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Aims Myocardial scarring assessed by late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) predicts sudden car-
diac death (SCD) in hypertrophic cardiomyopathy (HCM). Post-processing enables characterization of scar components:
borderzone (BZ), core, and BZ channels.

Methods Evaluate scar composition as a predictor of VT/VF beyond traditional risk factors in HCM. We retrospectively analyzed

and results HCM patients who underwent LGE-CMR. Scar components, alone or combined with ESC or ACC/AHA risk scores,
were tested as predictors of a composite VT/VF endpoint (SCD, sustained VT, ICD therapy, or cardiac arrest). Four-hun-
dred-ten patients (67% males, 55 years IQR: 41-65) were included, 298 of whom (72.6%) had LGE at CMR (LGE+). Total
scar, BZ and core mass were 7.3% (IQR: 0.0-14.3), 6.4% (IQR: 0.0-12.2), and 0.9% (IQR: 0.0-2.1) of LV mass, respectively.
BZ channels were found in 140 (34.1%) patients. At follow-up (65 months; IQR: 36-95), 26 (6.3%) patients met the end-
point. Total scar, BZ and core mass were higher in VT/VF patients (P < 0.001). BZ channels were observed in 88.5% of VT/
VF patients vs. 30.5% of those without (P < 0.001). Patients with BZ channels had higher incidence of VT/VF. BZ channels
mass was associated with an increased risk of VT/VF after adjustment for ESC (HR: 1.45; 95% Cl: 1.26-1.67; P < 0.0001) and
AHA/ACC (HR: 1.34; 95% Cl: 1.16—1.54; P < 0.0001) risk estimate. The predictive performance of both ESC and AHA/ACC
models was enhanced by integrating BZ channel mass (NRI: 0.19, P =0.03 and 0.32, P < 0.001, respectively).
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Conclusion

proving existing clinical risk stratification tools.

Graphical Abstract

STUDY POPULATION

410 HCM PATIENTS

67% men
55 years (IQR:41-65)

Scar components

298 (72.6%) LGE+

* Borderzone (BZ) scar
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* BZ channels
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Median scar mass: 9.7 g

\ (7.3% of LV mass)

Scar composition and its organization in BZ channels provides strong, independent prognostic value for VT/VF in HCM, im-

PROGNOSTIC ASSESSMENT
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Higher cumulative rate of VT/VF among
patients with vs without BZ channels

CONCLUSIONS

Scar composition and its spatial organization in protected BZ channels is a strong, independent predictor of ventricular arrhythmias,
and offers incremental prognostic information beyond current clinical risk models in HCM.
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Background

Myocardial scar, identified by cardiac magnetic resonance with late
gadolinium enhancement (LGE-CMR), is common in hypertrophic car-
diomyopathy (HCM)."? Studies show that HCM patients with LGE
have higher risk of ventricular arrhythmias (VA) and sudden cardiac
death (SCD).%"® In particular, extensive LGE (>15% LV myocardium)
is an independent SCD predictor,’ and guidelines include it as a risk fac-
tor.”® However, it has been reported that not only the amount, but
also characteristics and three-dimensional distribution of LGE affect
the risk of VA in HCM. Indeed, non-homogeneous scar patterns as as-
sessed by LGE-dispersion mapping,” scar entropy” and myocardial LGE
radiomics'® add prognostic value beyond scar mass, though mechan-
isms remain unclear.

Post-processing of LGE-CMR images allow for the characterization
of dense fibrosis (scar core), diffuse fibrosis (border zone, BZ), and
BZ channels—strands of BZ tissue embedded within unexcitable scar
(core) that connect regions of healthy myocardium.""> These pro-
tected channels are a part of reentry circuits'> and predict appropriate
ICD therapies in high-risk HCM patients."* However, it is unknown if
scar composition and BZ channels refine VA risk in unselected HCM.

hypertrophic cardiomyopathy e late gadolinium enhancement e scar e cardiac magnetic resonance ® sudden cardiac

We assessed a large population of unselected HCM patients to (a)
describe LGE prevalence and scar composition; (b) link scar patterns
with clinical phenotypes; (c) assess scar architecture as a predictor of
VA and SCD beyond traditional risk factors; (d) evaluate if scar charac-
teristics improve European Society of Cardiology (ESC) and American
Heart Association/American College of Cardiology (AHA/ACC) risk
models.

