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Abstract The aim is to detect early changes in myocardial
mechanics in hypertrophic cardiomyopathy (HCM) muta-
tion carriers, three-dimensional speckle tracking echocar-
diography (3DSTE) was used for screening of family
members in the HCM population. Eighty subjects were
divided as: HCM mutation carriers (n = 23), manifest HCM
patients (n = 28), and normal controls (n = 29). They pro-
spectively underwent 3DSTE for left atrial (LA) and left
ventricle (LV) strain analysis. HCM mutation carriers
showed significantly higher LA minimum volume (ml/m?)
(17 &£ 6 vs. 14 % 4, respectively, P = 0.03) and a signifi-
cantly lower peak atrial longitudinal strain (PALS) (%),
(27 £ 5 vs. 31 £ 7, respectively, P = 0.02) when com-
pared to controls. However, no differences were found in
global or regional LV systolic myocardial deformation
between both groups. Manifest HCM patients, compared to
carriers showed significantly higher LA minimum (27 £+ 10
vs. 17 £ 6, respectively, P < 0.001) and maximum volume
(42 £ 14 vs. 32 £ 8, respectively, P = 0.007) as well as
lower LA ejection fraction (%) (35 £8 vs. 47 £ 9,
respectively, P < 0.001) and PALS (17 &5 vs. 27 £ 5,
respectively, P < 0.001). Comparing LV strain, HCM
patients showed reduced global longitudinal (—11 & 4 vs.
—16 % 3, respectively, P < 0.001) and area strain (—35
+6 vs. —40 £ 5, respectively, P = 0.005). HCM mutation
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carriers may be distinguished from healthy subjects using
3DSTE through detection of LA dysfunction that may indi-
cate LV diastolic dysfunction. Further research in a larger
study population with gene-specific analysis is warranted for
potential clinical usefulness of 3DSTE in family screening
for HCM.
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Abbreviations
2DSTE Two-dimensional speckle tracking
echocardiography/echocardiographic

3DSTE Three-dimensional speckle tracking
echocardiography/echocardiographic

CMR Cardiac magnetic resonance

EF Ejection fraction

HCM Hypertrophic cardiomyopathy

LA Left atrium/left atrial

LV Left ventricle/left ventricular

LVH Left ventricular hypertrophy

PALS  Peak atrial longitudinal strain

SDI Systolic dyssynchrony index
TDI Tissue Doppler imaging

Introduction

Hypertrophic cardiomyopathy (HCM) is the most common
heritable cardiac single gene disorder and is the leading
cause of sudden cardiac death in young individuals and
athletes. It is most commonly caused by mutations in genes
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that encode sarcomeric proteins and is characterized by
unexplained left ventricular (LV) hypertrophy (LVH) [1].
However, the penetrance of mutation and expression of
LVH are incomplete, highly variable, and age dependent
[2]. Genetic testing provides a certain diagnosis for HCM
mutation carriers before the development of LVH that may
occur in these subjects. However, it is hampered by being
complex and unfeasible in up to 50 % of HCM family
members as genetic mutations are only identified in
40-60 % of HCM patients [3]. Therefore, an alternative
family screening approach for early diagnosis of HCM
patients is required. LV diastolic dysfunction as the first
marker of disease in preclinical HCM mutation carriers has
been previously detected by tissue Doppler imaging (TDI)
[4-6]. However, the reported sensitivity and specificity
were highly variable. Other techniques for the early iden-
tification of myocardial systolic dysfunction and myocar-
dial structural alteration such as two-dimensional speckle
tracking echocardiography (2DSTE) and integrated back-
scatter echocardiography, respectively were also investi-
gated albeit with mixed results [6-8].Recently, cardiac
magnetic resonance (CMR) imaging with its high spatial
resolution has displayed subtle myocardial structural
changes [9] but also intramyocardial crypts in these mainly
asymptomatic patients [10]. However the availability of
CMR is limited and the analysis is time consuming.
Quantification of left atrial (LA) size and function is a good
diagnostic tool for LV diastolic function as well as a pre-
dictor of therapy response and major cardiovascular out-
comes in various cardiac patients including HCM patients
[11-15]. The assessment of LA longitudinal strain using
2DSTE has recently been shown as a feasible and repro-
ducible marker of LA function [16, 17]. Three-dimensional
speckle tracking echocardiography (3DSTE) is an emerg-
ing tool building on the strengths of 2DSTE for better
quantification of myocardial volumes and mechanics
including assessment of dyssynchrony in one fast analysis.
In this study, we tested the ability of 3DSTE to distinguish
HCM mutation carriers who might develop the disease
from normal subjects primarily by detecting subtle abnor-
malities in LA size and longitudinal strain as surrogate
markers of early LV dysfunction. Likewise, we evaluated
the magnitude and timing of systolic myocardial defor-
mation to detect any abnormalities that can define early
systolic dysfunction in these subjects.

