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Original Article

Association between resting myocardial work indices and stress 
myocardial perfusion in patients with angina and non-obstructive 
coronary artery disease 
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Background: Myocardial work (MW) indices and longitudinal strain (LS) are sensitive markers of early 
left ventricular systolic dysfunction. Stress computed tomography myocardial perfusion imaging (CT-MPI) 
can assess early myocardial ischemia. The association between resting MW indices and stress myocardial 
perfusion remains unclear. This study compares resting MW indices with LS to assess stress myocardial 
perfusion in angina patients with non-obstructive coronary artery disease (CAD).
Methods: Eighty-four patients who underwent resting echocardiography, coronary computed tomography 
angiography, and stress CT-MPI were reviewed. Seventeen myocardial segments were divided into three 
regions according to the epicardial coronary arteries. Global indices included global longitudinal strain (GLS), 
global work index (GWI), global constructive work (GCW), global wasted work (GWW), and global work 
efficiency (GWE). Regional indices included regional longitudinal strain (RLS), regional work index (RWI), 
and regional work efficiency (RWE). Reduced global perfusion was defined as an average stress myocardial 
blood flow (MBF) <116 mL/100 mL/min for the whole heart. Reduced regional perfusion was defined 
as an average stress MBF <116 mL/100 mL/min for the coronary territories. No patients demonstrated 
obstructions in the epicardial coronary arteries (stenosis diameter <50%). The MW indices and LS were 
compared. Receiver operating characteristic curves were constructed and logistic regression analyses were 
used to investigate the predictors of reduced myocardial perfusion.
Results: Patients with reduced stress perfusion demonstrated reduced GLS, GWI, GCW, and GWE 
(P<0.05) and increased GWW (P<0.05). After adjustment for age and sex, GWE was still independently 
associated with reduced myocardial perfusion (odds ratio =0.386, 95% confidence interval: 0.214–0.697; 
P<0.05). Receiver operating characteristic curves reflected the good diagnostic ability of GWE and its 
superiority to GLS (area under the curve: 0.858 vs. 0.741). The optimal cutoff GWE value was 95% 
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Introduction

Noninvasive myocardial work (MW) indices recently emerge 
to non-invasively evaluate the left ventricular systolic function 
and have shown high diagnostic and prognostic value in 
patients with obstructive coronary artery disease (CAD) (1,2). 
However, angina mostly occurs during stress conditions, 
and many angina patients who are referred for coronary 
angiography or coronary computed tomography angiography 
(CCTA) demonstrate non-obstructive CAD (3-5).

A “one-stop” examination, including CCTA and dynamic 
stress computed tomography myocardial perfusion imaging 
(CT-MPI), has been proven to play a considerable role in 
diagnosing myocardial ischemia. With invasive coronary 
angiography >50% diameter stenosis or invasive fractional 
flow reserve <0.80 as the reference, the combination 
of CCTA and CT-MPI shows high specificity and 
sensitivity, compared to single photon emission computed 
tomography myocardial perfusion imaging (6). It can 
find out the structural and functional reasons for reduced 
stress myocardial blood flow (MBF) with high sensitivity, 
specificity, and accuracy, comparable to positron emission 
tomography myocardial perfusion imaging (7-12). Using 
such a strategy, patients with myocardial ischemia and non-
obstructive CAD can be identified.

Myocardial ischemia results in hypoxia and worsens left 
ventricular systolic function. MW indices and longitudinal 
strain (LS) can non-invasively evaluate the left ventricular 
myocardial performance, demonstrating potential advantages 
over left ventricular ejection fraction (LVEF). Reducing 
resting global longitudinal strain (GLS) has been associated 
with stress-induced left ventricular wall motion abnormalities 
in patients with diabetes mellitus (13). Although diabetes 
mellitus is a risk factor for ischemia with non-obstructive 
coronary arteries, the fact that all patients develop diabetes 

mellitus may be a bias. It can’t comprehensively represent 
the relationship between GLS and stress-induced ischemia 
in all patients with non-obstructive CAD. What’s more, 
the MW indices, derived from the left ventricular pressure-
strain loop, seem to show different changes under different 
cardiovascular pathological conditions (14), and the influence 
of stress-induced ischemia on resting global and regional 
MW indices remains unclear in patients with angina and 
non-obstructive CAD. This retrospective study aimed to 
explore the association between resting MW indices and 
stress myocardial perfusion in patients with angina and non-
obstructive CAD and to compare the clinical values of resting 
LS and MW indices in assessing stress myocardial perfusion. 

