitative ECG analysis, we were able to show that repolariza
tion is significantly delayed (evidenced by QTc and JTc interval prolonga
tion) and more heterogeneous (indicated by increased QTc dispersion) 

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

Table 3 ECG analysis results (incl. only SARC+HCM)

Controls 
(14)

SARC+LVH− 
(24)

SARC+HCM 
(16)

SARC+LVH− vs. 
controls

SARC+HCM vs. 
controls

3-way 
comparison

P-value P-value P-value

Qualitative ECG parameters

Sinus rhythm 14 (100) 24 (100) 16 (100)

Abnormal ECG 0 9 (38) 10 (63) 0.115 0.004 < 0.001

LVH voltage criteria 0 7 (29) 4 (25) 0.07 0.113 0.117

Pathological Q waves 0 3 (13) 4 (25) 0.536 0.113 0.156

LBBB/RBBB 0 1 (4) 1 (6) 0.99 0.99 0.692

ST/T wave abnormalities 1 (8) 5 (21) 10 (63) 0.640 0.006 0.003

Quantitative ECG parameters

PR interval (ms) 155± 24 150 ± 17 167 ± 22 0.451 0.208 0.043

QRS duration (ms) 94 ± 8 91 ± 16 98 ± 14 0.652 0.400 0.382

QTc (ms) 411 ± 14 454 ± 29 458 ± 44 < 0.001 0.006 0.003

QTc dispersion (ms) 48 ± 20 71 ± 27 84 ± 43 0.017 0.017 0.021

QTPc (ms) 340 ± 24 373 ± 28 379 ± 42 0.002 0.009 0.007

QTPc dispersion (ms) 40 ± 16 66 ± 18 96 ± 94 < 0.001 0.064 0.040

JTc (ms) 314 ± 26 356 ± 26 360 ± 40 < 0.001 0.002 < 0.001

cTPe (ms) 89 ± 10 102 ± 15 119 ± 88 0.023 0.284 0.315

Values are mean ± SD or n (%). 
cTPe, corrected T wave peak → T wave end; ECG, electrocardiogram; JTc, ventricular repolarization (J point → T wave tangential line); LBBB, left bundle branch abnormality PR, 
atrial depolarization (P wave → R wave); QTc, ventricular depolarization + repolarization (Q wave → T wave tangential line); QTPc, ventricular depolarization + repolarization 
(Q wave → T wave peak).

Figure 4 Receiver operator characteristic curve—diagnostic ability of JTc interval in discriminating SARC+LVH− from healthy controls. JTc, 
J point → T wave tangential line, corrected for heart rate; SARC+LVH−, pre-hypertrophic sarcomeric variant carriers.
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in SARC+LVH− patients in comparison to controls. Importantly, none 
of these patients were on medications that could prolong their QT 
interval. Within the array of ECG parameters, JTc exhibited the highest 
diagnostic performance in discriminating HCM patients from controls. 
We also demonstrate as expected, that prolongation and heterogeneity 
of repolarization is more pronounced in overt HCM cases, despite most 
of these patients being on anti-arrhythmic medications that serve to sta
bilize ventricular repolarization.

In this study, we show that manual measurements on 12-lead ECG 
can elucidate subtle delays in these repolarization parameters prior 
to the onset of hypertrophy in variant carriers and demonstrate repo
larization prolongation with the evolution of the HCM phenotype. 
Although previous studies have described ECG changes including repo
larization abnormalities in HCM, they tended to focus on those with es
tablished hypertrophy, and ECG analysis has been mostly qualitative in 
nature with only limited quantitative ECG analysis undertaken.17,26,28,29

