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Abstract

To evaluate the severity of hypertrophic cardiomyopathy (HCM) according to global, regional, and multi-layer longitudinal
strain (LS) analysis using speckle-tracking echocardiography. From February 2007 to November 2014, we prospectively
evaluated 375 consecutive HCM patients referred to our specialized cardiomyopathy center. Demographics, clinical, and rest
and exercise echocardiographic parameters were collected according to a completely standardized protocol. Global, regional,
and multilayer strain analyses were performed. Correlations between LS and other characteristics were evaluated, and we
assessed their prognostic value to predict sudden cardiac death (SCD) or appropriate implantable cardioverter defibrillator
(ICD) shocks during follow-up, using Cox proportional hazards analyses. We finally included 217 patients (50.1 +15.6 years,
67% male) but only 179 (82%) had LS analysis of sufficient quality. An inverse relation was observed between the mean
basal left ventricular (LV) LS and diastolic parameters [E/Ea (r=—0.30) and left atrium indexed volume (r=—0.23)], as
well as between the resting LV outflow-tract maximal gradient (r=—0.26) or during peak exercise (r=—0.20). Mean LS in
the LV hypertrophic area was particularly related with maximal wall thickness (r=—0.47) and transmural global LS with
the degree of myocardial fibrosis in cardiac magnetic resonance (r=—0.32). During a median follow-up of 2.8 + 1.5 years,
mean transmural LS in the hypertrophic area was predictor of SCD and appropriate ICD shock (10 events/179 patients,
hazard ratio=0.83 [95% CI 0.72-0.95], p=0.01). Basal LS and hypertrophic area LS are valuable parameters to evaluate
HCM severity. Mean hypertrophic area LS particularly seems predictive of SCD occurrence and appropriate ICD shocks.
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Abbreviations LV Left ventricular

CI Confidence interval LVOT Left ventricular outflow-tract

GLS Global longitudinal strain NSVT Non-sustained ventricular tachycardia
HCM  Hypertrophic cardiomyopathy CMR  Cardiac magnetic resonance

HR Hazard ratio SCD Sudden cardiac death

ICD Implantable cardioverter defibrillator
LGE  Late gadolinium enhancement

Introduction
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disabling symptoms particularly during exercise, as well as
complications like heart failure, atrial fibrillation, and sud-
den cardiac death (SCD) owing to ventricular fibrillation [1].
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parameters, such as myocardial fibrosis in cardiac magnetic
resonance (CMR), are actively researched to help physicians
to better identify which patients are at higher risk. Left ven-
tricular (LV) longitudinal strain (LS) analysis by speckle-
tracking echocardiography can moreover provide valuable
information about HCM patient status [4-8].

A recently-developed speckle-tracking method enables
LV myocardial strain to be evaluated by multilayer (endocar-
dial/epicardial strain) analysis [9—11]. This is an innovative
and newly validated tool, though it has not yet been fully
evaluated in HCM [9].

We hypothesized that a regional analysis of LV strains
in hypertrophied areas, basal segments, and the endocardial
part of the LV wall could provide more details about HCM
severity and the prognosis in terms of SCD or appropriate
ICD shocks for ventricular tachycardia/fibrillation, in com-
parison with global longitudinal strain (GLS).

The main objective of our study was to evaluate the rela-
tionship between regional and multi-layer LS analyses, as
well as with other parameters representative of HCM sever-
ity. The second objective of this study was to evaluate the
relationship between regional and multi-layer LS analysis
and the occurrence of SCD or appropriate ICD shock for
ventricular tachycardia/fibrillation.

Methods

This is a single-center, observational, cohort study per-
formed in a tertiary referral center (Bordeaux University
Cardiologic Hospital, France) for patients with HCM. From
February 2007, we prospectively evaluated a cohort of con-
secutive HCM patients who were clinically and ultrasoni-
cally evaluated according to a standardized acquisition pro-
tocol involving two-dimensional analysis of LV LS using
speckle-tracking.

The inclusion criteria were: (1) diagnosis of HCM based
on LV hypertrophy on echocardiography (> 15 mm) unex-
plained by abnormal loading conditions; (2) age > 16 years;
(3) at least two visits to the center during the study period
to track events.