Patients and methods
Patients

Based on sample size calculations, a total of 88 subjects
with normal LV ejection fraction (EF) and sinus rhythm
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were included in the study, namely 33 patients with man-
ifest HCM, 26 subjects with known HCM mutation carri-
ers, and 29 normal control subjects. Manifest HCM was
clinically defined as the presence of a LV maximum wall
thickness (MWT) in a non-dilated LV of >15 mm or LV
MWT of >13 mm as assessed by M-mode and 2DE in
genotype positive patients in the absence of any systemic
or other cardiac disease that could cause myocardial
hypertrophy [2]. Thirty percent of the HCM patients were
receiving beta-blockers and 25 %, calcium antagonists and
none of them previously underwent septal reduction ther-
apy. HCM mutation carriers were family members of HCM
patients who underwent genetic testing and were found
harbouring a mutation in genes encoding for any compo-
nent of the sarcomere apparatus. HCM mutation carriers
had LV MWT <13 mm. The normal control group
(n = 29) consisted of healthy volunteers (n = 18) and
healthy family members in which sarcomeric gene muta-
tions were excluded by genetic analysis (n = 11). All
HCM mutation carriers and normal controls had no history
of cardiac symptoms, hypertension, diabetes or use of
cardiac medication and they had normal findings on
physical examination, electrocardiogram, and 2-dimen-
sional echocardiogram. All subjects gave informed consent
and the local ethics committee approved the protocol.

Echocardiographic imaging and analysis

All subjects had a complete 2DE, Doppler and TDI study
using Philips iE33 with S5-1 Matrix transducer. Further-
more, they all prospectively underwent 3DSTE examination
on the same sitting of the 2DE study using a commercial
scanner (Artida 4D, Toshiba Medical Systems, Tokyo,
Japan) with a fully sampled matrix array transducer
(PST-25SX) from an apical position for both LV and LA
analysis. Eight subjects (10 %) were excluded after echo-
cardiographic acquisitions due to either poor LV image
quality (defined as >4 non-visualised segments) (n = 6) or
very low volume rate of acquisition (<11 vpm) (n = 2).
Image quality of the LA was sufficient for all subjects and
was not a reason for exclusion. In tissue harmonic mode,
wide-angled acquisitions were recorded consisting of four
wedge-shaped sub-volumes acquired over five consecutive
cardiac cycles during a single breath-hold. While retaining
the entire LV within the pyramidal volume, depth and sector
width were decreased as much as possible to improve the
temporal and spatial resolution of the images, resulting in a
mean temporal resolution of 21 &+ 3 volumes per second.
Analysis of 3DSTE for the LA and LV was done as previ-
ously described [18]. The LV mass is automatically calcu-
lated after epicardial and endocardial contour detection. The
obtained 3DSTE strain data for the LV included three con-
ventional strain components (circumferential, radial and,
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Fig. 1 Left atrial longitudinal strain analysis using 3DSTE. Tracing
of the LA endocardial border is performed from the base of the LA at
the mitral valve level toward the LA apex, while excluding the LA
appendage and the pulmonary veins from the LA cavity. Tracing was
done in apical four-chamber view (A), apical two-chamber view (B),
and three short axis planes (C3, C5, C7). The frame of LV end-systole

longitudinal) as well as area strain as a novel global strain
parameter. The area strain was calculated as the endocardial
area change ratio throughout the cardiac cycle by giving the
percentage decrease in area at LV end-systole from its ori-
ginal dimensions at end-diastole. Systolic dyssynchrony
index (SDI%) was used to quantify the LV mechanical
dyssynchrony. It was calculated as the standard deviation
(SD) of the timings to peak strain of the 16 LV segments and
given as a percentage of the cardiac cycle duration after
normalization for the R-R duration. Peak atrial longitudinal
strain (PALS) represents the maximum reservoir function of
the LA where LA strain increases due to stretch by accu-
mulating venous blood. It achieves a peak at the end of LA
filling just before mitral valve opening. PALS can be used as
a measure of LA relaxation and as it corresponds to the
phases of LV from end-diastole to end-systole namely; LV
isovolumic contraction, ejection, and isovolumic relaxation;
it is sometimes described as peak LA ventricular systolic
strain. During diastasis, LA strain decreases to reach a neg-
ative peak at the end of LA contraction. The 3DSTE software
automatically calculates the PALS by measuring the peak
positive strain from the QRS onset and averages the global
PALS value from each of the 16 LA segments (Fig. 1). Other
LA longitudinal strains representing the LA conduit and

