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Background: Accurate evaluation of left ventricular (LV) systolic function is the premise for diagnosing
and treating chronic heart failure. This study aimed to explore the incremental value of echocardiographic
myocardial work in evaluating the LV systolic dysfunction in patients with chronic heart failure.

Methods: A total of 206 participants were enrolled, including 155 patients with chronic heart failure and
51 healthy controls (HC). The chronic heart failure patients were divided into three groups according to
LV ejection fraction (LVEF): Heart failure with preserved ejection fraction (HFpEF group, 54 cases, LVEF
>50%), heart failure with mid-range ejection fraction (HFmrEF group, 50 cases, 40%< LVEF <50%),
and heart failure with reduced ejection fraction (HFrEF group, 51 cases, LVEF <40%). Except for the
conventional echocardiographic parameters, the left ventricular myocardial work parameters, including
the global myocardial work index (GWI), global constructive work (GCW), global wasted work (GWW),
and global work efficiency (GWE), were calculated in the study participants. One-way analysis of variance
test followed by Fisher’s least significant difference (LSD) 7-test were used to obtain parameters with
significant differences, which were then fed into a machine learning model established for subsequent multi-
classification of the four groups. The selected myocardial work parameters with high importance rankings
resulting from the machine learning model were further compared with the traditional LVEF in the multi-
classification of the four groups.

Results: All conventional echocardiographic parameters were significantly different between the HFmrEF
and HFrEF groups, but only E/e', left atrium showed notable differences between the HFpEF and HC
groups (P<0.05). All myocardial work parameters were markedly different between the four groups (P<0.05).
LVEF and GWI were more important than the other parameters according to the multi-classification
machine learning model. The multi-classification diagnostic performances of LVEF, GWI, and LVEF +
GWI were 82%, 88%, and 98%, respectively, which confirmed that GWI + LVEF could complementarily
improve the diagnosis accuracy in classifying the four groups, with a performance increase of approximately
10% than each individually.

Conclusions: GWI can play a complementary role to LVEF in the early diagnosis of HFpEF patients

from the HC group and improve the clinical evaluation accuracy in chronic heart failure patients.
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Echocardiographic myocardial work should be utilized along with conventional LVEF to evaluate the systolic

function of chronic heart failure patients in clinical practice.
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Introduction

Chronic heart failure (CHF) is a severe clinical syndrome
of various cardiac diseases and is associated with various
interrelated structural and functional alterations of the heart
(1,2). Therefore, accurate assessment of left ventricular (V)
systolic function and appropriate intervention are critical in
improving the clinical management and long-term survival
of patients with CHF in various clinical settings (3).

Numerous techniques have been developed to assess
the LV systolic function in CHF patients to guide clinical
management and prognosis. Specifically, conventional
parameters, such as the LV ejection fraction (LVEF),
are often used to stratify and evaluate CHF severity.
However, a major limitation of LVEF, measured either
by echocardiography or other modalities (such as
cardiac magnetic resonance or multidetector computed
tomography), is that it is dependent on preload and
afterload conditions, which are influenced by heart rate and
are insensitive to subtle changes in contractile reserve (4).
Furthermore, the LVEF is limited in assessing the increased
work of the LV myocardium (5). LV myocardial deformation
imaging by Speckle-Tracking Echocardiography (STE) is
a superior prognostic marker of cardiac events, providing
a comprehensive quantitative assessment of myocardial
function beyond the LVEE. However, some of the intrinsic
limitations of STE, such as load dependency, will affect the
diagnostic accuracy of myocardial function assessment due
to the increased LV afterload occurring concomitantly with
decreased strain (6,7). LV pressure-volume loop measured
by cardiac catheterization is the gold standard in systolic
function evaluation, but it is invasive (8).

Myocardial work (MW) by non-invasive echocardiography
is a novel method for evaluating systolic cardiac function that
accounts for deformation and afterload, potentially offering
incremental value to myocardial function assessment (9-
11). It is significantly correlated with cardiac metabolism, as
assessed by invasive cardiac catheterization measurements
(12). Nevertheless, the new MW technology application
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in patients with CHF has rarely been investigated in the
literature.

