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Objective: Myocardial work (MW) is a novel non-invasive method that uses speckle
tracking echocardiography (STE) to assess left ventricular (LV) function. MW incorporates
the global longitudinal strain and afterload conditions. Here we aimed to use MW to
assess the LV function of patients with coronary artery disease (CAD) with or without
heart failure (HF).

Methods: We enrolled a total of 150 individuals (50 each) with CAD and a normal
LV ejection fraction (LVEF), CAD with HF, and healthy controls. Patients were divided
into the hypertension (HTN) and normal blood pressure (no HTN) subgroups. MW was
determined from the pressure-strain loop using STE. The relationships between MW
indices and conventional echocardiographic parameters were evaluated, and the MW
indices were compared among groups.

Results: Univariate and multivariate analyses showed that MW indices were strongly
correlated with LVEF. The global work index (GWI) was increased in the CAD with normal
LVEF subgroup with HTN vs. controls (1,922.3 + 393.1 vs. 1,639.7 + 204.6 mmHg%,
p < 0.05) and decreased in CAD patients with HF (no HTN: 940.9 4 380.6 vs. 1,639.7 £+
204.6 mmHg%, p < 0.05; HTN: 857.3 + 369.3 vs. 1,639.7 £ 204.6 mmHg%, p < 0.05).
Global waste work was increased in all CAD subgroups vs. controls. Global constructive
work had the same tendency as GWI in patients with CAD. Global MW efficiency was
decreased in all patients with CAD.

Conclusion: MW using STE accurately quantifies LV function in patients with CAD.
It offers additional information about LV function with respect to disease progression,
particularly in CAD patients with a normal LVEF.

Keywords: myocardial work, speckle tracking echocardiography, global longitudinal strain, coronary artery
disease, heart failure, left ventricular function
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INTRODUCTION

An accurate assessment of left ventricular (LV) function is
crucial in clinical decision-making regarding cardiovascular
diseases. This remains a major challenge during disease
development. In addition to echocardiography, cardiac magnetic
resonance imaging (MRI) and single photon emission computed
tomography (SPECT) are used to assess heart function. However,
MRI and SPECT are severely limited by their high operational
cost, need for expensive and high-maintenance equipment, and
radioactivity. In addition to these advantages, echocardiography
can provide diagnostic results faster than MRI and SPECT. The
conventional echocardiographic parameter, LV ejection fraction
(LVEEF), is currently recognized as the standard assessment of
LV function. However, LVEF is based on movement of the
endocardial border, which is less sensitive in the early stage of
ischemia. Tissue Doppler imaging (TDI) was used to evaluate
heart function before speckle tracking echocardiography (STE)
emerged. However, TDI has the disadvantage of its angle
dependence leading to inaccurate results. Global longitudinal
strain (GLS), which is derived from speckle tracking imaging,
is a more sensitive measure of myocardial impairment and
ischemia-induced LV function damage and has gradually been
used in clinical practice (1). However, GLS may be inadequately
interpreted if the LV afterload is increased (2). Myocardial work
(MW), which considers the GLS and afterload conditions, offsets
the disadvantages of GLS alone for detecting LV dysfunction
(3, 4).

Recent studies reported that MW showed distinct patterns in
different afterload conditions and settings (4-8). LVEF is usually
preserved in the early stages of cardiovascular diseases (9). It is
difficult to quantify LV myocardial functional impairments in
coronary artery disease (CAD) patients with a normal LVEF.
According to Edwards et al., MW can identify early abnormalities
in LV function, making it a sensitive index for assessing early
LV dysfunction (10). No studies to date have investigated the
MW patterns in CAD patients with a normal LVEF and reduced
LVEF. The current study aimed to investigate MW indices
under different afterload conditions and MW patterns in healthy
individuals and CAD patients with different heart functions.

MATERIALS AND METHODS
Study Population

This study enrolled all individuals treated at Beijing Hospital
between September 2018 and December 2019. The study protocol
complied with the guidelines of the Declaration of Helsinki.
All participants provided written informed consent. This study
was approved by the Beijing Hospital Ethics Committee. The
participants were divided into three groups of 50 each: controls,
CAD with normal LVEE, and CAD with heart failure (HF). The
control group included healthy individuals from the healthcare
management center who had no cardiopulmonary symptoms,
had normal electrocardiography findings, and received no
medication. Patients with symptoms and diagnosed as HF were
assigned to the HF group. The HF group included patients with
a mid-range or reduced ejection fraction (11). The inclusion