Methods

Study population

We retrospectively analyzed a prospectively followed cohort of HCM pa-
tients who underwent LGE-CMR at five centres (Sant’Andrea University
Hospital, IT; IRCCS University Hospital of Bologna, IT; Hospital Santa
Cruz, PRT; IRCCS Humanitas Research Hospital, IT; Teknon Medical
Center, ES) between May 2006 and October 2023.

Exclusion criteria were CMR scans without intravenous gadolinium con-
trast agent, unavailable or corrupted original digital CMR files, and poor-
quality CMR exams preventing accurate post-processing. As the subtle
rim of fibrosis post-septal reduction interventions in obstructive HCM
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patients can alter the architecture of disease-related myocardial scar, pa-
tients who underwent myectomy or septal alcohol ablation after CMR
were also excluded.

The diagnosis of HCM was based on echocardiographic demonstration
of a hypertrophied and non-dilated left ventricle in the absence of any other
cardiac or systemic disease that could result into a comparable LV hyper-
trophy.”'® Patients with metabolic/infiltrative diseases were excluded.
LV outflow tract obstruction was defined as a peak instantaneous gradient
>30 mmHg on Doppler echocardiography, at rest or after provocation.
HCM with systolic LV dysfunction was defined as LV ejection fraction
<50%.

Patients were referred for ICD implantation according to the ESC or
AHA/ACC guidelines available at the time of defibrillator candidacy, gener-
ally when presenting one or more established risk factors for SCD.'® As
from 2014, shared decision making for ICD implantation was also sup-
ported by the 5-year SCD risk score endorsed by the ESC." The study
was approved by the local Ethical Committee of the participating centres
and signed informed consent was provided. The data that support the find-
ings of this study are available from the corresponding author upon reason-
able request.

CMR imaging and processing

CMRs were performed with 1.5-T scanners (Philips, GE Medical Systems, or
Siemens) and analyzed locally. LGE was acquired 10-20 min after 0.1-
0.2 mmol/kg i.v. gadolinium with breath-hold segmented gradient-echo
inversion-recovery or PSIR sequences. LGE was acquired 10-20 min after
0.1-0.2 mmol/kg i.v. gadolinium with segmented gradient-echo inversion-
recovery or PSIR sequences. For analysis, only magnitude (MAG) images
were used, ensuring methodological homogeneity across the study popula-
tion irrespective of the acquisition sequence. Inversion time was optimized
to null normal myocardium. Most exams were 2D (92.0%). The mean slice
thickness was 8.5 + 1.2 mm.

Post-processing of LGE images was centralized in core lab with ADAS 3D
(Galgo Medical, Barcelona, Spain) according to a previously described
protocol."” Briefly, the LV was reconstructed in axial view and divided
into 9 concentric 3D shells from endocardium to epicardium (10-90%
wall thickness: endocardial = 10-20%, mid-myocardial = 30-70%, epicar-
dial = 80-90%). LV subendocardial (10%) and subepicardial (90%) layers
were used instead of the true endocardial and epicardial shells to avoid
the partial volume effect.'® Color-coded pixel signal intensity (PSI) maps
based on LGE-CMR images were projected to each shell. LGE mass was cal-
culated using the full-width half-maximum method. If no fibrosis was visually
detected, LGE measures were set to zero. A PSI-based algorithm classified
tissue as scar core, BZ, or healthy (thresholds 40 + 5% and 60 + 5%), as pre-
viously described.”® The total scar mass, BZ mass, and core mass in each
shell were automatically measured using ADAS 3D LV. BZ channels, defined
as continuous corridors of BZ surrounded by scar core or an anatomical
barrier (e.g. mitral annulus) connecting two areas of healthy tissue, were
automatically identified (Figure 7). BZ channel mass (grams of BZ tissue
that make up all the channels) was obtained by multiplying the number of
image voxels within the identified channel by the voxel volume and a myo-
cardial density of 1.05 g/cm?, using a full-automated tool. A good intra- and
inter-observer agreement for this technique has already been reported.’
Analysis of LGE-CMRs was conducted by two cardiologists with specific ex-
pertise in cardiac imaging post-processing. (P.F. and G.F.) and one senior
cardiologist with more than 15 years of experience in CMR (J.T.O.P.)
that were blinded to clinical and follow-up data.