Long. Strain

EDV 45.30 mL
ESV 24.06 mL
EF 46.89 %
1.05°MV | 8.87¢

349 msec
44 msec

est. LV MASS

[Time: 408 msec

200
Long. Strain

with maximum LA volume is presented for a carrier (leff) and a
normal control (right). The showed curves represent the segmental
longitudinal strains with the coloured one showing the global
longitudinal strain where the PALS is in the carrier is lower (24 %)
compared to the normal control (43 %) with comparable LA volumes

pump functions were not measured as they need manual
calculations guided by the ECG and this would be unreliable.

Observer reliability

Observer reliability to evaluate PALS as a novel 3DSTE-
derived parameter was assessed in a randomly selected
number of 15 manifest HCM patients. 3DSTE data sets
were analysed for inter-observer reliability by two experi-
enced observers (M.F. and S.K.) in a blinded fashion. Intra-
observer measures were performed on average 2 weeks
apart in random order. The observer reliability of 3DSTE-
derived LV strain components were extensively studied in
a previous study that included HCM patients [18].

Statistical analysis

Continuous variables are presented as mean + SD,
whereas categorical variables are presented as frequencies
and percentages. One-way analysis of variance was used to
examine the differences among groups with Bonferroni’s
correction for multiple pair-wise comparisons. Differences
in continuous variables between two groups were analysed
using the student’s ¢ test, while a Chi square test or the
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Fisher exact test was used to analyze a difference in cate-
gorical variables as appropriate. Inter-observer and intra-
observer reliability were measured using the intra-class
correlation coefficient (ICC). To determine the ICC, dif-
ferent variance components were calculated using restric-
ted maximum likelihood method of estimation and a model
for absolute agreement, where the observers and patients
were entered as random effects. A P value <0.05 was
considered statistically significant. All data were analysed
using SPSS version 20.0 (IBM SPSS Inc., Chicago, IL,
USA).

Results
Baseline and echocardiographic characteristics

As displayed in Table 1, the HCM mutation carriers were
well matched for age and body surface area (BSA) with the
normal controls as these are important determinant of LA
strain [16]. Due to the bigger BSA in manifest HCM
patients, the indexed 3DSTE LA volumes, LV volumes and
mass were used. There was no matching for gender
between HCM carriers and normal controls. By definition,
LV MWT was significantly higher in the manifest HCM
group compared with other groups. For the distribution of
gene mutation, myosin binding protein C3 (MYBPC3) was
the most predominant mutation in both HCM mutation
carriers (66 %) and manifests HCM patients (39 %). Other
carriers equally had troponin T mutation (17 %) or myosin
heavy chain mutation (MYH7) (17 %). Based on 2DE, the
majority of manifest HCM (79 %) had no obstruction and
the remaining 6 patients had fixed and/or dynamic
obstruction. Eighteen patients (64 %) had asymmetrical
septal hypertrophy. Both HCM mutation carriers and con-
trols showed similar normal mitral inflow Doppler indices.
However for the mitral annular TD velocities, HCM
mutation carriers, compared to controls; showed signifi-
cantly lower lateral and averaged Ea. In addition, HCM
mutation carriers showed significantly higher lateral, sep-
tal, and averaged E/Ea as surrogates of LV filling pressure.
When compared to manifest HCM patients, HCM mutation
carriers showed significantly higher both lateral and aver-
aged Sa and Ea and septal Ea as well. They also showed a
significantly lower lateral, septal, and averaged E/Ea and
Pulmonary capillary wedge pressure (PCWP), which is
calculated by the echo machine as a surrogate of LA
pressure using the Ea parameters. By applying the ROC
curve analysis to test the discriminatory power of any of
these statically different Doppler parameters, the area
under the curve was insufficient (<0.5) to yield a good
sensitivity and specificity to differentiate HCM mutation
carriers from normals.
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LA analysis

