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Background: Cardiac power (CP; CP = 0.222 x cardiac output x mean blood pressure) output in
patients with heart failure has been studied previously, but its importance in patients with hypertrophic
cardiomyopathy (HCM) remains unclear. The present study aimed to explore the role of normalized CP
(normalized CP = CP/ventricle mass) in assessing cardiac function in patients with HCM with normal
ejection fraction using cardiac magnetic resonance (CMR).

Methods: This cross-sectional study enrolled 99 patients with HCM who underwent CMR from December
2020 to January 2022 at Beijing Anzhen Hospital, and these patients were classified into heart failure or
non-heart failure subgroups. Meanwhile, a control group comprising 65 gender- and age-matched healthy
volunteers was also enrolled. The baseline clinical characteristics and cardiac functional parameters were
compared between the patients with HCM and the controls, and multivariable linear regression analysis was
performed to analyze the relationship between normalized CP and the relevant factors.

Results: Significantly higher CP (1.19 vs. 1.01 W; P=0.03) but lower normalized CP (0.73 vs. 1.12 W/100 g;
P<0.001) were found in patients with HCM as compared with the controls. Multivariable analysis showed
that HCM correlated well with normalized CP [B=-0.235; 95% confidence interval (CI): -0.341 to -0.129;
P<0.001]. In the HCM group, there were 34 cases with heart failure and 65 with non-heart failure, and the
patients with HCM with heart failure showed similar CP (1.14 vs. 1.24 W; P=0.06) but significantly lower
normalized CP (0.54 vs. 0.78 W/100 g; P<0.001). The correlation analysis of normalized CP and functional
parameters revealed that normalized CP was inversely correlated with left ventricle mass/body surface area
(R=-0.509; 95% CI: -0.646 to -0.341; P<0.001) in patients with HCM.

Conclusions: Normalized CP decreased significantly and was negatively correlated with ventricle mass,
indicating impaired cardiac pump function in patients with HCM. Normalized CP might play a critical role
in detecting and evaluating impaired cardiac pump function in patients with HCM with preserved ejection

fraction.

Keywords: Cardiac magnetic resonance (CMR); cardiac power (CP); normalized cardiac power (normalized CP);

hypertrophic cardiomyopathy (HCM); ejection fraction

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2023;13(7):4103-4116 | https://dx.doi.org/10.21037/qims-22-1119


https://crossmark.crossref.org/dialog/?doi=10.21037/qims-22-1119

Li et al. Normalized cardiac power in patients with HCM

4104
Submitted Oct 14, 2022. Accepted for publication Feb 06, 2023. Published online Apr 20, 2023.
doi: 10.21037/qims-22-1119
View this article at: https://dx.doi.org/10.21037/qims-22-1119

Introduction

The heart plays an essential role in blood circulation and
meeting the metabolic requirements of the individual.
Similar to a power generator, the left ventricle (LV) can
eject blood and provide sufficient pressure to overcome
vascular resistance and then deliver sufficient volume
to perfuse the organs throughout the body (1). Cardiac
power (CP) output, which reflects the cardiac pump ability,
is calculated using cardiac output (CO) and mean systemic
blood pressure (BP) (2). It integrates all of these parameters
to assess cardiac performance as a single entity and calculates
the energy release of the LV myocardium (3). The general
resting CP is about 1 watt (W), assuming a normal arterial
pressure of 120/80 mmHg and a CO of 5 L/min (2).
Since this power mainly depends on the quantity of
muscle producing that power, normalizing it to ventricular
mass would be optimal for the evaluation of myocardial
performance. Normalized cardiac power (NCP) represents
the ability to generate energy with 100 g of myocardium
and facilitates comparisons between individuals (4,5).
Hypertrophic cardiomyopathy (HCM) has been identified
as the most common hereditary cardiomyopathy, with an
incidence of about 1/500 in the general population (6).
Pathological studies argue that the inefficient shortening
and impaired systolic and diastolic function of HCM
is caused by an abnormally thickened myocardium and
chaotic myocardial fiber (7). The impaired heart muscle
cannot contract efficiently, leading to regional and global
dysfunction, which is fairly difficult to detect (8). Owing to
the varied cardiac remodeling, patients with HCM usually
have a normal or reduced left ventricular cavity along with a
preserved or high ejection fraction (EF) (9). These patients
often neglect appropriate treatment due to the satisfactory
EF value. However, previous studies have reported that
some patients with HCM with preserved EF have adverse
outcomes, such as cardiac insufficiency, the requirement of
implantable defibrillator surgery, and sudden cardiac death
(10,11). Therefore, identifying impaired cardiac function in
patients with HCM with preserved EF is a key clinical need.
Although echocardiography is widely used to assess
cardiac structure and function, cardiac magnetic resonance
(CMR) has been recommended as the gold standard in the
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assessment of HCM due to its high spatial resolution, good
image quality, and ability to identify the morphological
variants of HCM (12). CMR is also a reference technique
for measuring LV volume, EF, and LV mass (13). Therefore,
the results of CP and NCP calculated by CMR are accurate
and reliable.