End-points and follow-up

The study endpoint of ventricular tachycardia or fibrillation (VT/VF) was de-
fined as the occurrence of SCD, resuscitated cardiac arrest, sustained VT,
or appropriate ICD therapies for VT or VF. All events, including stored in-
tracardiac electrograms of ICD interventions, were reviewed and

adjudicated at each centre. Follow-up was from the date of CMR to the
last follow-up visit or device interrogation, death or heart transplantation.

Risk prediction analysis

SCD risk was estimated using ESC” and ACC/AHA® models. To account for
the expected limited number of SCD events, hazard ratios were adjusted
only for a predefined ‘high risk condition’ covariate—class | or Ila ICD indi-
cation per ESC (Model 1) and AHA/ACC (Model 2)—rather than for each
risk factor.’® As per ESC guidelines for the prevention of SCD,’ this condi-
tion includes patients with >6% 5-year risk of SCD or >4% to 6% when as-
sociated with additional risk markers (LGE >15% of LV mass, EF <50%,
apical aneurysm). Children <16 years were assessed by the HCM
Risk-Kids score'® and deemed high risk if the estimated 5-year risk was
>6%. As per AHA/ACC guidelines,® the high risk condition included adults
with at least 1 major risk factor for SCD among (a) familial history of SCD in
a first-degree relative <50 years, (b) massive LVH (=30 mm in any LV seg-
ment), (c) unexplained syncope, (d) apical aneurysm, (e) EF <50%. Children
with at least 1 risk factor were considered high risk.

Secondary prevention ICD recipients were considered high risk in both
models. All scores were calculated at the index CMR.

Statistical analysis

Continuous variables are given as mean =+ standard deviation for normally
distributed data or median (interquartile range, IQR) in case of skewed dis-
tribution. Categorical variables are given as absolute numbers and percen-
tages. To compare two variables, the Student’s t-test or Wilcoxon test
were used. Proportions were compared using the chi-square test.

Cox proportional hazard models were used to assess relative risks. The
binary variable ‘high risk condition’ according to the ESC” and AHA/ACC®
models was entered into the two multivariate cause-specific hazards mod-
els to estimate the independent effect of the scar characteristics on the oc-
currence of VT/VF. Receiver operating characteristic (ROC) analysis was
used to calculate the sensitivity, specificity, and AUC of the scar character-
istics as well as the incremental prognostic value of adding LGE features to
current risk models. We used categorical net reclassification analysis to as-
sess the improvement in VT/VF risk prediction achieved by incorporating
BZ channels mass into the ESC or ACC/AHA models (i.e. net reclassifica-
tion improvement, NRI). The integrated model was developed using the
predicted probabilities from a logistic regression including the two covari-
ates. The reclassification matrices were constructed using an optimized cut-
off threshold for the predicted probabilities, determined by the Youden in-
dex, to define two categories (low risk and high risk). Kaplan—Meier curves
and the log-rank test were used to assess the cumulative incidence of the
combined primary endpoint of VT/VF according to different scar
characteristics.

All tests were two-sided, and a P value of < 0.05 was considered statis-
tically significant. Statistical analysis was performed using R version 3.6.2
software (R Foundation for Statistical Computing, Vienna, Austria).

Results
Study population

We evaluated 436 patients. Of these, 20 underwent septal reduction
after CMR and were excluded, and 6 were lost to follow-up.
Therefore, the final study group comprised 410 patients. The mean
age at first CMR was 52 + 17 years. Baseline clinical characteristics
are presented in Table 1.