The purpose of this study was to investigate the
incremental value of the echocardiographic MW technique
in evaluating LV systolic dysfunction in patients with CHE.
This study hypothesizes that the MW parameters could
achieve earlier diagnosis than LVEF in distinguishing
patients with preserved LVEF (HFpEF) from healthy
controls (HC), and the combination of MW parameters
and LVEF could complementarily improve the diagnostic
accuracy in classifying multiple groups of HC, HFpEF,
patients with medium LVEF (HFmrEF), and patients with
reduced LVEF (HFrEF).

Methods

This study was conducted following the Declaration of
Helsinki (as revised in 2013) and was approved by the
Ethics Committee of Henan Provincial People's Hospital.
Individual consent for this retrospective analysis was waived.

Study population

A total of 155 patients with a first discharge diagnosis
of CHF between December 2017 and March 2020 were
consecutively identified. The patients were divided into
three groups, including 54 patients with preserved LVEF
(HFpEF group, LVEF >50%), 50 patients with medium
LVEF (HFmrEF group, 40%< LVEF <50%), and 51
patients with reduced LVEF (HFrEF group, LVEF <40%).
The LVEF used for the grouping was measured using
the modified biplane Simpson method according to the
guidelines issued by the American College of Cardiology
(ACC)/American Heart Association (AHA) in 2017 (13),
the European Society of Cardiology (ESC) in 2016 (14),
and the American Society of Echocardiography (ASE)/
European Association of Cardiovascular Imaging (EACVI)
in 2015 (15).
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39 patients were excluded:
1. Poor ultrasound image quality
Unclear display of endocardium (n=27)
Endocardium located outside the sampling frame(n=8)
2. Atrial fibrillation (n=4)

Figure 1 Enrolled patients with CHFE. CHE, chronic heart failure.

In addition to meeting the relative LVEF values, the
diagnostic criteria for CHF should consist of symptoms
and/or signs of heart failure. HFpEF/HFmrEF also include
increased brain natriuretic peptide [BNP >35 ng/L or
N-terminal-proBNP (NT-proBNP) >125 ng/L], and at
least one of the following: (I) LV hypertrophy and/or left
atrial enlargement, and (II) abnormal diastolic function.
The following indicators assessed diastolic dysfunction:
left atrial volume index (LAVI) >34 mL/m’ o r E/e’>13 or
tricuspid regurgitation velocity (TRV) >2.8 m/s. Patients
with significant valvular heart disease, congenital heart
disease, ectopic heart rhythm, severe arrhythmia, or poor
ultrasound image quality were excluded. Poor ultrasound
image quality was mainly manifested as an unclear display
of the endocardium or endocardium located outside the
sampling frame. From a combined total of 194 baseline
studies received in our center, 155 patients were suitable
for quantitative analysis and were included in this report
(Figure I).

One additional group comprising 51 healthy age-
and gender-matched volunteers matched in the physical
examination center during the same period, referred to as
the healthy control (HC) group, was included. All included
volunteers were confirmed as having no abnormalities by
inquiry of medical history, general physical examination,
electrocardiogram, echocardiography, and various
laboratory tests. Blood pressure, height, and weight were
routinely measured in all subjects.

Echocardiography

Comprehensive transthoracic echocardiography (TTE)
was performed in all patients using Vivid E95 ultrasound
equipped with M5S 1.5-4.6 MHz transducer (GE Vingmed
Ultrasound, Horten, Norway) by experienced ultrasound
physicians. Two-dimensional and Dopper echocardiography
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data were stored on a dedicated workstation for the offline
analysis (EchoPAC, GE Healthcare).