In HCM mutation carriers compared to normal controls,
LA minimum volume (LAV,,,) was significantly higher
(17 &£ 6 vs. 14 £ 4, respectively, P = 0.03) and PALS
was significantly lower (27 & 5 vs. 31 £ 7, respectively,
P = 0.02) whereas the LA maximum volume (LAV .y)
and LA EF did not show a significant difference as shown
in Table 2 and Fig. 1. Using the ROC curve analysis to test
the discriminatory power of LAV, and PALS to differ-
entiate HCM mutation carriers from normals, the area
under the curve for both was insufficient (0.40 and 0.33,
respectively) to yield a reasonable sensitivity and speci-
ficity. Compared to manifest HCM patients, HCM mutation
carriers showed a significantly lower LAV ,;, and LAV ¢
and a significantly higher LAEF and PALS as shown in
Table 2. When correlating 3DSTE LA parameters to the
TD mitral annular velocities and L V parameters, only
PALS that could show a significant moderate correlation
with lateral and averaged Ea as well as LV longitudinal
strain (r = 0.58, 0.63, and 0.60, P < 0.001 for all,
respectively) whereas there were poor correlations between
any of the mitral annular TD velocities and different LV
parameters (r < 0.50).

LV analysis

By comparing HCM mutation carriers to normal controls,
there were no significant differences in LV volumes, LVEF
or LV mass. In addition, the global LV strain parameters
namely circumferential, radial, and longitudinal strain as
well as area strain and their derived SDI did not differ
between both groups as seen in Table 2. Furthermore, no
significant differences could be detected in any of these
strain parameters on a segmental level as shown in Table 3.
Of note, even the basal anterior septum where hypertrophy
most commonly manifests, did not show significant dif-
ference in LV strain components including the longitudinal
strain (—14 £ 6 vs. —15 £ 8 %, respectively, P = 0.4).
Manifest HCM patients on the other hand showed a sig-
nificantly lower LV end-diastolic volume and a higher LV
mass compared to HCM mutation carriers as seen in
Table 2. In addition, the global longitudinal strain and area
strain were considerably impaired despite the presence of a
normal LVEF; the global longitudinal strain was reduced by
31 % (—11 £ 4 vs. —16 £ 3 %, respectively, P < 0.001),
and area strain was reduced by 13 % (—35 £ 6 vs.
—40 £ 5 %, respectively, P = 0.005) as detailed in Table 2
and Fig. 2. No significant difference in the global circum-
ferential or radial strain between both groups was found. For
the assessment of mechanical dyssynchrony, only the lon-
gitudinal strain-derived SDI was significantly higher in
manifest HCM patients. On a regional level, all myocardial
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Table 1 Baseline population and echocardiographic characteristics

Variable Normal Carriers Manifest P value P value P value P value
controls HCM HCM All groups  Carriers Carriers Manifest
(n = 29) (n = 23) (n = 28) versus controls versus manifest versus controls
Age (y) 46 £ 16 41 £ 15 54 £+ 16 0.007 0.2 0.002 0.06
Men (%) 23 (79) 6 (26) 21 (75) <0.001 <0.001 <0.001 0.8
BSA (kg/m?) 1.84+012 1.8+0.13 2402 <0.001 0.2 0.005 0.06
LVMWT (mm) 9.1 £ 1.1 94 +2 18+ 3 <0.001 0.5 <0.001 <0.001
Mitral Doppler inflow indices
E (cm/s) 73 £ 15 71 £ 17 67 + 18 0.6 0.7 0.6 0.3
A (cm/s) 56 + 14 60 £+ 15 74 £+ 34 0.03 0.4 0.08 0.02
E/A ratio 14+ 0.5 1.3+ 04 1+04 0.01 0.3 0.1 0.01
Deceleration time (ms) 186 + 50 197 + 40 206 + 40 0.3 0.5 0.4 0.1
Mitral annular TD velocities
Lateral wall (cm/s)
Sa 104 £23 98426 7+2 <0.001 0.4 <0.001 <0.001
Ea 13+£29 108 +£37 82+24 <0.001 0.04 0.02 <0.001
Aa 9+24 95+29 94 + 3.6 0.9 0.6 0.9 0.7
E/Ea 57+ 15 7+22 89 £+ 3.1 <0.001 0.03 0.03 <0.001
Septal wall (cm/s)
Sa 85+ 1.7 79 +£ 1.1 7+23 0.03 0.2 0.1 0.02
Ea 9342 79+ 27 53+ 1.6 <0.001 0.06 0.001 <0.001
Aa 8+ 1.5 89+ 1.7 75+2 0.04 0.07 0.02 0.4
E/Ea 83+ 1.6 94 +2 143 £55 <0.001 0.04 <0.001 <0.001
Averaged (cm/s)
Sa 9.5+ 1.7 88 £ 1.7 7+2 <0.001 0.2 0.004 <0.001
Ea 11.2+22 9343 6.8+ 19 <0.001 0.03 0.003 <0.001
Aa 85+ 1.8 92+ 2.1 85+126 0.5 0.2 0.3 0.9
E/Ea 69+ 14 8+2 11 +4 <0.001 0.03 0.004 <0.001
PCWP 9.1 £1.8 102 +£ 2.7 13.7 £ 53  <0.001 0.07 0.02 <0.001