CMR imaging and scar architecture

LGE was detected in 298 (72.6%) patients. The LV regions most fre-
quently involved according to the AHA 17 segments model were the
mid anterior and anteroseptal ones (segments 7 and 8; 37% and 33%
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Table 1 Comparison of baseline clinical characteristics of HCM patients with and without VT/VF at follow-up

Characteristics All (n=410) VT/VF — (n=384) VT/VF + (n=26) P
Male sex, n (%) 273 (66.6%) 253 (65.9%) 20 (76.9%) 0.289
Age at CMR (years) 55.0 (41.0, 64.8) 55.0 (42.0, 65.0) 50.0 (36.0, 59.0) 0.177
Clinical
LVOT gradient >30 mm Hg 81 (19.8%) 78 (20.3%) 3 (11.5%) 0.443
Atrial fibrillation, n (%) 64 (15.6%) 55 (14.3%) 9 (34.6%) 0.011
Beta-blockers, n (%) 273 (66.6%) 251 (65.4%) 22 (84.6%) 0.052
Risk factors
Unexplained syncope, n (%) 33 (8.0%) 30 (7.8%) 3 (11.5%) 0.454
Family history of SCD, n (%) 65 (15.9%) 58 (15.1%) 7 (26.9%) 0.159
Max wall thickness (mm) 18.0 (16.0, 22.0) 18.0 (16.0, 22.0) 20.5 (19.0, 27.0) 0.003
Max wall thickness >30 mm, n (%) 46 (11.2%) 39 (10.1%) 7 (26.9%) 0.014
NSVT, n (%) 123 (30.0%) 107 (27.9%) 16 (61.5%) <0.001
Apical aneurysm, n (%) 15 (3.7%) 12 3.1%) 3 (11.5%) 0.062
EF <50%, n (%) 26 (6.3%) 19 (4.9%) 7 (26.9%) <0.001
ESC 5-years risk of SD (%) 24 (1.6,44) 2.3 (1.6,4.1) 4.6 (3.3,5.9) <0.001
LVOT, left ventricular outflow tract; NSVT, non-sustained ventricular tachycardia; SCD, sudden cardiac death.
Table 2 Scar characteristics of HCM patients with and without VT/VF during follow-up
Characteristics All (n=410) VT/VF — (n=384) VT/VF + (n = 26) P
LV mass, g 137.6 (105.3,177.3) 134.1 (104.4, 170.7) 190.9 (163.2, 228.0) <0.001
LV mass index (g/m?) 73.0 (56.7, 92.0) 71.6 (564, 89.2) 97.0 (82.3, 127.5) 0.003
LGE + patients, n (%) 298 (72.7%) 273 (71.1%) 25 (96.2%) <0.001
Scar mass, g 9.7 (0.0, 22.3) 8.6 (0.0, 20.5) 38.0 (21.9, 59.1) <0.001
Scar/LV mass ratio (%) 7.3(0.0, 14.3) 7.0 (0.0, 13.5) 19.7 (10.2, 30.5) <0.001
Scar >15% of LV mass, n (%) 97 (23.7) 82 (21.3) 15 (57.7) <0.001
BZ mass, g 8.0 (0.0, 19.2) 7.6 (0.0, 16.7) 27.3 (16.0,49.3) <0.001
BZ/LV mass ratio (%) 6.4 (0.0,12.2) 59 (0.0,11.7) 16.3 (8.8, 25.1) <0.001
Core mass, g 12(0.0,34) 0.9 (0.0, 29) 52 (29,9.0) <0.001
Core/LV mass ratio (%) 0.9 (0.0, 2.1) 0.8 (0.0, 1.9) 2.5(1.8,3.7) <0.001
BZ channels + patients, n (%) 140 (34.1%) 117 (30.5%) 23 (88.5%) <0.001
BZ channel mass, g 0.0 (0.0,0.7) 0.0 (0.0, 0.5) 21 (1.2, 34) <0.001
BZ channel mass/LV mass (%) 0.0 (0.0, 0.5) 0.0 (0.0,04) 1.0 (0.6, 2.0) <0.001

BZ, borderzone; LGE, late gadolinium enhancement; LV, left ventricular

of LGE + patients, respectively), followed by basal anterior and antero-
septal (segments 1 and 2; 29% and 33% of LGE + patients, respectively).
In the whole population, median scar mass was 9.7 g (IQR 0.0-22.3),
representing 7.3% (IQR 0.0-14.3) of LV mass. The scar was composed
of a median of 8.0 g (IQR 0.0-19.2) of BZ tissue and of 1.2 g (IQR 0.0—
3.4) of dense core (Table 2). These two components constituted 6.4%
(IQR 0.0-12.2) and 0.9% (IQR 0.0-2.1) of LV mass, respectively.

