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Abstract

The present study investigated the changes of biventricular mechanics at rest and during exercise and examined the asso-
ciation between exercise capacity and biventricular mechanics and functional reserve in nonobstructive hypertrophic car-
diomyopathy (NHCM) patients. A total of 50 NHCM patients and 25 controls were consecutively recruited for this study.
Using echocardiography and two-dimensional speckle-tracking imaging, an experienced echocardiographer determined the
following indices: RV free wall longitudinal strain (RVFWLS), LV global longitudinal strain (LVGLS), strain rate (SR),
and functional reserve of strain values. We also investigated the relationships between biventricular mechanics and exercise
capacity using metabolic equivalents (METs). NHCM patients had lower RVFWLS, LVGLS, systolic SR, early diastolic SR,
and systolic and diastolic reserve during exercise compared to controls. An association of biventricular mechanics (LVGLS,
RVFWLS) with exercise capacity at rest and during exercise was established. Multivariable logistic regression revealed that
RVFWLS and LVE/e’ during exercise (RVFWLS-exe, E/e’-exe) were independent predictors of exercise intolerance. Receiver
operating characteristic curve analysis indicated that LVE/e’-exe had a higher area under the curve for predicting exercise
intolerance in NHCM patients. In hierarchical analysis, RVFWLS-exe provided an incremental predictive value of exercise
intolerance over LVGLS during exercise (LVGLS-exe) and LVE/e’-exe. LVE/e'-exe also changed incrementally compared
to LVGLS-exe and RVFWLS-exe. NHCM patients have decreased biventricular mechanics at rest and during exercise and
impaired biventricular functional reserve, and biventricular mechanics are associated with functional capacity. We propose
that simultaneous evaluation of biventricular function should provide incremental predictive value for exercise intolerance.
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Introduction

Nonobstructive hypertrophic cardiomyopathy (NHCM)
is a relatively common (approximately 33%) [1] inherited
cardiomyopathy caused by dominant mutations in genes
encoding sarcomere-related proteins. NHCM is a type of
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biventricular diastolic dysfunction is a common symptom
among NHCM patients. Furthermore, several studies have
demonstrated that exercise intolerance is a strong predictor
of adverse cardiovascular events in NHCM patients [6, 7].
A substantial proportion of NHCM patients are at a low risk
of advanced heart failure and HCM-related mortality, as has
been supported by current expert reviews [8, 9]. However,
recent accumulating evidence has demonstrated that NHCM
patients have a more severe burden of fibrosis and higher
rates of microvascular ischemia and ventricular arrhyth-
mias [10, 11]. Moreover, the long-term mortality of NHCM
patients was comparable to that of obstructive HCM patients
[12]. In addition, the characterized histological hallmark of
HCM patients is not confined to the left ventricle; thus, the
right ventricle may also be involved in NHCM and manifest
dysfunction, which may also contribute to reduced exer-
cise capacity [13]. Numerous previous studies have mainly
focused on abnormal LV function, but only a few studies
have simultaneously evaluated biventricular mechanics in
NHCM patients. Hence, the respective contribution of LV
and right ventricular (RV) function to exercise capacity, par-
ticularly the value of biventricular mechanics for predicting
exercise intolerance in NHCM patients, remains unclear.

Exercise echocardiography (EE) is typically used to eval-
uate exercise capacity in HCM patients, but can also provide
incremental prognostic information and risk stratification
[14]. Accordingly, EE has been strongly recommended to
assess cardiac function of HCM patients according to the
current guidelines [15]. Two-dimensional speckle-tracking
imaging (2D-STI) has also gained increasing utility for
diagnosing HCM patients owing to earlier detection of sub-
clinical myocardial dysfunction [16, 17]. However, there
are limited studies on the integration of EE and 2D-STI for
determining biventricular mechanics in NHCM patients.