criteria for CAD patients were (1) myocardial ischemia-related
symptoms (such as chest pain, chest tightness, palpitation,
and shortness of breath); (2) age >18 years; and (3) sinus
rhythm. The exclusion criteria for CAD patients were (1) ST-
segment elevation myocardial infarction; (2) other serious heart
disease (congenital cardiomyopathy, moderate to severe valvular
disease, malignant arrhythmia, hypertrophic cardiomyopathy,
dilated cardiomyopathy, etc.); (3) other end-stage diseases
(life expectancy <1 year); (4) coronary angiography findings
indicative of myocardial bridge without coronary atherosclerosis;
and (5) poor-quality echocardiography images. The CAD
patients were divided into hypertension (HTN) and no HTN
subgroups. Blood pressure was recorded at the time of the
echocardiography. An increased afterload was identified when
the brachial systolic blood pressure (SBP) was >140 mmHg
or diastolic blood pressure (DBP) was >90 mmHg. Patients
were excluded if they had malicious arrhythmia, valvular disease
(moderate or severe), congenital heart disease, or poor-quality
echocardiographic images.

Angiography and Conventional

Echocardiography

Angiography was performed after echocardiography by an
experienced cardiologist. Stenosis >50% in at least one major
coronary artery or its main branch was identified as CAD.
Echocardiography was performed using a Vivid E95 (GE
Vingmed Ultrasound, Norway) according to the guidelines of
the American Society of Echocardiography (12). All images
were stored in RAW format for offline analysis. LV mitral
velocities were obtained using pulsed-wave TDI. The diastolic
interventricular septal thickness (IVSd), diastolic posterior wall
thickness (PWd), and LV diameter diastole (LVDd) were
acquired using two-dimensional (2D) imaging. The LV end-
diastolic volume (LVEDV) was measured on the apical four-
chamber view. LVEF was calculated using Simpson’s method.
The transmitral E and A wave velocities were measured using
pulsed-waved Doppler

GLS and MW

GLS and MW were measured using 2D STE. The indices were
obtained from four-, two-, and three-chamber views at 45-75
frames/s. The offline analysis was performed using an EchoPAC
V203 (GE Vingmed Ultrasound). The MW parameters were
obtained using a pressure-strain loop (PSL) area module that was
constructed using LV pressure values on the vertical axis and
strain on the horizontal axis. Based on previous studies, the peak
systolic LV pressure was assumed to be equal to the brachial SBP
(3, 4).

The global work index (GWI) represents the total work within
the area of the LV-PSL from mitral valve closure to mitral valve
opening (Figure 1). Global constructive work (GCW) represents
the work performed during myocardial shortening in systole and
lengthening in isovolumic diastole. Global waste work (GWW)
represents the work performed by myocytes during myocardial
elongation in systole and shortening in isovolumic diastole.
Global work efficiency (GWE) is defined as the GCW divided by
the sum of the GCW and the GWW: GCW/(GCW + GWW).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 727389


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhu et al.

Myocardial Work Assesses Ventricular Function

LVP (mmHg)

Strain(%)

ANT_SEPT

23061270 '559235

1913

2293

ANT_SEPT

1634614 29411386

203
251824 180857,

FIGURE 1 | (A) Mean PSL in the healthy individual (green) and a CAD patient with normal LVEF (red) and a CAD patient with HF (blue). Seventeen segment bull'seye
representation of the MW index (GWI): (B) in a healthy individual; (C) in a CAD patient with normal LVEF; and (D) in a CAD patient with HF. CAD, coronary artery
disease; GWI, global work index; HF, heart failure; MW, myocardial work; PSL, pressure-strain loop.
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Statistical Analysis

Continuous variables are represented as mean =+ standard
deviation. The normality of the distribution was tested using the
Kolmogorov-Smirnov test. Categorical variables are presented
as numbers and percentages. Individual characteristics were
compared across subgroups using the x? test for categorical
variables and analysis of variance for continuous variables
in relation to the control group. Correlation analysis was
performed using Pearson’s or Spearman’s correlation coefficients.
Multivariable linear regression analyses were performed to
evaluate the independent correlations between the MW indices
and other parameters. Two-sided values of p < 0.05 were
considered statistically significant. All analyses were performed
using SPSS v25.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Patient Characteristics and Conventional

Echocardiographic Analysis
Patients in the CAD groups were significantly older than
those in the control group (p < 0.05) (Table1). The body

mass index (BMI) was higher (p < 0.05) in the CAD
patients with a normal LVEF. The SBP was significantly
higher in the HTN subgroup (p < 0.05). The DBP was
significantly higher in patients in the CAD and normal LVEF
with HTN subgroup and lower in patients with CAD and
HF without HTN subgroup (p < 0.05). The SBP and DBP
values differed significantly between the CAD subgroups (p
< 0.05).