Those that did focus on repolarization intervals such as the QTc inter
val, QTc dispersion, and JTc interval in overt HCM found, similar to us, 
an association between prolongation of these parameters and SCD 
risk.13,15,30–32 More recently, studies using advanced automated ECG 
analysis techniques have demonstrated prolongation of activation 
time (a measure of depolarization onset) and increased duration and 
dispersion of repolarization parameters in both overt HCM and 
SARC+LVH− patients.33–36 However, caution is needed when making 
direct comparisons between studies due to differences in ECG analysis 
approaches (e.g. use of tangent method for estimation of QTc interval 
in our study), including the specific parameters measured, as well as var
iations in group characteristics, such as the mean age of HCM cohorts. 
For example, in another study by Joy et al.,34 which included a larger co
hort (211 patients), the QRS duration was shorter in the SARC+LVH− 
group compared with controls, while the QTc interval remained similar— 
potentially suggesting subtle repolarization prolongation. Although the 
JTc interval was not measured, this combination of shorter QRS and 
unchanged QTc duration could theoretically indicate JTc prolongation, 
aligning with our findings. Interestingly, in their study, repolarization 
parameters obtained via CMR-guided electrocardiographic imaging 
(ECGi), such as the activation recovery interval and repolarization 
time, were not prolonged in SARC+LVH− patients. However, it is im
portant to note that both parameters incorporate parts of the QRS 
complex, meaning they reflect a composite of both depolarization 
and repolarization durations, rather than repolarization alone. While 
complex CMR-integrated ECG mapping techniques like ECGi play an 
important role in probing intricate conduction abnormalities in HCM, 
our study used the simpler, widely available 12-lead ECG to demon
strate that parameters such as the JTc interval can potentially differen
tiate sub-clinical HCM (SARC+LVH−) from controls. It is also 
noteworthy that we identified meaningful differences in ECG para
meters with a modestly sized cohort, which highlights the sensitivity 
of these easy-to-extract measures.

Relationship between disarray, fibrosis, 
and repolarization parameters
Among SARC+LVH− patients, we found a significant inverse correl
ation between FA and JTc interval duration, providing further evidence 
that myocardial disarray may be complicit in repolarization prolonga
tion (in conjunction with other factors such as ionic remodelling and 
aberrations in calcium handling6). However, this association was less 
pronounced in overt HCM patients and we postulate this divergence 
may be due to the more prominent roles of myocyte hypertrophy, pro
gressive interstitial fibrosis37 and microvascular dysfunction28—rather 
than disarray—in altering repolarization in more advanced disease. 
This is further supported by the strong correlation seen in overt 
HCM patients between repolarization parameters (JTc interval and 
QTc dispersion) and recognized markers of interstitial fibrosis such 

as ECV and T1. This relationship between interstitial fibrosis and myo
cardial repolarization (specifically QTc dispersion) was also observed 
by Hurtado-de-Mendoza et al.37 in their ECG and CMR study of 112 
overt HCM patients. Similarly, Österberg et al.28 also observed an asso
ciation between an ECG risk-score incorporating QTc duration and 
LGE burden in early stage HCM. Most noteworthy of all and consistent 
with our work is a comprehensive study by Kuroda et al.,12 which em
ployed both qualitative and quantitative ECG analyses, Holter monitor
ing, and histological evaluations, and identified T wave alternans as 
indicative of a higher burden of myocardial disarray and fibrosis on hist
ology. Recent investigations have also highlighted the potential for quali
tative ECG alterations in SARC+LVH− individuals as predictors of 
disease progression and penetrance.38–40 The strong correlation ob
served between repolarization intervals and FA in our study suggests 
that these intervals might serve as reliable indicators of disease severity 
and could potentially forecast long-term disease progression.