Values are presented as mean £ SD or absolute number (percentage)

BSA body surface area, LVMWT left ventricular maximum wall thickness, E early rapid filling wave, A filling wave due to atrial contraction, Sa
systolic annular velocity, Ea early diastolic annular velocity, Aa late diastolic annular velocity, PCWP pulmonary capillary wedge pressure as a

surrogate of left atrial pressure

P value <0.05 is significant

walls had lowers longitudinal strain values particularly in
the septum which was decreased by one-third (—10 =+ 4 vs.
—15 £ 3 %, respectively, P < 0.001). In addition, the area
strain was lower in the septum and lateral walls. Regional
circumferential and radial strains as well as area strain in the
anterior and inferior walls were not different between both
groups as in Table 3.

Observer reliability
Inter-observer and intra-observer reliability for both LA

volumes and PALS were good whereas they were moderate
for LA EF as displayed in Table 4.

Discussion

Echocardiography has clinical advantages, including its
availability, time and cost-efficiency, and ease of use in
most patients and clinical settings. 3DSTE by addressing
the limitations of 2DSTE may become the technique of
choice for clinical evaluation of LV and LA size and
function in daily routine [18-20]. Currently, there is a
pressing clinical need of finding a feasible and accurate
imaging tool as an alternative approach to gene testing to
detect subtle abnormalities that might exist in relatives of
HCM patients for the preclinical diagnosis of this serious
disease, which would be of a great importance. In this
regard, this is the first study using 3DSTE for the
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Table 2 Global left atrial and ventricular analysis using 3DSTE

Variable Normal Carriers Manifest P value P value P value P value
controls HCM HCM All groups Carriers Carriers Manifest
(n = 29) (n = 23) (n = 28) versus versus versus
controls manifest controls
3DE image quality (n) 1#(20) and 2*#(9) 1*#(19) and 2*#(4) 1#(16) and 2*(12) 0.2 0.2 0.05 0.5
3DE volume rate (vps) 23 £ 12 21 +£3 21 +£3 0.4 0.6 0.4 0.3
Heart rate (bpm) 69 £ 11 67 £ 10 65 £ 12 0.4 0.5 0.5 0.2
LA analysis
LAV, (ml/m?) 14+4 17+£6 27 £ 10 <0.001 0.03 <0.001 <0.001
LAV, (ml/m?) 28 £7 32+8 42 + 14 <0.001 0.07 0.007 <0.001
LAEF (%) 50 £ 11 47+9 35+8 <0.001 0.3 <0.001 <0.001
PALS (%) 31+7 27+5 17£5 <0.001 0.02 <0.001 <0.001
LV analysis
LV volumes and mass
LVEDVI (ml/m?) 56 + 12 54+9 48 + 12 0.03 0.6 0.04 <0.001
LVESVI (ml/m?) 23+ 6 23+5 21 £6 0.4 0.8 0.2 <0.001
LVEF (%) 59+5 57+5 57+ 4 0.2 0.1 0.98 0.3
LV Massl (g/m?) 65 £ 15 65+9 84 £ 24 <0.001 0.9 <0.001 0.002
LV strain (%)
Circumferential strain —-29+4 —28 £ 4 —26£6 0.2 0.6 0.3 0.09
Longitudinal strain —15+£3 —16 £ 3 —11£4 <0.001 0.6 <0.001 <0.001
Radial strain 32+9 30 £ 10 27+9 0.08 0.5 0.2 0.03
Area strain —40 + 4 —40 £ 5 -35+6 0.001 0.9 0.005 0.001
LV dyssynchrony (%)
Circumferential strain SDI 5327 51+19 55+24 0.9 0.8 0.5 0.7
Longitudinal strain SDI 7.6 £4.8 83+4 13+7 0.001 0.6 0.007 0.002
Radial strain SDI 8.6 + 3.7 9+34 133 £ 11.6 0.05 0.7 0.09 0.05
Area strain SDI 46+ 19 47+ 19 48 £ 1.7 0.9 0.9 0.9 0.7

