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Abstract
Hypertrophic cardiomyopathy (HCM) is a genetic cardiomyopathy with a wide spectrum of clinical manifestations. Patients 
can be asymptomatic or suffer major adverse events including sudden cardiac death, ventricular arrhythmias, and heart 
failure. Identification of individuals with HCM who are at risk for these complications remains challenging. While echo-
cardiography remains the mainstay of diagnostic evaluation, cardiac magnetic resonance imaging (CMR) is an important 
adjunctive diagnostic modality with emerging applications for risk-stratification of adverse events in the HCM population. 
Although not included in current guidelines for HCM management, there is increasing evidence to support the use of CMR 
for routine prognostic assessment of HCM patients. In this review we discuss the use of CMR techniques, including late 
gadolinium enhancement, T1 mapping, and quantification of extracellular volume fraction, for the risk stratification of three 
major adverse events in HCM: sudden cardiac death, ventricular arrhythmias, and congestive heart failure.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a genetic cardio-
myopathy with an autosomal dominant pattern of inheritance 
affecting approximately 1 in 500 individuals [1]. While half 
of all patients remain asymptomatic, the rest will experience 
major adverse events, including ventricular tachyarrhyth-
mias, congestive heart failure (CHF), and sudden cardiac 
death (SCD) [2]. Identification of individuals at high risk of 
developing complications is critically important and remains 
challenging.

Cumulative risk of SCD can be determined using conven-
tional risk factors, including personal history of ventricular 
tachyarrythmias, family history of SCD, unexplained syn-
cope, maximal left ventricular (LV) thickness ≥ 30 mm, and 
an abnormal blood pressure response to exercise [3–7]. In 
2014, the European Society of Cardiology (ESC) proposed 
a method incorporating additional risk factors to predict 
5-year risk of SCD in HCM patients[8, 9]. This risk predic-
tion tool called “HCM Risk-SCD” was recently validated in 
a large, international multicenter cohort [10]. Despite the 
use of HCM Risk-SCD, it is estimated that approximately 
0.6% of HCM patients deemed “low-risk” by the tool will 
experience SCD [11, 7, 3, 12]. Although, HCM Risk-SCD 
has a moderate-to-high specificity and good negative predic-
tive value, its sensitivity is limited and highlights room for 
improvement [13]. Importantly, absent from current guide-
lines for ICD placement is the presence of myocardial fibro-
sis and other structural abnormalities not included in HCM 
Risk-SCD. Contrast-enhanced CMR can detect LV apical 
aneurysms and myocardial fibrosis which are predictive of 
adverse outcomes [14, 15].

In this review we focus on the use of contrast-enhanced 
CMR techniques, including late-gadolinium enhancement, 
T1 mapping, and ECV fraction for detection of myocardial 
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fibrosis risk stratification of three major adverse events in 
HCM: sudden cardiac death, ventricular arrhythmias, and 
congestive heart failure. A summary of findings described 
in this review can be found in Table 1.

Late‑gadolinium enhancement

Late gadolinium enhancement (LGE) is a CMR technique 
optimized to detect focal (replacement) myocardial fibrosis. 

Table 1   Summary of data on CMR for risk stratification in HCM

CHF congestive heart failure, CMR cardiac magnetic resonance, HCM hypertrophic cardiomyopathy, HFD heart failure death, SCD sudden car-
diac death, VT ventricular tachyarrythmia
*HF composite endpoint = HF-related death, HF-related hospitalization, or progression of New York Heart Association class
**ESC risk = HCM-Risk SCD score, where score <6% indicates low-intermediate risk and score >6% indicates high risk

Author Study type CMR technique Endpoint Findings

Weng et al. [20] Meta-analysis LGE Risk of SCD LGE associated with increased risk 
of SCD (OR 3.41; 95% CI 1.97 to 
5.94; p < 0.001); extent of LGE 
strongly associated with the risk 
of SCD (HR 1.36/10% LGE; 95% 
CI 1.10–1.69; p = 0.005)

Ismail et al. [23] Prospective cohort LGE SCD/aborted SCD Extent of LGE was predictor of 
SCD/aborted SCD (HR per 5% 
LGE: 1.24, 95% CI 1.06–1.45; 
p = 0.007)