Clinical relevance
With the advent of disease-modifying interventions such as small mol
ecule modulators of cardiac myosin and gene therapies, the early iden
tification of individuals exhibiting microstructural changes—those 
potentially on the cusp of developing HCM—has gained paramount im
portance. Our study highlights the potential of myocardial disarray im
aging and quantitative ECG analysis to serve as early markers of disease 
activity in HCM, providing measures that can contribute to more 
nuanced clinical surveillance of variant carriers. Traditionally, qualitative 
12-lead ECG analysis has anchored the diagnostic process for HCM, 
serving as an essential tool for familial screenings and risk evaluations, 
especially for individuals considering competitive athletic sports. Our 
findings suggest that more granular insight into microstructural changes 
(both myocardial disarray and fibrosis) can be inferred from specific 
quantitative ECG deviations across the disease spectrum. Our observa
tions align with established literature indicating that repolarization ab
normalities are closely related to microstructural abnormalities like 
fibrosis,12,28,37 and mirror documented associations with other prog
nostic markers including strain abnormalities41 and arrhythmic bur
den.13,31,35 Future endeavours however are needed to validate our 
observations in larger cohorts, with comparative analyses of other 
risk assessment strategies.

Limitations
Our study, albeit small and cross-sectional in nature, provided some valu
able insights into the relationship between myocardial microstructure and 
repolarization changes in both Sarc+LVH− and HCM patients. However, 
these observations cannot be directly attributed to disease progression 
without longitudinal follow-up. For a more comprehensive understanding 
of causal relationships between microstructural alterations and repolariza
tion anomalies, in-depth histological validation and electrophysiological 
studies are imperative. It is also worth noting that cardiac DT-CMR remains 
a research technique, work on standardisation of approach and improve
ments in acquisition and data processing are pre-requisites to future longi
tudinal, multi-centre clinical studies necessary for it to enter the clinical 
domain.

Conclusion
Low diastolic FA, suggestive of myocardial disarray, is present in both 
SARC+LVH− and HCM patients. Low diastolic FA in SARC+LVH− 
and raised ECV in HCM patients associated with prolongation of 
repolarization. Myocardial disarray assessment using DT-CMR and pro
longation of key repolarization parameters such as the JTc interval 
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demonstrates significant potential as novel, sensitive, and prognostically 
important markers of disease activity across HCM stages. These techni
ques may come to support more nuanced surveillance of SARC+LVH− 
patients and improved risk stratification of overt HCM patients.

Acknowledgements
B.R., S.N. and H.W. acknowledge support from the Oxford British 
Heart Foundation Centre of Research Excellence.

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

Funding
Z.A. is a recipient of a British Heart Foundation Clinical Research Training 
Fellowship (FS/CRTF/21/24144). B.R. and S.N. report grants from NIHR 
Oxford Biomedical Research Centre. B.R. is a recipient of an 
Intermediate Clinical Transitional Research Fellowship from the BHF 
Centre of Research Excellence, Oxford (RE/18/3/34214). A.H.A.S. holds a 
doctoral scholarship funded by the Ministry of Higher Education Malaysia 
and Universiti Kebangsaan Malaysia (National University of Malaysia). 

Conflict of interest: None declared.

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

References
1. Finocchiaro G, Papadakis M, Robertus JL, Dhutia H, Steriotis AK, Tome M et al. Etiology 

of sudden death in sports: insights from a United Kingdom regional registry. J Am Coll 
Cardiol 2016;67:2108–15.

2. McKenna WJ, Stewart JT, Nihoyannopoulos P, McGinty F, Davies MJ. Hypertrophic car
diomyopathy without hypertrophy: two families with myocardial disarray in the absence 
of increased myocardial mass. Br Heart J 1990;63:287–90.

3. Garcia-Canadilla P, Cook AC, Mohun TJ, Oji O, Schlossarek S, Carrier L et al. 
Myoarchitectural disarray of hypertrophic cardiomyopathy begins pre-birth. J Anat 
2019;235:962–76.

4. Wei D, Miyamoto N, Mashima S. A computer model of myocardial disarray in simulating 
ECG features of hypertrophic cardiomyopathy. Jpn Heart J 1999;40:819–26.

5. Saumarez RC. Electrophysiological investigation of patients with hypertrophic cardio
myopathy. Br Heart J 1994;72(Suppl. 6):19–23.