Although NCP has been well-studied and confirmed to
be an indicator providing valuable prognostic information
in patients with heart failure (HF) and preserved or
decreased EF (4,5,14), its role in assessing cardiac pump
function in patients with HCM remains unclear. Therefore,
the present study aimed to evaluate the role of NCP in
assessing the cardiac pump function of patients with HCM
with preserved EF. We present this article in accordance
with the STROBE reporting checklist (available at https://
gims.amegroups.com/article/view/10.21037/qims-22-1119/
re).

Methods
Study population

We performed this retrospective cross-sectional study in
March 2022 and screened 129 patients with HCM who
underwent CMR from December 2020 to January 2022 at
Beijing Anzhen Hospital. The following diagnostic criteria
of HCM were used according to the recommendations of
the European Society of Cardiology (ESC) guidelines (15):
myocardial wall thickness =15 mm anywhere in the LV
or >13 mm and a family history of HCM as measured
by CMR at end-diastole. Cases of secondary ventricle
hypertrophy due to hypertension (n=2), aortic disease (n=3),
or amyloidosis (n=1) were excluded prudently by combining
the clinical history with image information. Patients with
HCM with decreased EF (<50%) at rest (n=9), serious
rheumatic valve disease (n=4), or myocardial surgery (n=11)
were also excluded. Ultimately, 99 patients with HCM
(median age 50 years) were enrolled in this study (Figure I).

Patients with HCM were diagnosed with HF according
to the following criteria (16): (I) symptoms and signs of
HF; (IT) females with LV mass index =95 g/m’ and males
with LV mass index >115 g/m’; (I]) left atrial volume index
>34 mL/m’ (>40 mL/m’ for atrial fibrillation); (IV)

Quant Imaging Med Surg 2023;13(7):4103-4116 | https://dx.doi.org/10.21037/qims-22-1119


https://qims.amegroups.com/article/view/10.21037/qims-22-1119/rc
https://qims.amegroups.com/article/view/10.21037/qims-22-1119/rc
https://qims.amegroups.com/article/view/10.21037/qims-22-1119/rc

Quantitative Imaging in Medicine and Surgery, Vol 13, No 7 July 2023

Left ventricle hypertrophy (n=129)
December 2020 to January 2022

4105

Secondary hypertrophy
Exclude _: e Hypertension (n=2)
—————— > H
e Aortic disease (n=3) :
e Amyloidosis (n=1) !
| A
HCM patients
(n=123)
| o LVEF <50% (n=9)
Exclude ! e Myectomies (n=6) :
e Septal myocardial ablation (n=5) :
i * Severe valve disease (n=4) :
" e e e e e e e e e e e e e e e e e e e e e ————— )

Study inclusion
HCM patients (n=99)

——

Final enrolled participants
(n=164)

Gender- and age-matched (n=65)
Include + o without cardiovascular or cerebrovascular disease history ;
e Without hyperlipidemia, hypertension, diabetes mellitus or arrhythmia |
¢ Normal physical examination and electrocardiogram 3
e Without contraindications to CMR

v e

Figure 1 Study flowchart. HCM, hypertrophic cardiomyopathy; LVEF, left ventricular ejection fraction; CMR, cardiac magnetic resonance.

N-terminal pro-B-type natriuretic peptide (NT-proBNP)
>125 pg/mL (>365 pg/mL for atrial fibrillation). Meanwhile,
65 gender- and age-matched healthy volunteers (median
age 42 years) were enrolled as the control group and
were screened according the following criteria: (I) without
cardiovascular or cerebrovascular disease history; (II) without
a diagnosis of hyperlipidemia, hypertension, diabetes
mellitus, or arrhythmia; (IIT) normal physical examination
and electrocardiogram; (IV) without contraindications to
CMR. We calculated the sample size using the mean *
standard error of the CP value, and the statistical power
and alpha value were set as 0.9 and 0.05, respectively. The
number of healthy volunteers was defined as 0.89+0.33 W
according to the published research (17), while that of
patients with HCM was calculated from a subgroup of 30
randomly selected participants. The minimum sample size
was 57 for both patients with HCM and volunteers. In total,
the study cohort consisted of 164 participants with a median
age of 47 years (range, 12-73 years), and patients with HCM
exhibited similar clinical features to those of the controls
(Table 1).
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The research protocol of this study complied with
the Declaration of Helsinki (as revised in 2013) and was
approved by the Human Subjects Review Committee at
Beijing Anzhen Hospital (No. 2013007X). All participants
signed informed consent permitting the use of their data for
research purposes.