The present study aimed to assess changes in biventricu-
lar mechanics at rest and during exercise and to explore the
association between exercise capacity and biventricular
mechanics and functional reserve in NHCM patients. We
also examined whether simultaneous evaluation of biven-
tricular function could provide incremental predictive infor-
mation for exercise intolerance.

Methods
Study population

This study included 67 NHCM patients who were con-
secutively recruited in the Department of Echocardiogra-
phy, Heart Center, Beijing Chao Yang Hospital between
June 2015 and July 2018. The inclusion criteria were based
on current published guidelines: maximal LV wall thick-
ness > 15 mm or between 13 and 15 mm, positive family
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history, or abnormal electrocardiography without another
explainable cause that may produce a similar magnitude of
LV hypertrophy [18]. NHCM was defined as having an LV
outflow tract gradient (LVOTG) <30 mmHg both at rest and
during exercise. Exclusion criteria included: history of coro-
nary artery disease, hypertension, diabetes mellitus, heart
failure with New York Heart Association (NYHA) func-
tional classes III-IV, history of ventricular septal reduc-
tion therapy, severe valvular disease or valvular prostheses,
congenital heart disease, and poor imaging quality. Patients
with percutaneous coronary intervention (n=3), liable
obstructive HCM (n=6), and poor image quality (n=28)
were also excluded. After application of the inclusion and
exclusion criteria, 50 NHCM patients were enrolled in this
study (Supplemental Fig. 1). In addition, 25 age-and-sex-
matched healthy subjects were registered as controls. This
was a case-control study that was approved by the local eth-
ics committee. Written informed consent was obtained from
all participants.

Echocardiography
Conventional measurements

Cardiac functions of all participants were examined at rest
and during exercise, and standardized views were acquired
with the subject in the left lateral decubitus position using
a commercially available ultrasound machine (EPIQ 7C,
Philips Healthcare, MA, USA) equipped with an X5-1
multiphase-array probe. Conventional measurements were
performed in line with the current recommendations of the
American Society of Echocardiography [19]. LV dimensions
were determined at the parasternal long-axis view, and LV
ejection fraction (LVEF) was calculated using the modified
biplane Simpson’s method. Peak early (E) and late (A) wave
velocities of mitral and tricuspid filling were recorded at the
level of corresponding tips. Mitral annular peak velocities
at the septal and lateral levels during early diastole (e') were
determined using pulsed tissue Doppler, and the mean value
of the septal and lateral e’ was calculated. The E/e’ parameter
was also evaluated, which was an indicator of LV filling
pressure. Tricuspid annular peak velocities were measured
by M-mode. LVOTG was estimated using the simplified
Bernoulli Eq. [4 X (LVOT peak Velocity)z]. LV mass was
measured through three-dimensional echocardiography, and
the calculated LV mass was indexed to body surface area to
calculate LV mass index (LVMI). RV free wall thickness
(RVWT) was measured at the subcostal view.

Deformation analysis

Two-dimensional grayscale images were collected at rest
and during exercise by recording three consecutive heart
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cycles, with the frame rate optimized to 50-100 frames/s.
2D-STI offline analyses were performed with the dedicated
software QLAB 10.3 software (Philips Healthcare, USA),
which can automatically track the endocardial contour, and
the region of interest was adjusted manually if necessary.
If the entire LV wall or RV free wall was not included in
the region of interest, it was further adjusted manually for
optimization. To guarantee that all segments were tracked
appropriately, the pericardium was excluded when a strain
analysis was performed. Peak LV global longitudinal strain
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Fig. 1 Evaluation of biventricular mechanics in a patient with NHCM
using two-dimensional speckle-tracking imaging. LV longitudinal
strain was determined in an apical four-chamber view at rest (A) and