6. Finocchiaro G, Sheikh N, Leone O, Westaby J, Mazzarotto F, Pantazis A et al. 
Arrhythmogenic potential of myocardial disarray in hypertrophic cardiomyopathy: gen
etic basis, functional consequences and relation to sudden cardiac death. Europace 2021; 
23:985–95.

7. Ariga R, Tunnicliffe EM, Manohar SG, Mahmod M, Raman B, Piechnik SK et al. 
Identification of myocardial disarray in patients with hypertrophic cardiomyopathy 
and ventricular arrhythmias. J Am Coll Cardiol 2019;73:2493–502.

8. Nguyen C, Lu M, Fan Z, Bi X, Kellman P, Zhao S, et al. Contrast-free detection of myo
cardial fibrosis in hypertrophic cardiomyopathy patients with diffusion-weighted cardio
vascular magnetic resonance. J Cardiovasc Magn Reson 2015;17:107.

9. Abdullah OM, Drakos SG, Diakos NA, Wever-Pinzon O, Kfoury AG, Stehlik J et al. 
Characterization of diffuse fibrosis in the failing human heart via diffusion tensor imaging 
and quantitative histological validation. NMR Biomed 2014;27:1378–86.

10. Khalique Z, Scott AD, Ferreira PF, Nielles-Vallespin S, Firmin DN, Pennell DJ. Diffusion 
tensor cardiovascular magnetic resonance in hypertrophic cardiomyopathy: a compari
son of motion-compensated spin echo and stimulated echo techniques. MAGMA 2020; 
33:331–42.

11. Das A, Kelly C, Teh I, Nguyen C, Brown LAE, Chowdhary A et al. Phenotyping hyper
trophic cardiomyopathy using cardiac diffusion magnetic resonance imaging: the rela
tionship between microvascular dysfunction and microstructural changes. Eur Heart J 
Cardiovasc Imaging 2022;23:352–62.

12. Kuroda N, Ohnishi Y, Yoshida A, Kimura A, Yokoyama M. Clinical significance of T-wave 
alternans in hypertrophic cardiomyopathy. Circ J 2002;66:457–62.

13. Magri D, Santolamazza C, Limite L, Mastromarino V, Casenghi M, Orlando P et al. QT 
spatial dispersion and sudden cardiac death in hypertrophic cardiomyopathy: time for 
reappraisal. J Cardiol 2017;70:310–5.

14. Yi G, Poloniecki J, Dickie S, Elliott PM, Malik M, McKenna WJ. Is QT dispersion asso
ciated with sudden cardiac death in patients with hypertrophic cardiomyopathy? Ann 
Noninvasive Electrocardiol 2001;6:209–15.

15. Buja G, Miorelli M, Turrini P, Melacini P, Nava A. Comparison of QT dispersion in hyper
trophic cardiomyopathy between patients with and without ventricular arrhythmias 
and sudden death. Am J Cardiol 1993;72:973–6.

16. Marian AJ, Mares A, Kelly DP, Yu QT, Abchee AB, Hill R et al. Sudden cardiac death in 
hypertrophic cardiomyopathy. Eur Heart J 1995;16:368–76.

17. Konno T, Shimizu M, Ino H, Fujino N, Hayashi K, Uchiyama K et al. Differences in diag
nostic value of four electrocardiographic voltage criteria for hypertrophic cardiomyop
athy in a genotyped population. Am J Cardiol 2005;96:1308–12.

18. al-Mahdawi S, Chamberlain S, Chojnowska L, Michalak E, Nihoyannopoulos P, Ryan M 
et al. The electrocardiogram is a more sensitive indicator than echocardiography of 
hypertrophic cardiomyopathy in families with a mutation in the MYH7 gene. Br Heart 
J 1994;72:105–11.

19. Piechnik SK, Ferreira VM, Dall’Armellina E, Cochlin LE, Greiser A, Neubauer S et al. 
Shortened Modified Look-Locker Inversion recovery (ShMOLLI) for clinical myocardial 
T1-mapping at 1.5 and 3 T within a 9 heartbeat breathhold. J Cardiovasc Magn Reson 
2010;12:69.