Patients in the HF subgroup had significantly thicker
interventricular septal thickness than the controls (p < 0.05)
(Table 2). The PWd was higher in HF patients without HTN.
The LVDd and LVEDV were significantly increased in patients
with CAD and HF. The A wave value was significantly increased
(p < 0.05) in the CAD subgroup except in HF patients with HTN.
The E/A ratio was decreased (p < 0.05) in the CAD subgroups
except in HF patients with HTN. GLS was significantly impaired
(P < 0.05) in both HF subgroups. However, no significant
differences in GLS were observed in CAD patients with a
normal LVEF. The E/e’ was increased (P < 0.05) in all patients
with CAD.
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TABLE 1 | Patients’ demographic characteristics.

Control (n = 50)

CAD with normal LVEF group

CAD with HF group

No HTN (n = 26) HTN (n = 24) No HTN (n = 34) HTN (n = 16)
Age (years) 37+ 16 63 + 8.19* 64.96 + 9.10* 63.18 + 9.21* 70.04 + 11.65*
BSA (m?) 1.73 + 0.21 1.82+0.15 1.77 +£0.22 1.79 +£0.17 1.70 +0.18
BMI (kg/m?) 23.23 £3.35 25.75 £ 2.9" 26.65 + 2.92* 24.55 + 4,51 23.6 + 3.51
SBP (mmHg) 115.3 + 11.01 124.77 + 9.98* 150.96 + 11.03%* 115.35 + 13.92 144.63 + 8.07***
DBP (mmHg) 73.78 £ 9.69 70.52 £ 10.01 80.11 £ 10.79"* 75.23 + 18.37 67.18 £ 12.99"*
HR (opm) 7552 + 11.31 73.35 + 10.68 75.92 + 11.44 67.97 + 11.84* 8131+ 15.7
Male sex 25 (50%) 19 (73.1%) 14 (58.3%) 20 (58.8%) 13 (81.2%)
DM history - 10 (38.5%) 12 (50.0%) 8 (23.5%) 2 (12.5%)
HTN history - 5 (19.2%) 22 (91.7%) 21 (61.8%) 7 (43.8%)

*p < 0.05 vs. the control group.
**p < 0.05 in the no HTN vs. HTN group.

BMI, body mass index; BSA, body surface area; CAD, coronary artery disease; DBF, diastolic blood pressure; DM, diabetes mellitus; HF, heart failure; HTN, hypertension, LVEF, left

ventricular ejection fraction; SBF, systolic blood pressure.

TABLE 2 | Conventional echocardiography parameters.

Control (n = 50)

CAD with normal LVEF group

CAD with HF group

No HTN (n = 26) HTN (n = 24) No HTN (n = 34) HTN (n = 16)
IVSd (mm) 9.18 + 1.51 9.70 £ 1.02 9.67 £ 1.13 10.77 + 1.90* 10.43 + 2.21*
PWd (mm) 8.86 + 1.43 9.74 £1.25 9.59 + 1.08 10.00 + 1.44* 9.71 + 1.42
LVDd (mm) 4354 £ 424 47.48 £ 3.54 45.86 £ 4.13 56.82 + 8.02* 57.39 + 8.15*
LVEDV (mL) 86.62 £ 19.47 105.43 + 18.11 97.81 £21.13 157.63 + 59.03" 166.83 + 53.75"
LVEF (%) 64.14 £2.83 62.70 £ 3.64 63.52 £ 3.43 38.14 £ 13.5* 36.93 + 8.86"
A wave (cm/s) 0.62 +£0.14 0.83 + 0.21* 0.84 + 0.19* 0.78 + 0.26* 0.70 £ 0.17
E wave (cm/s) 0.81 +£0.13 0.73 £0.16 0.74 £0.16 0.57 £ 0.29" 0.76 £0.35
E/A ratio 1.38 + 0.46 0.91 + 0.77* 0.93 + 0.31* 0.92 + 0.77* 1.01 + 0.51
E/e/ 6.59 & 1.37 10.99 & 4.50* 10.60 + 5.18* 15.00 + 6.44* 15.42 + 11.00*
GLS ~18.26 £ 2.16 —16.78 + 2.68 —17.25 £ 2.44 ~8.09 + 3.05* ~9.04 + 8.30*

*p < 0.05, significantly different from the control group.

GLS, global longitudinal strain; HF, heart failure; HTN, hypertension; IVSd, diastolic interventricular septal thickness, LVDd, left ventricular diameter diastole; LVEDV, left ventricular
end-diastolic volume; LVEF, left ventricular ejection fraction;, PWd, diastolic posterior wall thickness.