Green et al. [25] Meta-analysis LGE SCD/aborted SCD, HFD Presence of LGE and HF death 
significantly associated (pooled 
OR 5.68, 95% CI 1.04–31.07; 
p = 0.045); LGE and SCD/aborted 
SCD (pooled OR 2.39, 95% CI 
0.87–6.58; p = 0.091)

Briasoulis et al. [29] Meta-analysis LGE SCD/aborted SCD Increased incidence SCD/aborted 
SCD with presence of LGE (OR 
2.52, 95% CI 1.44–4.4, p = 0.001

O’Hanlon et al. [32] Prospective cohort LGE HF composite endpoint Risk of HF composite endpoint 
greater in fibrosis group (HR 2.5, 
p = 0.021) and increased with 
extent of fibrosis (HR 1.16/5% 
increase, p = 0.017)

Doesch et al. [34] Retrospective analysis LGE VT LGE ≥ 20% is 84.6% sensitive in 
predicting VT in low-intermediate 
ESC risk group. LGE < 20% 
exhibits 100% negative predictive 
in the ESC high risk group**

Rubinshtein et al. [35] Retrospective analysis LGE VT LGE + pts with more episodes 
VT compared to LGE- pts (27% 
versus 8.5%, p < 0.001)

Amano et al. [37] Retrospective analysis LGE VT Number of scarred segments 
positively associated with fre-
quency VT (2.7 vs. 1.3 segments, 
p < 0.01)

Appelbaum et al. [38] Prospective cohort LGE-SI VT Intermediate and high LGE-SI 
greater in pts with NSVT than 
no NSVT (17 ± 7 vs. 10 ± 10 g, 
p = 0.003, and 15 ± 6 vs. 10 ± 8 g, 
p < 0.001, respectively)

Chen et al. [51] Prospective cohort Native T1 mapping VT/ICD therapy (2o prevention) Native T1 mapping associated 
with ICD therapy (HR 1.10; CI 
1.04–1.16)

McLellan et al. [52] Prospective observational cohort Native T1 mapping VT, SCD Pt’s with NSVT had lower T1 
values compared to those without 
NSVT (422 ± 54 ms vs. 512 ± 115 
ms; p < 0.001) ; T1 values were 
lower in pts with aborted SCD 
compared to without (430 ± 48 ms 
vs. 495 ± 113 ms; p = 0.01)
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The method relies on differences in myocardial T1 based on 
a greater volume of distribution of gadolinium-based con-
trast media into scarred myocardium versus normal myo-
cardium. LGE was initially used to differentiate between 
ischemic and non-ischemic cardiomyopathy (NICM) [16], 
but several groups have also demonstrated its value in dif-
ferentiation between subtypes of NICM based on patterns 
of fibrosis [17–19]. Up to 70% of HCM patients, including 
asymptomatic individuals, will exhibit some degree of myo-
cardial fibrosis by LGE [20–22] (see Fig. 1). Since the first 
description of LGE in asymptomatic or minimally sympto-
matic HCM patients [10], there has been an abundance of 
literature which supports the use of LGE to predict the risk 
of SCD, ventricular tachyarrhythmias, and CHF [20, 23–25].

Sudden cardiac death

The estimated annual incidence rate of SCD in HCM 
patients is approximately 1% [8, 26] and is predominately 
due to ventricular tachycardia/fibrillation (VT/VF), which 
is mitigated by implantable cardiac defibrillators (ICDs) 
for primary and secondary prevention [26, 11]. Myocardial 
fibrosis is a known arrhythmogenic substrate and post-mor-
tem SCD studies have shown the presence of myocardial 
scar in HCM patients [27, 28].

A meta-analysis of six clinical studies evaluated the 
relationship between LGE and risk of SCD/aborted SCD 
in non-high risk HCM patients based on established risk 
factors [29], and demonstrated that the presence of LGE is 
associated with increased risk of cardiac death and all-cause 
mortality, as well as an increased risk of SCD and aborted 
SCD. Corroborating findings have also been demonstrated 
by several other groups [30–32, 20]. This evidence supports 
the hypothesis that presence of LGE has predictive value 
in risk stratification for future SCD of patients with HCM 
despite risk determined per the HCM-Risk-SCD [29].