20. Raman B, Ariga R, Spartera M, Sivalokanathan S, Chan K, Dass S et al. Progression of 
myocardial fibrosis in hypertrophic cardiomyopathy: mechanisms and clinical implica
tions. Eur Heart J Cardiovasc Imaging 2019;20:157–67.

21. Chan RH, Maron BJ, Olivotto I, Pencina MJ, Assenza GE, Haas T et al. Prognostic value of quan
titative contrast-enhanced cardiovascular magnetic resonance for the evaluation of sudden 
death risk in patients with hypertrophic cardiomyopathy. Circulation 2014;130:484–95.

22. Ferreira PF, Nielles-Vallespin S, Scott AD, de Silva R, Kilner PJ, Ennis DB et al. Evaluation 
of the impact of strain correction on the orientation of cardiac diffusion tensors with in 
vivo and ex vivo porcine hearts. Magn Reson Med 2018;79:2205–15.

23. Stoeck CT, Kalinowska A, von Deuster C, Harmer J, Chan RW, Niemann M et al. 
Dual-phase cardiac diffusion tensor imaging with strain correction. PLoS One 2014;9: 
e107159.

24. Samat AHA, Cassar MP, Akhtar AM, McCracken C, Ashkir ZM, Mills R et al. Diagnostic 
utility of electrocardiogram for screening of cardiac injury on cardiac magnetic reson
ance in post-hospitalised COVID-19 patients: a prospective multicenter study. Int J 
Cardiol 2024;415:132415.

25. Varnava AM, Elliott PM, Mahon N, Davies MJ, McKenna WJ. Relation between myocyte 
disarray and outcome in hypertrophic cardiomyopathy. Am J Cardiol 2001;88:275–9.

26. Joy G, Kelly CI, Webber M, Pierce I, Teh I, McGrath L et al. Microstructural and micro
vascular phenotype of sarcomere mutation carriers and overt hypertrophic cardiomy
opathy. Circulation 2023;148:808–18.

27. Ho CY, Abbasi SA, Neilan TG, Shah RV, Chen Y, Heydari B et al. T1 measurements iden
tify extracellular volume expansion in hypertrophic cardiomyopathy sarcomere muta
tion carriers with and without left ventricular hypertrophy. Circ Cardiovasc Imaging 
2013;6:415–22.

28. Osterberg AW, Ostman-Smith I, Jablonowski R, Carlsson M, Green H, Gunnarsson C 
et al. High ECG risk-scores predict late gadolinium enhancement on magnetic reson
ance imaging in HCM in the young. Pediatr Cardiol 2021;42:492–500.

29. Ostman-Smith I, Wisten A, Nylander E, Bratt EL, Granelli A, Oulhaj A et al. 
Electrocardiographic amplitudes: a new risk factor for sudden death in hypertrophic 
cardiomyopathy. Eur Heart J 2010;31:439–49.

30. Yi G, Poloniecki J, Dickie S, Elliott PM, Malik M, McKenna WJ. Can the assessment of 
dynamic QT dispersion on exercise electrocardiogram predict sudden cardiac death 
in hypertrophic cardiomyopathy? Pacing Clin Electrophysiol 2000;23(11 Pt 2):1953–6.

31. Patel SI, Ackerman MJ, Shamoun FE, Geske JB, Ommen SR, Love WT et al. QT prolongation 
and sudden cardiac death risk in hypertrophic cardiomyopathy. Acta Cardiol 2019;74:53–8.

32. Biagini E, Pazzi C, Olivotto I, Musumeci B, Limongelli G, Boriani G et al. Usefulness of 
electrocardiographic patterns at presentation to predict long-term risk of cardiac death 
in patients with hypertrophic cardiomyopathy. Am J Cardiol 2016;118:432–9.