Methods

Study cohort

Patients in this retrospective study were collected from a 
tertiary centre. In total, the medical records of 84 consecutive 
patients (minimum age: 32 years; maximum age: 75 years) 
with typical or atypical angina (15) who successfully 
underwent resting echocardiography, CCTA, and dynamic 
stress CT-MPI from January 2020 to June 2021 were 
reviewed. The inclusion criteria were: (Ⅰ) non-obstructive 
CAD, defined as lumen stenosis <50% and (Ⅱ) good image 
quality. The exclusion criteria included: (Ⅰ) a clear prior 
history of obstructive CAD or coronary revascularization; 
(Ⅱ) a history of cardiomyopathy, severe valvular disease, 
and non-cardiogenic chest pain; (Ⅲ) a history of cardiac 
arrhythmias; and (Ⅳ) poor image quality. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013). The study was approved by the institutional 
ethics board of Qilu Hospital and individual consent for this 
retrospective analysis was waived. 

(sensitivity, 70%; specificity, 90%). Regions with lower stress perfusion showed lower RLS, RWI, and RWE 
(P<0.05). The optimal cutoff value of RWE for predicting reduced regional perfusion was 95%, with an area 
under the curve of 0.780, a sensitivity of 62%, and a specificity of 83%.
Conclusions: Resting MW indices perform well in assessing global and regional stress myocardial 
perfusion in angina patients with non-obstructive CAD, and GWE is superior to GLS in the global 
evaluations.
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Acquisition of transthoracic echocardiographic indices

Transthoracic echocardiography was performed using a GE 
Vivid E95 ultrasound system (GE Vingmed Ultrasound, 
Horten, Norway) with an M5S 3.5 MHz transducer. 
Patients were scanned in the left lateral decubitus position. 
Blood pressure was measured before and after examination, 
and the mean value of systolic blood pressure was 
calculated. Standard two-dimensional images, consisting 
of three cardiac cycles triggered to the QRS complex, were 
saved in DICOM format for offline analysis. Poor image 
quality referred to images permitting visualization of <70% 
of the myocardial wall (16).

Left ventricular structural parameters were measured, 
including left ventricular internal diameter at end diastole, 
interventricular septal thickness, and left ventricular 
posterior wall thickness. Subsequently, LVEF was measured 
by the modified Simpson method.

The LS and MW indices were calculated by two doctors 
who did not know the results of CCTA and CT-MPI with 
GE EchoPAC software. At the end of systole, the mitral 
ring and the left ventricular apex were selected along the 
endocardium on apical four-, two- and three-chamber 
views. The automated algorithm tracked the myocardium 
and adjustments were made as needed. Subsequently, the 
time of aortic valve closure was automatically identified on 
the apical three-chamber view. Using the American Heart 
Association 17-segment model (17), a bull’s-eye plot of 
LS was generated (Figure 1A,1B). The software calculated 
GLS from the weighted average of the LS of 17 segments. 
According to the orientation of the three epicardial 
coronary arteries, the 17 segments were classified into 
three regions, as previously described (18). The regional 
longitudinal strain (RLS) was determined from the average 
of the LS of the segments in each region. The GLS and 
RLS are expressed as absolute values.

The MW indices were calculated using a combination 
of left ventricular LS and a noninvasively estimated left 
ventricular pressure curve. With peak systolic pressure 
assumed to be equal to peak arterial pressure, the software 
constructed a noninvasive pressure curve adjusted according 
to the duration of the isovolumic phase and ejection phase 
defined by the timing of the aortic and mitral valve opening 
and closing events. The following indices were obtained: 
(Ⅰ) global work index (GWI), area within the left ventricle 
pressure-strain loop; (Ⅱ) global constructive work (GCW), 
an estimate of the work performed by the left ventricle 
segments, consisting of shortening during systole plus 

lengthening in isovolumic relaxation; (Ⅲ) global wasted 
work (GWW), an estimate of the negative work of the left 
ventricle segments, consisting of myocardial lengthening 
during systole and shortening during isovolumic relaxation; 
(Ⅳ) global work efficiency (GWE), GCW divided by the 
sum of GCW and GWW.

Similarly, the bull’s-eye plots of the work index 
(Figure 1C,1D) and work efficiency (Figure 1E,1F) were 
constructed, and the 17 segments were classified into three 
regions. The regional work index (RWI) and regional work 
efficiency (RWE) were determined from the average of 
indices and efficiencies of the segments in each region (18).

Acquisition of CCTA and CT-MPI images

All patients were told to refrain from taking heart-
rate-controlling drugs for at least one day before the 
examination. A third-generation dual-source CT scanner 
(SOMATOM Force;  Siemens Medical  Solut ions , 
Forchheim, Germany) was used and optimal image 
acquisition was performed at end-systole to minimize 
motion artifacts in the generated images to greatest extent 
possible. Based on calcium score scanning images, the scan 
range was determined from 1 cm below the carina to the 
diaphragm to cover the whole left ventricle.