Nevertheless, there are potential pitfalls with the use of 
LGE independently, given that over half of all HCM patients 
exhibit LGE on CMR [30]. The critical threshold at which 
LGE imparts an increased risk of SCD has not yet been 
agreed up on. Currently, if presence of LGE is used as a 
binary measure to predict future SCD, there would be over-
estimation of SCD risk and an indication for primary preven-
tion ICDs with uncertain benefit and increased exposure to 
device-implantation related harm. Chan et al. conducted a 
multicenter prospective study demonstrating that extensive 
LGE, defined as ≥ 15% of LV mass, was associated with 
> twofold increase in SCD risk in asymptomatic, “low risk” 
patients by conventional risk factors who otherwise would 
not have been candidates for an ICD. Extensive LGE also 
conferred a nearly twofold increased risk of SCD in patients 
with at least one conventional SCD risk factor compared 
to patients who had conventional risk factors without LGE 
[30]. Importantly, extent of LGE was also to be a stronger 
predictor of SCD than individual conventional risk factors. 
These findings suggest that LGE ≥ 15% of LV mass may be 
a reasonable threshold for considering a primary prevention 
ICD in those who fall into an ambiguous risk category per 
current algorithms. While patients with absence of LGE in 
the study cohort had lower risk of SCD events, the risk was 
still non-zero, suggesting that fibrosis alone is not sufficient 
to fully evaluate risk [33].

Ventricular arrhythmias

NSVT on ambulatory electrocardiogram is a major risk 
factor for SCD recognized in the current risk stratification 
algorithm [3]. These arrhythmias likely originate from struc-
turally abnormal myocardium, which often includes areas 
of myocardial fibrosis. As such, there is growing evidence 
demonstrating use of LGE, a myocardial fibrosis marker, for 
the prediction of VT in patients with HCM.

In a retrospective registry study, patients deemed high 
risk by HCM Risk-SCD had greater extent of LGE com-
pared to low or intermediate risk patients. Extent of LGE 
was expressed as the percentage of LGE seen in 17 total LV 
segments. Furthermore, patients who were at low or inter-
mediate risk by HCM Risk-SCD with ≥ 20% LGE were at 

Fig. 1   Example of LGE on contrast-enhanced CMR. This image dis-
plays dense mid-myocardial LGE in the anteroseptum, diffuse LGE in 
the anterior wall with a small focus of LGE in the inferoseptum
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higher risk of ventricular arrhythmias than those with < 20% 
LGE. Conversely, in patients who were determined to be 
high risk with ≤ 20% LGE were at a lower risk of ventricular 
arrhythmias than those with > 20% LGE [34].

Rubinshtein et al. demonstrated that patients with LGE 
comprising between 0.4 and 65% of LV were more likely to 
have frequent NSVT on a 24-h Holter monitor [35]. A sub-
sequent study showed that patients with basal septal fibrosis 
detected by LGE had VT over 5 times as often as those 
without scar [36]. Furthermore, Amano et al. demonstrated 
that patients with VT had significantly greater number of 
scarred myocardial segments (2.7 vs. 1.3) than patients with-
out VT, again demonstrating quantity of fibrosis is posi-
tively associated with risk of ventricular arrhythmias [37]. 
In a more recent study, LGE signal intensity (LGE-SI) was 
shown to have importance in predicting VT in HCM. Spe-
cifically, intermediate LGE-SI (> 4–6 standard deviations 
above reference myocardium) was a better predictor of VT 
than high LGE-SI (> 6 standard deviations above reference 
myocardium) [38].

Congestive heart failure

Congestive heart failure (CHF) is a common complication 
of HCM. While CHF in HCM is typically characterized 
by diastolic dysfunction with an ejection fraction > 75%, a 
small percentage of patients develop end-stage HCM, char-
acterized by systolic dysfunction [39]. Myocardial fibrosis 
that occurs in HCM contributes to the myocardial stiffness 
that leads to diastolic dysfunction. With time, myocardial 
thinning may occur, subsequently leading to systolic dys-
function. In fact, the degree of myocardial fibrosis has been 
shown to be inversely proportional to left ventricular ejec-
tion fraction [40]. Fibrosis by LGE has been shown to be 
useful in the investigation of the relationship between myo-
cardial fibrosis and adverse HF-related outcomes in HCM 
[41–43, 25].