Aprterial blood pressure measurement

The study design is illustrated in Figure 2. A standardized
measurement method was applied to acquire arterial BP
20-30 min routinely before CMR scanning. The participants
were asked to sit and stay calm for 5-10 min before the
measurements were taken from the right brachial artery, and
the average value of 3 measurements was recorded.

CMR scanning protocol

All participants underwent a standardized CMR scan with
breath holding on a 3T CMR scanner (Ingenia CX, Philips
Healthcare, Amsterdam, The Netherlands). the steady-
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Table 1 Baseline clinical characteristics in patients with HCM and controls

Li et al. Normalized cardiac power in patients with HCM

Parameter HCM participants (N=99) Control participants (N=65) P value
Age (years) 50 (37 to 59) 42 (33 to 57) 0.06
Male 65 [66] 43 [66] 0.94
BSA (m?) 1.81+0.23 1.84+0.21 0.44
BMI (kg/m?) 25.83+4.01 25.25+3.72 0.35
Systolic BP (mmHg) 128+17 125+11 0.18
Diastolic BP (mmHg) 7710 7710 0.85
Mean BP (mmHg) 94+11 93+9 0.63
Heart rate (beats/min) 75+14 7515 0.94
Smoking 37 [37] 15[23] 0.05
Drinking 6 [6] 8[12] 0.16
Diabetes 24 [24] - -
Hyperlipidemia 31 [31] - -
Hypertension 46 [47] - _
Arrhythmia 29 [29] - -
CAD 18 [18] - -
Syncope 8 (8] - -

Normal distribution values are expressed as the mean + standard error; abnormal distribution values are presented as the median (quartile
1 to quartile 3); categorical variables are displayed as the number [%]. HCM, hypertrophic cardiomyopathy; BSA, body surface area; BMI,

body mass index; BP, blood pressure; CAD, coronary artery disease.

state free procession (SSFP) sequence was used to generate
4-chamber, 2-chamber, and short-axis cine imaging series.
The other parameters were set as follows: time of repetition
(TR)/time of echo (TE) = 3.0/1.52 ms, flip angle (FA) =
45°, voxel size = 1.8x1.8x8 mm’, and field of view (FOV) =
270x270 mm’. A total of 1012 slices were set in short-axis
cine images, ranging from 10 mm above the mitral valve level
to the apex of the heart, with a slice thickness of 8 mm and a
2 mm gap between the slices. A contrast agent (0.2 mmoL/kg
of Magnevist gadopentetate dimeglumine; Bayer, Berlin,
Germany) was administered intravenously. After 10 min, late
gadolinium enhancement (LGE) was performed using the
phase-sensitive inversion-recovery (PSIR) turbo field echo
(TFE) sequence under the following parameters: TR/TE =
6.1/3.0 ms, voxel size = 1.6x1.9x8 mm’, FOV = 350x350 mm’,
FA =25°/5°, and acceleration factor = 2.

CMR image analysis for LV function

Commercial software cvi42 (Circle Cardiovascular Imaging,
Calgary, AB, Canada) was used to analyze the CMR images.
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A 16-segment method proposed by the American Heart
Association (AHA), the bull’s-eye plot, was adopted. The
basal and middle ventricle in the short-axis cine images
were divided into 6 regions, and the apical part was divided
into 4 regions. A series comprising the 2-chamber view
on the vertical long axis, 4-chamber view on the long
horizontal axis, and short-axis (performed based on four-
chamber images in the ventricular long-axis plane) slices
were loaded into the cardiac function analysis module.
Both the endocardial and epicardial contours on the end-
systolic and end-diastolic phases of the LV were drawn
semiautomatically and modified manually with the papillary
muscles and intertrabecular blood pools being excluded
(Figure 3).

The LV cardiac functional parameters, including end-
diastolic volume (EDV), end-systolic volume (ESV), CO,
EEF, and LV mass were estimated semiautomatically using
the short-3D module. The LV maximal wall thickness
(LVMWT) of the 16 segments was acquired by measuring
the maximal wall thickness at the end-diastole directly.
The quantitative measurement of LGE extent (%) was
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Figure 2 Study design. The process of blood pressure measurement, CMR scanning, and image and statistical analysis in the current study

are illustrated. HCM, hypertrophic cardiomyopathy; CMR, cardiac magnetic resonance.

