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Hypertrophic cardiomyopathy (HC) represents a major cause of sudden cardiac death in
young adults. Late gadolinium enhancement (LGE) and extracellular volume (ECV) by
T1 mapping are cardiac magnetic resonance (CMR) techniques to quantify fibrosis in HC.
The relationships of LGE and ECV with ventricular arrhythmia, left ventricular (LV) dia-
stolic function, and risk factors for sudden cardiac death (SCD) in HC are unclear. We
studied 103 HC patients (mean age 51 § 14, 42% women) who underwent CMR from
2012 to 2014. Global LGE and mean ECV were evaluated in relation to history of nonsus-
tained ventricular tachycardia (NSVT), diastolic function by echocardiography, and SCD
risk factors. LGE was present in 71 (69%) subjects. Wide variation was demonstrated in
LGE (0.5% to 45.9%) and mean ECV (17.6% to 47.4%). Prevalence of NSVT increased
continuously with LGE and was greater in subjects with ECV above the study population
mean (27%). Increased LGE was associated with LV diastolic dysfunction and LV wall
thickness. In conclusion, while ECV appears to have a threshold (27%) above which it is
associated with NSVT, LGE demonstrates a more robust relationship with NSVT and
measures of diastolic dysfunction. © 2020 Elsevier Inc. All rights reserved. (Am J Car-
diol 2020;131:104−108)
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Hypertrophic cardiomyopathy (HC) is characterized by
unexplained left ventricular (LV) hypertrophy and variable
clinical course.1 Sudden cardiac death (SCD) is a rare but
serious complication of the disease.2,3 Myocardial fibrosis
is a pathologic feature in many patients with HC which can
act as a substrate for ventricular tachyarrhythmias.2 Two
contrast enhanced cardiac magnetic resonance (CMR)
imaging techniques, late gadolinium enhancement (LGE)
and gadolinium extracellular volume (ECV) fraction by T1
mapping, allow for the evaluation of distinct fibrotic pat-
terns.4−7 LGE preferentially detects replacement fibrosis
and the ECV fraction quantifies interstitial fibrosis.6,8−12

LGE has been shown to correlate with ventricular arrhyth-
mia and SCD in HC,9,13,14 and ECV has been correlated
with diastolic dysfunction.5 The efficacy of the 2 techniques
to identify individuals at risk for ventricular arrhythmia and
SCD has been studied,15 however these relations have not
been elucidated. We present an analysis of the relations
between LGE, ECV, ventricular arrhythmias, clinical
markers of SCD, and impaired diastolic function in patients
with HC.
Methods

This study retrospectively analyzed imaging data of 252
patients with a diagnosis of HC who underwent contrast-
enhanced CMR at Northwestern Memorial Hospital
between January 2012 and December 2014. Inclusion crite-
ria were patients aged 18 through 75 years who had not
undergone septal reduction with surgical myectomy or alco-
hol septal ablation, did not have obstructive coronary dis-
ease (defined as previous myocardial infarction, ischemia
on stress testing, or cardiac catheterization demonstrating
obstructive disease), and who had data available to assess
the study’s primary parameters. A total of 149 patients
were excluded, leaving a final study population of 103 sub-
jects. The mean age at the time of CMR was 51 § 14 years
(18 to 75 years), and 43 (42%) were women. A waiver of
consent was approved by the Northwestern University Insti-
tutional Review Board.

Clinical parameters were evaluated through retrospec-
tive chart review. History of nonsustained ventricular
tachycardia (NSVT) was assessed through review of 24 or
48 hour ambulatory Holter monitoring studies. Per inclu-
sion criteria, all subjects had at least 1 documented Holter
monitoring study. Other clinical markers of SCD risk
included in this study were unexplained syncope, SCD in a
first-degree relative, and maximal LV wall thickness. Echo-
cardiographic parameters including the peak resting LV
outflow tract gradient, left atrial volume index (LAVI) and
ratio of mitral inflow velocity to diastolic lateral mitral
annular velocity (E:e’ ratio) were included. Echocardio-
graphic measurements were taken from the study date
nearest the index CMR study. Subjects without echocardio-
graphic data were nonetheless included in the arrhythmia
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analysis. The maximal LV wall thickness was determined at
end diastole at the LV location of maximal thickness in the
3-chamber or short-axis view of the index CMR study.

CMR was performed on a 1.5T or 3T Siemens Avanto/
Espree scanner. The CMR protocol consisted of multiplanar
cine steady state free precession (SSFP), T1 mapping pre
and post-contrast and standard delayed enhanced imaging.
Cine SSFP was acquired as a segmented breath held acqui-
sition in 3 chamber, 4 chamber, 2 chamber and stack of
short axis orientations. T1 mapping utilized pre- and 12-25
minutes post-contrast balanced SSFP single-shot Modified
Look-Locker inversion-recovery with data acquisition over
11 heartbeats (Myomaps, Siemens Medical Systems, Erlan-
gen, Germany).16 Analysis of native T1 mapping was not
performed due to measurement variability of native T1 val-
ues between 1.5 and 3 Tesla fields.17 LGE imaging used
conventional segmented, inversion-recovery turboFLASH
imaging to generate a stack of short-axis images.