(LVGLYS) (Fig. 1A, B) and strain rate (SR) of each phase
were measured from the LV apical two, three, and four-
chamber views, and peak LV global circumferential strain
(LVGCS) was determined at the parasternal basal, middle,
and apical short-axis views. Peak RV free wall longitudi-
nal strain (RVFWLS) was obtained from three segments
of the RV free wall (Fig. 1C, D). The reserve of LV and
RV strain or SR was calculated as the difference between
peak exercise and rest values.
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peak exercise (B). RV free wall longitudinal strain was measured in
an RV-focused four-chamber view at rest (C) and peak exercise (D)
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Exercise protocol

Multistage, symptom-limited, semi-supine exercise testing
was implemented by a bicycle ergometer (Ergoselect 1200,
Stress Echo Couch Ergometer; Ergoline, Bitz, Germany)
after the resting echocardiography. Workload began at
25 W, with subsequent stepwise increases of 25 W every
2 min. Participants were encouraged to exercise until
exhaustion with a rate of 55-65 rounds/min. Heart rhythm,
heart rate, and blood pressure were continuously moni-
tored. Exercise testing was promptly interrupted in cases
of one or more of the following: age-related maximum
heart rate (HR), significant ventricular arrhythmia, severe
hypertension (blood pressure >240/120 mmHg), muscle
fatigue, or symptom intolerance such as severe breath-
lessness, chest pain, and dizziness. 3-blockers or calcium
channel blockers were stopped at least 24 h before exer-
cise tests. The maximal HR, peak systolic blood pressure
(SBP), metabolic equivalents (METs), and peak rate—pres-
sure product (RPP =maximal HR x SBP) were recorded
at peak exercise. Patients with reduced exercise capacity
were defined as having METs <7 [20].

Statistical analysis

Quantitative variables are expressed as mean + standard
deviation (SD), and categorical variables are presented
as absolute values and percentages. Normal distribution
was assessed with the Kolmogorov—Smirnov test. The t
test and the Mann—Whitney U test were used to compare
continuous variables for normally and non-normally dis-
tributed data, respectively, while the X2 was performed
to compare categorical data. Pearson’s or Spearman’s
test was used to determine correlations between exercise
capacity and other parameters. Multivariable regression
analysis was performed to evaluate independent predic-
tors of the reduced exercise capacity in NHCM patients.
Receiver operating characteristic (ROC) curves were
introduced to identify the sensitivity and specificity of
parameters for predicting exercise intolerance. Global
X2 analysis was adopted to evaluate whether simultane-
ous evaluation of biventricular function could provide the
incremental predictive value for exercise intolerance over
the assessment of individual ventricular function alone.
Inter- and intra-observer agreement of measurements was
evaluated by intraclass correlation coefficients (ICC) and
the coefficient of variation (CV). Statistical analyses were
performed using SPSS 23.0 IBM SPSS Statistics, version
23, USA) and MedCalc 15.6 (MedCalc Software, Ostend,
Belgium), and a two-tailed P value < 0.05 indicated a sta-
tistically significant difference.
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Table 1 Comparison of demographic and baseline clinical character-
istics between NHCM patients and controls at rest