The subjects were scanned in the left lateral decubitus
position, and an electrocardiogram was attached. Left atrial
diameter (LAD), LV end-diastolic diameter (LVDd), inter-
ventricular septal wall thickness (IVS), LV posterior wall
thickness (LVPW), and LV end systolic diameter (LVDs)
were obtained in the parasternal LV long-axis view. Left
atrial volume was observed both in the apical four- and
two-chamber view as biplane, and the left atrial volume
index (LAVI) was calculated. Left ventricular mass was
calculated according to the following formula: LVM (g)
= {1.04[dVS + LVDd + LVPW)’-(1LVDd)']}*0.8+0.6 (16),
and the left ventricular mass index (LVMI) was obtained.
LV end-diastolic volume (EDV), LV end-systolic volume
(ESV), and LVEF were acquired using the modified biplane
Simpson method. We obtained two-dimensional grayscale
images from the apical four-chamber, two-chamber, and
three-chamber views at a frame rate of 57-68 frames/s
(average of 66.5+6 frames/s) to enable STE analysis of
global longitudinal strain (GLS). The probe gain and image
size were adjusted to display the endocardium clearly. All
images were stored in Digital Imaging and Communication
in Medicine (DICOM) format on a mobile hard disk for
offline analysis.

All two-dimensional and Doppler recordings and
measurements were performed according to the American
Society of Echocardiography guidelines (15,17), and all
parameters were averaged over three consecutive cardiac
cycles.

Two-dimensional speckle-tracking echocardiography (STE)

Semi-automated function imaging from the specific vendor
offline analysis software (EchoPAC version 203; GE
Vingmed Ultrasound) was used by an observer to calculate
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the LV global and segmental longitudinal strain. The
patients' data were imported into the EchoPAC workstation,
and clear images were selected for analysis. After identifying
the aortic valve closure from the apical long-axis view
using the automated feature, the mitral annulus and LV
apex of the end-systolic frame were defined in each of the
three apical views. The automated algorithm traced the LV
myocardium and adjusted it as needed. The software used
a 17-segment model to calculate the GLS of each segment
from the weighted average of the peak systolic longitudinal
strain and provided the myocardial strain of the whole left
ventricle. If one or more areas were not tracked adequately,
the patient would be excluded.

Echocardiographic MW analysis

MW and related indices were calculated using a specific
vendor module by combining the LV GLS and non-invasive
estimation of LV pressure curves within the EchoPAC
Version 203 software. Blood pressure was measured from
the brachial cuff by sphygmomanometry after the patients
had laid down at least 5-10 minutes before TTE, assuming
that the peak systolic pressure was equal to the peak arterial
pressure. The software then constructed a non-invasive
LV pressure curve based on the duration of isovolumetric
and ejection periods defined by valve timing events.
Pressure-strain loop (PSL) was a curve of the change in
LV pressure versus strain; a closed-loop formed along the
counterclockwise direction from mitral valve closure to
mitral valve opening. The region provided the index of
MW within the PSL. The software calculated the following
parameters:

O (GWI, mmHg%): The area from mitral valve
closure to mitral valve opening within the LV PSL,
which was the sum of MW.

I) GCW (mmHg%): The sum of the work done by
systolic cardiomyocyte shortening and isovolumic
diastolic cardiomyocyte elongation, and GCW
contributed to the heart.

II) GWW (mmHg%): The negative work of the LV
segments that do not contribute to LV ejection,
consisting of systolic cardiomyocyte elongation and
isovolumic diastolic cardiomyocyte shortening.

IV) GWE (%): GCW/(GCW + GWW), the
percentage of GCW to the sum of GCW and
GWW.

All MW data (mean values, curves) were exported in an

Excel file.
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The average time needed to analyze the myocardial work
parameters per CHF patient was approximately 154+23 sec.

Statistical analysis

SPSS 18.0 (SPSS Inc., IBM, Chicago, USA) was adopted
for statistical analysis, and the enumeration data were
expressed as mean = standard deviation. One-way analysis of
variance (ANOVA) was used to compare the demographic
data, conventional echocardiographic parameters, and
MW parameters between the four groups (HC, HFpEE,
HFmrEF, and HFrEF), followed by Fisher’ least significant
difference (LSD)-z-test for pairwise comparison.