Figure 3 Relevant parameter measurement for cardiac magnetic resonance. (A,B) Endocardial (red) and epicardial (green) contours were
drawn in the end-diastolic and end-systolic phases separately on the short-axis of a hypertrophic cardiomyopathy patient (male, 39 years

old). (C,D) The measurement of a healthy volunteer (male, 43 years old).
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performed on the apex, mid-ventricular, and basal levels
using the LGE images, and 5 standard deviations were set as
the threshold compared to the normal area. The maximum
left atrial volume (LAV) was measured in systole by drawing
the endocardial contour of the left atrium in both 2- and
4-chamber images manually. The measurement work was
performed by observer A (with 5 years of experience in
CMR image interpretation) who was blinded to both the
grouping of the participants and the grouping information
of the CMR images.

Power-to-mass ratio calculation

The formula of NCP at rest was as follows: power-to-
mass ratio (power/mass) = 0.22 x CO x mean BP/LV mass,
where 0.222 is the transform constant to W/100 g of the
LV myocardium (2). The CO and LV mass were acquired
through CMR image analysis.

Statistical analysis

Statistical analysis was performed using SPSS (version
25.0, IBM Corp., Armonk, NY, USA). There were no
missing data in the current study, and the chi-squared test,
Student z-test, and Wilcoxon rank-sum test were used
as appropriate. Multivariable linear regression analysis
was performed to examine the correlation between the
relevant factors and NCP. An elementary model (model 1)
was designed by controlling for baseline parameters [age,
male sex, and body mass index (BMI)], several common
cardiovascular comorbidities [hypertension, diabetes,
hyperlipidemia, arrhythmia, and coronary artery disease
(CAD)], and relevant cardiac functional parameters (LV
mass index, EDV, and EF). Variables for inclusion were
carefully selected to ensure the efficiency of the final model.
An optimized model (model 2) was established using
the backward procedure (excluding the least significant
parameters step by step until the most optimal model was
established).

Further, hemodynamic characteristics and differences
between patients with HCM with and without HF were
explored. In patients with HCM, Spearman correlation
coefficient was used to evaluate the correlation of the cardiac
functional parameters with CP and NCP. The correlation
was considered very strong if R was 0.80-1.00, strong if R
was 0.60-0.79, moderate if R was 0.40-0.59, weak if R was
0.20-0.39, and very weak if R was 0-0.19. The exponential
function was also used to observe the tendency of CP with
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increasing LV mass. The cardiac volumes and LV mass were
indexed to the body surface area (BSA), and significance was
set as a 2-sided P value of <0.05.

In a subgroup of 30 randomly selected participants, the
interobserver reproducibility of several key LV functional
parameters [LVEF (%), CO (L/min), LV mass (g), and EDV
(mL)] was assessed with intraclass correlation coefficients
(ICCs). Observer B (with 6 years of experience in CMR
image interpretation), who was also blinded to the grouping
information, assessed these participants to evaluate the
interobserver reproducibility. The reproducibility was
considered excellent if the ICC was 0.7-1.0, moderate if the
ICC was 0.3-0.7, and poor if the ICC was 0-0.3.

Results
Cardiac function and morphological parameters

Compared to the controls, the patients with HCM had
a higher CP (1.19 vs. 1.01 W; P=0.03) but a significantly
lower NCP (0.73 vs. 1.12 W/100 g; P<0.001; Table 2 and
Figure 4). Patients with HCM also had a higher EF (71.6%
vs. 61.5%; P<0.001), greater LV mass (161.6 vs. 97.0 g;
P<0.001) and LV mass/BSA (91.1 vs. 52.6 g/m’; P<0.001),
and higher LVMWT (21.0 vs. 9.8 mm; P<0.001). About
86% of patients presented with myocardial fibrosis, as
assessed by LGE (13.71%+2.40%).

Multivariable analysis

Multivariable linear regression analysis was performed
to examine the correlations between the relative factors
and NCP (Tuble 3). The coefficient value of f and 95%
confidence interval (CI) were reported. The extent of LGE
was excluded because of the collinearity relationship with
LV mass/BSA. In the final minimally adjusted model, HCM
(B=-0.235; 95% CI: -0.341 to -0.129; P<0.001), LV mass/
BSA ($=-0.014; 95% CI: -0.016 to -0.013; P<0.001), EDV
($=0.012; 95% CI: 0.011-0.013; P<0.001), BMI (B=—0.017;
95% CI: -0.026 to ~0.007; P<0.001), EF (8=0.010; 95% CI:
0.005-0.014; P<0.001), and hypertension (=0.149; 95%
CI: 0.059-0.240; P=0.001) were significantly associated with
NCP (Figure 5).

