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Background: Noninvasive detection of functionally significant coronary artery disease (CAD) by echocardiog-
raphy remains challenging, with the need to perform stress imaging to detect ischemia. The aim of this study
was to determine whether global myocardial work (MW), derived from noninvasive left ventricular (LV)
pressure-strain loops at rest, can predict significant CAD in patients without regional wall motion abnormalities
and preserved LV ejection fraction (EF).
Methods: One hundred and fifteen patients referred for coronary angiography who had EF$ 55%, no resting
regional wall motion abnormalities, and no chest pain were assessed using echocardiography. Global MW
was derived from noninvasive LV pressure-strain loops constructed from speckle-tracking echocardiography
indexed to brachial systolic blood pressure. Global constructive work represented the sum of positive work
due to myocardial shortening during systole and negative work due to lengthening during isovolumic relaxa-
tion. Global wasted work represented energy loss by myocardial lengthening in systole and shortening in iso-
volumic relaxation. Global MW efficiency was derived from the percentage ratio of constructive work to the
sum of constructive work and wasted work.
Results: Patients with significant CAD demonstrated a significantly reduced global MW (P < .001) compared
with those without CAD. Global longitudinal strain was significantly reduced (P < .001) in patients with multi-
vessel CAD but not those with single-vessel CAD (P = .47). Receiver operating characteristic curve analysis
demonstrated that global MW was the most powerful predictor of significant CAD (area under the
curve = 0.786) and was superior to global longitudinal strain (area under the curve = 0.693). The optimal cutoff
global MW value to predict significant CAD was 1,810 mm Hg% (sensitivity, 92%; specificity, 51%).
Conclusions: Noninvasive global MW derived using LV pressure-strain loops at rest is a more sensitive index
than global longitudinal strain to detect significant CAD in patients with no regional wall motion abnormalities
and normal EF. This is a potential valuable clinical tool to assist in the early diagnosis of CAD. (J Am Soc Echo-
cardiogr 2019;-:---.)
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Abbreviations

2D = Two-dimensional

AUC = Area under the

receiver operating
characteristic curve

CAD = Coronary artery

disease

CW = Constructive work

EF = Ejection fraction

GLS = Global longitudinal
strain

GWE = Global myocardial
work efficiency

ICC = Intraclass correlation

coefficient

LV = Left ventricular

MW = Myocardial work

RWMA = Regional wall
motion abnormality

STE = Speckle-tracking
echocardiography

TTE = Transthoracic

echocardiography

WW = Wasted work
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Early detection and intervention
is paramount in patients with sig-
nificant coronary artery disease
(CAD) to prevent adverse car-
diac events, includingmyocardial
infarction leading to left ventricu-
lar (LV) dysfunction. During the
early stages of the disease pro-
cess, global LV functional param-
eters of volume and ejection
fraction (EF) are usually pre-
served.1-3 Unless there has been
a previous infarction or stunning
of the myocardium, regional
wall motion abnormalities
(RWMAs) are not evident at
rest, and noninvasive detection
of ischemia by transthoracic
echocardiography (TTE) requires
stress provocation. Stress
echocardiography remains a
widely accepted imaging modality
for the assessment of CAD,
but it is limited by operator
dependence, subjectivity, and
qualitative interpretation of
RWMAs as well as a failure to
reach a diagnostic target heart
rate.4,5

Myocardial deformation im-
aging using two-dimensional
(2D) speckle-tracking echocardiography (STE) is a valuable tool,
providing comprehensive quantitative assessment of myocardial
function beyond EF and qualitative assessment of RWMAs.6-11

Previous studies have shown that peak systolic longitudinal strain is
reduced in patients with significant CAD, even when resting LV
wall motion and EF are preserved.2 However, one of the main limita-
tions of STE is load dependency, which can affect the diagnostic accu-
racy of myocardial function evaluation.11,12 An increase in afterload
has been shown to decrease strain, leading to misinterpretation of
the true contractile function of the myocardium.12-18

Myocardial work (MW) accounts for deformation as well as after-
load through interpretation of strain in relation to dynamic noninvasive
LV systolic pressure.18-22 Early work looking at MW showed that
patients with systolic blood pressure $ 160 mm Hg displayed
significantly higher global MW compared with that seen in control
subjects, despite strain and EF being preserved.22 This confirmed that
conventional echocardiographic parameters are limited in detecting
the increased work and load imposed on the LV myocardium.22

MW may identify early abnormalities in LV function and may
establish a more sensitive index for early stage LV dysfunction. The
aim of this study was to explore the incremental value of MW in
the detection of significant CAD at rest in patients with normal LV
function and without RWMAs.
METHODS