To further compare the MW parameters with
conventional echocardiographic parameters in the multi-
classification of the four groups, a random forest machine
learning method was developed based on the above
statistical analysis results, where the identified indicators
with significant differences served as input predictors.
The machine learning method ranked the input predictors
according to their contributions or importance in the multi-
classification task. The highly ranked MW parameters
were then used to validate the application value in assessing
the LV myocardial systolic function in patients with CHE,
including early diagnosis over traditional LVEF and the
complementarity with LVEF in improving the diagnostic
accuracy in classifying multiple groups (HC, HFpEF,
HFmrEF and HFrEF).

A statistical repeatability test of the MW parameters was
also performed by randomly choosing a defined number of
studies and calculating the inter-and intra-class correlation
coefficient (ICC). P<0.05 was considered statistically
significant. The same physician repeatedly measured
the MW parameters at 2-day intervals for the intra-class
repeatability test. Two physicians repeatedly measured MW
parameters for the inter-class repeatability test.

Results
Study participants

A total of 51 HC and 155 patients with CHF (including
55 patients with old myocardial infarction, 39 patients
with dilated cardiomyopathy, 22 patients with ischemic
cardiomyopathy, three patients with myocardial amyloidosis,
and 36 patients with hypertension) were included in our
study. The demographic and clinical laboratory data are
summarized in Table 1. No significant differences in N'T-
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Table 1 Clinical and conventional echocardiographic parameters in the study groups.

Li et al. Non-invasive myocardial work in CHF

Variable

HC group (n=51)

HFpEF group (n=54)

HFmrEF group (n=50)

HFrEF group (n=51)

Parameter group A

Gender (M/F) 26/25 27/27 28/22 27/24
Age (years) 56.75+9.92 57.06+10.82 57.20+7.89 59.15+8.93
Height (cm) 164.94+6.26 165.37+7.36 167.30+5.53 164.35+7.93
Weight (kg) 68.32+8.63 66.70+9.54 68.86+13.99 67.74+11.75
BSA (m?) 1.74+0.12 1.73+0.14 1.77£0.17 1.73+0.17
Systolic BP (mmHg) 116.47+£4.74 123.48+11.82 121.54+11.64 114.04+19.06
Diastolic BP (mmHg) 70.73+6.19 76.93+£11.42 71.73+8.84 71.78+18.84
Heart rate (beats/min) 65.86+6.54 68.33+7.70 67.56+6.20 70.76+6.93
NT-proBNP (pg/mL) 66.57+25.06 197.81+£184.97 2935.71+5265.57% 5858.94+6803.62*
GFR (mL/min) 104.02+10.10 102.82+8.69 67.33+14.46™ 55.19+13.44™°
HGB (g/L) 140.29+6.54 137.63+8.87 125.06+15.75% 95.88+19.06™°
Comorbidity

Hypertension 0 10 4 6

Diabetes mellitus 0 3 10 16

Renal disease 0 0 30 35

Coronary artery disease 0 15 19 28

Peripheral arterial disease 0 2 4 6

Parameter group B

LAD (mm) 33.51+£3.83 37.13z4.77% 39.04+4.52% 43.14+3.13%°
LAVI (mL/m?) 28.86+4.32 36.57+5.21% 44.38+5.57" 52.14+4.97*°
E/e’ (septal) 6.74+1.32 13.15+2.29° 14.90+1.99% 16.59+2.05"
TRVmax (m/s) 2.44+0.25 2.47+0.31 2.46+0.29 2.50+0.32
LVDd (mm) 45.86+2.98 48.13+3.72 53.50+4.65 65.80+7.97°°
EDV (mL) 97.73+14.06 110.89+20.48 142.04+28.45% 224.27+70.31%°
LVDs (mm) 29.96+2.07 32.15+3.41 41.80+3.72% 55.49+7.07*°
ESV (mL) 35.35+5.47 43.57+11.01 79.00+17.03% 155.31+55.79°"
LVEF (%) 63.35+2.92 60.91+4.07 44.10+1.78° 32.67+5.42°°
LVMI (g/m?) 69.77+13.30 70.21+£14.45 72.89+14.59 102.86+15.43%