Variables Controls (n=25) HNCM (n=50) P

Clinical characteristics

Age (years) 49.2+10.1 529+114 0.14
Men (n) 20 (80.0%) 44 (88.0%) 0.56
BSA (m?) 1.8+0.1 1.9+0.2 0.1
SBP (mmHg) 122.0+6.9 125.7+£9.2 0.03
DBP (mmHg) 75.7+5.8 78.4+7.5 0.13
Medications
f-blockers (n) 0 (0%) 29 (58.0%) <0.001
CCB (n) 0 (0%) 8 (16.0%) 0.09
LV structure and function
IVST (mm) 8.5+0.7 20.5+5.2 <0.001
LVPWT (mm) 83+0.6 11.6+2.2 <0.001
LVIDd (mm) 46.3+2.6 44.0+6.9 0.19
LVIDs (mm) 25.5+3.0 23.4+4.6 0.04
LVMI (g/m?) 76.1+10.4 127.9+26.7 <0.001
LVOT (mmHg) 4.2+1.3 10.3+4.6 <0.001
LVEF(%) 66.2+4.9 64.0+4.5 0.06
LVGLS(%) —-22.7+2.0 —-172+2.6 <0.001
LVGCS(%) -213+19 —-22.6+2.6 0.04
LVSRs(s™") —-1.23+0.12 —-0.98+0.21 <0.001
LVSRe(s™") 1.33+0.24 0.86+0.20 <0.001
LV E/A 1.21+0.16 1.08+0.35 0.03
LV E/e’ 73+14 12.8+3.8 <0.001
RV structure and function
RVBD (mm) 343+23 33.8+3.0 0.44
RVWT (mm) 42+04 49+09 <0.001
FAC(%) 50.6+5.1 48.6+5.0 0.10
TAPSE (mm) 204+1.7 20.2+3.0 0.67
RMPI 0.48+0.04 0.55+0.13 0.008
RV E/A 1.3+0.2 1.2+0.3 0.92
RV E/e’ 54+1.0 6.5+1.8 0.003
RVFWLS (%) —-252+1.3 —18.0+2.3 <0.001

BSA body surface area, IVST interventricular septal wall thickness,
LVPWT 1 eft ventricular posterior wall thickness, LVIDd left ventricu-
lar internal diameter at end-diastole, LVIDs left ventricular internal
diameter at end-systole, LVMI left ventricular mass index, LVOTG
Left ventricular outflow tract gradient, CCB calcium channel block-
ers, LVGLS LV global longitudinal strain, LVGCS LV global circum-
ferential strain, SRs systolic strain rate, SRe early diastolic strain rate,
RVBD right ventricular basal dimension, RVWT right ventricular wall
thickness, FAC right ventricular fractional area change, TAPSE tricus-
pid annular plane systolic excursion, RMPI right ventricular index of
myocardial performance, RVFWLS RV free wall longitudinal strain

Results
Demographic and baseline clinical characteristics

A total of 75 individuals in a study population were finally
recruited with the demographic and baseline clinical
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characteristics at rest as presented in Table 1. Among this
study population, 50 were NHCM patients (mean age of
52.9+11.4 years) and 25 were healthy controls (mean age
of 49.2+10.1 years). There was no difference in gender
between these two groups. Among the 50 NHCM patients,
88% NHCM patients were male, 16% NHCM patients
received calcium antagonists, and 58% NHCM patients used
B-blockers. Additionally, NHCM patients had significantly
higher LVE/e' (LV filling pressure) and absolute values of
LVGCS and lower absolute values of LVGLS at rest com-
pared to the control subjects. Age, body surface area, and
LVEF were comparable between the two groups. Although
there were no significant differences in RV fractional area
change, tricuspid annular plane systolic excursion, and the
tricuspid peak E/A ratio between NHCM patients and con-
trols, the absolute values of RVFWLS were significantly
lower in NHCM patients compared to the control subjects.

Biventricular mechanics and reserve at peak
exercise

LV and RV mechanics and functional reserve at peak exer-
cise are summarized in Table 2. NHCM patients had higher
LV filling pressure, as demonstrated by a higher LVE/e’-exe
ratio. NHCM patients also had significantly impaired LV
systolic and diastolic mechanics at peak exercise, as evi-
denced by reduced absolute values of LVGLS, LVGCS, LV
systolic strain rate (LVSRs), and lower early diastolic strain
rate (LVSRe). Additionally, LV systolic and diastolic reserve
were significantly lower in NHCM patients compare to con-
trols, as evidenced by a lower ALVGLS (—3.64 +1.48% vs
—4.88+2.19%, P=0.018) and ALVSRe (0.25+0.14 vs
0.42+0.13, P<0.001). Similarly, RVFWLS and RV systolic

Table2 Comparison of biventricular mechanics and functional
reserve between NHCM patients and controls at peak exercise