BZ channels were found in 140 patients (34.1% of the whole popu-
lation, 47.0% of LGE + patients). Most patients (n = 72; 51.4%) had only
1 BZ channel, 32 (22.9%) patients had 2 BZ channels, and 36 (25.7%)
patients had >2 BZ channels. Out of 294 identified BZ channels,
the majority were mid-myocardial (n = 102; 34.7%) or epicardial (n=
98, 33.3%), while 59 (20.1%) were endocardial-only, and a minority

(n=35; 11.9%) were transmural. Among patients with BZ channels,
the median channel mass was 1.54 g (IQR 0.71-3.36), representing
0.88% (IQR 0.50-1.83) of LV mass. The correlation between scar
mass and BZ channels mass was significant but moderate, with a
Pearson’s correlation coefficient (r) of 0.64 (R* = 0.41; P < 0.001), indi-
cating substantial yet variable structural relationship between dense
scar and BZ components in the formation of BZ channels. (Figure 2).

Clinical profiles and scar composition

Patients with massive LV hypertrophy (13.8%, IQR 8.3-21.2% vs. 6.5%,
IQR 0.0-13.2; P < 0.001) and those with LV systolic dysfunction (17.9%,
IQR 10.9-28.2% vs. 7.0%, IQR 0.0-13.7; P < 0.001) had the highest scar
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Figure 2 Scar and BZ channels mass. Patients with extensive homogeneous dense scar may lack sufficient BZ tissue to create channels (A), while
those with diffuse BZ fibrosis may have insufficient dense scar to protect the channel (B). Small but heterogeneous scars may contain strands of BZ

tissue that are sufficiently protected to form BZ channels (C).

burden and prevalence of BZ channels (50.0% vs. 32.1%; P=0.01 and
73.1% vs. 31.5%; P < 0.001, respectively). (Figure 3, panels A and B). The
prevalence of massive hypertrophy, NSVT, LV systolic dysfunction, and at-
rial fibrillation was significantly higher in patients with BZ channels (Table 3).

Primary endpoint
During a median follow-up of 65 months (IQR: 36-95) after CMR,
26 (6.3%) patients reached the VT/VF endpoint (5-year cumulative

rate: 4.9%; 95% Cl: 2.6-7.9). Among 137 patients who had an ICD
implanted, 20 had appropriate interventions (12 polymorphic VT/VF
and 8 monomorphic VTs). Among non-ICD carriers (n=276) 5 pa-
tients died suddenly, and 1 had resuscitated cardiac arrest. Total scar,
BZ and core mass were all significantly higher in VT/VF patients
(Table 2 and Figure 4). BZ channels were observed in 88.5% of patients
with VT/VF compared with 30.5% of those without (P < 0.001), with
the BZ channels mass being significantly higher in the VT/VF group
(Table 2).
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Figure 3 Scar patterns and clinical profiles. CMR short-axis view and three-dimensional reconstruction of scar architecture in an HCM patient with
LV systolic dysfunction (A) and of another with massive hypertrophy involving the LV apex (B). Both phenotypes showed higher scar mass and preva-

lence of BZ channels.

Table 3 Comparison of clinical characteristics of HCM patients with and without BZ channels

Characteristics

All (n = 410)

BZ channels — (n =270)

Male sex, n (%)

Age at CMR (years)

Clinical
LVOT gradient >30 mm Hg
Atrial fibrillation, n (%)

Risk factors
Unexplained syncope, n (%)
Family history of SD, n (%)
Max wall thickness (mm)
Max wall thickness >30 mm, n (%)
NSVT, n (%)
Apical aneurysm, n (%)
EF <50%, n (%)
ESC 5-years risk of SD (%)

273 (66.6%)
55.0 (410, 64.8)

81 (19.8%)
64 (15.6%)

33 (8.0%)

65 (15.9%)
180 (16.0, 22.0)
44 (10.7%)
123 (30.0%)
15 (3.7%)

