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Abstract: Hypertrophic cardiomyopathy (HCM) is a common genetic disorder with a well described
risk of sudden cardiac death; however, risk stratification has remained a challenge. Recently, novel
parameters in cardiac magnetic resonance imaging (CMR) have shown promise in helping to improve
upon current risk stratification paradigms. In this manuscript, we have reviewed novel CMR risk
markers and their utility in HCM. The results of the review showed that T1, extracellular volume,
CMR feature tracking, and other miscellaneous novel CMR variables have the potential to improve
sudden death risk stratification and may have additional roles in diagnosis and prognosis. The
strengths and weaknesses of these imaging techniques, and their potential utility and implementation
in HCM risk stratification are discussed.

Keywords: hypertrophic cardiomyopathy; cardiac magnetic resonance imaging; prognosis; T1; T2;
feature tracking

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a common genetic disorder characterized by
increased thickness of the left ventricular wall, not attributable to increased afterload [1].
Sudden cardiac death (SCD) is a feared complication of HCM, as outlined in the European
Society of Cardiology (ESC) 2022 and 2023 guidelines, which describe an annual mortality
rate of 1% to 2% and an annual rate of SCD or appropriate implantable cardioverter defibril-
lator therapy of 0.8% [2,3]. SCD is defined as sudden and unexpected death, presumed due
to either cardiac arrythmia or hemodynamic collapse [4], occurring either within an hour
of symptom onset, or being found dead within 24 h of an asymptomatic period. Known
risk factors for SCD in HCM, as proposed by the American Heart Association/American
College of Cardiology (AHA/ACC) and outlined in Table 1, include a family history of
sudden cardiac death, left ventricular hypertrophy ≥30 mm, and extensive late gadolinium
enhancement ≥15% of left ventricular mass [5]. In current clinical practice, these risk factors
are often combined using risk prediction calculators [6] to aid decision- making regarding
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interventions to reduce SCD risk, such as implantation of an implantable cardioverter–
defibrillator (ICD). However, these parameters fail to include a certain subset of HCM
patients who experience SCD, while overestimating the risk in others, and may not outper-
form existing CMR criteria, such as extensive LGE alone [7]. To fill the knowledge gaps
and thus improve risk stratification, the field has increasingly relied on cardiac genetics
and CMR. A number of recently introduced CMR-based techniques have shown promise
to improve risk prediction but have not yet been included in current guidelines or position
statements. There is, however, a pressing clinical need for refinement in risk stratification
strategies to effectively guide the implantation of ICDs, with the ultimate goal of optimizing
the balance between sensitivity and specificity [8]. We sought to review the recent literature
describing these novel CMR parameters, their potential role in improving sudden death
risk stratification, and their potential applications in the diagnosis and prognosis of patients
with suspected HCM.

Table 1. Demonstrates known risk factors for SCD in HCM, as proposed by the American Heart
Association/American College of Cardiology (AHA/ACC) [5].

Risk Factors for Sudden Cardiac Death (SCD) in Hypertrophic Cardiomyopathy

1. Family history of sudden death in HCM

2. Massive left ventricular hypertrophy (LVH) ≥ 30 mm

3. Unexplained syncope

4. HCM with left ventricular dysfunction < 50%

5. Presence of left ventricular apical aneurysm

6. Extensive late gadolinium enhancement (LGE) on CMR imaging (≥15% of left
ventricular mass)

7. Non sustained ventricular tachycardia (VT) on ambulatory monitoring

2. Materials and Methods

A literature review was conducted according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) scoping review guidelines for CMR-based
assessment of risk stratification in HCM. The timeframe of the articles reviewed was be-
tween January 2019 and October 2022, as the period preceding this was previously reviewed
in depth and presented in the 2020 American Heart Association HCM guidelines [5]. The
search keywords “Cardiomyopathy, Hypertrophic” AND “Magnetic Resonance Imaging”
were used to query the PubMed database. The inclusion and exclusion criteria are outlined
in Table 2 below.

Table 2. Inclusion and exclusion criteria used during our systematic review.