Correlations Between MW and Other

Parameters

GWI was strongly correlated with the LVEF and LVDd,
moderately correlated with SBP, E wave, and E/e/, and weakly
correlated with IVSd (Figure 2A; Table 3). The multivariable
analysis revealed that GWI was significantly correlated with
LVEF, moderately correlated with SBP, and weakly correlated
with DBP and LVDd (Table 3). GWW was strongly correlated
with LVEF and LVDd and moderately correlated with age, SBP,
IVSd, E/e/, and PWd (Figure 2B; Table 4). GWW was weakly
correlated with E/A ratio (Table 4). In the multivariable analysis,
GWW was strongly correlated with LVDd and moderately
correlated with body surface area and SBP (Table 4). GCW was
strongly correlated with LVEF and LVDd, moderately correlated
with SBP and E wave, and weakly correlated with E/e’ and IVSd
(Figure 2C; Table 5). In the multivariable analysis, GCW was
significantly correlated with LVEF and moderately correlated

with SBP (Table 5). GWE was strongly correlated with LVEF and
LVDd and moderately correlated with age, IVSd, PWd, E wave,
E/A ratio, and E/¢’ (Figure 2D; Table 6). In the multivariable
analysis, GWE was significantly correlated with LVEF and
moderately correlated with LVDd. GWE was weakly correlated
with body surface area, BMI, SBP, and E/e’ (Table 6).

MW by Study Subgroup
The GWI was significantly elevated in CAD patients with a
normal LVEF and HTN compared with controls (HTN: 1,922.3
+ 393.1 vs. 1,639.7 + 204.6 mmHg%, p < 0.05) but not in
those without HTN. In the HF group, the GWI was significantly
reduced in both subgroups (no HTN: 940.9 =+ 380.6 vs. 1,639.7 £
204.6 mmHg%, p < 0.05; HTN: 857.3 4= 369.3 vs. 1,639.7 £ 204.6
mmHg%; Figure 3A).

The GWW was increased in all CAD patients with a normal
LVEF vs. controls (no HTN: 124.7 £+ 58.1 vs. 79.1 £+ 40.3
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FIGURE 2 | Graph showing the median as well as 25th and 75th percentiles of the GWI (A), GWW (B), GCW (C), and GWW (D). ‘P < 0.05, significantly different
compared with the controls. GCW, global constructive work; GWE, global myocardial work efficiency; GWI, global work index; GWW, global waste work; HF, heart
failure; HTN, hypertension.

mmHg%, P0.05; HTN: 183.4 4 101.8 vs. 79.1 & 40.3 mmHg%,
p < 0.05). It also significantly increased in both HF subgroups
(no HTN:274.4 £175.9 vs. 79.1 & 40.3 mmHg%, p < 0.05; HTN:
282.6 £ 174.3 vs. 79.1 & 40.3 mmHg%; p < 0.05; Figure 3B).

GCW showed the same tendency as GWI in CAD patients.
Compared with the control group, the GCW significantly
increased in CAD patients with a normal LVEF and HTN (2,377.5
£ 427.8 vs. 1,964.5 + 251.3 mmHg%, p < 0.05) but not in
those with a normal LVEF and no HTN. In the HF group, GCW
significantly decreased in all patients (no HTN: 1,275.1 £ 418.8
vs. 1,964.6 £ 251.3 mmHg%, p < 0.05; HTN: 1,176.2 & 423.2 vs.
1,964.5 & 251.3 mmHg%, p < 0.05; Figure 3C).

Compared with the control group, the GWE was decreased in
the CAD subgroups (normal LVED but no HTN: 92.9 £ 3.2 vs.
95.2£2.0%, p < 0.05; HIN: 91.6 3.3 vs. 95.3 £ 2.0 %, p < 0.05)
and HF subgroups (no HTN: 80.1 £ 9.7 vs. 95.3 & 2.0%, p < 0.05;
HTN: 78.4 & 8.1 vs. 95.3 £ 2.0%, p < 0.05; Figure 3D).

DISCUSSION

In the current CAD study, MW appeared to be more predictive
than LVEF and GLS for assessing LV function. Sub-endocardial
fibers are susceptible to ischemia, so repetitive and intermittent
minor ischemia may result in subtle forms of myocardial
stunning. Minor ischemia may not necessarily result in reduced
ventricular wall motion. In such cases, GLS is decreased, while
LVEF and regional wall motions are normal (13, 14). As arterial
blood pressure rises, the LV must spend more energy to eject
the blood. This increase in afterload could reduce the absolute
GLS, thus resulting in misinterpretation of the true contraction
of the myocardium (2, 15). One study demonstrated that the MW
in patients with a high SBP was significantly different from that
in controls despite preservation of the strain and EF (4). MW
derived from the PSL with consideration of the GLS and afterload
enables the accurate assessment of the LV myocardial function.
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TABLE 3 | Univariable and multivariable analyses of global work index.

TABLE 5 | Univariable and multivariable analyses of global constructive work.