In a prospective single center study, O’Hanlon et al. dem-
onstrated that the presence and extent of fibrosis by LGE was 
associated with a 2.5-fold increase in the development of a 
composite outcome of HF-related death, HF-related hospi-
talization, or progression of New York Heart Association 
class compared to patients without fibrosis. In those with 
fibrosis, the risk of reaching this endpoint also rose as the 
percentage of fibrosis present, expressed as a percentage of 
LV mass, increased. Additionally, they found that presence 
and extent of LGE were independent predictors of the HF 
endpoint after multivariate analysis [32].

Additionally, extensive LGE is known to be a strong pre-
dictor of end-stage HCM in patients with normal ejection 
fraction as well as those with low-normal ejection fraction 
(50–65%), which has implications for the use of LGE in clin-
ical surveillance for progression to end-stage HCM [15, 30]. 

Moreover, in HCM patients with known systolic dysfunc-
tion, extent of LGE has also been shown to be an independ-
ent predictor of other major adverse cardiovascular events 
(MACE), including cardiovascular death, lethal arrhythmia, 
cardioembolic stroke, and HF-related hospitalization [44].

Native and post‑contrast T1 mapping

While LGE sequences are useful to detect focal or regional 
fibrosis, they are unable to detect diffuse (interstitial) myo-
cardial fibrosis given limitations in spatial resolution. Fur-
thermore, signal intensity on LGE depends on user iden-
tification of normal myocardium in order to increase the 
conspicuity of scarred segments, a process that is inherently 
flawed in patients with diffuse fibrosis [18, 45, 46]. This 
has led to the advent of techniques, such as T1 mapping 
and extracellular collagen volume (ECV) fraction, that more 
accurately detect diffuse fibrosis. T1 mapping does not rely 
on the difference in signal intensity between normal and 
fibrotic myocardium, removing need for healthy reference 
for measurement and permitting quantification of diffuse 
fibrosis [47]. T1 mapping relies on individual T1 relaxation 
times (the time required for excited protons to return from 
a high-energy state to a low-energy state) on a pixel-level 
map for measurement. It can be conducted in the intrinsic 
myocardium (native T1 mapping) or with gadolinium con-
trast (post-contrast T1 mapping). Native T1 mapping is rep-
resentative of the combined signal from the myocardium 
and the extracellular matrix, with longer relaxation times in 
pathologic states of edema and fibrosis. Exceptions to this 
pattern include diseases involving lipid- and iron-overload 
states [18]. Conversely, post-contrast T1 mapping relaxa-
tion times are typically shorter, as the paramagnetic effect of 
gadolinium based contrast agents promote proton relaxation. 
Post-contrast T1 mapping is more frequently used for detec-
tion of diffuse fibrosis due to greater accuracy than native T1 
mapping. Because myocardial fibrosis in HCM tends to be 
diffuse rather than focal, post-contrast T1 mapping is par-
ticularly useful in distinguishing the fibrosis of HCM from 
other non-ischemic cardiomyopathies [47–49].

Ventricular arrhythmias

Like regional fibrosis, diffuse fibrosis is also a known 
arrhythmogenic substrate for ventricular arrhythmias pre-
sumably due to the disruption of the electrical conduc-
tion between myocyte gap junctions [50]. As an emerging 
technique, there is little data on the use of T1 mapping for 
risk stratification of SCD. However, there is a small body 
of evidence suggesting value in prediction of future ven-
tricular arrhythmias. Chen et al. demonstrated presence of 
myocardial fibrosis by native T1 mapping in patients with 
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either ischemic or non-ischemic cardiomyopathies was an 
independent predictor of ventricular arrhythmias in both 
patient populations [51]. Of the total 138 patients enrolled, 
only 5 had HCM, limiting the generalizability of these find-
ings to the HCM population. McClellan et al. found that 
that in HCM subjects, shorter post-contrast ventricular T1 
relaxation time was both a significant univariate and mul-
tivariate predictor of NSVT detected on either 24 hour-
Holter monitor or ICD interrogation. After ROC analysis, 
they found that a 490 ms threshold was the best performing 
upper limit post-contrast T1 time for predicting NSVT, as 
62% of patients with NSVT in their study had T1 relaxation 
times < 490 ms, while only 3% with NSVT had T1 relaxa-
tion times > 490 ms. Furthermore, they were able to show 
that post-contrast T1 relaxation times were significantly 
shorter in patients with aborted SCD, with a significantly 
larger proportion of patients with aborted SCD having post-
contrast T1 times < 440 ms [52]. While it should be noted 
that post-contrast T1 values may vary due to image timing 
after contrast administration or gadolinium dosage and rate 
of clearance [53], these studies provide compelling evidence 
for future investigation in the HCM population.