Inclusion Criteria: Exclusion Criteria:

Studies published in English Studies unrelated to HCM

Studies that looked at the association of novel
CMR tools that were not employed in the latest
American guidelines

Studies that had no clear prognostic or
clinical significance in HCM patients

Studies that looked at the association of novel
CMR tools with cardiovascular outcomes and
prognosis, cardiac remodeling, hemodynamics,
fibrosis and cardiac biomarkers

Case reports

Studies that were not published in English

Studies that were not performed in
human subjects
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Table 2. Cont.

Inclusion Criteria: Exclusion Criteria:

No full texts available

Studies unrelated to CMR in HCM

Studies related to procedural outcomes

3. Results

Initial PubMed results from these search terms came to 308 studies. An abstract review
was performed by a single independent reviewer using the systematic review methodology,
and application of the inclusion and exclusion criteria reduced this to 63 studies. Further
results were excluded for being related to surgical and procedural outcomes, those focused
specifically on other factors such as ECG findings and not CMR, and those with no full
text available. The final count of relevant articles that met all inclusion criteria was 52
(Figure 1). These studies were reviewed for correlations between our line of inquiry and
the available data.
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Figure 1. A flow diagram for review methodology.

Our initial analysis of the articles deemed relevant by the literature review guidelines
produced three main categories: T1 and extracellular volume (ECV), T2 and myocardial
edema, and CMR strain methods that were predominantly related to feature tracking. A
number of studies did not fit any of these criteria and were distinct from each other and
were therefore grouped together as Other Parameters.
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3.1. T1 Mapping and Extracellular Volume

Longitudinal T1 relaxation times are an intrinsic property of biological tissues in
a magnetic field and describe the time required for protons within tissues to recover
back into alignment with the static B0 field of the MRI scanner following excitation with
a radiofrequency energy pulse. Different tissues (e.g., fat, myocardium, blood) have
different inherent T1 relaxation times, and these are further modified by administration of
gadolinium-based contrast agents or the presence of disease states, such as the development
of fibrosis within the myocardium. Measurement of true myocardial T1 relaxation curves is
impractically time-consuming; however, they can be estimated using multiple available
sequences (MOLLI, shortened MOLLI, SASHA, SAPPHIRE) with reasonable accuracy.
T1 mapping denotes the estimation of pre-contrast (native) T1 times at the individual
pixel level, allowing quantitative assessment of diffuse pathology (e.g., interstitial fibrosis)
without requiring contrast administration. T1 mapping of both blood pool (correcting for
hematocrit) and myocardium before and after administration of gadolinium contrast allows
estimation of the myocardial extracellular volume (ECV) fraction [9]. Disease states such
as extensive fibrosis, and infiltrative pathologies such as cardiac amyloidosis particularly
expand the extracellular space, and so increase ECV.

Multiple studies have highlighted that higher T1 and ECV values in the HCM popula-
tion compared to a control group were correlated with myocardial fibrosis, refs. [10–15]
suggesting these parameters are useful diagnostically to help differentiate HCM from other
causes of LVH, such as athletic remodeling, where minimal myocardial fibrosis is expected.

Li et al. [16] demonstrated that HCM patients with an elevated ECV had a significant
increase in primary cardiovascular endpoints (cardiac death, heart transplant, aborted sud-
den death, and cardiopulmonary resuscitation after syncope) and secondary cardiovascular
endpoint (heart failure hospitalization) with a p value < 0.01 for primary outcomes and
=0.009 for secondary outcomes (Figure 2).
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Figure 2. Kaplan–Meier curves from Li et al. [16] demonstrating survival free from events for the
primary endpoint (composite of CV death, heart transplant, aborted SCD, and syncope requiring
CPR) in KM curve (a), and for the secondary endpoint (heart failure hospitalizations) in KM curve (b),
for subjects with ECV > 2 SD above mean (green curve) vs. those with ECV ≤ 2SD above mean (blue
curve) (reproduced with permission).