After 3 minutes of continuous adenosine triphosphate 
or adenosine administration at a rate of 160 µg/kg/min, an 
iodinated contrast agent (100 mL; Ultravist, 370 mg iodine/mL,  
Bayer, Germany) was injected at a flow rate of 4.5–6.0 mL/s.

Dynamic stress CT-MPI started 4 seconds after initiating 
the iodinated contrast agent injection by triggering axial 
mode at 250 ms after the R wave (end systole). The entire 
left ventricle was imaged by the shuttle-mode acquisition 
technique. Depending on the heart rate, scans were 
performed every two or three cardiac cycles, completing 
10–15 phases in 30 s. The following scan parameters were 
used: collimation =192*0.6 mm, gantry rotation time 
=250 ms, temporal resolution =66 ms, shuttle-mode z-axis 
coverage of 105 mm, tube voltage =70 kV, and automated 
tube current scaling. CARE kV and CARE dose 4D were 
used to reduce the radiation dose.

Five minutes after CT-MPI acquisition, CCTA 
scanning was initiated. The iodinated contrast agent was 
intravenously injected at a flow rate of 4–5 mL/s, followed 
by a 40 mL saline flush using a double-barrel high-
pressure syringe. CCTA was performed using retrospective 
electrocardiography-gated sequential acquisition. Delay 
period images were collected 5 minutes later. With 
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Figure 1 17-segment bull’s-eye plots of echocardiographic mechanical indices and stress MBF. (A) Longitudinal strain bull’s-eye plot from 
a subject with normal global stress myocardial perfusion. (B) Longitudinal strain bull’s-eye plot from a subject with reduced global stress 
myocardial perfusion. (C) Work index bull’s-eye plot from a subject with normal global stress myocardial perfusion. (D) Work index bull’s-
eye plot from a subject with reduced global stress myocardial perfusion. (E) Work efficiency bull’s-eye plot from a subject with normal 
global stress myocardial perfusion. (F) Work efficiency bull’s-eye plot from a subject with reduced global stress myocardial perfusion. (G) 
Stress MBF bull’s-eye plot from a subject with normal global stress myocardial perfusion. (H) Stress MBF bull’s-eye plot from a subject 
with reduced global stress myocardial perfusion. MBF, myocardial blood flow; ANT-SEPT, anterior interventricular septum; SEPT, 
interventricular septum; INF, inferior wall; POST, posterior wall; LAT, lateral wall; ANT, anterior wall.
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the application of automated tube voltage and current 
modulation, the reference tube current was set to 320 mAs, 
and the reference tube voltage was set to 100 kV. 

Myocardial perfusion software (VPCT body, Siemens 
Healthineers) built into the post-processing workstation 
(Syngo. Via VB10B; Siemens Healthineers) was used for 
the CT-MPI reconstruction. A dedicated kernel (b23f, 
Qr36) was used to reconstruct the CT-MPI images to 
reduce iodine beam-hardening artifacts. Motion correction 
was performed for all images. A circular region of interest 
was placed proximal and distal to the descending aorta 
to evaluate the time attenuation curve. A dedicated 
semiautomated parametric deconvolution algorithm 
based on a 2-compartment model of intravascular and 
extravascular space was used to derive MBF from the time 
attenuation curves. Short-axis and long-axis views of color-
coded fused myocardium were reconstructed using cardiac 
functional models in Syngo.via VB10B.

Analysis of CCTA and CT-MPI images

CCTA and CT-MPI images were assessed by two 
experienced radiologists who were blinded to the 
echocardiographic results. As previously described (19), 
image quality was assessed with a 4-point scale (4 = poor, 
possible artifacts or poor image quality; 3 = moderate, 
likely artifacts, less likely perfusion defect; 2 = good, likely a 
defect, good image quality with no or minor artifacts; and 1 
= excellent, no artifacts).

Stress MBF was presented as a 17-segment bull’s-eye 
plot (Figure 1G,1H), and a region of interest was placed in 
each myocardial segment to quantify the MBF. The global 
MBF was calculated as the mean value of all 17 myocardial 
segments, and the regional MBF was calculated as the 
mean value of the myocardial segments in each region. 
For the analysis of CCTA images, the proximal and distal 
vessel segments without branches and stenosis were chosen 
as references. The shortest diameter of the lumen was 
measured at the site of stenosis.

lumen diameter at stenosisPercentage Stenosis 100%
average of proximal and distal lumen diameter

= −  [1]

Cut-off value of the MBF

In a previous study, our team assessed 51 healthy participants 
to calculate the cutoff stress MBF value (20). Assuming 
normally distributed data, the normal range was calculated as 
the mean ± SD*1.96 and the cutoff value was defined as the 

lower limit of the normal range. According to the Shapiro-
Wilk test, stress MBF was normally distributed, and the MBF 
values were 164±24 mL/100 mL/min at both the patient and 
region levels. Therefore, the reference range of the MBF 
was 116-211 mL/100 mL/min. Reduced stress myocardial 
perfusion was defined as an MBF <116 mL/100 mL/min 
at both the patient and region levels. Patients and regions 
were divided into a normal perfusion group and a reduced 
perfusion group, respectively.