Variable Univariable analysis Multivariable analysis Variable Univariable analysis Multivariable analysis
Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value

Sex 0.15 0.066 Sex 0.133 0.104

Age —0.149 0.069 Age -0.104 0.207

Body surface area —0.01 0.901 Body surface area —-0.012 0.882

Body mass index 0.035 0.665 Body mass index 0.059 0.466

SBP 0.257 0.001 0.283 <0.001 SBP 0.315 <0.001 0.345 <0.001

DBP 0.094 0.251 —-0.116 0.025 DBP 0.092 0.262 —0.144 0.008

IVSd (mm) -0.179 0.028 IVSd (mm) -0.186 0.022

PWd (mm) —0.155 0.059 PWd (mm) —0.129 0.116

LVDd (mm) —0.674 <0.001 —0.159 0.083 LVDd (mm) -0.623 <0.001

LVEF (%) 0.801 <0.001 0.671 <0.001 LVEF (%) 0.765 <0.001 0.761 <0.001

A wave (cm/s) 0.097 0.241 A wave (cm/s) 0.16 0.052

E wave (cm/s) 0.24 0.003 E wave (cm/s) 0.249 0.002

E/A ratio 0.062 0.447 E/A ratio 0.034 0.708

E/e’ -0.317 <0.001 E/e’ -0.254 0.003

DBR, diastolic blood pressure; 1VSd, diastolic interventricular septal thickness; LVDd,
left ventricular diameter diastole; LVEF, left ventricular ejection fraction;, PWd, diastolic
posterior wall thickness; SBF, systolic blood pressure. p < 0.05 was considered
significant.

DBP, diastolic blood pressure; 1VSd, diastolic interventricular septal thickness; LVDd,
left ventricular diameter diastole; LVEF, left ventricular ejection fraction; PWd, diastolic
posterior wall thickness; SBF, systolic blood pressure. p < 0.05 was considered
significant.

TABLE 4 | Univariable and multivariable analyses of global waste work.

TABLE 6 | Univariable and multivariable analyses of global work efficiency.

Variable Univariable analysis Multivariable analysis Variable Univariable analysis Multivariable analysis
Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value

Sex —0.092 0.264 Sex 0.112 0.171

Age 0.403 <0.001 Age -0.333 <0.001

Body surface area —0.041 0.612 —0.205 0.002 Body surface area 0.021 0.793 0.168 0.003

Body mass index 0.086 0.289 Body mass index —0.06 0.464 —-0.129 0.024

SBP 0.222 0.006 0.247 <0.001 SBP —0.082 0.321 —0.095 0.026

DBP -0.018 0.824 DBP 0.047 0.568

IVSd (mm) 0.24 0.003 IVSd (mm) -0.234 0.004

PWd (mm) 0.287 <0.001 PWd (mm) -0.248 0.002

LVDd (mm) 0.594 <0.001 0.625 <0.001 LVDd (mm) -0.794 <0.001 —0.366 <0.001

LVEF (%) -0.556 <0.001 LVEF (%) 0.831 <0.001 0.547 <0.001

A wave (cm/s) 0.149 0.069 A wave (cm/s) —-0.111 0.174

E wave (cm/s) —0.153 0.061 E wave (cm/s) 0.256 0.002

E/A ratio —0.186 0.030 E/A ratio 0.204 0.022 —-0.233 0.014

E/e/ 0.441 <0.001 E/e’ —0.453 <0.001

DBF, diastolic blood pressure; 1VSd, diastolic interventricular septal thickness; LVDd,
left ventricular diameter diastole; LVEF, left ventricular ejection fraction; PWd, diastolic
posterior wall thickness; SBF, systolic blood pressure. p < 0.05 was considered
significant.

In our study, the GLS of patients with CAD was lower than
that of controls, but the difference was not statistically significant.
This lack of a difference may be related to the small sample
size. However, MW detected differences between patients with
CAD and controls. Furthermore, MW can indicate the subtle and
accurate effects of ischemia on the myocardium by combining
GLS and blood pressure information. Boe et al. investigated MW
in patients with non-ST-segment acute coronary syndromes and
reported that a regional GWI < 1,700 mmHg% was significantly

DBR, diastolic blood pressure; IVSd, diastolic interventricular septal thickness, LVDd,
left ventricular diameter diastole; LVEF, left ventricular ejection fraction; PWd, diastolic
posterior wall thickness; SBF, systolic blood pressure. p < 0.05 was considered
significant.

superior to GLS or LVEF (16). Our results are consistent with this
finding in that the MW indices derived from the GLS were more
responsive to LV function than GLS.