Data are expressed as mean + standard deviation (SD). Compared with control group, *P<0.05; Compared with the HFpEF group, *P<0.05;
Compared with the HFmrEF group, °P<0.05. HC, Healthy control; HFpEF, heart failure with preserve ejection fraction; HFmrEF, heart failure
with mid-range ejection fraction; HFrEF, heart failure with reduced ejection fraction; GFR, glomerular filtration rate; HGB, hemoglobin;
BSA, body surface area; NT-proBNP, N-terminal-pro-brain natriuretic peptide; GFR, glomerular filtration rate; LAD, left atrial diameter;
LAVI, left atrial volume index; TRVmax, maximum tricuspid regurgitation velocity; LVMI, left ventricular mass index; LVDd, left ventricular
end-diastolic dimension; EDV, end-diastolic volume; LVDs, left ventricular end-systolic dimension; ESV, end-systolic volume; LVEF, left
ventricular ejection fraction; BSA, body surface area; BP, blood pressure. 1 mmHg=0.133 kPa.
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Table 2 Parameters of MW in HC subjects compared with all patients with CHF

Variable HC group (n=51)

HFpEF group (n=54)

HFmrEF group (n=50) HFrEF group (n=51)

GWI (mmHg%) 1,992.86+176.50

GCW (mmHg %) 2,227.55+206.68
GWW (mmHg%) 58.37+45.97
GWE (%) 96.41+2.75

1,506.91+148.97°
1,758.96+202.53"
107.78+73.55°
90.89+6.26"

1,267.04+150.66™ 622.02+302.10°

1,532.38+230.11%° 768.45+£371.01%°
150.60+96.23% 201.10+97.84%*°

85.24+7.82% 78.86+8.91%*

Data are expressed as mean = SD. Compared with control group, *P<0.05; Compared with HFpEF group, "P<0.05; Compared with
HFmrEF group, °P<0.05. GWI, global myocardial work index; GCW, global constructive work; GWW, global wasted work; GWE,
myocardial work efficiency; HC, healthy control; HFpEF, heart failure with preserve ejection fraction; HFmrEF, heart failure with mid-range

ejection fraction; HFrEF, heart failure with reduced ejection fraction.

proBNP, glomerular filtrate rate (GFR), and hemoglobin
(HGB) were observed between the HC and HFpEF groups.
Compared to the HC and HFpEF groups, the N'T-proBNP
was higher, while GFR and HGB were significantly
decreased in the HFmrEF and HFrEF groups (P<0.05).
Patients with HFmrEF and HFrEF were associated with
diabetes, renal disease, and coronary artery disease (Table 1,
Parameter group A). There were no significant differences
between the groups in gender, age, height, weight, body
surface area (BSA), systolic blood pressure (BP), diastolic
BP, and heart rate (P>0.05).

In implementing the machine learning method, 80%
of the studies randomly selected from each group of HC,
HFpEF, HFmrEF, and HFrEF were used as training
data, while the remaining 20% of the studies were used as
training used for testing data. The out-of-bag observations
that occurred during the training process of random forests
were used for validation data.

Statistical comparison of conventional echocardiographic
parameters between the four groups

Compared to the HC group, no notable differences in
LVDd, EDV, LVDs, ESV, LVEE, LVMI, and TRV (P>0.05)
were observed, except for LAD, LAVI, and E/e' in the
HFpEF group (P<0.05, Table 1, Parameter group B).

Also, compared to the HC and HFpEF groups,
significantly increased LAD, LAVI, E/e', LVDd, LVDs,
EDV, and ESV and markedly decreased LVEF were
observed in the HFmrEF group (P<0.05, Table 1, Parameter
group B).