Effective radiation dose

The effective radiation dose was estimated from the dose-
length product provided by the scanner and calculated 
according to the following formula: Effective radiation 
dose = dose-length product * κ [conversion coefficient κAdult 

=0.014 mSV/(mGy*cm)] (17).

Statistical analysis

Normality for continuous data was assessed by the Shapiro-
Wilk test. Normally distributed variables are statistically 
described by the mean ± SD and were compared by 
Student’s t-test. For non-normally distributed variables, 
the median (quartile spacing) is used for statistical 
description, and the Mann-Whitney U test was performed 
for comparisons between groups. Qualitative data are 
statistically expressed as numbers and percentages, and 
the chi-square test was used for comparisons between 
groups. Univariable and multivariable logistic regression 
analyses were performed to identify variables associated 
with reduced stress myocardial perfusion. A multivariable 
model including clinical data and mechanical parameters 
(P<0.1 in univariate logistic regression analysis) and receiver 
operating characteristic curves were constructed. The area 
under the curve (AUC) and the associated 95% confidence 
interval (CI) were calculated. A two-tailed P<0.05 was 
considered statistically significant. Statistical analyses were 
performed by using IBM SPSS Statistics (version 26.0) and 
MedCalc (version 15.8).

Twenty patients were randomly selected, subsequently, 
their GLS and global MW indices were measured by two 
double-blinded observers. Intraobserver variability was 
assessed from the same observer at two different time 
points. Interobserver variability was assessed by calculating 
the differences between measurements carried out for the 
same patient by two different observers. Intraobserver 
and interobserver variability were assessed using intraclass 
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correlation coefficients and Spearman’s correlation 
coefficients.

Results

Clinical characteristics

One hundred and sixteen symptomatic patients without 
revascularization underwent successful echocardiography, 
CCTA, and dynamic stress CT-MPI within 1 week. Thirty-
two patients were excluded: (I) 29 patients with obstructive 
CAD and (II) 3 patients with poor image quality. At the 
patient level, 61 (22 men, 55±10 years) patients were in the 
normal perfusion group, and 23 patients (16 men, age 59±8 
years) were in the reduced perfusion group. The baseline 
parameters were shown in Table 1. The significant differences 
were observed only in the sex ratio and heart rates between 
the groups.

Effective radiation dose of CCTA and CT-MPI

The effective radiation doses of CCTA in the normal 

perfusion group and reduced perfusion group were 5.30 
(4.14–6.80) mSv and 6.87 (4.98–8.03) mSv, respectively. 
Additionally, the effective radiation doses of dynamic 
stress CT-MPI in the normal perfusion group and reduced 
perfusion group were 4.37 (2.96–5.89) mSv and 4.49 (3.76–
5.55) mSv, respectively.

Analysis of GLS and global MW indices

Compared to those in the normal perfusion group, GLS, 
GWI, GCW, and GWE were significantly lower (P<0.05) in 
the reduced perfusion group, while GWW was significantly 
higher (P<0.05) (Table 2).

In the univariable logistic regression analysis, resting 
GLS, GWI, GCW, GWW, and GWE were significantly 
associated with reduced global stress myocardial perfusion 
(all P<0.05). GCW and GWW were not included in the 
multivariable logistic analysis to avoid collinearity since the 
GWE incorporates GCW and GWW. Then, age [odds 
ratio (OR): 1.135, 95% CI: 1.008–1.277; P<0.05], GWI 
(OR: 0.994, 95% CI: 0.990–0.999; P<0.05) and GWE 
(OR: 0.386, 95% CI: 0.214–0.697; P<0.05) were found 