Xu et al. [17] demonstrated elevated T1 and ECV values in non-obstructive HCM
compared to healthy controls, even in the absence of LGE, and found a strong association
between these parameters and increased LV mass index. They also compared these pa-
rameters to outcomes and found an association between elevated T1 or ECV and SCD in a
univariable analysis, although there were few events during follow-up (5 SCD/258 patients,
1.9%). These findings support the use of both T1 and ECV mapping for both diagnostic
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and SCD prediction purposes and, in particular, suggest additive utility alongside existing
LGE sequences, given that they studied patients who would ordinarily be classified as
low-risk, given the absence of both outflow obstruction and LGE. A meta-analysis of this
topic conducted by Raiker et al. [18] concluded that ECV ≥ 34% was a more powerful
predictor of SCD and NSVT (non-sustained ventricular tachycardia) and was more effective
in identifying HCM patients with NSVT or syncope compared to LGE and post-contrast T1.

Wang et al. [10] compared a novel non-contrast T1ρ (T1-rho) dispersion map technique
called myocardial fibrosis index (mFI) to post-contrast ECV mapping for the diagnosis of
diffuse fibrosis in individuals with HCM. The ability of the T1ρ dispersion mFI to differ-
entiate fibrosis content in both normal-thickness hypertrophic cardiomyopathy (HCM-N)
(defined as a maximal end diastolic wall thickness of <15 mm) and hypertrophied hyper-
trophic cardiomyopathy (HCM-H) was either equal to or notably improved compared to
the ECV, as evident from their receiver operating characteristic curves. This study therefore
concluded that, since no contrast is used, patients with renal insufficiency may benefit from
CMR T1ρ dispersion mFI to identify diffuse fibrosis.

3.2. T2-Weighted CMR Imaging and T2 Mapping

T2 is another intrinsic property of tissue in a magnetic field and represents the decay
of lateral magnetization (as opposed to longitudinal magnetization in T1). T2 decay is
prolonged in tissues with increased water content, so T2-weighted imaging sequences
(e.g., short-tau inversion recovery, STIR) have long been used for the qualitative assessment
of myocardial edema. Similar to T1 mapping, T2 mapping sequences are now also used for
quantitative edema evaluation [19]. While myocardial edema is not specific to HCM and
is traditionally associated with acute pathologies such as acute myocardial infarction or
myocarditis, there has been recent interest in the utility of T2-weighted imaging in chronic
cardiomyopathies such as HCM.

Chen et al. [20] investigated the relationship between T2 signal on CMR and high-
sensitivity cardiac troponin T (hs-cTnT), demonstrating a strong association between increas-
ing hs-cTnT levels and both the number of cardiac segments with elevated T2 (p = 0.002) and
the percent of myocardium involved (Pearson correlation: r = 0.388, p = 0.009, Figure 3).
They also noted that segments with elevated T2 were significantly more hypertrophied
than those without, suggesting the possibility that edema may be a marker of active dis-
ease in HCM. Logistic regression analysis identified the percentage of myocardium with
a high T2 signal to be the only independent predictor of elevated hs-cTnT (OR: 0.707,
95%CI: 0.505–0.981, p = 0.038). These findings suggest that prolonged T2 decay is an indica-
tor of myocardial damage in hypertrophic cardiomyopathy and merits further assessment
as a biomarker in this condition.

Similarly, Cramer et al. [21] identified an association between post-exercise troponin
elevation and high T2 signals in hypertrophic cardiomyopathy patients. They described
elevated T2 signal as the only independent predictor of troponin rise (odds ratio 7.9; 95%CI
2.7–23.3; p < 0.001), thereby concluding that T2-weighted imaging can recognize cohorts of
vulnerable patients with active disease who may be at risk during exercise. This could be of
particular use given the paucity of evidence [22,23] supporting common recommendations
to reduce or avoid exercise in HCM due to perceived SCD risk.
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3.3. CMR Feature Tracking and Other Strain Methods