An experienced observer (JC) blinded to clinical findings
first evaluated the images for presence or absence of
delayed enhancement. Quantification of LGE, defined as
percentage of total myocardial mass consisting of scar, was
performed in subjects with visually identified scar by a sec-
ond investigator (JL) using semiautomated software
(QMass version 7.6, Medis) applying a 6 standard deviation
threshold (Figure 1, left).18 Patients received 0.1 or
0.2 mmol/kg gadopentetate dimeglumine contrast based on
point of care GFR with postcontrast T1 maps acquired
between 12 and 25 minutes after contrast. Three short-axis
slices (apical, mid-chamber, basal) were used to measure
native T1 values with contours inclusive of the entire myo-
cardial wall, with omission of papillary muscles (Figure 1,
right). Mean ECV was calculated through measurement of
all segments, including those with scar, according to the
formula of Schelbert et al19 using hematocrit values. Seg-
mental LGE and ECV values were calculated based on the
AHA 16 segment model. In a separate analysis, ECV was
averaged over myocardial segments without LGE (LGE
Figure 1. Short axis slices demonstrating methodology for late gadolinium enhan

volume (ECV) mapping. Compared are 2 studies, each without significant LGE

ECV (row B, ECV = 23.0%) values.
(�)) in order to minimize signal from macroscopic scar and
assess the extent of true background fibrosis. Variance in
measurement between observers and between trials of the
primary observer was determined through reassessment of
8 subjects in the cohort.

Analysis comparing the prevalence of NSVT to LGE and
ECV used binomial logistical regression. Chi-square tests
were used for categorical variables and Wilcoxon rank-sum
tests for continuous variables. All p values were 2-tailed.
Mean values are reported with ranges in parentheses.
Results

The prevalence of NSVT, syncope, and family history of
SCD are reported in Table 1. One aborted SCD event
occurred in a patient with a previous history of NSVT.

LGE was present in 71 (69%) of 103 subjects. Mean
global LGE in subjects with LGE was 10.2% (0.5% to
45.9%) of LV myocardial mass. Mean ECV in all subjects
was 26.6% (17.6% to 47.4%). Subjects without LGE had a
mean ECV of 24.9% (20.7% to 32.9%). In subjects with
LGE, mean ECV in LGE (�) segments was 25.7% (17.5%
to 48.0%). In all subjects, segmental LGE ranged from 0 to
95.5% of segmental mass and segmental ECV ranged from
12.3 to 63.9%.

A significant correlation was present between increas-
ing LGE and prevalence of NSVT (p <0.01). With
inclusion of all myocardial segments and the mean ECV
of the study population of 27% applied as a threshold,
there was a significant increase in NSVT in subjects
with ECV ≥27% compared to those with ECV <27%
(p = 0.023; Figure 2). The difference was not significant
when ECV analysis was limited to LGE (�) segments
(p = 0.15). In subjects with a history of NSVT, mean
global LGE was 13.0% (0 to 45.9%) and mean ECV
was 28.3% (21.5 to 47.4) compared to LGE of 4.5% (0
to 35.7%, p < 0.001) and ECV of 25.9% (17.6% to
34.5%, p = 0.021) in subjects without NSVT. In the 2
cement (LGE), precontrast and postcontrast T1 mapping, and extracellular

, and with abnormal mean ECV (row A, ECV = 32.6%) and normal mean



Table 1

Correlates of extracellular volume and late gadolinium enhancement

Variable Global extracellular volume Global late gadolinium enhancement

<27% (n = 59) >27% (n = 44) p value 0% (n = 32) 0-10% (n = 45) >10% (n = 26) p Value

Nonsustained ventricular tachycardia 12 (20%) 18 (41%) <0.05 2 (6%)y,z 12 (27%)y* 16 (62%)z* y<0.05
z<0.05
*<0.05

Syncope 9 (15%) 7 (16%) ns 5 (16%)y,z 5 (11%)y* 6 (23%)z* yns
zns
*ns

Family history of sudden cardiac death 2 (3%) 7 (16%) <0.05 1 (3%)y,z 2 (4%)y* 6 (23%)z* yns
z<0.05
*<0.05

Mean maximal wall thickness, mm 19.2 20.4 ns 16.9y,z 20.3y* 22.3z* y<0.05
z<0.05
*ns

Left atrial volume index, ml/m2 (n = 94) 33.6 37.8 ns 30.5y,z 37.7y* 37.9z* y<0.05
z<0.05
*ns

E/e’ ratio (n = 87) 11 12.5 ns 10.9y,z 12.4y* 11.5z* yns
zns
*ns

Peak left ventricular outflow tract gradient, mm Hg (n = 100) 43.3 38.3 ns 37.2y,z 50.9y* 28.6z* yns
zns
*ns

* p values for differences between 0% and 0-10% LGE groups.
y p values for differences between 0% and >10% LGE groups.
z p values for differences between 0-10% and >10% LGE groups.
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subjects with NSVT without LGE, mean ECV values
were 21.6% and 22.9%.