Table 1 Clinical characteristics

Characteristics Normal CT-MPI (n=61) Reduced CT-MPI (n=23) P

Male 22 (36%) 16 (70%) 0.006

Age (year) 55±10 59±8 0.087

BMI (kg/m2) 24.97±3.39 25.57±3.31 0.470

BSA (m2) 1.74±0.17 1.81±0.19 0.117

Systolic blood pressure (mmHg) 133±11 132±8 0.230

Diastolic blood pressure (mmHg) 79±9 82±10 0.254

Heart rates (bpm) 70±11 65±7 0.023

Smoking history 11 (18%) 7 (30%) 0.349

History of hypertension 18 (30%) 11 (48%) 0.115

History of DM 8 (13%) 6 (26%) 0.274

Family history of CAD 9 (15%) 7 (30%) 0.187

Cholesterol (mmol/L) 4.47±1.02 4.55±1.11 0.768

LDL-C (mmol/L) 2.71±0.85 2.70±1.00 0.987

HDL-C (mmol/L) 1.28±0.26 1.21±0.21 0.260

Triglyceride (mmol/L) 1.50 (0.69) 1.80 (1.20) 0.212

Data are presented as n (%), mean ± standard deviation, or median (quartile spacing). BMI, body mass index; BSA, body surface 
area; DM, diabetes mellitus; CAD, coronary artery disease; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein 
cholesterol; CT-MPI, computed tomography myocardial perfusion imaging.
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to be independently associated with reduced global stress 
myocardial perfusion in the multivariable model (Table 3).

Receiver operating characteristic curve analysis was used 
to determine whether resting global MW indices and GLS 
could diagnose reduced global stress myocardial perfusion 
(Figure 2A). GWE had the highest AUC value among the 
analyzed variables (AUC: 0.858, P<0.05). The optimal 
cutoff GWE value for detecting reduced global stress 
myocardial perfusion was 95%, with a sensitivity of 70% 
and a specificity of 90% (Table 4).

Analysis of RLS and regional MW indices

A total of 252 regions were analyzed, consisting of 200 
regions with normal perfusion and 52 regions with reduced 
perfusion. Compared to those in the normal perfusion 
group, the RLS, RWI, and RWE in the reduced perfusion 
group were significantly decreased (P<0.05) (Table 5). In 
univariable logistic regression analysis, RLS (OR: 0.726, 
95% CI: 0.640–0.823; P<0.05), RWI (OR: 0.998, 95% 
CI: 0.997–0.999; P<0.05) and RWE (OR: 0.597, 95% CI: 
0.503–0.709; P<0.05) were significantly associated with 
reduced regional stress perfusion. Subsequently, forward 
stepwise regression analyses showed that RLS (OR: 0.814, 
95% CI: 0.710–0.934; P<0.05) and RWE (OR: 0.654, 95% 
CI: 0.546–0.784; P<0.05) were independently associated 
with reduced regional stress perfusion.

Receiver operating characteristic curve analysis 
demonstrated that RWE had the highest AUC among the 

analyzed variables (AUC: 0.780, P<0.05). The optimal 
cutoff RWE value for identifying regions with reduced 
stress perfusion was 95%, with a sensitivity of 62% and a 
specificity of 83% (Table 6, Figure 2B).

Intraobserver and interobserver variability

The GLS and global MW indices presented high 
intraobserver (r=0.964 for GLS, r=0.922 for GWI, r=0.947 
for GCW, r=0.761 for GWW, r=0.818 for GWE; P<0.05) 
and interobserver (r=0.882 for GLS, r=0.904 for GWI, 
r=0.958 for GCW, r=0.812 for GWW, r=0.805 for GWE; 
P<0.05) repeatability. In addition, the intraclass correlation 
coefficients of the global MW indices and GLS were greater 
than 0.75 for intraobserver variability and interobserver 
variability respectively (Table 7).

Discussion

The results of this study show that resting MW indices 
can serve as an accurate tool for assessing stress myocardial 
perfusion. GWE shows a superior diagnostic capacity to 
GLS for angina patients with non-obstructive CAD.

Association between echocardiographic mechanical 
consequences and myocardial ischemia

MW indices have been reported to be significantly altered 
in patients with obstructive CAD and therefore have great 

Table 2 Resting echocardiographic parameters between the two groups

Parameters Normal CT-MPI (n=61) Reduced CT-MPI (n=23) P

LVIDd (mm) 46 [5.5] 46 [6] 0.972

IVST (mm) 10 [2] 10 [2] 0.208

LVPWT (mm) 9 [2] 9 [2] 0.622

LVEF (%) 64±6 62±7 0.411

GLS (%) 22±2 19±2 <0.001

GWI (mmHg%) 2,346±368 2,006±280 <0.001

GCW (mmHg%) 2,661±425 2,339±306 <0.001

GWW (mmHg%) 57 [39] 107 [52] <0.001

GWE (%) 97 [2] 95 [2] <0.001

Data are presented as median [quartile spacing] or mean ± standard deviation. LVIDd, left ventricular internal diameter at end-diastole; 
IVST, interventricular septal thickness; LVPWT, left ventricular posterior wall thickness; LVEF, left ventricular ejection fraction; GLS, global 
longitudinal strain; GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency; CT-
MPI, computed tomography myocardial perfusion imaging.
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predictive potential (21-24); they have also been used as 
prognostic markers for patients with ST-segment elevation 
myocardial infarction (STEMI) (18,25-27). However, 
symptomatic patients with non-obstructive epicardial 
coronary arteries, in whom symptoms tend to occur 
when oxygen demand increases significantly, can also be 
encountered in clinical practice (28). Previous studies have 
demonstrated that patients with myocardial ischemia and 