26 (6.3%)
24 (1.6, 4.4)

178 (65.9%)
540 (39.2, 64.0)

56 (20.7%)
28 (10.4%)

22 (8.1%)
38 (14.1%)
18.0 (16,0, 22.0)
21 (7.8%)
70 (25.9%)
10 (3.7%)

7 (2.6%)

2.2 (1.5, 40)

BZ channels + (n = 140) P

95 (67.9%) 0.741
56.0 (44.8, 65.0) 0.177
25 (17.9%) 0.516
36 (25.7%) <0.001
11.(7.9%) 0.992
27 (19.3%) 0.199
20.0 (17.0, 24.0) <0.001
23 (16.4%) 0.011
53 (37.9%) 0.017
5(3.6%) 0.997

19 (13.6%) <0.001
31(1.7,48) 0.002
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The 5-year cumulative rate of VT/VF events was significantly higher
among patients with (14.0%, 95% Cl: 7.2-20.3) vs. without (0.6%;
95% Cl: 0.1-1.7) BZ channels (P < 0.0001) (Figure 5, panel A). BZ chan-
nel mass was independently associated with a high risk of VT/VF after
adjustment for both ESC (HR: 1.45; 95% Cl: 1.26-1.67; P < 0.0001)
and AHA/ACC (HR: 1.34; 95% Cl: 1.16-1.54; P < 0.0001) risk estimate.

Prediction models

Based on the area under the ROC curve (AUC), scar mass, BZ mass,
core mass, and BZ channel mass correctly classified the primary end-
point of VT/VF, with BZ channel mass emerging as the best discrimin-
ator (AUC: 0.82; 95% CI 0.74-0.89; P < 0.001) (Figure 5, panel B). Out
of 10 LGE + patients who experienced VT/VF despite scar mass <15%,
9 had BZ channels. Indeed, among patients with scar burden <15%, the
5 year-cumulative event rate was 9.7% (95% CI: 1.0-17.7) in patients
with BZ channels vs. 0.6% (95% Cl: 0.01-1.9) in those without (P <
0.001).

The AUC value for BZ channels (binary variable) was higher (0.79;
95% Cl: 0.72-0.85; P < 0.001) as compared to the ESC (0.71; 95% ClI:
0.61-0.81; P<0.001) or AHA/ACC (0.72; 95% ClI: 0.64-0.81; P<
0.001) models. Integrating BZ channels with the ESC or the ACC/
AHA models significantly improved their AUC to 0.86 (95% CI:
0.80-0.92; P<0.001), and to 0.85 (95% Cl: 0.79-0.92; P <0.001),
respectively.

Reclassification analysis

According to the ESC guidelines, 72 (17.6%) patients were high risk
(Class I/lla indication), while 338 (82.4%) patients were low-risk
(Class llb or no indication). Adding BZ channel mass to the ESC model
improved risk stratification (NRI: 0.19; 95% Cl: 0.01-0.37; P = 0.03), re-
classifying upward 8 VT/VF patients (+30%) and 44 patients without
events (+11%), with no incorrect downward reclassifications. Among
338 low-risk patients, 11 had VT/VF, 10 of who had BZ channels.
According to AHA/ACC guidelines, 142 (34.6%) patients were high
risk and 268 (65.4%) low risk. Adding BZ channel mass to the AHA/
ACC model improved risk stratification (NRI: 0.32; 95% ClI: 0.13—
0.51; P <0.001), reclassifying upward 10 VT/VF patients (+38%) and
23 patients without events (+6%), with no incorrect downward reclas-
sifications. Among 268 low-risk patients, 6 had VT/VF, 5 of who had BZ
channels.