Hemodynamic characteristics in patients with HCM
with HF

Compared to the patients without HEF, the patients with
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Table 2 Hemodynamic parameters in the patients HCM and controls

Parameter HCM participants (N=99) Control participants (N=65) P value
CP (W) 1.19 (0.88-1.57) 1.01 (0.87-1.29) 0.03
NCP (W/100 g) 0.73 (0.57-0.90) 1.12 (0.91-1.36) <0.001
EF (%) 71.6 (63.3-74.9) 61.5 (57.1-67.6) <0.001
SV (mL) 88.7 (71.8-115.7) 74.4 (63.0-90.4) 0.002
SV/BSA (mL/m?) 50.1 (40.8-60.2) 41.6 (35.6-49.4) <0.001
CO (L/min) 6.01 (4.62-7.43) 5.17 (4.41-6.19) 0.01
CO/BSA (L/m*/min) 3.29 (2.68-3.98) 2.90 (2.45-3.25) 0.003
EDV (mL) 126.9 (105.8-160.5) 125.6 (101.7-150.7) 0.34
EDV/BSA (mL/m?) 72.5 (62.1-84.7) 68.9 (58.1-78.3) 0.11
ESV (mL) 40.7 (28.0-53.4) 45.6 (37.2-57.4) 0.01
ESV/BSA (mL/m?) 21.7 (16.0-28.4) 25.6 (20.8-30.3) 0.01
LV mass (g) 161.6 (126.2-210.5) 97.0 (73.7-119.0) <0.001
Mass/BSA (g/m?) 91.1 (75.8-108.7) 52.6 (43.5-62.7) <0.001
LVMWT (mm) 21.0(16.0-28.4) 9.8 (8.4-10.9) <0.001
LAV (mL) 68.3 (50.9-88.0) 45.2 (33.4-57.5) <0.001
LAV/BSA (mL/m?) 40.5 (29.4-51.3) 24.7 (18.0-31.1) <0.001
Obstruction 61 [62] - -
Myocardial fibrosis 85 [86] - -
LVMWT =30 mm 10 [10] - -
NT-proBNP (pg/mL) 196.3+37.6 - -
LGE (%) 13.71+2.40 - -

Normal distribution values are expressed as the mean + standard error; abnormal distribution values are presented as the median (quartile
1 to quartile 3); categorical variables are displayed as the number [percentage]. HCM, hypertrophic cardiomyopathy; CP, cardiac power;
NCP, normalized cardiac power; EF, ejection fraction; SV, stroke volume; BSA, body surface area; CO, cardiac output; EDV, end-diastole
volume; ESV, end-systolic volume; LV, left ventricle; LVMWT, left ventricular maximal wall thickness; LAV, left atrium volume; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; LGE, late gadolinium enhanced.

2.0 q P=0.03

CP

B HCMm
Il Controls

Figure 4 Comparison of CP (W) and NCP (W/100 g) between
the patients with HCM and controls, respectively. CP, cardiac

power; NCP, normalized cardiac power; HCM, hypertrophic

cardiomyopathy.
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HCM with HF had higher LV mass (186.2 vs. 157.2 g;
P=0.02) and LV mass/BSA (118.6 vs. 86.8 g/m’; P=0.01)
(1able 4), significantly lower NCP (0.54 vs. 0.78 W/100 g;
P<0.001), and a similar CP (1.14 vs. 1.24 W, P=0.06).
The patients with HF and HCM also had a higher mean
BP (9814 vs. 91+9 mmHg; P=0.01) and the LGE extent
(16.32%=+6.51% wvs. 11.97%=+3.64%; P=0.001). In addition,
65% of the patients with HF had obstructive HCM.

Correlation of CP and NCP with CMR parameters in
patients with HCM

In patients with HCM, CP was associated with LV mass
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Table 3 Multivariate analysis of the relationship between NCP and the relevant factors

Model 1 Model 2

Factor

B* (95% ClI) P value B* (95% ClI) P value
HCM -0.213 (-0.325 to -0.102) <0.001 -0.235 (-0.341 to -0.129) <0.001
LV mass/BSA (g/m?) -0.016 (-0.018 to -0.015) <0.001 -0.014 (-0.016 to -0.013) <0.001
EDV (mL) 0.014 (0.013 t0 0.015) <0.001 0.012 (0.011 t0 0.013) <0.001
BMI (kg/m?) -0.014 (-0.024 to -0.004) 0.006 -0.017 (-0.026 to —0.007) <0.001
EF (%) 0.009 (0.005 to 0.014) <0.001 0.010 (0.005 to 0.014) <0.001
Hypertension (%) 0.168 (0.068 to 0.268) 0.001 0.149 (0.059 to 0.240) 0.001
Arrhythmia (%) -0.085 (-0.186 to 0.016) 0.10 -0.090 (-0.186 to 0.006) 0.06
Male (%) 0.057 (-0.024 to 0.138) 0.16
Age (years) —-0.001 (-0.003 to 0.002) 0.86
Diabetes (%) -0.037 (-0.154 to 0.081) 0.53
Hyperlipidemia (%) -0.026 (-0.135 to 0.082) 0.48
CAD (%) -0.048 (-0.178 to 0.083) 0.47