non-obstructive CAD are also at high risk of developing 
cardiac dysfunction and major adverse cardiac events (29). 
Hence, investigating the association between resting MW 
indices and stress-induced ischemia in patients with non-
obstructive CAD may help to identify early ischemia and 
prevent worse cardiovascular events.

In a study that included 47 patients with STEMI treated 
by successful percutaneous coronary intervention, Liu  

Table 3 Univariate and multivariate logistic analysis for reduced global stress myocardial perfusion

Parameters
Univariate logistic analysis Multivariate logistic analysis

OR (95% CI) P OR (95% CI) P

Sex 0.247 (0.088–0.692) 0.008 0.335 (0.061–1.830) 0.207

Age 1.049 (0.992–1.108) 0.091 1.135 (1.008–1.277) 0.036

BMI 1.056 (0.913–1.221) 0.466

BSA 9.625 (0.556–166.7) 0.120

Systolic blood pressure 0.974 (0.928–1.022) 0.285

Diastolic blood pressure 1.031 (0.979–1.085) 0.252

Heart rates 0.953 (0.906–1.002) 0.061 0.947 (0.864–1.037) 0.240

Smoking history 1.989 (0.660–5.988) 0.222

History of hypertension 2.190 (0.817–5.869) 0.119

History of DM 2.338 (0.711–7.695) 0.162

Family history of CAD 2.528 (0.812–7.869) 0.109

Cholesterol 1.073 (0.676–1.702) 0.765

LDL-C 0.996 (0.579–1.712) 0.987

HDL-C 0.305 (0.039–2.386) 0.258

Triglyceride 1.652 (0.855–3.190) 0.135

LVIDd 1.003 (0.915–1.100) 0.945

IVST 1.232 (0.903–1.682) 0.188

LVPWT 1.175 (0.857–1.611) 0.317

LVEF 0.968 (0.895–1.046) 0.407

GLS 0.619 (0.466–0.823) 0.001 1.435 (0.847–2.429) 0.179

GWI 0.996 (0.994–0.998) <0.001 0.994 (0.990, 0.999) 0.012

GCW 0.997 (0.995–0.999) 0.003

GWW 1.036 (1.018–1.054) <0.001

GWE 0.318 (0.186–0.544) <0.001 0.386 (0.214–0.697) 0.002

BMI, body mass index; BSA, body surface area; DM, diabetes mellitus; CAD, coronary artery disease; LDL-C, low density lipoprotein 
cholesterol; HDL-C, high density lipoprotein cholesterol; LVIDd, left ventricular internal diameter at end-diastole; IVST, interventricular 
septal thickness; LVPWT, left ventricular posterior wall thickness; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; 
GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency; OR, odds ratio; CI, 
confidence interval.



Quantitative Imaging in Medicine and Surgery, Vol 13, No 7 July 2023 4571

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(7):4563-4577 | https://dx.doi.org/10.21037/qims-22-321

et al. found that resting global MW indices and GLS added 
additional value to the assessment of microvascular perfusion 
with myocardial contrast echocardiography (30). Although 
successful revascularization ensured no obstruction, the 

substantial effects of acute ischemia on the myocardium 
caused by preoperative acute coronary artery occlusion 
seemed inevitable to varying extents. In contrast, a reduced 
resting GLS has been proven to be associated with impaired 
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Figure 2 Receiver operating characteristic curve analysis of the mechanical indices for the prediction of reduced stress myocardial perfusion. 
(A) Receiver operating characteristic curve analysis of the global myocardial work indices and GLS for predicting reduced global stress 
myocardial perfusion. (B) Receiver operating characteristic curve analysis of the regional myocardial work indices and RLS for predicting 
reduced regional stress myocardial perfusion. GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; 
GWW, global wasted work; GWE, global work efficiency; RLS, regional longitudinal strain; RWI, regional work index; RWE, regional 
work efficiency.