1%, good; 2% moderate

LVEDVI indexed left ventricular end-diastolic volume, LVESVI indexed left ventricular end-systolic volume, LVEF left ventricular ejection fraction, LV
Massl indexed left ventricular mass, LAVI,,;, indexed left atrial minimum volume, LAVI,,,, indexed left atrial maximum volume, LAEF left atrial ejection

fraction, PALS peak atrial longitudinal strain

P value <0.05 is significant

evaluation of both functional and structural changes across
the entire phenotypic spectrum of HCM. The main result is
that 3DSTE in HCM mutation carriers as supported by TDI
findings was able to detect indirect markers of LV diastolic
dysfunction in the form of an increase in LA size and a
decrease in PALS. Compared to normal subjects, no sig-
nificant differences in LV systolic function in this group
were found.

Assessment of LA size and function

LA dilatation and the decrease in its EF have been shown
to be good diagnostic signs of LV diastolic dysfunction and
markers of poor prognosis of different cardiovascular dis-
eases [17]. LA reservoir function was shown to be deter-
mined by integration of LA wall relaxation and both LV
systolic and diastolic function. LA wall state should have
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an effect on LA relaxation and reservoir function in its
early part [21, 22]. LV systolic function influences the LA
reservoir function through mitral annulus descent from the
LV base to apex during late systole [22]. Elevated LV end-
diastolic pressure causes LA contractile dysfunction and
remodelling of the LA due to increased afterload during
LA contraction. This LA contractile dysfunction causes LA
relaxation impairment due to the coupling present between
LA systolic dysfunction and relaxation. In addition, the LA
remodelling causes thickening of the LA wall. Both
mechanisms end with impaired PALS [23, 24]. Measuring
LA volumes by 3DSTE was shown to be a feasible and
reproducible in a large study [18]. It has been demonstrated
that 2DSTE-derived PALS is a feasible and reproducible
marker of the LA deformation that may be more sensitive
than LAEF in detecting early impairment of the LA res-
ervoir function [16, 17]. Moreover, 3DSTE-derived LA
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Table 3 Regional left ventricular strain analysis using 3DSTE

Variable Normal Carriers Manifest P value P value P value P value
controls HCM HCM All groups Carriers Carriers Manifest
(n = 29) (n = 23) (n = 28) versus controls versus manifest versus controls
Regional circumferential strain (%)
Anterior -25+5 —26+5 —26+5 0.6 0.4 0.98 0.4
Septal -31+6 -29+6 —27+6 0.02 0.1 0.3 0.006
Inferior —28+6 -30+5 —27+8 0.2 0.4 0.1 0.4
Lateral -30£7 -29+7 —27+£5 0.2 0.6 0.3 0.07
Regional longitudinal strain (%)
Anterior —-15+4 —15+4 —11+4 <0.001 0.7 0.002 <0.001
Septal —15+3 —15+3 —10+4 <0.001 0.8 <0.001 <0.001
Inferior —16 + 4 —18+4 —13+4 <0.001 0.1 <0.001 0.007
Lateral —17+3 —18+4 —13+4 <0.001 0.9 <0.001 <0.001
Regional radial strain (%)
Anterior 37 £ 17 33+ 15 30 £ 17 0.3 0.4 0.5 0.2
Septal 33 + 11 33+9 26 + 12 0.04 0.9 0.06 0.02
Inferior 30 £ 12 30 £ 10 27 £ 13 0.4 0.8 0.4 0.3
Lateral 40 £ 17 35+ 19 32+ 11 0.2 0.4 0.4 0.06
Regional area strain (%)
Anterior -38+7 —36+ 8 -35+9 0.4 0.6 0.5 0.2
Septal —41+5 —40 + 6 —34+8 <0.001 0.9 0.007 <0.001
Inferior —41+5 —40 + 5 -37+7 0.03 0.3 0.08 0.01
Lateral —44 +5 —42 + 8 -37+£6 0.001 0.9 0.02 <0.001

P value <0.05 is significant

Long. Strain

EDV 96.39 mL
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Long. Strain “18.0
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Fig. 2 Left ventricular longitudinal strain analysis using 3DSTE.
After 3DSTE semiautomated border detection and tracking, LV
volumes, mass and EF are quantified in a manifest HCM patient (left)
and a normal control (right). The showed curves represent the