Study Cohort

This was a single-center cross-sectional study prospectively recruit-
ing patients referred for clinically indicated coronary angiography.
The clinical indications for coronary angiography were history of
chest pain (n = 107), history of exertional dyspnea (n = 46), non–
ST-segment elevation myocardial infarction (n = 20), positive results
on exercise stress echocardiography (n = 14), positive results on exer-
cise stress testing (n = 13), positive results on myocardial perfusion
scan (n = 25), positive results on computed tomographic coronary
angiography (n = 14), and history of mild CAD (n = 3). None of
the patients had chest pain at the time of the echocardiographic study.
This study was approved by the human research and ethics commit-
tee of the research institution, and all patients provided informed con-
sent. TTE was performed on patients <3 hours before cardiac
catheterization. A total of 115 patients fulfilled the inclusion criteria
of normal EF, defined as $55%, without observed resting RWMAs.
Patients were excluded if there was significant aortic stenosis, pros-
thetic aortic valve replacement, hypertrophic cardiomyopathy, other
significant valvular disease, or paced rhythm. Because of variation in
R-R intervals, patients in atrial fibrillation were excluded. Patients
with left bundle branch block and paced rhythm were excluded
because of the possible presence of abnormal septal motion.
Echocardiographic Analysis

Comprehensive TTE was performed by experienced sonographers
using a Vivid E95 ultrasound system equipped with an M5S 3.5-
MHz transducer (GE Vingmed Ultrasound, Horten, Norway)
<3 hours before coronary angiography. Patients were scanned in
the left lateral decubitus position for optimal image quality.
Standard 2D images, consisting of three cardiac cycles triggered to
the QRS complex, were saved in cine-loop digital format for offline
analysis. LVend-diastolic and end-systolic volumes were calculated us-
ing the modified biplane Simpson method, with EF subsequently
determined. LV mass was obtained using a linear 2D approach,
with LV mass index calculated as the anatomic mass divided by
body surface area. All 2D and Doppler recordings and measurements
were performed according to American Society of Echocardiography
guidelines.23,24
Two-Dimensional STE

Two-dimensional grayscale images from the apical four-chamber,
two-chamber, and long-axis views were acquired at frame rates be-
tween 50 and 80 frames/sec (mean, 56.86 2.8 frames/sec) to enable
global longitudinal strain (GLS) analysis by STE. GLS was quantified
by an observer blinded to coronary angiographic results using semiau-
tomated function imaging from vendor-specific offline analysis soft-
ware (EchoPAC version 202; GE Vingmed Ultrasound). Following
the identification of aortic valve closure from the apical long-axis
view using the automated function, three index points were used to
define the mitral annulus and LV apex at the end-systolic frame in
each apical view. The automated algorithm traces and tracks the LV
myocardium, with adjustments made as necessary. Using the 17-
segment model, the software calculated GLS from the weighted
average of the peak systolic longitudinal strain of all segments. For
the purposes of this study, GLS is expressed as absolute values.
Patients were excluded from the study if regional tracking of one or
more segments was suboptimal.
MW Analysis

The methodology of MW calculation from noninvasive LV
pressure-strain analysis along with its validation has been described
previously.21,25 MW and related indices were calculated using the
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latest vendor-specific module within the Automated Function
Imaging software (EchoPAC Version 202) using a combination of
LV strain data and a noninvasively estimated LV pressure curve.
Blood pressure was measured by sphygmomanometry immediately
before TTE, with peak systolic LV pressure assumed to be equal to
peak arterial pressure. TheMW software then constructed a noninva-
sive LV pressure curve adjusted according to the duration of isovolu-
mic and ejection phases defined by the timing of aortic and mitral
valve opening and closing events on 2D echocardiography.12,16 LV
strain and pressure data were then synchronized through alignment
of valvular timing events and systolic blood pressure.
Global MWwas quantified by calculating the rate of regional short-

ening by differentiation of the strain tracing and multiplying by instan-
taneous LV pressure. This instantaneous measure of power was this
integrated over time to measure MWas a function of time during sys-
tole (time interval from mitral valve closure through to mitral valve
opening). During LV ejection, segments were analyzed for wasted
work (WW) and/or constructive work (CW; Figure 1A), with global
values determined as the averages of all segmental values and dis-
played on the LV pressure-strain loop diagram (Figures 1B and 1C).
The following parameters were generated by the software:

1. Global MW (mm Hg %), area within the global LV pressure-strain
loop

2. Global myocardial CW (mm Hg %), an estimate of the work per-
formed by the LV segments consisting of shortening during systole
plus lengthening in isovolumic relaxation

3. Global myocardial WW (mmHg%), an estimate of negative work
of the LV segments consisting of myocardial lengthening during
systole plus any shortening during isovolumic relaxation

4. Global MWefficiency (GWE; %), constructive MW divided by the
sum of CWand WW, expressed as a percentage (these values are
not affected by peak LV pressure)

An example of these parameters is presented in Figure 1. Global
LV MW is represented in blue, work performed by the mid infero-
septal segment is represented in orange, and the mid anterolateral
segment is represented in gray. The area under the global MW curve
(blue) from mitral valve closure to mitral valve opening is the global
MW index value. The area under each curve is also reflected as the
area within the LV pressure-strain loop diagrams (Figure 1B for the
mid inferoseptal segment, Figure 1C for the mid anterolateral
segment).
When work falls below the zero baseline (as seen in themid antero-

lateral segment), it reflects segmental elongation (when the LV
myocardium should be shortening during systole) and is equivalent
to WW (Figure 1A). In comparison, MW is positive during systole
in the mid inferoseptum and is equivalent to CW. WW can also be
visually appreciated in the mid anterolateral segment (Figure 1C,
represented in green) on the regional LV pressure-strain loop as the
segment elongates during LV contraction. The value for global MW
can be obtained from the pressure-strain loop diagram (Figures 1B,
1C, and 2), whereas CW and WW parameters are derived from the
contraction pattern of regional segments.
Coronary Angiography

All patients underwent clinically indicated coronary angiography
within 3 hours of TTE. All coronary angiographic images were
evaluated by experienced operators blinded to the echocardio-
graphic results. Significant CAD was defined as $70% luminal nar-
rowing in one or more major epicardial vessels by visual
assessment.24
Statistical Analysis

All statistical analyses were performed using SPSS version 25.0
(SPSS, Chicago, IL). Continuous variables are expressed as
mean 6 SD. Categorical variables are presented as numbers and
percentages. Normal distribution of the data were verified using
the Shapiro-Wilk test. Comparison of continuous variable within
only two groups was performed using an independent t test, with
Levene’s test performed before the test for equality of variances.
Comparison of continuous variables among more than two groups
was performed using a one-way analysis of variance, with Tukey
post hoc adjustments performed when significant differences were
detected. Nonparametric analysis of overall values of sensitivity
and specificity as well as area under the receiver-operating charac-
teristic curve (AUC) were applied. Receiver operating characteristic
curve analysis was used to assess optimal cutoff points for MW and
GLS in the detection of significant CAD. Categorical variables were
compared using the c2 test, as indicated. All tests were two-sided,
and P values < .05 were considered to indicate statistical signifi-
cance.
Intra- and Interobserver Variability

Twenty-five patients were randomly selected, and MW parameters
were measured by two observers blinded to patients’ clinical data and
each other’s results. Intraobserver variability was assessed using offline
data at different points in time. Interobserver variability was deter-
mined by repeating measurements from the same images. Intra-
and interobserver variability was calculated using intraclass
correlation coefficients (ICCs) and SEM.
RESULTS

Patient Characteristics

One hundred fifteen patients satisfied the baseline inclusion criteria.
Six patients were excluded from strain and MW analysis because of
inadequate image quality, with suboptimal regional tracking of any
segment in a single view (feasibility, 95%). None of the patients
described chest pain, and there was no evidence of electrocardio-
graphic evidence of ischemia during the echocardiographic study. A
total of 109 patients (mean age, 66.7611 years; 71 men) were there-
fore evaluated in the study and were initially divided into two groups,
no CAD (n = 28) and significant CAD ($70% stenosis; n = 81), on
the basis of the results of coronary angiography performed within
3 hours following TTE. Patients with significant CAD were then
further subdivided into those with single-vessel CAD (n = 31) and



Figure 1 (A) Global LV MW is represented in blue, work performed by the mid inferoseptal segment is represented in orange, and
work performed by the mid anterolateral segment is represented in gray. (B) LV pressure-strain loop diagram. Global MW is repre-
sented in red, and regional work performed by the mid inferoseptal segment is represented in green. (C) LV pressure-strain loop di-
agram. Global MW is represented in red, and regional work performed by the mid anterlateral segment is represented in green.
AVC, Aortic valve closure; AVO, aortic valve opening; MVC, mitral valve closure; MVO, mitral valve opening.
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those with multivessel CAD (n = 50). Medications such as b-blockers,
angiotensin-converting enzyme inhibitors, angiotensin II receptor
blockers, statins, and nitrates were more common among patients
with significant CAD.