B* indicates the changed value of NCP with a 1 unit increase of the determinant. NCP, normalized cardiac power; Cl, confidence interval;
HCM, hypertrophic cardiomyopathy; LV, left ventricle; BSA, body surface area; EDV, end-diastole volume; BMI, body mass index; EF,

ejection fraction; CAD, coronary artery disease.

Figure 5 The formula of NCP and significant influence factors in the final minimally adjusted model. BP, blood pressure; NCP, normalized
cardiac power; EDV, end-diastole volume; HCM, hypertrophic cardiomyopathy; BSA, body surface area; EF, ejection fraction; BMI, body

mass index.
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Table 4 Parameters in HCM patients with and without heart failure

Parameter HF-patients (N=34) Non-HF patients (N=65) P value
Age (years) 50 (36 to 60) 49 (38 to 58) 0.59
Male 22 [65] 43 [66] 0.88
BSA (m?) 1.80+0.31 1.82+0.18 0.77
Systolic BP (mmHg) 136+20 123+13 0.002
Diastolic BP (mmHg) 79+12 759 0.07
Mean BP (mmHg) 98+14 9119 0.01
Hypertension 21 [62] 25 [39] 0.02
CP (W) 1.14 (0.70-1.57) 1.24 (0.95-1.58) 0.06
NCP (W/100 g) 0.54 (0.45-0.84) 0.78 (0.64-0.92) <0.001
EF (%) 65.4 (568.2-72.0) 73.5 (66.9-75.9) <0.001
CO (L/min) 4.95 (3.73-6.78) 6.39 (5.21-7.63) 0.004
CO/BSA (L/m?/min) 2.86 (2.34-3.49) 3.47 (2.87-4.22) 0.001
EDV (mL) 119.8 (87.5-160.6) 128.1 (110.4-161.2) 0.32
EDV/BSA (mL/m?) 69.9 (563.7-86.4) 72.8 (63.5-83.7) 0.39
LV mass (g) 186.2 (165.1-224.2) 157.2 (122.1-187.3) 0.02
Mass/BSA (g/m?) 118.6 (98.9-135.3) 86.8 (71.5-99.7) 0.01
LAV (mL) 87.0 (69.9-103.0) 53.7 (34.0-70.1) 0.02
LAV/BSA (mL/m?) 51.5 (40.4-61.3) 30.3 (20.9-38.4) 0.008
NT-proBNP (pg/mL) 410.6+59.3 89.3+13.6 <0.001
LGE (%) 16.32+6.51 11.97+3.64 0.001
Obstruction 22 [65] 39 [60] 0.64

Normal distribution values are presented as the mean = standard error; abnormal distribution values are expressed as the median (quartile
1 to quartile 3); categorical variables are displayed as the number [percentage]. HCM, hypertrophic cardiomyopathy; HF, heart failure; BSA,
body surface area; BP, blood pressure; CP, cardiac power; NCP, normalized cardiac power; EF, ejection fraction; CO, cardiac output; EDV,
end-diastole volume; LV, left ventricle; LAV, left atrium volume; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LGE, late gadolinium

enhanced.

(R=0.551; 95% CI: 0.391-0.679; P<0.001), LV mass/
BSA (R=0.386; 95% CI: 0.198-0.547; P<0.001) (Tuble 5)
and the extent of LGE (R=-0.563; 95% CI: -0.664 to
-0.427; P<0.001). On the other hand, NCP was positively
correlated with CO (R=0.406, 95% CI: 0.222-0.563;
P<0.001) and CO/BSA (R=0.412; 95% CI: 0.228-0.567;
P<0.001) (Figure 5), and inversely correlated with the extent
of LGE (R=-0.479; 95% CI: -0.632 to -0.291; P<0.001)
as well as LV mass (R=-0.395; 95% CI: -0.554 to -0.208;
P<0.001) and LV mass/BSA (R=-0.509; 95% CI: -0.646 to
-0.341; P<0.001). CP increased with increasing LV mass,
while the slope decreased when fit in an exponential function

(Figure 6).
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The reproducibility between observers of cardiac
functional parameters was excellent for LVEF (ICC =0.922;
95% CI: 0.844-0.962), CO (ICC =0.915; 95% CI: 0.830-
0.959), LV mass (ICC =0.927; 95% CI: 0.755-0.971), and
EDV (ICC =0.884; 95% CI: 0.769-0.943).

