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Assessment of Myocardial Stiffness

in Patients With Left Ventricular

Hypertrophy
CMR Elastography Using Intrinsic Actuation
Left ventricular (LV) hypertrophy or LV wall thick-
ening typically leads to increasedmyocardial stiffness,
which may play an important role in the pathogenesis
of heart failure.1 We previously developed and
validated a cardiovascular magnetic resonance
(CMR)–based approach to quantify cardiac
biomechanics by measuring the speed of flexural
shear waves in the septum generated intrinsically by
aortic valve closure.2 Given this approach has the
benefits of simple clinical applicability and seamless
integration into the standard workflow, we applied it
to the routine clinical CMR evaluation of a group of
patients with known or suspected LV hypertrophy or
thickening. This group included patients with
hypertrophic cardiomyopathy (HCM), hypertensive
heart disease, and cardiac amyloidosis. Exclusion
criteria included contraindications to CMR, atrial
fibrillation, and aortic stenosis. Data from patients
were compared with data from healthy volunteers.
All work was approved by the U.K. National Research
Ethics Service.

Myocardial stiffness was estimated by the speed of
the flexural shear wave component arising from the
mechanical wave that propagates through the septum
due to aortic valve closure. Speed was quantified
through the wave’s time of flight between 2 adjacent
navigator beams positioned orthogonally to the
septum.2 Given our temporal resolution of 0.3 ms and
a spatial separation of the navigators of w30 mm,
speeds up to w15 to 20 m/s can be quantified
reliably, with values greater than this potentially
liable to the effects of discretization error and noise.
Values were corrected for wave guidance biases
originating from the relatively thin wall thickness
compared with wavelength.2

Healthy volunteers were significantly younger and
had a more even sex balance than the disease cohort
(Figure 1A). All 3 disease groups had elevated
precontrast T1, signifying the presence of interstitial
expansion secondary to fibrosis (HCM and
hypertension groups) or amyloid fibril deposition.
Two-thirds of the HCM group and 17% of the
hypertensive cohort had patchy or diffuse midwall
fibrosis on late gadolinium enhancement imaging.

Myocardial shear wave speed was significantly
elevated in patients with HCM (15.2 � 10.6 m/s; P <

0.001), cardiac amyloidosis (14.0� 4.8 m/s; P< 0.001),
and hypertension (7.7 � 4.8 m/s; P < 0.004) compared
with healthy control subjects (3.5 � 1.3 m/s), as
assessed using Student’s t-tests. Receiver-operating
characteristic analysis using the Youden index iden-
tified a shear wave speed of 6.3 m/s provided the
optimal ability to discriminate diseased myocardium
(C-statistic: 0.916) with a sensitivity of 83% (95% CI:
69.2%-92.4%) and specificity of 100% (95% CI: 83.2%-
100%). In the whole cohort, there was a modest but
statistically significant association between shear
wave velocity and age (Figure 1B), driven by
differences in the age of presentation of the
underlying diseases. However, other investigators
have found weak associations even among normal
subjects.3,4

Although our control subjects were significantly
younger, the differences between the disease and
control groups were very large and outside the varia-
tion seen in the control subjects (Figure 1B).
Interestingly, independent of age, hypertension did
not always lead to elevated myocardial stiffness, a
finding reflecting the heterogeneity of the
myocardial response to this disease. However, for
those patients whose wave speed was elevated, the
difference with the control subjects was highly
significant. This is in stark contrast to the HCM and
amyloid groups, which always showed elevated
stiffnesses with no overlap with the control group.
Some patients had values beyond 20 m/s, thus
representing unrealistically high stiffness values
(>400 kPa) indicative of noise, which is more
impactful at very high wave speeds (ie, short time
delays).

Petrescu et al5 also used intrinsically generated
shear waves but measured by ultrasound to resolve
differences in myocardial stiffness between patients
with cardiac amyloidosis and healthy control
subjects. These investigators obtained a mean
velocity of 5.6 � 1.1 m/s in their amyloid cohort, less
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FIGURE 1 Baseline Characteristics and Shear Wave Speed in Patients and Control Subjects
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(A) Clinical and imaging characteristics. (B) Shear wave speed vs age. Among the control subjects, there was no significant association with age. For the whole cohort,

there was a statistically significant but modest association (Spearman’s rank r ¼ 0.54; P < 0.001). Values >w15 to 20 m/s are susceptible to the effects of noise and

discretization error. HCM ¼ hypertrophic cardiomyopathy; LA ¼ left atrial; LV ¼ left ventricular; LV-EDV ¼ left ventricular end-diastolic volume; LGE ¼ late gadolinium

enhancement; LVEF ¼ left ventricular ejection fraction.
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than one-half of our value (14 m/s). However, this
finding may reflect differences in selecting other
wave components and considering wave guidance
effects, as well as differences in the underlying
disease severity (the mean ejection fraction in their
amyloid group was 56%, in contrast to 46% in the
current study). In their 20- to 39-year-old cohort of
control subjects, Petrescu et al5 found shear wave
velocities after aortic valve closure of 3.5 � 0.7 m/s,
velocities that closely match our data (3.5 � 1.3 m/s).