Discussion

The prevention of SCD with ICDs has revolutionized HCM manage-
ment.?® Conventional risk factors and prediction models have proven
highly effective in identifying high risk patients. Despite advances minim-
izing ICD-related risks,%"?? refining risk stratification remains essential.
Among novel risk factors,® the magnitude of scar mass is as a strong
predictor of SCD. Notwithstanding this, complex extracellular matrix
remodeling, as evidenced by LGE texture heterogeneity, is associated
with higher risk of VA”'® and may reflect a distinct arrhythmic sub-
strate. Indeed, three-dimensional scar architecture has been shown
to predict ICD interventions in high-risk HCM pa‘cients14 and affect
the electrophysiological characteristics of induced VA.?* In the present
study, we assessed a cohort of unselected HCM patients to describe
scar architecture, report on possible correlations between scar struc-
tural patterns and clinical profiles, and define whether scar composition
might be relevant to the risk of VA. The main findings are that (i) HCM
patients display peculiar LGE composition, showing predominance of
BZ tissue and relatively common protected BZ channels within
the scar, serving as possible substrates for reentrant arrhythmia;
(if) HCM patients with LV systolic dysfunction and massive hypertrophy
present a distinct scar architecture, with higher mass of BZ channels;

(iif) BZ channels predict the risk of VT/VF independently from classic
risk factors; (iv) assessment of BZ channels improves the performance
of the ESC and AHA models that rely on traditional risk factors.

Scar architecture in HCM

Myocardial fibrosis is a hallmark of HCM and a common finding in nec-
ropsies of young SCD victims.>* LGE, representing replacement fibrosis
histologically, is present in 33—84% of HCM patients either in focal or
diffuse patchy mid-myocardial distribution, depending on clinical phe-
notypes and disease severity.”®

In ischemic cardiomyopathy, dense scar with embedded viable myo-
cardial fibers supports re-entrant VA.2¢?” Of note, HCM is pathologic-
ally different, showing more diffuse fibrosis combined with viable
muscle fibers rather than dense scarring in a particular vascular terri-
tory.®3% Compared with post-myocardial infarction patients,'*?”"’
our HCM cohort displayed scars richer in BZ tissue and less dense
scar, aligning with prior reports that most LGE in HCM reflects subtle
rather than replacement fibrosis.>° Moreover, while scarring is mainly
subendocardial in ischemic heart disease, LGE was predominantly mid-
myocardial in our as well as in other HCM cohorts.>? Of note, we iden-
tified BZ channels in only one third of patients, with lower mass than in
myocardial infarction? or severe LV dysfunction.'> However, high-risk
phenotypes (massive hypertrophy, LV dysfunction) had greater BZ
channel mass, closely related to overall BZ and core scar extent.

Scar composition and ventricular

arrhythmia

Scars are substrates for reentrant arrhythmias, and LGE is an estab-
lished risk factor for VA and SCD in HCM.>*33* Indeed, bipolar electro-
grams from LGE areas show low amplitude and prolonged signals,
indicating conduction delay®® and slowly conducting viable myocardium
within scarred areas (BZ channels), providing the milieu for rapid-rate
reentrant VTs. These arrhythmias may then convert into polymorphic
VT or VF due to the specific features of the HCM myocardium, which is
characterized by sarcomeric misalignment and non-uniform anisotropic
conduction.®

BZ channels have been associated with higher VA risk in Ml, severe
LV dysfunction,""**” and high-risk HCM."* Our findings extend this
concept to all LGE positive HCM patients and may offer a mechanistic
explanation for the increased risk of VA that is associated with scar het-
erogeneity.>'® Unlike other approaches to quantify non-homogeneous
scar patterns (e.g. LGE-dispersion mapping, entropy, or radiomics,>*"°
which provide prognostic value without addressing scar architecture,
3D reconstruction of core, BZ, and BZ channels directly relates tissue
heterogeneity to a pathophysiological model).

In agreement with previous observations,>*323738 scar burden pre-
dicted VT/VF in our study. In large analyses, SCD risk peaked with scar
mass >15%, while minimal LGE (1-5%) was not significantly different
from no LGE.? In our cohort, BZ channels distinguished patients with
and without VT/VF, and their mass was a strong predictor of events.
Scar mass and BZ channel mass were moderately correlated, indicating
partial dependence but also independent variability. Indeed, large scars
do not always have high BZ density, while even small scars can be highly
arrhythmogenic if they have the proper BZ—dense scar architecture. In
line with this, a more conservative LGE 10% cutoff could re-stratify
intermediate-risk patients.>* Notably, 9/10 LGE-positive patients with
VT/VF and scar <15% had protected BZ channels, further supporting
this concept. The inclusion of BZ channels as an additional parameter
improved both the ESC and AHA/ACC risk models, with higher
AUC and NRI, providing prognostic information beyond that currently
available. Although patients were enrolled at tertiary centres, the 5-year
cumulative VT/VF rate and the overall clinical profile align with unse-
lected HCM cohorts. Notably, the association between BZ channels
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and VT/VF persisted after adjustment for guideline-defined high-risk
status and was evident within ESC low-risk strata, supporting the po-
tential applicability of substrate-based risk markers beyond the high-risk
setting. Nevertheless, extrapolation to community cohorts requires
prospective, population-based validation and, ideally, serial-CMR stud-
ies to capture dynamic scar remodelling.