33. Chow J-J, Leong KMW, Shun-Shin M, Jones S, Guttmann OP, Mohiddin SA et al. The 
arrhythmic substrate of hypertrophic cardiomyopathy using ECG imaging. Front 
Physiol 2024;15:1428709.

34. Joy G, Lopes LR, Webber M, Ardissino AM, Wilson J, Chan F et al. Electrophysiological 
characterization of subclinical and overt hypertrophic cardiomyopathy by magnetic res
onance imaging-guided electrocardiography. J Am Coll Cardiol 2024;83:1042–55.

35. Suszko AM, Chakraborty P, Viswanathan K, Barichello S, Sapp J, Talajic M et al. 
Automated quantification of abnormal QRS peaks from high-resolution ECGs predicts 
late ventricular arrhythmias in hypertrophic cardiomyopathy: a 5-year prospective mul
ticenter study. J Am Heart Assoc 2022;11:e026025.

36. Domain G, Chouquet C, Réant P, Bongard V, Vedis T, Rollin A et al. Relationships be
tween left ventricular mass and QRS duration in diverse types of left ventricular hyper
trophy. Eur Heart J Cardiovasc Imaging 2022;23:560–8.

37. Hurtado-De-Mendoza D, Corona-Villalobos CP, Pozios I, Gonzales J, Soleimanifard Y, 
Sivalokanathan S et al. Diffuse interstitial fibrosis assessed by cardiac magnetic resonance 
is associated with dispersion of ventricular repolarization in patients with hypertrophic 
cardiomyopathy. J Arrhythm 2017;33:201–7.

Myocardial disarray, fibrosis and arrhythmic risk in HCM                                                                                                                                  227
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/26/2/218/7824545 by guest on 31 July 2025

http://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jeae260#supplementary-data


38. Lorenzini M, Norrish G, Field E, Ochoa JP, Cicerchia M, Akhtar MM et al. Penetrance of 
hypertrophic cardiomyopathy in sarcomere protein mutation carriers. J Am Coll Cardiol 
2020;76:550–9.

39. Anvekar P, Stephens P  Jr, Calderon-Anyosa RJC, Kauffman HL, Burstein DS, Ritter AL et al. 
Electrocardiographic findings in genotype-positive and non-sarcomeric children with definite 
hypertrophic cardiomyopathy and subclinical variant carriers. Pediatr Cardiol 2023;45:1784–97.

40. Gruner C, Ivanov J, Care M, Williams L, Moravsky G, Yang H et al. Toronto hypertrophic 
cardiomyopathy genotype score for prediction of a positive genotype in hypertrophic 
cardiomyopathy. Circ Cardiovasc Genet 2013;6:19–26.

41. Badran HM, Elnoamany MF, Soltan G, Ezat M, Elsedi M, Abdelfatah RA et al. Relationship 
of mechanical dyssynchrony to QT interval prolongation in hypertrophic cardiomyop
athy. Eur Heart J Cardiovasc Imaging 2012;13:423–32.

228                                                                                                                                                                                             Z. Ashkir et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/26/2/218/7824545 by guest on 31 July 2025


	Myocardial disarray and fibrosis across hypertrophic cardiomyopathy stages associate with ECG markers of arrhythmic risk
	Introduction
	Methods
	Study population
	CMR protocol
	CMR analysis
	ECG analysis
	Statistical analysis

	Results
	Study population baseline characteristics
	DT-CMR parameters in SARC+LVH−, HCM, and control subjects
	ECG parameters in SARC+LVH−, HCM, and control subjects
	Relationship between DT-CMR and repolarization parameters
	Relationship between markers of fibrosis and repolarization parameters

	Discussion
	Myocardial disarray in SARC+LVH− patients
	Myocardial repolarization abnormalities in SARC+LVH− and HCM patients
	Relationship between disarray, fibrosis, and repolarization parameters

	Clinical relevance
	Limitations
	Conclusion
	Acknowledgements
	Supplementary data
	Funding
	Data availability
	References