Patient demographic data according to the study groups are pre-
sented in Table 1. Patients with CAD were, as a group, significantly
older than control subjects (mean difference, �6.9 6 2.4 years;
P < .001), with the multivessel CAD (P < .05) group the primary con-
tributors to this age difference. There was no significant difference in
systolic blood pressure between patients with no CAD and those with
CAD. According to a c2 test, there were no significant differences in
cardiac rhythm (P = .68), or coronary dominance (P = .95), across
groups.

No CAD Compared with Significant CAD

Conventional echocardiographic data are presented in Table 2. There
were no significant differences in 2D biplane volumes or EF between
patients without CAD and those with CAD. LVmass index was signif-
icantly higher (P < .05) in patients with CAD. The average e0 was
significantly lower (P < .05) and average E/e0 ratio significantly higher
(P < .05) in patients with CAD, but no correlations were seen be-
tween MW and E/e0 ratio.



Figure 2 (A) Noninvasive LV pressure-strain loop diagram. The LV pressure-strain loop follows a counterclockwise direction.
Following mitral valve closure (MVC), there is an initial rapid rise in LV pressure but minimal change in strain (0%) during the period
of isovolumic contraction (IVC). After aortic valve opening (AVO), LV ejection leads to an increase in GLS (becoming more negative)
with myocardial deformation reaching its highest point just as LV pressure begins to decline. LV pressure then falls rapidly with little
change in GLS (isovolumic relaxation [IVR]). Once LV pressure falls below left atrial pressure in early diastole and after mitral valve
opening (MVO), the left ventricle rapidly relaxes during diastasis. The area within the loop is estimated as global MW. The red loop
represents a patient with no angiographic evidence of CAD. The blue loop represents a patient with multivessel CAD. Visually the
LV pressure-strain loop has a smaller area because GLS is reduced (similar systolic blood pressure [SBP] between patients), which
is confirmed with the significantly reduced MW parameters. (B) Segmental bull’s-eye MW plot from a patient with no angiographic
evidence of CAD (GLS 18%, global MW 2,016 mm Hg %, global constructive MW 2,460 mm Hg %, GWE 98%, SBP 146 mm Hg).
(C) Segmental bull’s-eye MW plot from a patient with multivessel CAD (GLS 16%, global MW 1,857 mm Hg %, global constructive
MW2,073mm Hg%,GWE97%, SBP 145mm Hg). On the bull’s-eye plot, there is significant reduction in regional MWdemonstrated
as blue-coded areas. ANT, Anterior; ANT_SEPT, anterior septal; INF, inferior; LAT, lateral; POST, posterior; SEPT, septal.
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LV GLS (P < .05) and global MW (P < .001) were significantly
lower in all patients with CAD compared with those without CAD,
despite no RWMAs and preserved EFs (Table 3). Reduced MW is
also evident on the noninvasive LV pressure-strain loop diagram
(Figure 2A). Compared with a patient with no angiographically
significant CAD (shown in red), the LV pressure-strain loop of a
patient with multivessel CAD showed a smaller loop and area (shown
in blue). The 17-segment bull’s-eye plot showed a uniform MW distri-
bution (coded in green) through the myocardial segments for the pa-
tient with no CAD (Figure 2B), while there are regions of reduced
MW (coded in blue) in the patient with multivessel CAD (Figure 2C).

Global CW was significantly reduced (P < .001) in patients with
CAD compared with those without CAD, with no significant
difference in global WW (P = .41). Because GWE is derived by
dividing CW by the sum of CW and WW, this parameter was also
significantly reduced (P < .05) in CAD.

Receiver operating characteristic curve analysis was used to
discriminate whether MW parameters and GLS were able to predict
CAD (Figure 3). Global MWwas superior to GLS (Figure 3A), with an
AUC of 0.786 (P < .001; Figure 3B, Table 4). Other predictors of
CAD were global CW (AUC = 0.746; Figure 3C) and GWE
(AUC = 0.650; Figure 3D). According to the receiver operating
characteristic curve analysis, the optimal cutoff value for global MW
for the detection of patients diagnosed with CAD was 1,810 mm
Hg %, with sensitivity of 92.0%, specificity of 51.0%, positive
predictive value of 95.0%, and negative predictive value of 40.5%.
The optimal cutoff value for GLS was 16.7%, with sensitivity of
89.3% and specificity of 61.8%.
No CAD Compared with Single- and Multivessel CAD

MW parameters were significantly reduced (P < .05) in both single-
and multivessel CAD groups (Table 5). However, GLS was reduced
only in multivessel CAD and not significantly reduced (P = .47) in
those with single-vessel CAD. GWE was not reduced enough in
CAD subgroups to be significant.