Table 4 Receiver operating characteristic curve analysis for the detection of reduced global stress myocardial perfusion

Parameters AUC Cutoff value Sensitivity, % Specificity, % PPV, % NPV, % P

GLS (%) 0.741 ≤19 52 84 57 83 <0.001

GWI (mmHg%) 0.772 ≤2,023 61 85 61 85 <0.001

GCW (mmHg%) 0.718 ≤2,398 61 74 47 93 <0.001

GWW (mmHg%) 0.820 >76 78 75 55 90 <0.001

GWE (%) 0.858 ≤95 70 90 73 89 <0.001

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; GLS, global longitudinal strain; GWI, global work 
index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency.

Table 5 Resting regional myocardial work indices and RLS between the two groups

Parameters Normal CT-MPI (n=200) Reduced CT-MPI (n=52) P

RLS (%) 22±3 19±3 <0.001

RWI (mmHg%) 2,269±431 1,958±344 <0.001

RWE (%) 97 [2] 95 [3] <0.001

Data are presented as mean ± standard deviation or median [quartile spacing]. RLS, regional longitudinal strain; RWI, regional work index; 
RWE, regional work efficiency; CT-MPI, computed tomography myocardial perfusion imaging.
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resting cardiac magnetic resonance myocardial perfusion 
(31,32). However, all patients in these studies were diagnosed 
with diabetes mellitus or hypertension, which might have 
resulted in selection bias. In our study, no significant 
difference in the prevalence of hypertension or diabetes 
mellitus was observed between the two groups. However, 
men seemed to be more likely to experience reduced stress 
myocardial perfusion, which was consistent with previous 
findings (33). First, men present with more traditional risk 
factors (34). Second, sex hormone differences may account 
for the higher proportion of men with reduced myocardial 
perfusion (35). Old age was another risk factor for reduced 
myocardial perfusion. Aging can result in increased arterial 
wall stiffness, medial thickening, and lumen enlargement, all 
of which may subsequently lead to endothelial dysfunction 
and subendocardial hypoperfusion over time. Furthermore, 
data on CCTA or invasive coronary angiography were not 
available for all patients in these studies. The influence of 
epicardial coronary lesions on strain could not be ignored 
because all patients were at high risk for obstructive CAD. 
Noticeably, early microvascular dysfunction, especially 
the functional phenotype, is not distinctive during resting 
conditions. Thus, in our study, CCTA and stress CT-
MPI examinations were performed to screen out potential 
patients and avoid ignoring an early pathological state.

Our analysis of global and regional mechanical 
parameters in symptomatic patients without obstructive 
CAD and revascularization extends previous studies 
and confirms that abnormal resting echocardiographic 
mechanical consequences, markers of early systolic 
dysfunction, tend to occur in patients with stress-induced 
myocardial ischemia, indicating that they can be used as 
supplementary tests to screen patients for further stress 
myocardial perfusion imaging.

Pathological mechanism of changes in echocardiographic 
mechanical consequences

In our study, there were significant differences in global 
MW indices and GLS between the two patient groups, 
while there was no significant difference in LVEF. 
Myocardial ischemia initially affects the subendocardial 
myocardial fibers, whose motion is mainly longitudinal 
(21,36). Thus, LS and MW parameters could detect 
myocardial ischemia earlier and more accurately than LVEF, 
based on the fact that LVEF predominantly assesses radial 
function.

The significant alterations in resting MW indices and 
LS potentially reflect the pathological changes in the 
myocardium due to stress-induced myocardial ischemia. 

Table 6 Receiver operating characteristic curve analysis for the detection of reduced regional stress myocardial perfusion

Parameters AUC Cutoff value Sensitivity, % Specificity, % PPV, % NPV, % P

RLS (%) 0.750 ≤20 75 65 35 91 <0.001

RWI (mmHg%) 0.712 ≤2,008 58 75 37 88 <0.001

RWE (%) 0.780 ≤95 62 83 48 89 <0.001

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; RLS, regional longitudinal strain; RWI, regional 
work index; RWE, regional work efficiency.

Table 7 Inter- and intra-observer agreements of global myocardial work indices and GLS

Parameters
Interobserver Intraobserver

ICCs 95% CI ICCs 95% CI

GLS 0.880 0.721–0.951 0.948 0.875–0.979

GWI 0.906 0.780–0.962 0.913 0.797–0.964

GCW 0.944 0.865–0.977 0.954 0.888–0.982

GWW 0.878 0.674–0.953 0.780 0.530–0.906

GWE 0.817 0.600–0.923 0.848 0.659–0.937

GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work 
efficiency; ICCs, intraclass correlation coefficients; CI, confidence interval.
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Impaired stress myocardial perfusion without obstructive 
CAD may be a consequence of coronary microvascular 
dysfunction, presenting as microvascular sparsity, diastolic 
dysfunction in the arteriole, and decreased coronary flow 
reserve (37-39). The subendocardial myocardial fibers, 
which are responsible for longitudinal function, are most 
susceptible to early microvascular ischemia and vulnerable 
to replacement fibrosis (40,41). Repeated myocardial 
ischemia induced by exercise or agitation seems to be 
more common in clinical practice; frequent ischemia 
causes myocardial fibrosis, and there is a negative effect on 
myocardial contractility. 