Variables Controls (n=25) HNCM (n=50) P

LV mechanics and reserve

LVE/e'-exe 73+0.8 14.6 +4.3 <0.001
LVGLS-exe(%) —-27.6+19 -20.9+3.0 <0.001
ALVGLS(%) —4.88+2.19 —3.64+1.48 0.018
LVGCS-exe(%) —-272+2.1 —-25.5+29 0.013
ALVGCS(%) —5.84+1.93 —-293+1.44 <0.001
LVSRs-exe(s™!) —-1.72+0.23 —-1.23+0.28 <0.001
ALVSRs(s-1) —-0.49+0.20 —-0.29+0.12 <0.001
LVSRe-exe(s™") 1.75+0.20 1.11+0.26 <0.001
ALVSRe(s™) 0.42+0.13 0.25+0.14 <0.001
RV mechanics and reserve
RVFWLS-exe(%) —28.5+1.7 —-20.7+£2.5 <0.001
ARVFWLS (%) —-3.27+122 —-2.67+1.00 0.04

reserve were also significantly lower in NHCM patients
compared to controls.

Hemodynamics at peak exercise

Hemodynamics of the study population at peak exercise are
presented in Table 3. NHCM patients had a significantly
lower achieved maximal HR and peak RPP compared to
controls. Moreover, NHCM patients exhibited lower METSs
compared to control subjects. No death or syncope events
occurred during exercise tests in both groups.

Correlations between exercise capacity
and biventricular function

Table 4 and Fig. 2 summarize the correlations between exer-
cise capacity and biventricular function in NHCM patients.
METs were negatively correlated with LVGLS-exe, LVGCS-
exe, LVE/e'-exe, and RVFWLS-exe (r=—-0.62, r=—0.37,
r=-0.63, and r=-0.49, respectively; P <0.01 for all). Mul-
tivariable logistic regression showed that LVE/e’-exe (odds
ratio (OR): 1.64; 95% confidence interval (CI) 1.20 to 2.24;
p=0.002) and RVFWLS-exe (OR 1.65;95% CI1.09 to 1.51;
p=0.019) were independent predictors of reduced exercise
capacity in NHCM patients.

Predictors of exercise intolerance in NHCM patients

As demonstrated in Fig. 3, ROC analysis showed the
ability of LVGLS-exe, LVE/e'-exe, and RVFWLS-exe
to predict exercise intolerance in NHCM patients based
on METs. LVGLS-exe > — 23.3% predicted exercise

Table 3 Comparison of hemodynamics between HNCM patients and
controls at peak exercise

Variables Controls (n1=25) HNCM (n=50) P

Peak effort functional parameters

METs 83x1.1 63+1.3 <0.001

ET(s) 662.6+143.8 475.3+148.9 <0.001

PRPP 28168.3+3542.6 23675.9+6076.4 0.001

LVOTG- 9.8+2.5 18.1+5.7 <0.001
exe(mmHg)

SBP-exe(mmHg) 189.8+14.8 188.6+26.9 0.574

DBP-exe(mmHg) 88.6+10.1 91.6+13.1 0.175

HR-exe(b/m) 148.3+13.3 136.7+15.9 0.007

Reasons for exercise

Fatigue(n) 0 (0%) 16 (32%) 0.001

Symptom 0 (0%) 15 (30%) 0.002
intolerance(n)

Achieved target 25 (100%) 19 (38%) <0.001
HR(n)

Exe exercise, A functional reserve

METs metabolic equivalents, PRPP peak rate-pressure product
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Table 4 Correlations between exercise capacity and clinical or echo-
cardiographic indices

Variables METs
r 95%CI P

Age -0.3 —0.535 to —0.025 0.034
Peak HR 0.38 0.117-0.597 0.006
Peak SBP 0.32 0.046-0.550 0.023
LVGLS-rest -0.53 —0.703 to —0.293 <0.001
LVGLS-exe —-0.62 —0.766 to —0.413 <0.001
LVGCS-rest -0.33 —0.553 t0o —0.051 0.021
LVGCS-exe -0.37 —0.587 to —0.100 0.009
LVE/e'-exe -0.63 —0.770 to —0.421 <0.001
SRe-rest 0.45 0.194-0.580 0.001
SRe-exe 0.36 0.091-0.580 0.010
RVFWLS-rest —-0.38 —0.598 to —0.117 0.006
RVFWLS-exe —0.49 —0.673 to —0.240 <0.001