Table 1 Clinical characteristics of patients in the study groups by angiographic evaluation

Variable No CAD (n = 28) All significant CAD (n = 81) Single-vessel CAD (n = 31) Multivessel CAD (n = 50)

Age (y) 61 6 13 68 6 10* 66 6 10 69 6 10*

Male 12 (43) 59 (73)* 19 (61)* 41 (82)*

BSA (m2) 2.1 6 0.3 2.0 6 0.2 2.0 6 0.2 2.0 6 0.2

Heart rate (beats/min) 65.6 6 11.8 59.7 6 8.7 60.0 6 10.0 60.5 6 9.6

Systolic BP (mm Hg) 137 6 13 136 6 20 130 6 18 139 6 20

Diastolic BP (mm Hg) 79 6 8 74 6 10 74 6 10 75 6 9

Cardiac rhythm

Sinus rhythm 26 (93) 70 (86) 28 (90) 42 (84)

Sinus with LBBB 2 (7) 9 (11) 3 (10) 6 (12)

First-degree AV block 0 (0) 2 (2) 0 (0) 2 (4)

Coronary dominance

Right coronary dominance 23 (81) 71 (88) 26 (84) 45 (90)

Left coronary dominance 2 (7) 5 (6) 2 (6) 3 (6)

Codominance 3 (11) 5 (6) 3 (10) 2 (4)

Comorbidities

Hypertension 15 (54) 59 (72)* 26 (84)* 33 (66)

Diabetes mellitus 4 (14) 25 (31)* 6 (19) 19 (38)*

Hypercholesterolemia 13 (46) 44 (54) 19 (61)* 25 (50)

Family history 7 (25) 29 (36) 11 (35) 18 (36)

Medications

b-blockers 2 (7) 27 (33)* 7 (22)* 20 (40)*

Calcium channel blockers 1 (4) 17 (21)* 6 (19)* 11 (22)*

ACE inhibitors 3 (11) 14 (17) 6 (19) 8 (16)*

ARBs 1 (4) 14 (17)* 3 (10) 11 (22)*

Statins 3 (11) 40 (49)* 13 (42)* 27 (54)*

Nitrates 0 (0) 30 (37)* 11 (35)* 19 (38)*

ACE, Angiotensin-converting-enzyme; ARB, angiotensin II receptor blocker; AV, atrioventricular; BP, blood pressure; BSA, body surface area;

LBBB, left bundle branch block.

Data are expressed as mean 6 SD or as number (percentage).
*Significantly different (P < .05) compared with the control group.

Table 2 Conventional echocardiographic parameters in control subjects compared with all patients with significant CAD

Variable No CAD (n = 28) All significant CAD (n = 81) Single-vessel CAD (n = 31) Multivessel CAD (n = 50)

LVDd (mm) 47 6 5 48 6 4 47 6 5 48 6 5

LVDs (mm) 32 6 4 32 6 4 33 6 4 32 6 4

IVSd (cm) 1.0 6 0.1 1.1 6 0.1* 1.1 6 0.2 1.1 6 0.1*

PWd (cm) 1.0 6 0.1 1.0 6 0.1 1.0 6 0.2 1.1 6 0.1*

LV mass (g) 170 6 43 187 6 42 182 6 47 193 6 41

LV mass index (g/m2) 85 6 17 95 6 20* 93 6 23 98 6 20*

Biplane EDV (mL) 103 6 30 108 6 33 107 6 33 109 6 34

Biplane ESV (mL) 39 6 13 42 6 15 40 6 14 43 6 15

Biplane EF (%) 62 6 5 61 6 4 63 6 4 60 6 4

EDV, End-diastolic volume; ESV, end-systolic volume; IVSd, interventricular septal thickness in diastole; LVDd, LV dimension in diastole; LVDs, LV
dimension in systole; PWd, posterior wall thickness in diastole.

Data are expressed as mean 6 SD.