Of note, we highlight scar-related reentry as the primary arrhythmo-
genic mechanism underlying VA in HCM. Nonetheless, it is well recog-
nized that VA can occur in HCM patients who exhibit either no or
minimal LGE. In these patients, pathological changes in ion currents
and intracellular Ca®" homeostasis may represent the primary arrhyth-
mogenic mechanism.* Although our study does not account for the
contribution of molecular and cellular mechanisms, it provides a con-
ceptual framework for VA pathophysiology in HCM. It should also be
acknowledged that HCM-related scars remodel over time.*"** This dy-
namic process, which was not fully accounted for in the present ana-
lysis, may influence long-term arrhythmic risk and limit the accuracy
of risk stratification when based on a single time-point assessment. In
this context, serial CMRs could provide a more dynamic approach to
risk stratification and may capture the evolving scar architecture and
composition over time.

Study limitations

This study has several limitations. First, its retrospective design may be af-
fected by selection bias and unrecognized confounders. Second, although
one previous study demonstrated that scar composition has predictive
value in a high-risk HCM cohort," establishing its role in a community-
based population with a low prevalence of LGE, few ICD carriers, and a
low event rate remains challenging; nonetheless, despite being entirely de-
rived from tertiary centres, our cohort displayed clinical features and
overall risk consistent with an unselected HCM population. Third, CMR
scans were performed on different scanners and with variable protocols,
which may affect scar characterization and BZ channel assessment.
Although scar composition is sensitive to PSI thresholds and reconstruc-
tion type,*® channel mass remains relatively stable.** In this study, all ana-
lyses were performed on magnitude reconstructions, minimizing
systematic bias, and the predominance of 1.5 T 2D acquisitions supports
generalizability. However, clinical implementation of scar assessment for
risk stratification will require harmonization of key methodological as-
pects, such as field strength, reconstruction type, segmentation thresh-
olds, and standardized reporting of scar metrics. Different
post-processing platforms are clinically viable, with optimal use depending
on available imaging, institutional resources, and the balance between
automation and operator input.** Fourth, the ADAS-3D FWHM-based
algorithm was originally validated in ischaemic substrates, and formal
disease-specific validation in HCM is lacking. Although supporting evi-
dence exists in non-ischaemic conditions'* and we previously reported
concordance between channel architecture, VT inducibility, and ECG fea-
tures in HCM,%* these findings do not substitute for HCM-specific valid-
ation. Therefore, interpretation should consider this limitation. Fifth, the
limited number of primary events and predominance of ICD therapies re-
duce statistical power and may affect model stability. This limitation is ac-
knowledged, and the findings should be interpreted with caution. Finally,
genetic testing was not addressed. Prior studies indicate that sarcomere
gene mutations influence LGE burden and remodeling.* It is likely that
specific mutations may affect the electrophysiological properties of bor-
der zone tissue, thereby modulating arrhythmic substrate, which repre-
sents an important area for future research.

Conclusions

This study provides a mechanistic explanation for the higher VA risk as-
sociated with scar heterogeneity in HCM, showing that spatial

organization of BZ tissue in protected channels strongly predicts
VA and adds prognostic value beyond current models. Myocardial
scar architecture may serve as a structural biomarker for VA risk, sup-
porting a more nuanced approach to LGE evaluation in HCM. While
conventional models effectively identify high-risk patients and guide
ICD therapy, integrating substrate assessment could enhance their
performance and contribute to a more personalized definition of
the arrhythmic risk.
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