-18.0
Long. Strain
-24.0

Long. Strain

EDV 169.59 mL |0 msec
ESV 71.15mL 336 msec
EF 58.04 %
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segmental longitudinal strains. The dashed curve represents the
average strain which is lower in the manifest HCM patient (—7 %)

compared to the normal control (—13 %)
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Table 4 Intra-observer and inter-observer reliability of LA

measurements
Variable Intra-observer Inter-observer
reliability reliability
ICC P value ICC P value
LAVI,;, (ml/m?) 0.88 <0.001 0.80 <0.001
LAV, (ml/m?) 0.89 <0.001 0.84 <0.001
LAEF (%) 0.67 <0.001 0.61 0.006
PALS (%) 0.88 <0.001 0.83 <0.001

ICC intra-class correlation coefficient
P value <0.05 is significant

longitudinal strain has been recently demonstrated feasible
as well, and more reproducible and beneficial than 2DSTE
longitudinal strain for identifying patients with paroxysmal
atrial fibrillation [25]. In the present study, we used 3DSTE
to study the LA volume and also PALS as a substitute of
LA volume change in the evaluation of LA reservoir
function in HCM as an indirect marker of both LV diastolic
and systolic function.

Our results revealed that 3DSTE gives reproducible
quantification of LA volumes, and PALS as a new 3DSTE-
derived parameter is highly reproducible with a better
reproducibility than LA EF. This data are consistent with
larger feasibility studies for LA volume quantification [18]
and PALS assessment [25] using 3DSTE. Our reported
normal values of PALS are higher than those given by
Mochizuki et al. [25] (31 £ 8 vs. 26 & 7 %, respectively);
however this could be explained by the lower mean age in
our group (48 + 15 vs. 58 & 5 years, respectively). Both
LAV .x and LAV ;, were significantly dilated, and LAEF
were significantly reduced in manifest HCM patients as
compared to both HCM mutation carriers and normal
subjects. This finding is consistent with the results of pre-
vious studies reported enlarged LAV in manifest HCM
patients [11]. The reduced PALS measured by 3DSTE in
our study was also similar to the reported impaired PALS
measured by 2DSTE in manifest HCM patients [12-15].

One of the aims of the current study was to focus on
these indirect LA markers of LV impairment in the group
of HCM mutation carriers. We could define a significantly
dilated LAV i, and reduced PALS in this group compared
to normal controls, albeit none of them was able to have a
clinically applied sensitivity and specificity due to the wide
overlap between their values in mutation carriers and
controls. The dilated LAV,,;, and the decreased PALS in
the HCM mutation carriers could be related to the presence
of LV diastolic dysfunction as detected by TDI that might
precede LV systolic dysfunction. Since the impairment of
LV diastolic function in this group is subtle, the changes in
the LAV i, and PALS were not evident, especially for the
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PALS which is mainly related to the LV systolic function
which was completely preserved in this group. The LAV ;;,
has been shown recently to be a better correlate of LV
diastolic dysfunction and to be more sensitive than LAV-
max- Lhis is because the LAV i, is more directly exposed to
LV pressure through an open mitral valve than LAV ..
The latter is only affected by the LV longitudinal systolic
function through the systolic descent of the mitral annulus
towards the apex during systole with subsequent stretch of
the LA [26]. As long as both the diastolic and systolic LV
impairment were more evident and long standing in the
manifest HCM compared to HCM mutation carriers, the
LAV i, got more dilated and the PALS became more
significantly reduced. In addition, the LAV .« was dilated
and the LAEF was reduced. Furthermore, this reported LA
dysfunction could be due to a primary LA affection caused
by the generalized myopathic process in HCM affecting
both atrial and ventricular myocardium [11, 13].