The mean maximal wall thickness was 19.7 mm (range
11.2 to 37.7 mm) and 3 (2.9%) subjects had a maximal wall
thickness >30 mm. In subjects with available echocardio-
graphic data, the mean E:e’ ratio was 11.7 (n = 87, 4.1 to
35.0) and 20 (23%) subjects had E:e’ ratio >15, indicating
elevated LV filling pressures. Mean LAVI was 35.4 ml/m2

(n = 94, 11.9 to 79.1 ml/m2).
Quantification of LGE and ECV was reproducible with

no significant bias. For LGE, the intraclass correlation
Figure 2. Prevalence of nonsustained ventricular tachycardia (NSVT) as a functio

(ECV). Left: NSVT prevalence increased with the extent of LGE (*p = 0.022,

(>27%) was associated with a significant increase in NSVT (*p = 0.02), howeve

ments (yp = .15).
coefficient between observers was 0.848 and between
reviews of the same observer was 0.693. For ECV, the
intraclass correlation coefficient between observers was
0.970 and between reviews of the same observer was 0.972.
Discussion

Our data indicate a wide range of ECV (17.6% to 47.4%)
and LGE (0 to 45.9%) in HC. Segmental analysis reveals
further heterogeneity by myocardial region. There is a wide
range of ECV (20.7% to 32.9%) in patients without LGE,
n of late gadolinium enhancement (LGE) and extracellular volume fraction

yp = 0.004, zp < .0001). Right: %ECV above the study population mean

r the difference was not significant when limited to ECV in LGE (�) seg-
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and in all patients, myocardial segments without LGE dem-
onstrate ECV that is variable and frequently elevated.

Both the presence and extent of LGE were significantly
correlated with NSVT, with an almost 10-fold increase in
NSVT prevalence in subjects with LGE >10% compared
with those without LGE. This confirms the previously dem-
onstrated correlation between greater amounts of LGE and
a higher prevalence of NSVT.9,13,14 This study also sup-
ports the notion that a mild phenotype of HC with maximal
wall thickness <16.0 mm and LGE <10% is unlikely to be
associated with NSVT. Importantly, lack of evidence of
fibrosis did not preclude the presence of NSVT, as 2 sub-
jects without LGE and 12 subjects with ECV <27% had
documented NSVT.

We observed a significant twofold increased prevalence
of NSVT in patients with mean ECV above the study popu-
lation mean of 27% compared with those with mean ECV
<27%. This suggests that ECV may be more useful as a
threshold value in evaluating arrhythmic risk in comparison
with LGE, which remains more robust in its association
with NSVT as a continuum. ECV analysis represents a
potentially promising modality for risk stratification, espe-
cially in patients with low-to-intermediate LGE and
patients in whom imaging artifact precludes accurate LGE
estimation. Larger studies such as the ongoing Hypertrophic
Cardiomyopathy Registry study are expected to further elu-
cidate the relative utility of LGE and ECV in this disease.20

In the evaluation of diastolic dysfunction, LGE demon-
strated a stronger association with LAVI compared with
ECV. The exact mechanism for this finding is unclear, how-
ever, the degree of microscopic fibrosis in this population
may not have been sufficiently elevated to correlate with
LAVI. Neither parameter was associated with E:e0 ratio, a
finding which contrasts with a previous study suggesting a
link between ECV and diastolic function assessed by e’
velocity.5 The method of ECV quantitation and the differ-
ence in patient characteristics may in part account for this
difference.

There are several limitations to our analysis. Only 1
aborted SCD event occurred in the population of 103
patients, and therefore, relationships between ECV, LGE,
and SCD could not be meaningfully assessed. Although the
presence of NSVT on ambulatory Holter monitoring is evi-
dence of arrhythmia with potential for progression to malig-
nant ventricular rhythms, it does not predict the incidence
of SCD in all patients.21 Sampling of 3 short-axis slices for
ECV may result in sampling error, with inadvertent omis-
sion of scar between slices. Volumetric measurement of
ECV threshold mass may provide a more detailed assess-
ment of ECV throughout the myocardium and thus a more
thorough comparison with myocardial LGE mass.

In conclusion, this study demonstrates broad heteroge-
neity in the pattern and extent of LGE mass and ECV.
There appears to be a threshold value of ECV (27%)
above which it is associated with NSVT, while the rela-
tion of LGE with NSVT appears more continuous, cor-
roborating previous CMR studies in HC. This study also
demonstrates correlation of LGE but not ECV with
LAVI. Future studies are needed to define the potential
association of ECV with ventricular arrhythmias and dia-
stolic function in HC.
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