Congestive heart failure

Identification of diffuse myocardial fibrosis by T1 mapping 
has also been implicated in the development of diastolic 
heart failure in HCM. In a study conducted by Ellims et al., 
high degrees of diffuse fibrosis identified by shorter post-
contrast T1 mapping times were associated with elevated LV 
filling pressures (suggested by higher E/e’ ratios on echo-
cardiography). Interestingly, the investigators did not find 
any correlation between the quantity of regional fibrosis by 
LGE and E/e’ ratios [41]. The same authors also found that 
patients with significantly shorter post-contrast T1 times 
reported dyspnea, suggesting that shorter T1 times can be 
linked with heart failure symptoms [54]. Identification of 
diffuse fibrosis using T1 mapping may help risk stratify 
patients that are at higher risk for development of ventricu-
lar arrhythmias and may potentially benefit from therapies 
directed at reducing scar burden to halt progression of dias-
tolic heart failure but data is limited and more research is 
needed.

Extracellular collagen volume

ECV is another CMR technique used to detect and quantify 
diffuse myocardial fibrosis. The myocardium is comprised 
of an intracellular component, intravascular component, 
and interstitial (extracellular and extravascular) space. ECV 
measures the extracellular (interstitial) volume fraction 
and is calculated by using both native and post-contrast T1 

mapping values derived from the patient’s blood and myo-
cardium [18]. More specifically, ECV serves as a measure of 
myocardial tissue remodeling and correlates with the amount 
of collagen deposition present, calculated using both native 
and post-contrast T1 mapping times along with the patient’s 
hematocrit as illustrated below:

Healthy individuals have demonstrated average ECV 
values of 0.253 ± 0.035 [55]. Compared to post-contrast T1 
mapping alone, ECV has better histologic correlation with 
myocardial fibrosis [18]. With the exception of cardiac amy-
loid, higher ECV values generally indicate increased colla-
gen deposition, and therefore, larger presence of myocardial 
fibrosis [18] (see Fig. 2).

While it has not been studied in the HCM population 
extensively, ECV fraction has great promise as a prognos-
tic tool for prediction of adverse events in HCM. Avanesov 
et al. examined the ability of LGE and ECV fraction to pre-
dict SCD risk in HCM patients and demonstrated that global 
ECV, defined as ≥ 34%, was a better predictor of SCD risk 
compared to LGE (sensitivity 88%, specificity 77%). Addi-
tionally, they found that global ECV performed similarly to 
HCM Risk-SCD and superiorly to LGE and post-contrast 
T1 mapping in identifying HCM patients with syncope or 
NSVT. Furthermore, the joint use of global ECV and an 
HCM Risk-SCD score ≥ 3 had greater accuracy in identify-
ing HCM patients with syncope and NSVT, which presum-
ably could improve identification of candidates for primary 
prevention ICDs [56]. In general, however, a paucity of data 
exists on the use of ECV for risk stratification for adverse 
outcomes in HCM patients and future studies are warranted.