Using an acoustic radiation force–based ultrasonic
approach, Villemain et al4 similarly found elevated
shear wave velocities in patients with HCM.
However, in comparison, our shear wave velocities
translated to significantly greater myocardial
stiffness, which most likely reflected the different
cardiac time points at which the studies were
performed (immediately after end-systole vs end-
diastole) and the different center frequencies of the
shear waves.

Collectively taken, CMR elastography using shear
waves generated by aortic valve closure is clinically
feasible, fits easily into the workflow, and hence
can add myocardial stiffness to the armament of
diagnostic parameters provided by CMR. This tech-
nique may play a valuable role in the evaluation of
patients at risk of heart failure.
Emma Burnhope, BM, PhD
Alessandro Polcaro, MS
Jurgen H. Runge, PhD
Inka Granlund, BSc
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Myocardial Denervation and Left

Ventricular Volume Predict Ventricular

Arrhythmias in Patients With Ischemic

Cardiomyopathy
The PAREPET (Prediction of ARrhythmic Events
with Positron Emission Tomography) study
(NCT01400334) identified burden of myocardial sym-
pathetic denervation, and left ventricular end-
diastolic volume index (LVEDVi), to provide
enhanced risk prediction for sudden cardiac arrest
(SCA).1 The surrogate of SCA in PAREPET was
appropriate ICD discharge for VT/VF >240 beats/min.
Previous studies have reported that regardless of the
rate of the arrhythmia, appropriate ICD therapy
portends a poor prognosis.2 To determine whether
the imaging predictors of SCA in the PAREPET study
predict the risk for all ventricular arrhythmias (VAs),
we performed a retrospective analysis of an
expanded endpoint of all appropriate ICD therapies
for VAs and adjudicated SCA from patients enrolled
in the PAREPET study.

This study was approved by the University at Buf-
falo and Veterans Affairs Western New York Health-
care System Institutional Review Boards. Data from
204 patients with ischemic cardiomyopathy
(LVEF <35%), not amenable to revascularization,
enrolled in the PAREPET study, were evaluated.
Myocardial denervation was assessed on 11C-metahy-
droxyephidrine (HED) PET;3 with HED defect
calculated as an integrated sum of defect size and
severity (% left ventricular [LV] myocardium) and
used as a measure of denervated myocardium. LV
volumes were determined from 2-dimensional
echocardiography. Outcomes data were collected by
either direct contact with the subjects, review of
routine ICD interrogations, or review of electronic
medical records. The outcome of VAs was defined as
follows: 1) appropriate ICD shock; 2) appropriate
antitachycardia pacing; 3) VAs in the monitored zone
lasting >30 seconds; or 4) death occurring due to VAs
that could not be terminated by ICD therapies. SCA
was specifically defined as adjudicated sudden
cardiac death or ICD shock for VT/VF >240 beats/min.

The mean age of the subjects was 67 � 11 years (90%
men). Over an average follow-up duration of 3.4 years
(range to first event: 18 days to 7.2 years), VAs occurred
in 61 subjects (SCA ¼ 28). Subjects experiencing VAs
had a significantly higher LVEDVi (101 � 28 mL/m2 vs
84� 29mL/m2; P<0.0001) and HED defect (31%� 10%
vs 26% � 11%; P < 0.0001) compared with those who
did not experience VAs. On multivariate regression
analysis, with adjustment for demographic, clinical,
and imaging variables, LVEDVi (HR: 1.18 per 10 mL/m2;
95% CI: 1.05-1.32; P < 0.005), HED defect (HR: 1.49 per
10% LV myocardium; 95% CI: 1.06-2.11; P < 0.02), and
angiotensin inhibition therapy (HR: 0.35; 95% CI: 0.14-
0.85; P < 0.02) were significant independent pre-
dictors of VAs. LVEFwas not an independent predictor
of VAs. The addition of HED defect and LVEDVi to a
multivariate model incorporating LVEF, de-
mographics, and routine clinical and laboratory vari-
ables improved the prediction of VAs in comparison
with a model without HED defect and LVEDVi (net
reclassification improvement for VAs ¼ 0.46).
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