Feature tracking (FT) is an emerging tissue-tracking technique using post-processing
of CMR cine sequences already acquired for ventricular morphology and function. Similar
to the now widely-used speckle-tracking strain analysis in echocardiography, this tech-
nique involves quantitative evaluation of myocardial deformation, generating indices such
as strain and strain rate for cardiac longitudinal, radial, and torsional (circumferential)
motion. Given the good spatial resolution of balanced steady-state free precession (bSSFP)
cine imaging with whole-heart coverage, these indices can be generated for individual
LV myocardial layers (e.g., epicardial vs. endocardial strain) as well as applied to the
thin-walled atria and right ventricle. Strain can be calculated in 2D (with reference to
fixed LV geometry) or in 3D, with the latter potentially superior in complex and unusual
anatomy. The concept that strain analysis might provide additional information beyond
traditional global and segmental functional analysis is widely acknowledged in the current
literature [24].

Xu et al. report that CMR-FT can be used to recognize myocardial dysfunction in
HCM patients even with normal LV wall thickness and preserved LVEF [24]. Furthermore,
they propose that the differences in epicardial and endocardial global circumferential strain
can reflect HCM disease status, including both preclinical and overt. Xu et al. found that
impaired left ventricular strain in HCM patients could be correlated with poor cardiac
outcomes in terms of cardiovascular mortality and HF.

Song et al. included 123 obstructive HCM patients who underwent CMR prior to
surgical myectomy, investigating the relationship between CMR-FT strain parameters and
histopathologic myocardial fibrosis post-myectomy [25]. They found that circumferential
(p = 0.003), longitudinal (p = 0.001), and radial (p = 0.02) strain in the interventricular septum
were all significantly reduced in HCM patients with confirmed histological myocardial
fibrosis despite a lack of LGE compared to those without fibrosis. Following multivari-
ate analysis, septal longitudinal strain was independently associated with both fibrosis
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(β coefficient 0.19, 95%CI 0.05–0.34, p = 0.01) and ventricular arrhythmias (OR 1.10,
95%CI 1.01–1.19, p = 0.02), which was even incremental to LGE for both outcomes. This
additive risk prediction may be of particular interest, given that the technique does not
require further image acquisition over standard CMR protocols.

Cavus et al. retrospectively studied 144 HCM patients and 16 healthy controls and
again found that multiple left ventricular strain parameters (LV long-axis longitudinal and
LV short-axis radial) and, additionally, left atrial longitudinal strain, were all impaired in
HCM patients compared to controls despite normal LV ejection fraction [26]. They also
compared this to serum cardiac biomarkers and found an association between impaired
LA and LV strain and elevated NT-proBNP and hsTnT in HCM when compared to HCM
patients with normal biomarker levels. Only a modest association was observed between
LV and LA cardiac magnetic resonance feature tracking (CMR-FT) values and the levels
of NT-proBNP and hsTnT, and right ventricular strain was not impaired in HCM subjects
compared to controls.

To further examine atrial strain, Zhou et al. investigated the interaction of
CMR-FT LA strain and clinical outcomes in 60 HCM patients and 60 hypertension pa-
tients with normal LA size [27]. LA strain was more sensitive than LV longitudinal strain
for evaluation of their primary endpoint, a composite of all-cause death, stroke, new-onset
or worsening heart failure leading to hospitalization, and paroxysmal or persistent atrial
fibrillation. Furthermore, their Cox regression analyses found that impaired LA reservoir
and booster pump strain were associated with clinical outcomes in patients at the early
stage of hypertension (HTN) and HCM (p < 0.05).

Heart failure with preserved ejection fraction (HFpEF) is common in HCM and is as-
sociated with adverse outcomes, including all-cause mortality [28]. Shi et al. used CMR-FT
to determine the association between HFpEF and left atrial function in HCM patients.
Left atrial phasic strain was able to differentiate between HCM patients with heart failure
with preserved ejection fraction (HFpEF) and those without and could further categorize
the severity of patients with HFpEF, whereas, in their population, LV global longitudinal
strain could not [29]. LA reservoir (β = 0.90 [0.85–0.96]), conduit (β = 0.93 [0.87–0.99]), and
booster (β = 0.86 [0.78–0.95]) strain were all independently associated with HFpEF. They
concluded that the phasic function of the left atrium (LA) was notably compromised in
patients with HCM and HFpEF, lending further credence to the concept of atrial indices
providing additive value beyond simple LA size and ventricular function.