CI confidence interval, other abbreviations as in Table 1

intolerance (METs <7) with an area under the curve
(AUC) of 0.754, a sensitivity of 89.7%, and a specificity
of 52.4%; LVE/e'-exe > 15.1 predicted exercise intolerance
with an AUC of 0.883, a sensitivity of 72.4%, and a speci-
ficity of 95.2%; and RVFWLS-exe > —20.3% predicted

10.00—| r=-0.62; P < 0.001

8.00—

METs

6.00—

4.00—

T T
-20.00 -15.00
LVGLS-exe

10.00-{ r=-0.63;P<0.001

8.00

METs

6.00—

4.00—

LVE/e'-exe

T T T T T
5.00 10.00 15.00 20.00 25.00 30.00

exercise intolerance with an AUC of 0.830, a sensitivity
of 69.0%, and a specificity of 90.5%. Figure 4 shows the
associations between biventricular function and exercise
intolerance assessed using the global XZ test. Sequential
addition of LVE/e'-exe and RVFWLS-exe to the clinical
model of LVGLS-exe provided an incremental predictive
value for reduced exercise capacity in NHCM patients
(Fig. 4A). Similar increments in global Chi square were
noted when RVFWLS-exe was evaluated after LVGLS-exe
followed by LVE/e’-exe for exercise intolerance in NHCM
subjects (Fig. 4B).

Inter- and intra-observer reproducibility

Fifteen study subjects (10 NHCM patients and 5 controls)
were randomly selected from each group and images were
measured by the original investigator and a second experi-
enced observer one month after the initial evaluation. Both
observers were blinded to each other’s analysis. ICCs of
inter- and intra-observer variability were 0.81 and 0.84 for
LVGLS-exe, and 0.80 and 0.85 for RVFWLS-exe, respec-
tively. The CVs for inter- and intra-observer variability
were —5.5% and —5.0% for LVGLS-exe, and —5.9% and
—5.4% for RVFWLS-exe, respectively.
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Fig.2 Correlations between METs and LVGLS-exe, LVGCS-exe, LVE/e'-exe, and RVFWLS-exe
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Fig.3 ROC curves of LVGLS-
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Fig.4 Incremental predictive value of LVGLS-exe, LVE/e'-exe, and RVFWLS-exe for exercise intolerance

Discussion

The present study provided several new insights into the
association between biventricular function and exercise
performance in NHCM patients: (1) NHCM patients had
lower biventricular longitudinal mechanics and higher LV
circumferential systolic function at rest, and exhibited sig-
nificantly impaired biventricular mechanics and functional
reserve; (2) biventricular function correlated with exer-
cise capacity in NHCM patients; (3) in NHCM patients,

LVE/e'-exe and RVFWLS-exe were independent predictors
of reduced exercise performance; and (4) simultaneous
evaluation of biventricular function may provide an incre-
mental predictive value over individual LV or RV function
alone for reduced exercise capacity in NHCM patients.

Impaired LV mechanics in NHCM patients
The NHCM population accounts for approximately for one-

third of all HCM patients [21]. While a more recent meta-
analysis showed that the long-term mortality of NHCM

@ Springer



876

The International Journal of Cardiovascular Imaging (2019) 35:869-879

patients was comparable to that of obstructive HCM patients
[12], NHCM patients usually have LV dysfunction, which is
an important cause of major adverse cardiovascular events,
such as heart failure or sudden cardiac death [8, 22]. Con-
sistent with the above observations, in this study, we found
that NHCM patients had significantly lower absolute LVGLS
values and higher LVGCS values at rest compared to con-
trols, but both were impaired during exercise. Thus, the pre-
sent study validated and extended the findings of Carasso
et al. who illustrated that LVGCS was significantly enhanced
at rest in HCM patients [23]. Our results further support that
LVGLS is more sensitive than LVEF for identifying sub-
clinical myocardial systolic dysfunction in NHCM patients,
as demonstrated by Moneghetti et al. [24]. We propose that
enhanced LVGCS observed at rest in NHCM patients com-
pensates for a reduction in LVGLS.