Furthermore, compared to the HFmrEF group,
significantly increased LAD, LAVI, E/e', LVDd, LVDs,
EDV, ESV, and LVMI and notably decreased LVEF was
observed in the HFrEF group (P<0.05, 7able 1, Parameter
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group B).

Statistical comparison of myocardial work parameters
between the four groups

As for the MW parameters, markedly decreased GWI,
GCW, and GWE and significantly increased GWW were
observed in the HFpEF, HFmrEF, and HFrEF groups,
compared to the HC group (Table 2).

There were also statistically significant differences
between the HFpEF, HFmrEF, and HFrEF groups in all
MW parameters (GWI, GCW, GWE, and GWW) (Figure
2 and Table 2).

Machine learning-based integration of myocardial work
and conventional echocardiographic parameters for multi-

group diagnosis

Based on the above statistical analysis, the conventional
echocardiographic parameters, LAD, LVDd, LVDs, EDV,
ESV, and LVEE, as well as the MW parameters, GWI, GCW,
GWE, and GWW, were used for multi-group diagnosis of the
HC, HFpEE, HFmrEE, and HFrEF groups by establishing a
multi-classification machine learning model. The histogram of
each parameter was a plot in Figure 3, with the different colors
corresponding to each of the above groups.

The accuracy of multi-classification of the four groups
was as high as 98% (Figure 44), with LVEF and GWI
being more important than the other predictors (Figure
4B). Three additional machine learning experiments were
performed for multi-classification of the four groups, with
the inputs being LVEF, GWI, and a combination of both,
respectively. Multi-classification accuracies of 0.82, 0.88,
and 0.98 were obtained, with the combination of LVEF and
GWI exhibiting the highest accuracy.
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Figure 2 Examples of patients in the HC, HFpEF, HFmrEF, and HFrEF groups. In each group, the LV PSL, 17-segment bull's-eye
representation of GWE, and the MW parameters, were given. Specifically, the 17-segment bull's-eye representation of GWE showed

regions of high efficiency coded in green and those with the least efficiency coded in red, while the MW parameters included GWI, GCW,
GWW, and GWE. (A) HC group; (B) HFpEF group; (C) HFmrEF group; (D) HEFrEF group. PSL, pressure-strain loop; MW, myocardial

work; HC, healthy control; HFpEF, heart failure with preserve ejection fraction; HFmrEF, heart failure with mid-range ejection fraction;

HEFTEF, heart failure with reduced ejection fraction.

GWI was positively correlated with LVEF, with a
correlation coefficient of 0.86 (Figure 5). The receiver
operating characteristic (ROC) curves of the multi-
classification machine learning models for each
group (Figure 6) were also plotted and revealed the
complementarity of LVEF and GWI in improving the
accuracy of multi-classification. Specifically, for the HC and
HFpEF groups, the area under the ROC curve (AUC) using
GWTI was significantly greater than that by LVEE, while for
the HFmrEF and HFrEF groups, the AUC using GWI was

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

smaller than that by LVEF. The combination of LVEF and
GWI obtained the highest AUC of all four groups.
Additionally, the histograms of LVEF (Figure 3, blue
bounding box) and GWI (Figure 3, red bounding box)
further demonstrated their complementarity in improving
the multi-classification accuracy compared to each
individually. The overlap in LVEF between the HC and
HFpEF groups was greater than that of the counterpart
in GWI, while LVEF demonstrated a better separation
between the HFpEE, HFmrEF and HFrEF groups.
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Figure 3 Histogram plots of the MW and conventional echocardiographic parameters. The conventional echocardiographic parameters
included LVDd, EDV, LVDs, ESV, LAD, and LVEFE. The MW parameters included GWI, GCW, GWW, and GWE. All parameters were
normalized into [0, 10] on the x-axis for observation, while the quantities on the y-axis revealed the underlying shape of the distribution.
The four groups of HC, HFpEF, HFmrEF, and HFrEF were specified by four different colors, and the additional colors were generated by
the overlap of the neighbor groups. In particular, the overlap in LVEF (blue bounding box) between the HC and HFpEF groups was greater
than that of the counterpart in GWI (red bounding box), while LVEF demonstrated a better separation between the groups. HC, Healthy
control; HFpEE, heart failure with preserve ejection fraction; HFmrEE, heart failure with mid-range ejection fraction; HFrEF, heart failure
with reduced ejection fraction; LAD, left atrial diameter; LVDd, left ventricular end-diastolic dimension; EDV, end-diastolic volume; ESV,