However, in multivariable logistic regression, GLS was 
not a risk factor for reduced stress myocardial perfusion, 
while GWI and GWE were. The causes may include the 
following. First, LS reflects only the peak systolic strain, not 
the relationship between myocardial contractility and oxygen 
consumption. The three prime determinants of oxygen 
consumption are heart rate, contractility, and afterload. 
MW indices overcome the afterload dependency of LS in 
estimating oxygen consumption and avoiding a misdiagnosis 
(42,43). Patients who demonstrated higher resting systolic 
blood pressure and lower GLS but normal stress myocardial 
perfusion could be identified accurately by global MW 
indices in this study. Second, MW indices are measured 
during the whole cardiac cycle and provide a perspective on 
the phase during which deformation occurs (44,45). The same 
strain peak in early or middle systole does not correspond 
to the same systolic function (22). Even shortening during 
isovolumetric relaxation is indicative of wasted work. Patients 
with reduced stress myocardial perfusion demonstrated a 
higher GWW in this study. Post-systolic shortening, which 
can be observed during isovolumetric relaxation, may be 
one of the reasons for such a situation, and it is considered a 
delayed contraction of ischemic myocardium (46,47). Similar 
to infarction, dyssynchrony has also been found in patients 
with myocardial ischemia (48). Additionally, contractile 
dysfunction may slow ventricular early relaxation due to the 
loss of elastic recoil. In contrast, GLS cannot distinguish such 
changes in one cardiac cycle. Left ventricular systolic and 
isovolumetric diastolic dysfunction is probably co-responsible 
for a reduced GWE.

Comparison between global MW indices and regional MW 
indices

GWE has been considered an effective diagnostic and 
prognostic marker in patients with STEMI (23,26). In 

our study, resting GWE was the most powerful parameter 
for diagnosing reduced stress global perfusion, and an 
optimal GWE cutoff value of 95% for reduced global stress 
myocardial perfusion was defined, with a sensitivity of 70% 
and a specificity of 90%. Moreover, after adjustment for 
age, sex, and other factors, GWE remained independently 
significant. This suggests that resting myocardial work 
indices may have potential clinical value in the diagnosis 
of stress-induced ischemia, avoiding the discomfort of 
pharmacological tests. Additionally, the global MW indices 
were highly consistent, in accordance with the results of 
previous studies (21,49), indicating excellent stability, which 
greatly enhanced the clinical value.

Interestingly, the ability of regional MW indices to 
diagnose reduced regional stress myocardial perfusion 
seemed to be slightly inferior. There may be a few reasons 
for this disparity. One myocardial region may present with 
reduced stress perfusion in patients with normal global 
stress myocardial perfusion. Nevertheless, during the 
resting state, the adequate blood supply from the collateral 
circulation could ensure the normal systolic function of the 
corresponding myocardial regions. This may have resulted 
in low sensitivity of the regional parameters. Microvascular 
dysfunction often leads to diffuse ischemia (50); therefore, 
patients with reduced global stress myocardial perfusion 
often have two or three myocardial regions with reduced 
stress perfusion, which may indicate severe and persistent 
ischemia. This may have more severe effects on longitudinal 
fibers; hence, global parameters are sensitive.

Limitations 

There are still some limitations in the present study. First, 
this study has limitations inherent to its single-center and 
retrospective design. Further prospective studies with large-
scale and multicenter samples are needed. In particular, the 
practical applicability of the regional MW indices needs to 
be examined in further studies, despite the differences found 
between regions with reduced and normal stress perfusion 
in this study. Second, although the resting MW indices 
can be used to assess stress myocardial perfusion, a longer 
follow-up will be needed to confirm the association between 
the resting MW indices and major advanced cardiovascular 
events. Third, although the GWE showed great diagnostic 
potential in identifying patients with reduced stress 
myocardial perfusion in this study, applying the parameter 
in patients with valvular lesions or peripheral vascular 
lesions is inappropriate because of a significant difference 
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between brachial systolic blood pressure and left ventricular 
pressure.

Conclusions

Resting MW indices perform well in assessing global and 
regional stress myocardial perfusion in angina patients with 
non-obstructive CAD, and GWE is superior to GLS in the 
global evaluations.
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