The exclusion criteria were: other cardiac or systemic dis-
ease that may produce LV hypertrophy (i.e., mitochondrial
disease, neuromuscular diseases, malformation syndromes,
infiltrative disease); prosthetic valve; known severe untreated
coronary artery disease; poor ultrasound window quality;
systolic blood pressure > 160 mmHg at the time of the echo-
cardiography; atrial fibrillation or stimulated rhythm by a
pace maker; moderate to severe mitral regurgitation; previ-
ous history of myectomy or septal alcohol ablation.

Information concerning the study and data collection was
provided to all patients, and the institutional review board
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approved the study protocol. Patients were included after
providing informed consent.

Demographic characteristics, age, and circumstances
of HCM discovery, common cardiovascular risk factors,
therapies, history of atrial fibrillation, unexplained syncope
(<5 years), current cardiovascular symptoms, and family
history of HCM or unexplained SCD were collected from
the hospital records at the time of the first clinical evalua-
tion, when echocardiography was also performed.

Non-sustained ventricular tachycardia (NSVT) was
defined as three or more consecutive ventricular extras-sys-
toles > 120 beat/min, and lasting < 30 s, it was documented
by a 24-48 h Holter ECG recording [3]. Previous paroxys-
mal (>30 s) or permanent atrial fibrillation episodes were
also recorded.

Each patient was evaluated at rest using transthoracic
echocardiography according to a standardized acquisition
protocol and current guidelines [12], with either Vivid 7 or
EO9 (General Electric Medical System®, Horten, Norway).

Recordings in standardized views were acquired in two-
dimensional, pulsed, continuous, color-flow Doppler, and
pulsed-tissue Doppler modalities, then stored for subsequent
analysis. Three consecutive cardiac cycles were stored sys-
tematically. Off-line analysis was performed by the same
operator using Echopac® software version BT 11.3.

Exercise echocardiography was conducted in accordance
with European Association of Echocardiography guidelines
[13]. The exercise consisted of bicycle exertion in a semi-
supine position (50°) increasing by 25 W every 2 min up to
the maximum tolerated effort.

Maximal end-diastolic LV wall thickness was measured
on two-dimensional imaging. Volumes and LV ejection frac-
tion were calculated from the apical two- and four-chamber
views using Simpson’s biplan method. Biplane maximal left
atrial volume was calculated using the area-length method
and indexed to body surface area [14]. Mitral pulsed Doppler
velocities were also measured. LV filling pressures were esti-
mated using the ratio of mitral orifice peak E wave velocity
to septal and lateral annular Ea peak velocities (mean E/Ea
ratio). Systolic pulmonary artery pressure was calculated
as recommended [14]. Mitral regurgitation, if present, was
graded (none, mild, moderate, severe).

Particular attention was paid to the left ventricular out-
flow-tract (LVOT) area to identify and analyze systolic
anterior motion of the mitral valve, as well to perform con-
tinuous Doppler. LVOT obstruction at rest was defined as a
maximal gradient > 30 mmHg [15] using pulsed and contin-
uous wave Doppler from the apical three- and five-chamber
views. LVOT obstruction during exercise was defined as a
maximal gradient > 50 mmHg [8, 15].

Longitudinal LV strain at rest was quantified in the three
apical views using the two-dimensional speckle-tracking
echocardiographic method [5, 16] GLS was presented in



The International Journal of Cardiovascular Imaging (2018) 34:1091-1098

1093

magnitude throughout the manuscript. LS was assessed in
the three apical views using Echopac® software version BT
11.3 (General Electric Medical System®, Horten, Norway),
enabling transmural (common LS) and both endocardial and
epicardial strain analyses. Adequate tracking could be veri-
fied in real time and corrected numerically by adjusting the
region of interest or manually by correcting the contour to
ensure optimal tracking of LV hypertrophic myocardium.
We also calculated the mean LS in hypertrophied segments
for each patient and that of the LV basal segments.