Yang et al. evaluated a novel automated analysis tool for LA strain (designated fast
left atrial long-axis strain, LA-LAS) [30]. This technique tracks the distance between the
midpoint of the posterior left atrial wall and the left atrioventricular junction, requiring
only three anatomical points to be designated, rather than up to 48 points in standard
LA CMR-FT. A total of 359 HCM patients and 100 healthy controls participated, and
standard LA strain parameters from the fast LA-LAS parameter were compared to a MACE
composite of CV death, resuscitated cardiac arrest, SCD aborted by ICD discharge, and
heart failure hospitalization. They found that both fast LA reservoir strain and fast LA
conduit strain better predicted the composite outcome compared to LA size, LA volume
index, and even the presence of LV LGE. They also reported that fast LA strain appears
highly reproducible (ICC: 0.95−0.96; COV: 7.2–9.6%).

Finally, Barbosa et al. investigated the relationship between LV 2D global strain mea-
surements using CMR-FT, morphological characteristics, and HCM prognostic markers [31].
They concluded that a more severe HCM phenotype, the presence of ventricular arrythmias,
and a higher predicted risk of SCD were all linked to impaired CMR-FT strain measures.

3.4. Other CMR Parameters

Mahmod et al. undertook CMR in 290 HCM patients with LVEF ≥ 55% and 30 age-
and sex-matched controls, with clinical follow-up for a median of 4.4 years and a repeat
CMR in a sub-group of 63 patients [32]. They found that RV longitudinal strain was an
independent predictor of non-sustained ventricular tachycardia (NSVT) [HR 1.05 (95%
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CI 1.01–1.09), p = 0.029] and that right ventricular ejection fraction was a predictor for
non-sustained ventricular tachycardia and other cardiovascular events, including heart
failure outcome and cardiovascular death. An association between global longitudinal
strain and NSVT was also demonstrated.

Abnormalities in myocardial trabeculation, including hypertrabeculation [33] and mul-
tiple myocardial crypts [34], are well-described in hypertrophic cardiomyopathy, although
their significance remains unclear. Wang et al. investigated the prognostic significance of
myocardial trabecular complexity using fractal analysis in 378 individuals with HCM and
100 age- and gender-matched healthy controls [35]. Standard bSSFP cine sequences were
post-processed to quantitatively estimate the fractal dimension (FD), a unitless measure
of trabecular complexity that ranges from 1 to 2. They found that increased LV maximal
apical FD ≥ 1.325 was associated with both the primary endpoint (composite of all-cause
mortality and aborted SCD) and the secondary endpoint of heart failure hospitalization in
participants with HCM.

Excess epicardial adipose tissue (EAT) has been associated with atrial fibrillation
(AF) in the general population [36], and Zhou et al. used CMR to evaluate this associa-
tion in HCM. Following multivariable regression, they found that increased EAT index,
LA volume index, and LVEF were all independent predictors of AF, and that integration
of all three parameters demonstrated high discriminatory performance (sensitivity 94.4%,
specificity of 69.3%, AUC = 0.864, 95%CI 0.771–0.958) [37]. However, as they did not seek
to evaluate associations with other adverse outcomes, the utility of this parameter in SCD
risk stratification remains unknown.