end-systolic volume; LVEF, left ventricular ejection fraction.

Repeatability test output at rest or during stress, with a high mortality rate

Regarding the MW parameters, a repeatability test was (18,19). Myocardial systolic function assessments followed

performed on 20 studies, which showed statistically

significant results and indicated good repeatability (P<0.05,
Tuble 3). symptoms, reduce mortality, and improve quality of life

(20-22). The present study investigated the value of the

by relevant treatments important for CHF patients to
prevent and delay myocardial remodeling, improve

. . echocardiographic MW technique in the application
Discussion of assessing LV systolic function in patients with CHFE.
CHEF is a clinical syndrome caused by abnormal structure Specifically, the MW parameters were significantly
and/or function (systolic or diastolic dysfunction), resulting different between all four groups (HC, HFpEF, HFmrEEF,

in increased intracardiac pressure and/or reduced cardiac and HFrEF), while the traditional and most commonly
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Figure 4 The plots of multi-classification accuracy and predictor importance estimates. (A) The accuracy of multi-classification of the four

groups was 98% with number of grown trees being 50. (B) The LVEF and GWI were highly ranked with more importance than the other

predictors. LVEF, left ventricular ejection fraction; GWI, global MW index. LVDd, left ventricular end-diastolic dimension; EDV, end-

diastolic volume; LVDs, LV end systolic diameter; ESV, end-systolic volume; LAD, left atrial diameter; LVEF, left ventricular ejection
fraction; GWI, global myocardial work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency.
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Figure 5 Scatterplot between LVEF (%) and GWI (mmHg).
(correlation coefficient r=0.86). LVEF, left ventricular ejection
fraction; GWI, global MW index.

used LVEF was insufficient in distinguishing the HC and
HFpEF groups. Also, the combination of GWI and LVEF
could complementarily improve the diagnostic accuracy of
classifying multiple groups (HC, HFpEF, HFmrEF, and
HEFrEF), with an accuracy of as high as 0.98, compared to
0.82 and 0.88 when using each individually.

The clinical diagnosis of HFpEF, which was previously
known as diastolic heart failure with normal LVEF, is more
challenging than HFrEF (23). Statistically significance
in the MW parameters indicated some degree of
impaired myocardial systolic function in HFpEF patients.
Considering that patients with HFpEF generally have
an increased left atrial size and additional "evidence" of
impaired LV filling or suction capacity, myocardial cell