Patients underwent CMR studies using a 1.5 T scanner
(Magnetom Avanto®, Syngo MR B15 version; Siemens
Medical Solutions®, Erlangen, Germany). Late gadolin-
ium enhancement (LGE) sequences were performed, with
images acquired 10-20 min following intravenous admin-
istration of 0.2 mmol/kg gadolinium-DTPA with breath-
hold 2D segmented inversion-recovery sequence or phase-
sensitive inversion-recovery sequences in identical planes
as in cine images. Regional LGE extent was semi-quantita-
tively assessed, then calculated as follows: LGE area/each
regional segment areax 100 (%) (0, 1-25, 26-50, 51-75,
and 76-100%) (0=no LGE in the segment, ] =LGE <25%
of the myocardial segment, 2=25-75% of LGE in the myo-
cardial segment, 3=LGE >75% of the myocardial seg-
ment), multiplied by the number of segments according to
the 17-segment bull’s-eye model, enabling a score of 0-51
to be established, as suggested by Chan et al. [17].

Long-term follow-up was achieved using regular consul-
tations every 6 months in our hospital or via patient and car-
diologist recalls. The follow-up period for each patient was
determined using the time from initial consultation to echo-
cardiography and the last data recorded from the patient. In
the event of death, the date and cause were both specified.

Endpoints: SCD was defined as sudden and unexpected
collapse or nocturnal death with no previous deterioration.
Aborted SCD or appropriate ICD shock were also consid-
ered events.

To assess LS analysis intraobserver variability, the data
from 16 subjects was analyzed twice offline by the same
operator, with at least 1 week between the two analyses. A
second observer blinded to the results of the previous inves-
tigations also performed these same 16 analyses in order to
assess interobserver variability. The percentage of variability
was calculated as the absolute difference divided by the aver-
age of the two measurements of the same dataset.

Statistical analyses

Continuous and qualitative variables were expressed as mean
with standard deviation (SD), and discrete variables were
expressed as absolute numbers and percentages. Descriptive
data was analyzed for normality using visual histograms and
the Shapiro—Wilk test.

Linear correlations were evaluated between LV strains
and some relevant echocardiographic variables using Pear-
son test. Specific survival, as defined for the end-point, was
measured from inclusion until the first end-point or last fol-
low-up, estimated using Cox proportional univariate hazards
regression analyses. Estimated hazard ratios (HR) and their
95% confidence intervals (CI) were calculated. A p value
<0.05 was considered statistically significant. All statistical
analyses were performed using Stata software Version 11.0®
(StataCorp LP, College Station, TX).

Results

Over 375 consecutive patients evaluated and followed at the
HCM Competence Center from February 2007 to November
2014, 217 HCM patients were enrolled and included in this
study. The reasons for exclusion have been presented in a
flow chart (Fig. 1).

The mean age on initial evaluation was 50.1 + 15.6 years,
and 146 (67%) were male. Demographic and clinical charac-
teristics of the population (n=217) are presented in Table 1.
The median follow-up duration was 2.8 + 1.5 years.

In our population, the mean LV ejection fraction was
69.5+8.6% (Table 2). In total, 61 (28%) patients had LVOT
gradients > 30 mmHg at rest, and the mean LV maximal
end-diastolic wall thickness was 20.3 +4.6 mm.

During exercise (Table 2), the maximal level of exercise
was 6.9 +1.9 METS equivalent.

LV LS strain analysis was feasible and obtained for
179/217 (82%) patients. We obtained relatively good
intra- and inter-observer reproducibility for global LV
LS (variability of 3.4 and 4.2%, respectively), regional

375 consecutive HCM patients referred
to the Competence Centre 2007-2014

32 patients excluded:

29: no echocardiography performed on site
2: mechanical prosthetic valve

1: severe untreated coronary artery disease

_— 5

——> 126 patients excluded:

32: LV maximal wall thickness <15mm

28: for systolicblood pressure 2160mmHg at
baseline

33: for permanent atrial fibrillation or pacing
10: history of myectomy

14: history of septal alcohol ablation

9: mitral regurgitation grade >2

217

l—> 38 patients with LS analysis quality insufficient

I 179 patients included in the survival analyses

Fig.1 Flow chart
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Table 1 Baseline demographics and clinical population characteris-
tics