MW indices were strongly correlated with LVEF in
this study. These results are consistent with those of the
Normal Reference Ranges for Echocardiography (NORRE)
study, which demonstrated strong correlations between GWI
and GLS and LVEF (17). In the current study, the GWI was
decreased in CAD patients with HF because HF patients are
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in a decompensated state of heart function due to myocardial
damage. The GWI was significantly elevated in patients with
HTN because the LV myocardium must compensate for the
increased afterload in patients with HTN. Some studies reported
that GWI was significantly increased in patients with high
blood pressure, consistent with our study results (18, 19).
Therefore, GCW can be used to estimate LV performance since
it represents the work required for LV ejection. Another study
indicated that GCW is significantly correlated with traditional
parameters such as LVEE E/e/, stroke volume, cardiac output,
and cardiac index (17). GCW reflects the contractile and viable
myocardium and is considered more useful than GLS (20).
GWW, as the waste work of myocardium, was significantly
elevated in the CAD-HTN subgroup and HF subgroup in our
study. In patients with HTN, the increase in GWW may be due
to resistance against the increasing afterload. In HF patients,
dyssynchronous contractions and post-systolic shortening in
the damaged myocardium may contribute to GWW (10).
Dyssynchronization in wall motion increases GWW and reduces
the ventricular ejection efficiency (21). GWW was reportedly
alleviated in dyssynchronous ventricles along with increases in

LVEF after cardiac resynchronization therapy (CRT) (3). Another
study showed patients with higher GCW exhibit a favorable
response to CRT (22). GWE reflects the efficiency of myocardial
contraction. In our study, GWE was lower in the CAD subgroups
than in controls, particularly in the HF subgroups. The GWI did
not differ significantly between the CAD patients with a normal
LVEF and HTN and the controls. GWE is considered a better
indicator of myocardial impairment than GWI. A reduced GWE
results from GCW reductions and GWW increases. GWE can
reflect myocardial damage severity and LV function. A previous
study reported a strong correlation between LVEF and GWE (8).

MW  may provide additional information about
dyssynchronous contractions, segmental MW, and myocardial
contractility (23). GLS has become an important indicator
of heart function and a prognostic factor in CAD patients
(24, 25). In the early stages of CAD, MW derived from the
combination of GLS and afterload is helpful in the evaluation
of myocardial impairment and LV function. In this study, we
found a strong correlation between MW and conventional
echocardiographic parameters for assessing cardiac function.
MW showed a particular pattern in CAD patients. Thus, MW is
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of great value in evaluating heart function impairments in CAD
patients, especially in patients in whom it cannot be identified by
conventional echocardiography.

Limitations

Our study described various patterns of MW in CAD patients
with different heart functions. However, the baseline patient
ages varied among groups. No study to date demonstrated any
effect of age on MW; however, this requires further investigation.
Some CAD patients in this study had a history of diabetes and
HTN, and it is unclear whether either condition affects MW.
Poor image quality limits the assessment and application of
MW. In this study, we used only one product (Vivid E95, GE
Vingmed Ultrasound). Possible variations in speckle tracking
strain findings among products have not been investigated. And
finally, this was a small-sample single-center study; thus, larger
studies are required to confirm our results.

CONCLUSION

MW manifested special patterns in the subgroups of CAD
patients with different heart functions under different
afterload conditions. Our findings suggest that MW enables
an accurate and subtle assessment of ventricular function in
CAD patients.

DATA AVAILABILITY STATEMENT

The data supporting the conclusions of this article will be made
available by the authors upon request.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Beijing Hospital Ethics Committee. The
patients/participants provided their written informed consent to
participate in this study.

REFERENCES

1. Halliday BP, Senior R, Pennell DJ. Assessing left ventricular systolic
function: from ejection fraction to strain analysis. Eur Heart J.
(2020). doi: 10.1093/eurheartj/ehaa587

2. Donal E, Bergerot C, Thibault H, Ernande L, Loufoua J, Augeul L, et al.
Influence of afterload on left ventricular radial and longitudinal systolic
functions: a two-dimensional strain imaging study. Eur J Echocardiogr. (2009)
10:914-21. doi: 10.1093/ejechocard/jep095

3. Russell K, Eriksen M, Aaberge L, Wilhelmsen N, Skulstad H, Remme EW, et al.
novel clinical method for quantification of regional left ventricular pressure-
strain loop area: a non-invasive index of myocardial work. Eur Heart J. (2012)
33:724-33. doi: 10.1093/eurheartj/ehs016

4. ChanJ, Edwards NFA, Khandheria BK, Shiino K, Sabapathy S, Anderson B, et
al. new approach to assess myocardial work by non-invasive left ventricular
pressure-strain relations in hypertension and dilated cardiomyopathy.
Eur Heart ] Cardiovasc Imaging. (2019) 20:31-9. doi: 10.1093/ehjci/
jeyl31

5. Schrub E Schnell E Donal E, Galli E. Myocardial work is a predictor
of exercise tolerance in patients with dilated cardiomyopathy and

AUTHOR CONTRIBUTIONS

HZ and YG contributed to the study planning and conduct,
and the article writing. XW, CY, YL, and XM contributed
to the patient enrolment process. ZP and RZ contributed
to the data analysis and echocardiography examinations.
YZ and FW contributed to the study design and take
responsibility for the overall content as guarantors. All
authors contributed to the article and approved the
submitted version.