Accumulating evidence has shown that LV diastolic dys-
function is an important determinant of reduced exercise
capacity and adverse outcomes in HCM patients [25]. In
line with the previous findings, we also found that NHCM
patients had impaired LV diastolic function, which mani-
fested as a lower LV SRe and a higher LVE/e' compared
to controls both at rest and during exercise. The LVE/e' is
important for assessing LV filling pressure in HCM patients
and has been recommended for use in clinical practice by
current guidelines [26]. Also, it has recently been reported
that LV diastolic reserve evaluated by ALVE/e’ was strongly
associated with exercise capacity, and that LVE/e’ at rest
is an independent predictor of cardiovascular events, such
as HCM-related death, new onset of atrial fibrillation, and
worsening of heart failure [25, 27]. Thus, LVE/e’ may be
used for risk stratification and prediction of the prognosis of
NHCM patients. Given the interaction between LV systolic
and diastolic functions, it is conceivable that the coexistence
of systolic and diastolic dysfunction may impair LV systolic-
diastolic coupling efficiency. This impaired coupling effi-
ciency will eventually cause ineffective augmentation of LV
stroke volume during exercise, according to Frank-Starling’s
law, leading to reduced exercise capacity in NHCM patients.

Impaired LV mechanics are ascribed to several patho-
physiological mechanisms in NHCM patients. In terms of
coronary microcirculation, myocardial ischemia is attributed
to remodeling of intramural arterioles, which results in LV
dysfunction [3]. It was reported that LVGLS was mainly
determined by subendocardial fibers, which are more sensi-
tive to abnormal myocardial perfusion. Therefore, consistent
with a previous study by Okada et al. [28], we found that
LVGLS was reduced in NHCM patients in the current study.
In contrast, abnormal histological structures, such as myo-
cyte disarray, replacement fibrosis, and interstitial fibrosis,
is mainly due to gene mutations and further undermines LV
systolic and diastolic function. Indeed, a recent study by
Nucifora et al. showed that the extent of replacement fibrosis
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was negatively correlated with LV systolic function, while
the extent of interstitial fibrosis mainly affected LV diastolic
function in HCM patients [29].

Abnormal RV systolic function in NHCM patients

Given that LV hypertrophy is mainly associated with LV
dysfunction in HCM patients, it is understandable that many
previous HCM studies have primarily concentrated on LV
mechanics and LVOTG, which largely determine clinical
management strategies [14, 22]. As such, these studies omit-
ted the right ventricle, which may also be dysfunctional and
potentially impact the prognosis of HCM patients. In the
present study, we showed that NHCM had higher RV free
wall thickness compared to controls, suggesting that the
myocardial remodeling that occurred in NHCM patients
was not limited to LV. This finding was in accordance with
other several previous studies [30, 31]. Additionally, we also
observed that the indices of RIMP and tricuspid E/e’ were
higher in NHCM patients compared to control subjects, indi-
cating that the RV filling pressure was increased in NHCM
patients, which further corroborated the previous observa-
tion by Pagourelias et al. [32] that HCM patients had RV
diastolic dysfunction that served as an independent predic-
tor of poor HCM prognosis. Our study further revealed that
RV systolic dysfunction was present in NHCM patients, as
evidenced by lower RVFWLS at rest and during exercise,
as previously reported [33]. Therefore, we provide evidence
that abnormal RV mechanics in NHCM patients should also
be regarded as an important factor for risk stratification.