Parameters HCM patients
(n=217)
Male gender (n, %) 146 (67)
Age (years) 50.1+15.6
Body mass index (kg/m?) 27.2+5.1
Systolic blood pressure (mmHg) 127.8+16.4
Diastolic blood pressure (mmHg) 74.7+10.9
Heart rate (beat/min) 67.1+12.1
NYHA class I (n, %) 103 (48)
NYHA class II (n, %) 86 (40)
NYHA class HI-1V (n, %) 26 (12)
Beta-blocker (n, %) 140 (64.5)
Calcic inhibitor (n, %) 19 (9)
Disopyramide (n, %) 1(0.4)
Amiodarone (n, %) 6(3)
Implantable cardioverter defibrillator (n, %) 29 (13)
Pacemaker (n, %) 12 (6)
History of paroxysmal atrial fibrillation (n, %) 32 (15)
Unexplained syncope (n, %) 48 (22)

Previous recovered SCD (n, %) 5Q2)
Familial history of HCM (n, %) 110 (51)
Familial history of SCD in first degree relative (n, %) 58 (27)

Familial history of SCD irrespective of the degree 83 (38)

(@, %)

Previous non sustained ventricular tachycardia (n, %) 77 (35)

HCM hypertrophic cardiomyopathy, NYHA New-York Heart Associa-
tion, SCD sudden cardiac death

transmural LS (variability of 8.2-12.2%, respectively),
regional endocardial (variability of 7.8-12.8%, respec-
tively) LS, and epicardial LS analyses (variability of
8.9-13.0%, respectively).

The mean global LS (GLS) was 15.7 +4.0%; mean trans-
mural GLS in the hypertrophic area was 14.2 +4.1%, and
transmural LS in the basal segments was 13.6 +3.7%.

Table 3 presents the best relations observed between other
imaging variables and strains (GLS, mean LS in hyper-
trophic area, or mean LS in basal segments). A relative cor-
relation was observed between global transmural LS and LV
ejection fraction (r=0.30) (Table 3).

An inverse correlation was observed between mean basal
transmural LS and diastolic parameters [E/Ea (r=—10.30)
and maximal left atrium indexed volume (r=-—0.23)]; as
well as with LVOT maximal gradient at rest (r=—0.26) or
at peak bicycle exercise (r=—0.20) and max exercise level
in watts (r=0.28) or METS (r=0.26).

The mean of (transmural) LS in hypertrophic area was
particularly correlated with maximal LV wall thickness

@ Springer

Table 2 Rest and exercise echocardiographic characteristics

Parameters HCM patients
(n=217)

Rest
LV maximal end-diastolic wall thickness (mm) 20.3+4.6
LV end-diastolic volume index (mL/m?) 39.7+13.2
LV end-systolic volume index (mL/m?) 12.2+6.5
LV ejection fraction (%) 69.5+8.6
LVOT gradient >30 mm Hg at rest (n, %) 61 (28)
Left atrium diameter (mm) 39.6+8.5
Left atrium volume index (mL/m?) 35.6+18.0
Global longitudinal strain (%) 15.7+4.0
Mean transmural LS in hypertrophic segments (%) 14.2+4.1
Mean endocardial LS in hypertrophic segments (%) 15.5+4.9
Mean epicardial LS in hypertrophic segments (%)  13.0+4.3
Mean transmural LS in basal segments (%) 13.6+3.7
Mean endocardial LS in basal segments (%) 142+4.0
Mean epicardial LS in basal segments (%) 13.1+3.6

Exercise
Maximal level of exercise (W) 128.1+45.6
Maximal level of exercise (METS equivalent) 69+19
Maximal systolic blood pressure (mmHg) 168.1+28.6
Maximal diastolic blood pressure (mmHg) 79.5+214
Maximal heart rate (beats/min) 126.3+37.5
Inappropriate blood pressure response to exercise 21 (13.3)

(n, %)

Maximal peak exercise LVOT gradient (mmHg) 40.5+42.4
Post-exercise LVOT gradient (mmHg) 51.2+504

HCM hypertrophic cardiomyopathy, LV left ventricular, LVOT left
ventricular outflow tract, LS longitudinal strain, METS metabolic
equivalent

Variables expressed as mean + SD

(r=-0.47), and GLS with myocardial fibrosis score in CMR
(r=-0.32).