There have been studies assessing the role of stress CMR in cardiovascular outcomes,
especially in patients with coronary artery disease (CAD). Antiochos et al. (2022) [38] con-
ducted a retrospective study titled “Prognostic Value of Stress Cardiac Magnetic Resonance
in Patients With Known Coronary Artery Disease” with the aim of determining whether
stress cardiac magnetic resonance (CMR) can provide clinically relevant risk reclassification
for patients with established coronary artery disease (CAD) in a multicenter setting in the
United States. Even though the majority of stress CMR studies have been assessing for
CAD, there have been studies assessing the role of stress CMR in microvascular perfusion
abnormalities in the HCM population. In a study performed by Kim et al. (2020) [39] titled
“Prevalence and clinical significance of cardiovascular magnetic resonance adenosine stress-
induced myocardial perfusion defect in hypertrophic cardiomyopathy”, among individuals
diagnosed with hypertrophic cardiomyopathy (HCM), over 40% exhibited adenosine stress
perfusion defects on cardiac magnetic resonance (CMR). There was an association between
perfusion defect noted and with non-sustained ventricular tachycardia (NSVT), increased
left ventricular (LV) mass index, and the presence of apical aneurysms.

4. Discussion

The studies highlighted have shown that recently introduced CMR techniques have
the potential to provide improved prognostic information for patients with HCM. T1 and
extracellular volume have been shown to be early markers of myocardial fibrosis in HCM
patients and to have an association with adverse outcomes. Importantly, both T1 and ECV
predicted MACE, but also specifically SCD, even in patients without LGE. This implies
that we may have a spectrum of parameters that enable better risk stratification early
in the disease prior to the development of overt LGE and that are applicable both with
and without contrast administration. The latter may be advantageous in resource-limited
settings, where both gadolinium contrast agent cost and the additional scanner time are at
a premium, as well as in patients with renal impairment or contrast allergy. These findings
are in line with the experience with T1 and ECV in multiple other disease states [40], such as
dilated cardiomyopathy [41] and cardiac amyloidosis, where they are becoming routinely
used in clinical practice.

Abnormalities in T2 in HCM were associated with serum biomarkers of myocardial
injury. These studies are of interest, particularly because they may suggest a more active



Life 2024, 14, 200 9 of 13

disease process than has been traditionally postulated in HCM. Theoretically, this may
represent a therapeutic target for novel agents, but it might also identify patients who
could benefit from measures to reduce SCD (e.g., exercise restriction during periods of
active disease/myocardial injury) without exposing the wider HCM population to the
downsides of these interventions. However, given that the studies included here only
compared myocardial T2 to serum troponin values, it remains unclear whether T2 can
provide additive information over troponin measurement alone, especially given the
extremely high sensitivity of modern troponin assays as well as their lower cost and greater
availability compared to CMR.

Regarding strain measurements from CMR feature tracking, not only were there
associations with histological fibrosis and increased risk of ventricular arrythmias, but
there were also significant findings of early atrial and ventricular dysfunction prior to the
development of LGE or reduced ejection fraction. Some studies also validated simplified,
easier-to-implement strain techniques, such as three-point fast LA long-axis strain, which
may help overcome the downside of strain parameters that require more complex and
time-consuming post-processing.

While some of the studies included did not specifically address the primary question
of SCD risk, they may still be able to contribute to decision-making for HCM patients.
For example, development of either HFpEF or atrial fibrillation is associated with worse
outcomes but not with SCD; therefore, if left atrial strain and epicardial adipose tissue
parameters can predict these complications, they could further inform patient and clinician
decision-making. Small to moderate apical aneurysms, especially those with a thin wall,
have been underdiagnosed and missed with the use of echocardiography. CMR has
provided an advantage in the detection and diagnosis of these apical aneurysms [42].
In the era of novel HCM therapeutics such as mavacamten and future potential disease-
modifying drugs, these imaging biomarkers may be used for patient selection or monitoring
for response, so more data correlating their relationship with patient-centered clinical
outcomes will be useful.

Of key importance, all of the main technique groups are relatively easily translated into
modern CMR practice. The CMR-FT, fractal analysis, and EAT tools are all post-processed
from standard workhorse cine sequences used for volumetric assessment of LV function.
In line with other facets of CMR interpretation, some of these analyses are increasingly
simplified and partially or fully automated with AI assistance using commercially available
software. If only a single septal segment is to be analyzed, T1, ECV, and T2 mapping images
can be acquired in three short breath-holds (one breath-held acquisition for each), adding
minimal scan time to a standard CMR protocol. For a more comprehensive assessment,
16 AHA-segment coverage is feasible in nine breath-holds (three short-axis slices each at
the base, mid-chamber, and apex).