Currently, the precise mechanisms leading to RV dys-
function in NHCM patients are unclear. Anatomically,
abnormal RV mechanics may be associated with the hyper-
trophied interventricular septum shared by the LV and RV.
Guo et al. compared the histopathological changes between
LV and RV myocardial specimens, and found no difference
in microscopic histological features [34], implying that
an extension of the LV myopathic process may underlie
impaired RV mechanics. Alternatively, sarcomere dysfunc-
tion caused by gene mutations could contribute to reduced
RV mechanics [35].

Impact of biventricular function on functional
capacity

It is well acknowledged that LV or RV dysfunction could
result in reduced exercise capacity in HCM patients, and
eventually progress to heart failure or sudden cardiac death.
Therefore, increasing evidence supports the notion that exer-
cise intolerance may serve as an independent risk factor of
major adverse cardiovascular events in NHCM patients [7,
20]. In the present study, we found that NHCM patients
had reduced exercise capacity determined by METs, which
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correlated with LVGLS at rest and during exercise. Our
findings further emphasize the importance of evaluating LV
systolic function. Moreover, our study revealed that higher
LVE/e'-exe is an independent predictor of reduced exercise
performance, indicating that worsening diastolic function
could result in reduced cardiac output and exacerbate clini-
cal symptoms of NHCM patients. Furthermore, our study
also showed that evaluating RV systolic dysfunction deter-
mined by RVFWLS improved the prediction of exercise
intolerance beyond LV systolic and diastolic dysfunction in
NHCM patients and vice versa. Hence, we argue that simul-
taneous evaluation of biventricular function may contribute
to improved risk stratification of NHCM patients in clinical
practice.

Clinical implications

To the best of our knowledge, this is the first study to simul-
taneously evaluate LV and RV mechanics at rest and during
exercise in NHCM patients. We found that NHCM patients
had both LV and RV dysfunction, and that concurrent
assessment of biventricular mechanics during exercise pre-
sented an incremental predictive value of impaired exercise
capacity, which is correlated with major adverse cardiovas-
cular events. Although increasing evidence suggests that
NHCM patients have a higher risk of suffering from malig-
nant arrhythmia events, worsening heart failure, and death
[10, 11, 36], the current predictive model of sudden cardiac
death cannot effectively identify high risk patients. Thus,
this study is expected to offer a new means for improved risk
stratification of NHCM patients.

Limitations

Several limitations of this study should be acknowledged.
First, this study was performed in a single tertiary center
with a relatively small sample size; thus, the results may be
confounded by inherent selection bias. Second, given that
the subjects of this study only included NHCM patients,
we can not necessarily extrapolate our findings to obstruc-
tive HCM patients. Third, since we did not have access to
commercial software specialized for RV strain imaging,
RVFWLS was evaluated using LV dedicated software.
Fourth, although the imaging gold standard is cardiac mag-
netic resonance, we did not utilize this approach due to its
being time-consuming and costly. Echocardiography is the
most common method of examination for HCM patients in
clinical practice, which can be used to effectively evaluate
cardiac structure and function in NHCM patients and is rec-
ommended by current guidelines. Although image quality
is susceptible to respiratory motion, echocardiography is an
inexpensive, convenient, and point-of-care imaging tool.
Finally, the incremental prognostic value of simultaneous

evaluation of biventricular function should be confirmed by
prospective large cohort studies in the future.

Conclusions

Biventricular longitudinal mechanics and functional reserve
during exercise in NHCM patients are markedly impaired.
Biventricular function is also closely associated with exer-
cise performance in NHCM patients, and thus simultane-
ous evaluation of biventricular function may provide an
incremental predictive value for exercise intolerance. These
findings suggest that exercise strain parameters of biven-
tricular function may be used to predict prognosis of NHCM
patients. However, our proposed clinical application of
biventricular function in NHCM patients requires corrobo-
ration in multicenter prospective studies in the future.
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