FUNDING

FW was supported by a grant from the Project of the
Ministry of Science and Technology (No. 2020YFC2008106)
and the 13th Five-Year National Science and Technology
Major Project (2017Z2X09304026). YG was supported
by a grant from the Beijing Hospital Research Project
(No. BJ-2019-133).

ACKNOWLEDGMENTS

The authors acknowledge Mr. Jinchuan Wang (GE Company,
Beijing, China) for his technical support. He was not involved in
the management of this study or in the preparation of this article.
We thank Dr. Qiong Zhao (Inova Health System, Manassas)
for her professional advice about the content of the article.
We also acknowledge Dr. Naveen M. for assistance with the
English editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.727389/full#supplementary-material

left ventricular dyssynchrony. Int ] Cardiovasc (2020)
36:45-53. doi: 10.1007/s10554-019-01689-4

6. Galli E, Vitel E, Schnell F Le Rolle V, Hubert A, Lederlin M, et al
Myocardial constructive work is impaired in hypertrophic cardiomyopathy
and predicts left ventricular fibrosis. Echocardiography. (2019) 36:74-
82. doi: 10.1111/echo.14210

7. Valentim Goncalves A, Galrinho A. Pereira-da-Silva T, Branco L, Rio P,
Timoteo AT, et al. Myocardial work improvement after sacubitril-valsartan
therapy: a new echocardiographic parameter for a new treatment. ] Cardiovasc
Med. (2020) 21:223-30. doi: 10.2459/JCM.0000000000000932

8. El Mahdiui M, van der Bijl P, Abou R, Ajmone Marsan N, Delgado V, Bax
JJ. Global left ventricular myocardial work efficiency in healthy individuals
and patients with cardiovascular disease. ] Am Soc Echocardiogr. (2019)
32:1120-7. doi: 10.1016/j.ech0.2019.05.002

9. Elhendy A, van Domburg RT, Bax JJ, Roelandt JR. Significance of resting wall
motion abnormalities in 2-dimensional echocardiography in patients without
previous myocardial infarction referred for pharmacologic stress testing. J Am
Soc Echocardiogr. (2000) 13:1-8. doi: 10.1016/s0894-7317(00)90036-1

10. Edwards NFA, Scalia GM, Shiino K, Sabapathy S, Anderson B, Chamberlain
R, et al. Global myocardial work is superior to global longitudinal strain

Imaging.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 727389


https://www.frontiersin.org/articles/10.3389/fcvm.2021.727389/full#supplementary-material
https://doi.org/10.1093/eurheartj/ehaa587
https://doi.org/10.1093/ejechocard/jep095
https://doi.org/10.1093/eurheartj/ehs016
https://doi.org/10.1093/ehjci/jey131
https://doi.org/10.1007/s10554-019-01689-4
https://doi.org/10.1111/echo.14210
https://doi.org/10.2459/JCM.0000000000000932
https://doi.org/10.1016/j.echo.2019.05.002
https://doi.org/10.1016/s0894-7317(00)90036-1
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhu et al.

Myocardial Work Assesses Ventricular Function

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

to predict significant coronary artery disease in patients with normal left
ventricular function and wall motion. ] Am Soc Echocardiogr. (2019) 32:947-
57. doi: 10.1016/j.ech0.2019.02.014

van der Meer P, Gaggin HK, Dec GW. ACC/AHA versus ESC guidelines
on heart failure: JACC guideline comparison. ] Am Coll Cardiol. (2019)
73:2756-68. doi: 10.1016/j.jacc.2019.03.478

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography
in adults: an update from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. Eur Heart ] Cardiovasc
Imaging. (2015) 16:233-70. doi: 10.1093/ehjci/jev014

Montgomery DE, Puthumana JJ, Fox JM, Ogunyankin KO. Global
longitudinal strain aids the detection of non-obstructive coronary artery
disease in the resting echocardiogram. Eur Heart ] Cardiovasc Imaging. (2012)
13:579-87. doi: 10.1093/ejechocard/jer282

Chan J, Shiino K, Obonyo NG, Hanna J, Chamberlain R, Small A, et al.
Left ventricular global strain analysis by two-dimensional speckle-tracking
echocardiography: the learning curve. ] Am Soc Echocardiogr. (2017) 30:1081-
90. doi: 10.1016/j.ech0.2017.06.010

Hubert A, Le Rolle V, Leclercq C, Galli E, Samset E, Casset C, et al.
Estimation of myocardial work from pressure-strain loops analysis: an
experimental evaluation. Eur Heart ] Cardiovasc Imaging. (2018) 19:1372—
9. doi: 10.1093/ehjci/jey024