Conclusion

Our knowledge of the use of contrast-enhanced CMR for 
the risk stratification of HCM patients has grown consider-
ably over the past decade. Late-gadolinium enhancement 
is a better measure of regional or focal fibrosis, while post-
contrast T1 mapping and ECV fraction are identifiers of dif-
fuse fibrosis. The evidence suggests that patients with LGE 
mass ≥ 15% have increased risk of SCD and fatal ventricular 
arrhythmias, and should be considered for ICD implantation 
when risk remains ambiguous based on current risk pre-
diction algorithms. Extensive LGE is seen in patients with 
end-stage HCM who have developed systolic heart failure. 
Short post-contrast T1 mapping times inversely correlate 
with greater degree of diffuse myocardial fibrosis and a 
cutoff of < 490 ms is the best predictor of NSVT, suggest-
ing these patients could benefit from close monitoring due 

ECV = (1 − hematocrit)

1

post−contrast T1 myocardium
−

1

native T1 myocardium

1

post−contrast T1 blood
−

1

native T1 blood
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to conceivably higher risk of SCD. Shortened T1 mapping 
times also correlate with elevated filling pressures and dysp-
nea, suggesting that high degree of diffuse fibrosis is linked 
with greater diastolic dysfunction. Elevated ECV addition-
ally provides quantification of diffuse fibrosis, with global 
ECV (≥ 34%) shown to be a superior predictor of SCD risk 
as compared to LGE. Global ECV performs similarly to the 
HCM Risk-SCD score in identifying HCM patients with 
syncope and NSVT, and together the use of global ECV and 
the HCM Risk-SCD score significantly improves accuracy in 
identifying HCM patients with syncope and NSVT.

While the data is still limited, the evidence provided in 
this review adds to the justification of a broader application 
of contrast-enhanced CMR in the screening and surveillance 
of HCM patients. We recommend that contrast-enhanced 
CMR should be utilized in patients with inconclusive risk 
of SCD based on traditional risk factors in order to further 
risk stratify these patients. If CMR demonstrates high degree 
of LGE (> 15%), we strongly suggest consideration of ICD 
implantation and consultation with an electrophysiologist. 
The evidence regarding the predictive value of T1 map-
ping times and ECV for ventricular arrhythmias and CHF, 

respectively, is promising but without robust data to provide 
definitive recommendations regarding their role in risk strat-
ification. However, we propose that patients with shortened 
T1 mapping times (< 490 ms) be more closely monitored 
for ventricular arrhythmias with ambulatory electrocardio-
graphic (ECG) monitoring devices. While exact frequency 
and duration of monitoring is yet to be determined, we sug-
gest that these higher risk individuals be monitored annually 
with 1 to 14 day event monitors. Additionally, we suggest 
that patients with elevated global ECV (≥ 34%) in combina-
tion with a high-risk HCM Risk-SCD score be considered 
for annual ambulatory ECG monitoring for detection of ven-
tricular arrhythmias. Those with a high burden of ventricu-
lar arrhythmias should be referred to electrophysiology for 
consideration of ICD implantation. Currently the evidence 
regarding the use of CMR in prediction of heart failure in 
HCM patients is insufficient to provide a recommendation. A 
summary of these recommendations can be found in Table 2.

While in this review we focus on the utility of contrast-
enhanced CMR techniques in HCM, ultimately the predic-
tion of adverse events in HCM likely depends on the use 
of multiple gadolinium-enhanced CMR-based techniques 

Fig. 2   Myocardial mapping 
in a 63-year-old woman with 
hypertrophic cardiomyopathy. 
a Balanced steady state free 
precession (bSSFP) image dem-
onstrating asymmetric septal 
hypertrophy with a maximal 
wall thickness of 22 mm. b 
Late gadolinium enhancement 
inversion recovery image with 
a focus of mid-myocardial 
enhancement near the inferior 
right ventricular insertion point 
(arrow). c, d Native T1 (c) and 
Extra-cellular volume (ECV) 
fraction (d) quantitative maps 
exhibiting areas of patchy 
increased native T1 and ECV in 
the inferoseptum consistent with 
additional sites of interstitial 
fibrosis
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in addition to other risk factors. For example, anatomical 
risk factors, such as maximal wall thickness > 30 mm and 
LV apical aneurysms, in conjunction with high-risk charac-
teristics on CMR using contrast-enhanced techniques, may 
provide a stronger argument to pursue primary prevention 
strategies [57]. While the exact contribution of each risk 
factor remains undetermined, the information presented in 
this review strongly suggests that contrast-enhanced CMR 
should be more firmly incorporated into HCM guidelines, as 
it is a valuable modality for risk stratification and certainly 
has a role in future clinical decision-making and manage-
ment algorithms.
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