Discussion

To the best of our knowledge, this is the first study to
explore the role of NCP in a cohort of patients with
HCM with preserved EF. Two key findings improved our
understanding of the cardiac pump function in patients
with HCM. First, patients with HCM with normal EF had
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Table 5 Correlation of CP and NCP with CMR parameters in patients with HCM

CP (W) NCP (W/100 g)

Parameter

R (95% ClI) P value R (95% ClI) P value
CO (L/min) 0.944 (0.916 to 0.963) <0.001 0.406 (0.222 to 0.563) <0.001
CO/BSA (L/m*/min) 0.846 (0.777 to 0.895) <0.001 0.412 (0.228 to 0.567) <0.001
LV mass (g) 0.551 (0.391 to 0.679) <0.001 -0.395 (-0.554 to -0.208) <0.001
LV mass/BSA (g/m?) 0.386 (0.198 to 0.547) <0.001 -0.509 (-0.646 to —0.341) <0.001
SV (mL) 0.789 (0.698 to 0.855) <0.001 0.184 (-0.019 to 0.372) 0.06
SV/BSA (mL/m?) 0.648 (0.513 to 0.752) <0.001 0.158 (-0.016,0.349) 0.11
EDV (mL) 0.760 (0.658 to 0.834) <0.001 0.238 (0.036 to 0.423) 0.02
EDV/BSA (mL/m?) 0.617 (0.473 to 0.729) <0.001 0.049 (-0.155 to 0.249) 0.63
ESV (mL) 0.422 (0.239 to 0.576) <0.001 -0.139 (-0.333 to 0.065) 0.17
ESV/BSA (mL/m? 0.303 (0.106 to 0.476) 0.002 -0.184 (-0.373 to 0.019) 0.06
EF (%) 0.124 (-0.080 to 0.319) 0.22 0.334 (0.140 to 0.503) 0.001
LGE (%) —0.563 (-0.664 to —0.427) <0.001 -0.479 (-0.632 to -0.291) <0.001
LVMWT (mm) —0.045 (-0.245 to 0.159) 0.65 0.004 (-0.198 to 0.207) 0.96

CP, cardiac power; NCP, normalized cardiac power; CMR, cardiac magnetic resonance; HCM, hypertrophic cardiomyopathy; Cl,
confidence interval; CO, cardiac output; BSA, body surface area; LV, left ventricle; SV, stroke volume; EDV, end-diastole volume; ESV, end-
systolic volume; EF, ejection fraction; LGE, late gadolinium enhanced; LVMWT, left ventricular maximal wall thickness.

a higher CP but lower NCP than did the controls, which
reflects the impaired work efficiency of the myocardium.
Second, NCP was negatively correlated with ventricle
mass in patients with HCM. These findings confirmed the
potential role of NCP in detecting impaired cardiac pump
function in patients with HCM with preserved EF.

Since CP depends on the muscle volume and its work
efficiency, normalizing it using the ventricular mass has
been proven to be a better index of myocardial performance,
facilitating comparisons between individuals (5). This
is especially true for patients with obviously abnormal
ventricle hypertrophy because NCP encompasses the
ventricle mass and reflects the true myocardial work
efficiency. NCP has been proven to be more predictive than
CP in cardiac mortality and HF (5). Therefore, compared
to CP and EF, NCP might be a better choice to assess
cardiac pump function in patients with HCM.

In the current study, we found that although patients with
HCM had a higher CP than did the controls, their NCP was
already impaired. Furthermore, CP was still similar between
HCM patients with and without HE, while NCP decreased
significantly in patients with HEF, which also indicated that
NCP was more sensitive than CP. The work efficiency,
represented by NCP, was impacted by myocardial fibrosis,
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cardiomyocyte hypertrophy, and disorganized myocardial
fiber, which are the most common characteristics in patients
with HCM according to previous pathological studies (18-20).
In the early stage of HCM, the increase in muscle mass
compensates for the decrease in work efficiency, which
resulted in a higher CP in patients with HCM compared
to controls. In the advanced stage, the increased muscle
mass cannot compensate for the impaired work efficiency,
which resulted in a higher ventricle mass but similar CP in
patients with HCM with HF.