During a median follow-up of 2.8 +1.5 years, ten events
occurred (four SCDs and six appropriate ICD shocks) for the
179 patients. In the Cox univariate analyses (Table 4), only
maximal wall thickness, and mean LV LS in hypertrophic
area were significantly predictive of SCD and appropriate ICD
shock (p <0.05), particularly transmural LS (HR=0.83 [95%
CI10.72-0.95], p=0.01). As multicolinearity between maximal
wall thickness and LS in hypertrophic area was detected by
a VIF test > 3.0, we did not performed any Cox multivariate
analysis. Kaplan—Meier survival curves of (transmural) LS in
hypertrophic area predicting SCD or appropriate ICD shock
are presented in Fig. 2 (p for log-rank =0.014). Figure 3 dis-
plays an example of a patient.
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between st ang ther | Parameer f

imaging parameters LV ejection fraction GLS 0.30
Maximal LV wall thickness (mm) Transmural LS in hypertrophic area —-0.47
E/Ea Basal transmural LS —-0.30
LA volume index Basal transmural LS -0.23
Maximal LVOT gradient at rest Basal transmural LS -0.26
Maximal level of exercise (METS) Basal transmural LS 0.26
LVOT gradient at peak exercise Basal transmural LS -0.20
Systolic blood pressure at rest Transmural LS in hypertrophic area 0.24
Systolic blood pressure at peak exercise Transmural LS in hypertrophic area 0.20
Score of global fibrosis Transmural GLS -0.32
Fibrosis in hypertrophic area Transmural LS in hypertrophic area —-0.20

LV left ventricular, GLS global longitudinal strain, LS longitudinal strain, LVOT LV outflow-tract, METS

metabolic equivalent, LA left atrium

Table 4 Univariate Cox

e Factors HR (95% CI) p

analyses for predicting

sudden cardiac death (SCD) Age, years 0.97 (0.94-1.00) 0.14

‘C’;Zli)g;‘g’er\‘:fe ‘(r;‘é’g)n;izlc"’ks . Male gender 2.12 (0.46-9.68) 0.33

hypertrophic cardiomyopathy History of non-sustained ventricular tachycardia 0.32 (0.08-1.27) 0.11

(HCM) patients (n=10 events Previous unexplained syncope 0.65 (0.14-3.06) 0.58

for 179 patients) Family history of first degree sudden cardiac death 2.33 (0.64-8.47) 0.20
Left ventricular maximal wall thickness, mm 1.11 (1.03-1.21) 0.01
Max provocable LVOT gradient, mmHg 1.00 (0.99-1.02) 0.61
Left atrium diameter, mm 1.00 (0.94-1.08) 0.81
Transmural GLS, % 0.89 (0.74-1.06) 0.19
Endocardial GLS, % 0.94 (0.81-1.09) 0.38
Epicardial GLS, % 0.88 (0.72-1.06) 0.18
Basal transmural LS, % 0.92 (0.77-1.11) 0.40
Basal endocardial LS, % 0.95 (0.81-1.13) 0.57
Basal epicardial LS, % 0.93 (0.78-1.12) 0.46
Transmural LS in hypertrophic area, % 0.83 (0.72-0.95) 0.01
Endocardial LS in hypertrophic area, % 0.87 (0.77-0.99) 0.03
Epicardial LS in hypertrophic area, % 0.86 (0.76-0.98) 0.02

LVOT left ventricular outflow-tract, GLS global longitudinal strain, LS longitudinal strain, HR hazard ratio,

CI confidence interval

Discussion

Our study underlines the value of using LS analysis in the
HCM population. It particularly highlights a relationship
between mean basal LS and LV diastolic function param-
eters as well as LVOT obstruction, in addition to correla-
tions between LS in the hypertrophic area and myocar-
dial fibrosis in CMR, as well as the greater efficacy of LS
measurement in the hypertrophic area compared to GLS
for predicting SCD or appropriate ICD shocks.
Longitudinal deformation-related alteration of the LV
occurs earlier than LV ejection fraction alteration in HCM

[5]. Previous studies have pointed out the diagnostic role
of LS analysis to detect subclinical forms of HCM [18]
and this measurement’s role in predicting overall cardio-
vascular outcomes including heart failure evolution [19]
or ICD therapies [20-22]. Debonnaire et al. [20] demon-
strated that GLS < 14% and a left atrial indexed volume
>34 mL/m? were independent predictors off ICD therapy
during follow-up. However, this study assessed only HCM
patients with ICD. Haland et al. recently demonstrated that
HCM patients with ventricular arrhythmia had worse GLS
than controls (15.7+£3.6% vs. 21.1 £ 1.9%, p=0.001) [21].
In our study, GLS was not significantly predictive of SCD
or appropriate ICD shock (p=0.19).
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Fig.2 Kaplan—Meier survival
curves for mean transmural
longitudinal strain in hyper-
trophic area in the prediction of
SCD or appropriate ICD shocks
in HCM: p for log-rank was
significant (p=0.014) between
patients with value <14.5%
who presented more SCD or
appropriate ICD shock than
those with value > 14.5%