While image acquisition is entirely feasible, the post-processing and reporting will be
time-consuming where numerous parameters are being calculated, so understanding their
relative value is likely to be crucial for widespread adoption. Additionally, the value of
individual measures may vary at different stages of disease; for example, measures that are
able to predict risk prior to the development of overt LGE may lose value later in the disease
process when there is a high burden of LGE or significant systolic impairment. Building
and validating a multi-modality risk prediction model is a key research question and
one that could benefit from a machine-learning approach. In light of the potential future
implications of this study’s results, we aim to explore their applicability in specialized
patient populations, such as post-myectomy patients or patients that have been treated with
mavacamten, as well as assess trends in CMR measures through repeated scans, offering
avenues for further research and questions to be addressed. Of note, not all of these studies
will be applicable, as some of these centers use the 3.0 T MRI machine and others are still
using the 1.5 T.

The implementation of serial cardiac magnetic resonance (CMR) assessments over
time serves as a pivotal aspect in research endeavors. For future studies, centers can
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establish a baseline using the aforementioned novel parameters in this paper and the
appropriate monitoring spanning from six months up to five years to assess changes related
to prognosis and outcomes. This longitudinal approach is integral to any research project,
as it not only provides a foundational understanding but also forms the basis for replicable
investigations. A commitment to serial assessments ensures a nuanced exploration of the
prognostic and diagnostic potential inherent in long-term CMR monitoring, contributing
significantly to the advancement of cardiovascular research.

5. Limitations

Given the broad nature of scoping reviews, the included studies vary widely in terms
of methodologies, populations, and outcomes assessed. This heterogeneity makes meta-
analysis (beyond a narrative synthesis such as our review) challenging.

Of note, several studies used composite outcomes, such as MACE. While this is
common practice in cardiovascular trials, not all MACE components are amenable to
interventions designed to reduce SCD, such as heart failure hospitalizations or non-sudden
cardiovascular deaths likely attributable to pump failure or coronary artery disease. This
limits the applicability of these studies when developing an SCD risk prediction model
or calculator.

Furthermore, some study conclusions were based on a limited sample size, from
single-center studies, and would benefit from further validation in larger multi-center
datasets. For many of the mentioned studies, the demographic ethnicity of the population
was not provided, again potentially limiting its applicability to other populations.

Several of the techniques were evaluated using novel or proprietary software, and
it is unknown whether conclusions remain valid using software or MRI sequences from
other vendors and whether the same normal ranges are applicable. For example, some
echocardiographic strain indices are known to vary between vendors [43], so this could
also be true of CMR feature tracking.

Similarly, native T1 normal values are known to vary not just by magnetic field
strength but are unique to individual MRI scanners, thus compounding the limitation of
single-center studies performed on a single magnet. To become a meaningful parameter in
clinical practice for HCM risk stratification, standardization in quantification and reporting
of native myocardial T1 values across different CMR hardware/software combinations and
field strengths would be preferable [44].

6. Conclusions

In conclusion, there is growing evidence to support the inclusion of novel CMR
parameters in the clinical risk stratification of sudden death in HCM patients. Further
refinement of risk prediction using these parameters has the potential to reduce morbidity
and mortality and drive new research into prognostication as well as the monitoring
of disease-modifying drugs. In particular, with increasing research and experience, T1,
extracellular volume, T2, and CMR feature tracking have the potential to influence future
guidelines and clinical care pathways.
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HCM Hypertrophic cardiomyopathy
ESC European Society of Cardiology
SCD Sudden cardiac death
LVH Massive left ventricular hypertrophy
LGE Late gadolinium enhancement
CMR Cardiac magnetic resonance
VT Ventricular tachycardia
ECV Extracellular volume
NSVT Non-sustained ventricular tachycardia
CMR-FT Cardiac magnetic resonance feature tracking
LVEF Left ventricular ejection fraction
HFpEF Heart failure with preserved ejection fraction
hsTnT High-sensitivity troponin T
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