*Significantly different (P < .05) compared with the control group.
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Table 3 GLS and MW parameters in control subjects compared with all patients with significant CAD

Variable No CAD (n = 28) All significant CAD (n = 81) P Mean difference SE

95% CI

Lower Upper

GLS (%) 19.0 6 2.4 17.2 6 2.4* .002 1.73 0.53 0.65 2.81

Global MW (mm Hg %) 2,158 6 299 1,801 6 352* .001 356.3 69.4 217.4 495.3

GWE (%) 96 6 2 94 6 3* .016 1.449 0.594 0.271 2.628

Global CW (mm Hg %) 2,494 6 430 2,146 6 430* .001 347.4 80.7 186.1 508.7

Global WW (mm Hg %) 93 6 53 103 6 58 .411 �9.95 12.0 �34.0 14.1

*Significantly different (P < .05) compared with the control group.

Figure 3 Receiver operating characteristic curve for the detection of CAD. (A) GLS. (B) Global MW. (C) Global CW. (D) Global MW
efficiency. GlobalMWwas themost powerful predictor of CAD (AUC= 0.786; 95%CI, 0.699–0.874;P < .001). A valve of 1,998mm Hg
% had the most optimal sensitivity of 78% and specificity of 61%. Global CWwas also a strong predictor of CAD (AUC = 0.746; 95%
CI, 0.653–0.839; P < .001). GLS was less predictive in this study cohort (AUC = 0.693; 95% CI, 0.588–0.798; P < .05).
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Table 5 GLS and MW parameters in patients with all significant, single-vessel, and multivessel CAD

Variable No CAD (n = 28) All significant CAD (n = 81) Single-vessel CAD (n = 31) Multivessel CAD (n = 50)

GLS (%) 19.0 6 2.4 17.3 6 2.4* 18.0 6 2.3 16.9 6 2.7*

Global MW (mm Hg %) 2,158 6 299 1,816 6 352* 1,810 6 351* 1,823 6 365*

GWE (%) 95.6 6 2.0 94.3 6 2.9 94.6 6 3.0 94.1 6 2.8

Global CW (mm Hg %) 2494 6 337 2156 6 427* 2151 6 432* 2152 6 427*

Global WW (mm Hg %) 93 6 53 101 6 57 97 6 57 103 6 57

*Significantly different (P < .05) compared with the control group.

Table 6 ICCs for intra- and interobserver variability for MW parameters and GLS

Variable

Interobserver variability Intraobserver variability

ICC 95% CI SEM ICC 95% CI SEM

Global MW (mm Hg %) 0.953 0.863–0.981 215.9 0.973 0.939–0.988 148.5

GWE (%) 0.988 0.973–0.995 1.4 0.991 0.980–0.996 1.3

Global CW (mm Hg %) 0.967 0.889–0.987 212.0 0.972 0.937–0.988 179.2

Global WW (mm Hg %) 0.941 0.867–0.974 32.8 0.965 0.921–0.984 25.1

GLS (%) 0.949 0.793–0.982 1.5 0.976 0.945–0.989 0.93

Table 4 Receiver operating characteristic curve analysis for the detection of CAD

GLS (%) Global MW (mm Hg %) GWE (%) Global CW (mm Hg %) Global WW (mm Hg %)

AUC (SE) 0.693 (0.054)* 0.786 (0.045)* 0.650 (0.057)* 0.746 (0.047)* 0.458 (0.062)

AUC 95% CI 0.588–0.798 0.699–0.874 0.537–0.762 0.653–0.839 0.337–0.579

Cutoff value 16.7% 1,810 93.5% 2,071 80

Sensitivity 89.3% 92.0% 89.3% 96.4% 60.7%

Specificity 61.8% 51.0% 68.4% 56.6% 60.5%

*Significantly different (P < .05) compared with the control group.
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Intra- and Interobserver Variability

All MW parameters and GLS exhibited excellent intra- and interob-
server correlation, with ICC values > 0.94 (Table 6). ICC values
were higher for interobserver variability when the same images
were analyzed by the two different observers. In comparison, ICC
was only slightly lower, but with excellent correlation for intraob-
server variability when the same observer performed offline measure-
ments on different images obtained at the time of the
echocardiographic study.
DISCUSSION

This study demonstrates that noninvasive MW provides quantifiable
information for identification of patients with single- and multivessel
CAD at rest despite the absence of visually detectable RWMAs. In
summary, in patients with CAD, global MW and global CW are
both reduced. Global WW is increased, and therefore myocardial ef-
ficiency is reduced. Prediction of CAD in patients with reduced global
MW was superior to all other echocardiographic parameters,
including GLS and EF. Furthermore, reproducibility of MW parame-
ters was excellent. These findings suggest that MW is sensitive to
metabolic adaptation of the myocardium in the presence of CAD
and may also have clinical diagnostic utility in the early stages of the
disease. In our study, we were able to define an optimal global MW
cutoff value of 1,810 mm Hg % (sensitivity, 92%; specificity, 51%).