100% $
80% p for log rank =0.014
©
2
> 60%
e
=]
(]
o
-E 40%
]
]
£
3
O 20%
0%

T T T T T T

0 1 2 3 4 5 6

Time to SCD or appropriate ICD shock (years)

No. at risk

0 1 2 3 4 5 6

LS in hypertrophicarea
£14.5%

88 79 54 37 23 10 3

LS in hypertrophicarea 20 81 57 39 22 6 3

>14.5%

Peak syst Strain

\ 19

a

GLS=13.3%

Mean LS in hypertrophic area=7,2%

Fig.3 Example of a patient from our population with LS abnormalities in hypertrophic area (mean LS at 7.2%, <14.5%) who had sudden car-

diac death during the follow-up

In our study, an inverse relationship was observed
between mean basal transmural LS and both diastolic
parameters [E/Ea (r=—0.30) and left atrium indexed
volume (r=—0.23)]. These results are in line with those
observed [23] in amyloidosis patients, where E/Ea was
independently associated with basal LS (p=—0.54,
p<0.0001). This inverse relationship in HCM could also
be explained by the presence of relaxation abnormalities
secondary to the microcirculation damages caused by LV
hypertrophy, as well as by compliance abnormalities in

@ Springer

these segments secondary to local myocardial fibrosis and
maximal LVOT gradient.

Moreover, the basal segments seem to be altered in early
stages of HCM. As recently published by Peyrou et al. [18],
basal strain is significantly impaired in the HCM pheno-
type—/genotype+ subjects compared to controls.

In our study, mean transmural LS in the hypertrophic
area was particularly related to maximal LV thickness
(r=-0.47). We also observed a relationship between myo-
cardial fibrosis in CMR and LS in the hypertrophic area,
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as well as between transmural GLS and the fibrosis score
(r=-0.32). Finally, Cox analyses demonstrated that mean
LS in the hypertrophic area was predictive of SCD or
appropriate ICD shock during follow-up in HCM patients
(p=0.01), and to a greater extent than GLS (p=0.19).

These results are also in line with Di Salvo’s work, which
demonstrated in multivariate analysis that an LS <10% in
>3 segments was an independent parameter predictive of
NSVT occurrence [24].

Multilayer strain is a very recent and so far poorly-
described technique in the literature [9, 10]. To the best of
our knowledge, our study is the first to evaluate the interest
of multilayer strain analysis in HCM. Unfortunately, endo-
cardial strain failed to perform better than transmural strain
in predicting SCD or ICD shock during follow-up. How-
ever, multilayer strain can be useful in other situations. As
recently described by Zhang et al. [25], it could provide a
more sensitive and specific diagnostic index for the differ-
ential diagnosis of amyloid light-chain (AL) cardiac amy-
loidosis from HCM.

This is the largest cohort study to characterize HCM
according to global, regional, and multi-layer LS analysis.
However, as a tertiary center for HCM management, we can-
not exclude the possibility there was a referral bias. We did
not collect mortality data from a National registry, either,
relying rather on our hospital’s records and direct commu-
nication with the patients or their doctors.

LS analysis clearly merits its place in clinical practice
in the evaluation of HCM patients, and our present study
provides additional data about its prognostic value. Previous
studies have already pointed the potential prognostic impli-
cation of LS analysis in HCM. Reduced GLS is associated
with more severe disease and confers an increased risk for
major cardiac events, independently of other clinical and
echocardiographic risk factors [26]. Our study particularly
highlights the benefits of LS analysis in the prevention of
SCD, a major challenge in this disease, demonstrating LS
in the hypertrophic area as being more predictive than GLS.

Conclusion

In line with GLS, basal LS, and LS in the hypertrophic area
are valuable parameters for evaluating HCM severity. Mean
LS in the hypertrophic area in particular appears more pre-
dictive of SCD occurrence and appropriate ICD shocks than
GLS.
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