Surprisingly, the NCP was negatively correlated with
ventricle mass in patients with HCM. Although hypertrophy
is usually considered a positive compensation to a changed
load, increased ventricular mass might result in an
imbalance in the myocardial oxygen demand and supply
because of the relative reduction of capillaries, increased
intercapillary distance, and relative reduction in energy-
producing mitochondria (21). In patients with HCM,
myocyte hypertrophy, disarray, and myocardial fibrosis
might exacerbate the decrease in work efficiency. Pathologic
hypertrophy is associated with increased collagen deposition
in the extracellular matrix and around the intramyocardial
coronary arteries (22,23). The resulting interstitial and
perivascular fibrosis have been linked to increased LV
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Figure 6 Graphs showing the correlation of CP and NCP with functional parameters in patients with HCM. NCP was moderately
correlated with CO/BSA when fit in the simple linear regression (A). NCP was negatively correlated with LGE, LV mass/BSA, and LV
mass (B,D,E). NCP was weakly correlated with EF when fit in simple linear regression (C). CP increased with LV mass, while the slope

decreased when fit in an exponential function (F). Spearman R coefficients and the equation of exponential function are indicated. The

beige regions surrounding regression lines indicate the 95% CIs. CP, cardiac power; NCP, normalized cardiac power; HCM, hypertrophic

cardiomyopathy; CO, cardiac output; BSA, body surface area; LGE, late gadolinium enhanced; LV, left ventricle; EF, ejection fraction; Cls,

confidence intervals.

stiffness and impaired coronary reserve (24), both of which
may worsen heart failure and ischemia. A previous study
also considered that when compromised contractile function
coexists with an increased mass, it likely means that the
work efficiency of the myocardium is impaired as a result of
the maladaptive feature of LV remodeling (25).

We also analyzed the hemodynamic characteristics of
patients with HCM and HF. In the study cohort, about
65% of patients with HCM and HF had obstructive
HCM. Patients with HCM and HF had a higher mean BP
(especially systolic BP) than did those without, suggesting
pressure overload. These findings were consistent with
previous research reporting that about 70% of patients with
HCM and HF have obstructive HCM and they tend to
exhibit pressure overload caused by subaortic obstruction
and increased wall stress (26). On the contrary, decreased
EF and volume overload was more common in conventional
patients with congestive HF, whereas obstruction and
pressure overload were relatively infrequent.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

In patients with HCM, patchy or regional myocardial
fibrosis was reported to be major pathological change and
could be assessed by LGE directly and precisely (27). In
the current study, 86% of patients with HCM exhibited
myocardial fibrosis. A previous study found that the systolic
function and deformation of the fibrosis myocardium were
impaired in patients with HCM (20). We also found that
NCP was negatively correlated with the extent of LGE.
Therefore, we speculated that the myocardial fibrosis in
our study might explain the impaired NCP in patients with
HCM to some extent.

LV global longitudinal strain (GLS) has also been shown
to be a sensitive parameter to detect ventricular dysfunction
(8,28). The GLS mainly measures the longitudinal
shortening of subendocardial myofibers. Meanwhile, in
patients with HCM, the circumferential myofibers in the
midwall and vertical outer fibers are also impaired, but this
cannot be quantified accurately using global circumferential
or radial strain due to relatively low repeatability. Similar
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to EF, another limitation of GLS is the marked afterload
dependency (1). Moreover, reduced GLS is detected in only
about 50% of patients with HF and preserved EF (29,30),
indicating that GLS cannot provide valuable information
for other patients. Thus, as a valid assessment of cardiac
work efficiency, normalized cardiac power could be an
effective supplementary method to cardiac pump function
assessment. Moreover, compared to myocardial strain,
NCP is easier to acquire for clinicians, as an additional
analysis module is required for myocardial strain. However,
the potential added prognostic value of NCP compared to
myocardial strain needs to be clarified in future studies.
Despite promising findings, some limitations to this
study should be noted. First, we did not evaluate the peak
NCP during strenuous exercise because it is dangerous
for patients with HCM. Peak NCP may be more sensitive
in detecting cardiac dysfunction, as it might decline to a
point when the NCP at rest starts to decline (31). Second,
no long-term follow-up was carried out because HCM is
a chronic progressive disease with a low risk of adverse
cardiovascular events (rate 0.5%/year) (11), and thus, the
predictive values of NCP could not be obtained. Third, we
only analyzed the patients with HCM whose EF was >50%
in the current study, so the role of NCP in patients with
HCM with impaired EF needs to be investigated further.

Conclusions

As it is a slowly progressive disease with poor clinical
outcomes, there is still no efficient parameter to assess
the cardiac work efficiency of HCM. Our study indicated
that NCP, as a concise and noninvasive quantitative metric
parameter of cardiac function, might play a critical role in
detecting and evaluating impaired cardiac pump function
in patients with HCM and preserved EF. Future studies
analyzing the relationship between NCP and clinical
outcomes are warranted.
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