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

elongation was affected during isovolumic relaxation,
resulting in significantly reduced GCW and GWE. The
reduction of GWI indicated an overall decreased MW in
HFpEF patients. Therefore, despite the normal LVEF
in HFpEF patients, the MW parameters could be more
sensitive measures of intrinsic myocardial systolic function,
particularly in distinguishing HFpEF from HC patients (24).
Early population-level studies have shown that patients
with HFmrEF have similar clinical characteristics and
prognoses to those with HFpEF (25-27). The results of the
present study appeared to paint a different picture. In terms
of MW parameters, the HFmrEF group was found to be
intermediate to HFpEF and HFrEFE. Also, GWI, GCW,
and GWE progressively decreased, and GWW gradually
increased from HFpEF through HFmrEF to HFrEF.
The MW parameters were statistically different between
the groups (P<0.05), and all three groups demonstrated
evidence of LV systolic dysfunction. Considering the lack
of formal studies assessing LV systolic function in patients
with HFmrEF (28), the management of HFmrEF patients
is challenging. Despite significant progress (29), our study
suggests that the MW parameters could be used to better
elucidate the HFmrEF group and therapeutic assessment.
In clinical practice, a non-negligible number of CHF
patients experience LVEF recovery or exacerbation
due to advances in drug therapy, devices, coronary
revascularization, or valvular repair (30). MW is expected
to be a new and more sensitive method with potential
application value in assessing LV myocardial systolic
function after clinical treatment (31,32). Decreased
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Figure 6 ROC curve analysis of multi-classifying HC, HFpEF, HFmrEF, and HFrEF groups, with a comparison of LVEF, GWI, and
LVEF + GWI in each group. (A) ROC curves for the HC group. Area under the ROC curve (AUC) =0.86 using LVEF; AUC =0.98 using
GWI; and AUC =0.99 using LVEF+GWI. (B) ROC curves for the HFpEF group. AUC =0.88 using LVEF; AUC =0.94 using GWI; and
AUC=0.99 using LVEF + GWI. (C) ROC curves for the HFmrEF group. AUC =0.99 using LVEF; AUC =0.92 using GWI; and AUC =0.99
using LVEF + GWI. (D) ROC curves for the HFrEF group. AUC =0.99 using LVEF; AUC =0.98 using GWTI; and AUC =0.99 using LVEF
+ GWL In (C) and (D), the ROC curve of “LVEF (red)” was overlapped with the “LVEF + GWI (green)”. HC, healthy control; HFpEE,
heart failure with preserve ejection fraction; HFmrEF, heart failure with mid-range ejection fraction; HFrEF, heart failure with reduced
ejection fraction; ROC, receiver operating characteristic; AUC, area under the ROC curve; LVEE, left ventricular ejection fraction; GWI,
global MW index.

Table 3 Repeatability test of myocardial work

Intra-group Inter-group
Variable
r 95% ClI r 95% CI
GWI (mmHg%) 0.912 0.836-0.963 0.911 0.857-0.979
GCW (mmHg %) 0.911 0.822-0.976 0.925 0.855-0.979
GWW (mmHg %) 0.918 0.846-0.992 0.921 0.836-0.979
GWE (%) 0.921 0.859-0.987 0.922 0.845-0.978

GWI, global myocardial work index; GCW, global constructive work; GWW, global wasted work; GWE, myocardial work efficiency.

GWI demonstrated significantly impaired contractile disordered arrangement of myocardial fibers, myocardial
performance of the cardiomyocytes. The reason may be interstitial fibrosis, and other pathological changes
attributed to severe ischemia, degeneration, necrosis, in myocardial cells (33). The LVEF and GWI, which
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were highly ranked regarding importance in the multi-
classification model, were complementary in improving the
multi-classification of HC, HFpEF, HFmrEF, and HFrEF
groups to the machine learning model. In the present study,
the complementarity of both was further analyzed and
confirmed by the histograms and ROC curves. Therefore,
GWI has significant clinical application value in promoting
the traditional LVEE.

However, this study had some limitations that should
be noted. Firstly, this study only evaluated the global
work of the LV myocardium in CHF patients and did not
distinguish the work of each segment among 17 segments.
Secondly, brachial artery blood pressure was used to replace
LV pressure. Thirdly, CHF patients may have received
medication before making a definite diagnosis. Fourthly,
follow-up of the study population lacked to evaluate further
MW, which will be encompassed in the next phase of the
study. Lastly, we did not compare the MW index with
LVEF determined by cardiac magnetic resonance, with
higher reproducibility, and this was only a single center
study.

In summary, this study demonstrated that GWI
could play a complementary role to LVEF in the early
diagnosis of HFpEF patients from the HC group, as well
as improving the accuracy of clinical evaluation of CHF
patients, highlighting the value of echocardiographic MW
in the assessment of LV myocardial systolic function in
patients with CHE. Echocardiographic MW is a promising
tool and should be utilized along with conventional LVEF
to evaluate CHF in clinical practice.
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