Boe E, Russell K, Eek C, Eriksen M, Remme EW, Smiseth OA, et al.
Non-invasive myocardial work index identifies acute coronary occlusion in
patients with non-ST-segment elevation-acute coronary syndrome. Eur Heart
J Cardiovasc Imaging. (2015) 16:1247-55. doi: 10.1093/ehjci/jev078
Manganaro R, Marchetta S, Dulgheru R, Sugimoto T, Tsugu T, Ilardi
E et al.. Correlation between non-invasive myocardial work indices and
main parameters of systolic and diastolic function: results from the
EACVI NORRE study. Eur Heart ] Cardiovasc Imaging. (2020) 21:533-
41. doi: 10.1093/ehjci/jez203

Kuznetsova T, D’Hooge ], Kloch-Badelek M, Sakiewicz W, Thijs L, Staessen
JA. Impact of hypertension on ventricular-arterial coupling and regional
myocardial work at rest and during isometric exercise. ] Am Soc Echocardiogr.
(2012) 25:882-90. doi: 10.1016/j.ech0.2012.04.018

Borlaug BA, Lam CS, Roger VL, Rodeheffer R], Redfield MM. Contractility
and ventricular systolic stiffening in hypertensive heart disease insights into
the pathogenesis of heart failure with preserved ejection fraction. ] Am Coll
Cardiol. (2009) 54:410-8. doi: 10.1016/j.jacc.2009.05.013
Przewlocka-Kosmala M, Marwick TH, Mysiak A, Kosowski W, Kosmala
W. Usefulness of myocardial work measurement in the assessment of left

ventricular systolic reserve response to spironolactone in heart failure with
preserved ejection fraction. Eur Heart ] Cardiovasc Imaging. (2019) 20:1138-
46. doi: 10.1093/ehjci/jez027

21. Alter P, Rupp H, Rominger MB, Klose KJ, Maisch B, A. new methodological
approach to assess cardiac work by pressure-volume and stress-length
relations in patients with aortic valve stenosis and dilated cardiomyopathy.
Pflugers Arch. (2008) 455:627-36. doi: 10.1007/s00424-007-0323-2

22. van der Bijl P, Vo NM, Kostyukevich MV, Mertens B, Ajmone Marsan
N, Delgado V, et al. Prognostic implications of global, left ventricular
myocardial work efficiency before cardiac resynchronization therapy.
Eur Heart ] Cardiovasc Imaging. (2019) 20:1388-94. doi: 10.1093/ehjci/
jez095

23. Galli E, Leclercq C, Hubert A, Bernard A, Smiseth OA, Mabo P, et al.
Role of myocardial constructive work in the identification of responders to
CRT. Eur Heart ] Cardiovasc Imaging. (2018) 19:1010-8. doi: 10.1093/ehjci/
jex191

24. Tops LE Delgado V, Marsan NA, Bax JJ. Myocardial strain to detect
subtle left ventricular systolic dysfunction. Eur ] Heart Fail. (2017) 19:307-
13. doi: 10.1002/ejhf.694

25. Kalam K, Otahal P, Marwick TH. Prognostic implications of
global LV dysfunction: a systematic review and meta-analysis of
global longitudinal strain and ejection Heart. (2014)
100:1673-80. doi: 10.1136/heartjnl-2014-305538

fraction.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhu, Guo, Wang, Yang, Li, Meng, Pei, Zhang, Zhong and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 727389


https://doi.org/10.1016/j.echo.2019.02.014
https://doi.org/10.1016/j.jacc.2019.03.478
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1093/ejechocard/jer282
https://doi.org/10.1016/j.echo.2017.06.010
https://doi.org/10.1093/ehjci/jey024
https://doi.org/10.1093/ehjci/jev078
https://doi.org/10.1093/ehjci/jez203
https://doi.org/10.1016/j.echo.2012.04.018
https://doi.org/10.1016/j.jacc.2009.05.013
https://doi.org/10.1093/ehjci/jez027
https://doi.org/10.1007/s00424-007-0323-2
https://doi.org/10.1093/ehjci/jez095
https://doi.org/10.1093/ehjci/jex191
https://doi.org/10.1002/ejhf.694
https://doi.org/10.1136/heartjnl-2014-305538
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Myocardial Work by Speckle Tracking Echocardiography Accurately Assesses Left Ventricular Function of Coronary Artery Disease Patients
	Introduction
	Materials and Methods
	Study Population
	Angiography and Conventional Echocardiography
	GLS and MW
	Statistical Analysis

	Results
	Patient Characteristics and Conventional Echocardiographic Analysis
	Correlations Between MW and Other Parameters
	MW by Study Subgroup

	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