Noninvasive detection of patients with significant CAD remains a
challenge despite the widespread use of imaging and exercise provo-
cation to detect hemodynamic significance. Many patients referred
for coronary angiography show normal results or nonobstructive
CAD.26-28 Repetitive and intermittent ischemic insults on the LV
myocardium may result in subtle forms of stunning that may
reduce systolic longitudinal function, despite no obvious resting
RWMAs. Because subendocardial fibers are more susceptible to
ischemia,4,29,30 many studies have shown that longitudinal strain
more accurately detects early derangement of the myocardium
caused by ischemia.2,13,31-33 Because EF and visual assessment of
regional wall motion are based on radial thickening of the
endocardial border, these parameters are less sensitive to detect
early ischemia.34,35 Therefore, longitudinal strain, which has a
predominant contribution from the endocardial layer, more
accurately detects early derangement of cardiac function caused by
ischemia.2,13,31-33 In patients with normal EFs and absence of
RWMAs, the discriminatory presence of reduced GLS provides
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incremental diagnostic value in the detection of underlying
CAD.2,13,31-33 However, the optimal GLS diagnostic cutoff value
varies significantly across the many studies, possibly because of
clinical characteristics, afterload at the time of the acquisition,
intervendor differences, and operator skills.4,28,32,36-38

In this study cohort, GLS was only a fair predictor of CAD, with an
AUC of 0.693 in patients with CAD and no chest pain at the time of
the investigation. GLS was reduced in both single (18.0 6 2.3%) and
multivessel CAD (16.9 6 2.7%), but it was only significantly reduced
in patients with multivessel compared with those with no CAD
(19.0 6 2.4%). Significant multivessel disease exposes more of the LV
myocardium to ischemia, and therefore it seems reasonable that GLS
was lower in thesepatientswithmoreof the longitudinally arranged sub-
endocardial fibers affected by ischemia. Similarly, Choi et al.2 showed
reduced GLS for all patients with CAD but only significantly reduced
GLS in patients with high risk, three-vessel, and left main disease.

In comparison, Shimoni et al.32 found a significant reduction in GLS
(AUC = 0.79) in hospitalized patients with chest pain, suggesting that a
greater ischemic effect reduces GLS. In the assessment of patients with
stable and unstable angina, Choi et al.2 found that restingGLSwas signif-
icantly reduced in patients with severe CAD despite normal EFs and
absence of RWMAs. In another recent study published by our research
group, we were able to describe a change in LV pressure-strain pattern
with significant reduction inMW inmore advanced patients with estab-
lished ischemic cardiomyopathy and reduced EFs.22

LV myocardial strain is a load-dependent variable influenced by al-
terations in loading conditions.12,14,15 Ameta-analysis of 24 studies by
Yingchoncharoen et al.13 found variations of normal ranges of strain
associated with differences in systolic blood pressure, with an increase
in afterload associated with reduction in LV strain. Skulstad et al.14 as-
sessed the influence of loading conditions in an animal study and
found that contractile patterns of ischemic myocardium are strongly
influenced by loading conditions. The study found that following
acute elevation in afterload, there was an immediate change from hy-
pokinesis to dyskinesis.15 In contrast, noninvasive MW is less load
dependent, accounting for the patient’s systolic blood pressure at
the time of performing STE.

Global MW was significantly reduced in all patient subgroups
within this study, both single-vessel and multivessel CAD compared
with patients with no CAD, despite no resting RWMAs or chest
pain during echocardiography. Boe et al.18 investigated the use of
MW in patients with non–ST-segment acute coronary syndromes
and found regional MW < 1,700 mm Hg % in more than four adja-
cent dysfunctional segments to be significantly superior to GLS or EF
to detect CAD. Global MW was also significantly reduced in patients
with acute coronary artery occlusion (1,781 6 360 mm Hg %,
AUC = 0.81). Interestingly, when afterload was increased, systolic
blood pressure was a significant covariate, showing a further reduc-
tion in strain in the ischemia area. In the same study, strain measured
in hypertensive patients with no evidence of acute coronary syn-
drome showed eight adjacent segments with impaired function.18

Thismay lead the interpreter to assuming there is myocardial dysfunc-
tion caused by CAD in these segments, when in fact they are affected
by afterload.18 Because MW accounts for systolic blood pressure,
these parameters showed there was normal work in these false-
positive hypertensive patients.21