Assessment of LV size and function

The histopathologic changes of the myocardium in HCM
lead to both LV diastolic and systolic dysfunction. LV
diastolic dysfunction is secondary to a reduction of LV
compliance (increased LV mass) and increased stiffness
(myocardial fibrosis) which is coupled to a decrease of
ventricular volume as a contributing factor. The systolic
dysfunction is due to the impaired active force generation
and contractile dysfunction despite the clinically hyper-
dynamic systolic function secondary to decreased afterload
as a result of the small LV cavity [27]. Furthermore, the
observed LV dyssynchrony in our study as a significantly
increased longitudinal strain-derived SDI despite normal
QRS duration may be another reason for the impaired
contractility and subsequent heterogeneity of relaxation
and this adds to our understanding of the myocardial
mechanics in HCM. The impaired long-axis function
appears as a more sensitive marker for myocardial
pathology and reveals earlier impairment of the cardiac
function [28]. This can be explained by the fact that lon-
gitudinal function is mainly related to the subendocardial
fibres which are more susceptible to the perfusion abnor-
malities and affected by the interstitial fibrosis [29]. In the
current study, in agreement with previous studies in
patients with HCM, LV diastolic dysfunction is evident
[11-14]. In view of systolic function assessment and
compared to previous studies using 2DSTE strain [6-8,
30-32] tagged CMR [33] and 3DSTE [34], the longitudinal
strain as a representative of long-axis function was the
most reduced strain parameter both globally and regionally
in addition to the presence of longitudinal dyssynchrony.
The significantly low radial strain observed in our study is
also consistent with previous results [10, 31, 33] although
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one study reported a normal radial strain [7]. The results
for the circumferential strain are somewhat contradictory.
While in our study and similarly to others [7] it was pre-
served, it was decreased in others [8, 29, 30] and increased
in yet another study which might be a compensatory
response to maintain the systolic dysfunction [33]. The
contradictory results among studies concerning their radial
and circumferential LV strain values might be linked to
using different echocardiography machines as recently
reported by Banado et al. [35] using two different 3DSTE
vendors. Our results also revealed a significantly reduced
area strain which represents a global motion of deforma-
tion, not available in 2D imaging. This finding may be an
evidence for the diverse phenotypic patterns of altered
myocardial mechanics seen in patients with HCM.

In view of these diastolic and systolic strain abnormal-
ities observed in manifest HCM patients, we tried to detect
similar abnormalities in the carrier group. Compared to
normal controls, our results revealed subtle LV diastolic
dysfunction as denoted from TDI parameters in the HCM
mutation carriers and this finding is consistent with the
results of previous studies using different measures of LV
diastolic function like Doppler mitral, pulmonary inflow,
and TDI [7-10]. These results further support the clinical
importance of the TD mitral annular velocities as an easy
to perform and widely available clinical echocardiographic
tool to assess the LV diastolic function. The diastolic
dysfunction is assumed to be due to the intrinsic functional
consequences of sarcomere mutations and the early path-
ologic changes in the myocardium before the development
of cardiac hypertrophy. On the other hand, our results did
not support the presence of any global or regional systolic
strain abnormalities in those HCM mutation carriers. These
negative results are consistent with prior reports used
2DSTE for the absence of global systolic impairment [6—8]
and for the absence of regional systolic abnormalities as
well [7]. However, our results differ from other studies on
the regional level with regard to the involvement of the
basal anterior septum. Whereas our study does not dem-
onstrate any difference of systolic function in that region,
others reported a decreased longitudinal strain using
2DSTE [6, 8] or an increased calibrated integrated back-
scatter using backscatter echocardiography [8]. These
contradictory results in HCM mutation carriers might be
explained by different gene mutations that vary with
respect to their pathogenesis and age dependent penetrance
[36]. Therefore, a family member who is assumed to be a
mutation carrier might indeed carry a non-disease causing
variant and show normal echocardiographic indices
including indices of LA strain. One study compared two
age-adjusted cohorts of HCM mutation carriers with the
most commonly prevalent mutations, namely; MYH7 and
MYBPC3. It reported that subjects with MYH7 mutations

had evidence of more impaired diastolic function, but
enhanced regional systolic function relative to subjects
with MYBPC3 mutations. The proposed explanation given
for this exaggerated myocardial contractility in regions
experiencing higher longitudinal strain may be a compen-
satory mechanism to sarcomeric mutations that paradoxi-
cally precede the development of LVH [7]. Therefore,
longitudinal studies to follow preclinical sarcomere muta-
tion carriers over time are needed to fully describe the
temporal sequence of phenotypic evolution.

Study limitations

An important limitation of the current study is the rela-
tively small number of subjects in each group. Accord-
ingly, comparing different types of gene mutations in the
HCM mutation carriers was not possible and this precludes
the universal application of these results to studies with
different distribution of mutations. Absence of matching
for gender between HCM carriers and normal controls
remains a limitation even after adjustment for other base-
line characteristics. Likewise, we could not define the
effect of obstruction and the medications on the strain
values in manifest HCM patients. Another limitation was
that the LA was analysed using software created for LV
quantification as a dedicated software package for the LA
analysis has not been released yet.

Conclusions

HCM mutation carriers may be distinguished from healthy
subjects using 3DSTE through detection of LA dysfunction
that may indicate LV diastolic dysfunction. However,
single parameters have insufficient diagnostics yield to be
clinically useful on their own. Further research in a larger
study population with gene-specific analysis is warranted to
demonstrate the potential clinical usefulness of 3DSTE
with its ongoing future development in family screening
for HCM.
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