MW assessed using noninvasive LV pressure-strain loops has been
shown to reflect myocardial metabolic demand and oxygen con-
sumption evaluated using 18F-fluorodeoxyglucose positron emission
tomography.21 Fluorine-18 fluorodeoxyglucose positron emission to-
mography provides information about perfusion as well as myocar-
dial metabolism.15,39 When there is reduced blood flow and
oxygen to regions of the myocardium, fatty acid metabolism shifts
preferentially to glucose metabolism, with 18F-fluorodeoxyglucose
positron emission tomographic imaging showing regions of
ischemia displayed as reduced levels of metabolism.15,39,40 The
significant reductions in global MW and global CW in this study
potentially reflect the pathologic adaptation of reduced metabolism
in the myocytes from decreased myocardial blood flow in this early
stage of CAD before manifestation of any RWMAs or reduction in
EF.

Global WWwas also increased, but this did not reach statistical sig-
nificance. WW can occur because of systolic lengthening during LV
ejection and/or myocardial shortening during isovolumic relaxation,
with these contractions not contributing to LV ejection. In a normal
heart, there are minimal differences in the timing of contraction of in-
dividual segments (minimal WW), but as the myocardium becomes
diseased, dyssynchronous contractions and postsystolic shortening
contribute to a less efficient ejection (increased WW). Overall, effi-
ciency of the myocardium in generating ‘‘work’’ by longitudinal
myocardial deformation is reduced.

Alternative approaches have been explored to enhance the ability
of resting echocardiography to identify patients with CAD. Mor-Avi
et al.11 tested the feasibility of fusing resting three-dimensional
echocardiography–derived regional LV longitudinal strain with coro-
nary arteries from cardiac computed tomography. This allowed
assessment of the hemodynamic significance of coronary stenosis in
patients with chest pain without performing stress testing. This study
expanded on a pilot study that found that resting strain abnormalities
are more common in the presence of stenosis > 50% and perfusion
defects. Fusion of cardiac computed tomography and three-
dimensional regional strain allowed visualization of each coronary ar-
tery and myocardial strain in its territory. The investigators found that
combining computed tomographic functional flow reserve with vaso-
dilator stress subendocardial perfusion resulted in the highest sensi-
tivity (83%) and specificity (81%) to predict patients with either
stenosis > 50% or perfusion defects.11
Limitations

Arrhythmias, with significant beat-to-beat variability, including atrial
fibrillation, inhibit accurate and reliable assessment of GLS by STE
with the viability of MW estimation questionable in such patients.
Patients with left bundle branch block and pacing were also excluded
from the study cohort. Patients with inadequate image quality limit
the accuracy of STE, leading to suboptimal MW assessment.
Noninvasive systolic blood pressure cuff measurements are less accu-
rate than invasive LV pressure measurements, but our study has
already excluded any patients with aortic stenosis, LVOTobstruction,
and any other cardiac pathologies that will induce a pressure gradient
between aorta and LV.

The low specificity of global MW to predict CAD is a limitation of
the present study. The specificity is far from optimal, which under-
scores the fact that global MW should not be used in isolation but
in conjunction with other parameters to identify patients with signif-
icant CAD, otherwise there may be a significant number of false-
positive diagnoses. The sensitivity and specificity were also calculated
in the same groups of patients in which an optimal cutoff value was
made. It would be ideal to determine this cutoff value and retest in
a validation population. Larger scale studies are needed for further
evaluation of this new parameter to establish its clinical utility and
prognostic implications.
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The distribution of CAD and the observed value in the segments
that are supposed to be hypovascularized versus the segments that
are supposed to vascularized normally were not assessed, because
of the lack of sufficient number of patients with single lesions in
each of the coronary territories (left anterior descending coronary ar-
tery, n = 18; right coronary artery, n = 8; circumflex coronary artery,
n = 4). The majority of the study population (n = 50) had multivessel
CAD, and therefore this study was not sufficiently powered for
regional MW assessment.

This novel method may have potential value in clinical use in the
diagnosis of early CAD at rest without the need to undergo stress im-
aging, but further prospective trials are required to compare MW
directly with stress echocardiography, which is beyond the scope of
this study.

CONCLUSION

Noninvasive LV-pressure strain loops are a novel method using STE to
measure global MW, CW, WW, and GWE and account for systolic
blood pressure and LV afterload. Global MWat rest is more sensitive
than GLS in the detection of significant CAD (>70% stenosis) in pa-
tients with no RWMAs and normal EFs. This is a potential valuable
clinical tool to assist in the early diagnosis of CAD.
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