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Abstract

Novel software allows for layer-specific evaluation of myocardial strain by speckle tracking echocardiography (2DSTE).
However, the potential of layer-specific strain at rest for diagnosing coronary artery disease (CAD) in patients with suspected
stable angina pectoris (SAP) remains unknown. Our objective was to evaluate the usefulness of layer-specific 2DSTE at rest
for diagnosis of CAD in patients with SAP. In total, 285 patients referred with clinically suspected SAP, normal ejection
fraction, and no previous cardiac history were prospectively enrolled. All patients were examined by echocardiography,
including 2DSTE, exercise ECG, and coronary angiography (CAG). Layer-specific 2DSTE was performed in three apical
views to provide longitudinal peak systolic strains. Stenosis >70% in > 1 major coronary artery on CAG was considered as
significant CAD. Of 285 patients included, 104 had significant CAD (36%). Endocardial, epicardial, and mid-myocardial GLS
were all significantly impaired in CAD patients (P <0.001). Multivariable analysis including baseline clinical parameters,
conventional echocardiographic measurements, Duke score, and layer-specific strain measurements revealed epicardial [odds
ratio 1.19 (P=0.048)] and mid-myocardial [odds ratio 1.16 (P=0.047)] global longitudinal strain (GLS) as the only inde-
pendent predictors of CAD. In direct comparison, epicardial and mid-myocardial GLS had a significantly higher diagnostic
performance compared to endocardial GLS (P=0.038 and P=0.031, respectively). In conclusion, layer-specific GLS from
2DSTE at rest was significantly impaired in patients with significant CAD. In addition, epicardial and mid-myocardial GLS
were independent predictors of CAD.
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Introduction analysis of left ventricle (LV) function without further dis-

tinction, even though, the myocardium is non-homogenous

Non-invasive imaging modalities are necessary for optimal
decision on diagnosis and therapy in patients with CAD to
improve patient outcome and healthcare costs. Most cardiac
imaging techniques evaluate the entire wall thickness in the
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and composed of three different layers of myocardial fibers
ranging from the endocardium to the epicardium [1]. Thus,
it would be encouraging if a careful layer-specific evaluation
of myocardial deformation could improve the diagnostics of
CAD in patients referred with suspected SAP.
Echocardiography is the widely-used imaging technique
in patients with SAP for assessing regional wall motion
abnormalities with level 1.B recommendation from the ESC
guidelines on management of stable CAD [2]. It is possi-
ble to assess myocardial function and deformation by strain
obtained from 2DSTE, which is a semi-automated quantita-
tive technique based on echocardiographic grayscale images
[3, 4]. Previous studies [5-8] have demonstrated 2DSTE at
rest to be a more sensitive and objective marker of CAD
than the conventional echocardiographic evaluation of LV
systolic function. Recent software allows a layer-specific
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evaluation of myocardial strain by speckle tracking the endo-
cardial and epicardial part of the myocardial wall separately,
and the method has already been introduced in several clini-
cal studies with promising results [9—12].

Basic first-line testing in patients suspected of having
SAP includes biochemical testing, an ECG, and a resting
echocardiography [2]. Further investigation and decision on
subsequent revascularization therapy can include exercise
testing [13, 14], although the diagnostic capability has been
criticized [2, 15]. We are in need of a fast and simple diag-
nostic tool to facilitate risk stratification of patients with sta-
ble chest pain and to improve the rate of significant CAD in
patients referred to CAG [16]. Hence, it would be appealing
if the promising 2DSTE evaluation of layer-specific strain
performed at rest could add incremental value to conven-
tional echocardiography in first-line CAD diagnostics and,
thereby, facilitate decision on treatment strategy in patients
with suspected SAP.

Our group has previously shown that both longitudinal
2DSTE and color TDI at rest provides a thorough assessment
of CAD in patients referred with suspected SAP [6, 17].
An independent evaluation of the myocardial layers from
the newly developed technique allowing a layer-specific
evaluation of myocardial function is likely to increase the
pathophysiologic understanding of non-homogenous cardiac
pathologies, such as ischemic injuries, and may improve the
diagnostic accuracy of CAD. Consequently, the aim of this
study was to evaluate the potential of layer-specific 2DSTE
at rest for diagnosing CAD in patients with SAP.

Methods
Study population

This study prospectively included 285 consecutive patients
referred with clinically suspected SAP during a 30-month
period from September 2008 to March 2011. The study
population has previously been described in detail else-
where [17, 6]. In brief, patients were excluded if they had:
(i) LVEF <50%; (ii) arrhythmias; (iii) intraventricular con-
duction disturbance; (iv) pathological Q-waves; (v) conges-
tive heart failure; (vi) heart valve disease; or (vii) known
ischemic heart disease. All patients were examined by echo-
cardiography, including 2DSTE, and exercise test followed
by CAG. CAG was carried out regardless of the results of
echocardiography and exercise test.
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Conventional echocardiography and tissue doppler
imaging

Echocardiograms were acquired using Vivid7 Dimen-
sion (GE Healthcare, Horten, Norway) with a 3.5-MHz
transducer. All individuals were examined at rest using
conventional 2-dimensional echocardiography by an expe-
rienced investigator blinded to the results of the exercise
test, CAG, and clinical information.

LV diameter and wall thickness were obtained from the
parasternal long-axis view at the level of the mitral valve
leaflet tips, and LVMI was calculated using the LV linear
dimensions as recommended by the American Society of
Echocardiography [18]. LVEF was calculated using the
modified biplane Simpson method. Left atrial volume was
measured by the area-length method and divided by the
body surface area to calculate the left atrial volume index
[18]. Mitral inflow velocities were obtained using pulsed-
wave Doppler at the apical position, and peak velocity of
early (E) and atrial (A) diastolic filling and deceleration
time (DT) of the E-wave were measured with the sample
volume between the tips of mitral leaflets. The E/A-ratio
was calculated. Lateral and septal mitral annular velocities
in early diastole were obtained from pulsed-wave TDI in
the 4-chamber view and averaged (e') to calculate E/e’.

Two-dimensional speckle tracking
echocardiography

2DSTE was performed off-line with commercially avail-
able software (EchoPac BT13, GE Healthcare, Horten,
Norway) by a single investigator blinded to all other
information (Fig. 1). Analysis of layer-specific GLS was
performed in the apical long-axis, 4-chamber, and 2-cham-
ber views by manually tracking the endocardial border in
end-systole. The software then (1) automatically traced
the entire endocardial border for the LV myocardium; (2)
divided the myocardial wall into two separate layers (endo-
cardial and epicardial) for a layer-specific deformation
analysis, and 3) calculated endocardial GLS, epicardial
GLS and mid-myocardial GLS (strain average through the
whole width of the region of interest) by tracking of speck-
les throughout the cardiac circle frame by frame (Fig. 1).
Analysis of GCS was performed in the parasternal short-
axis view at mid-papillary level with same procedure as
stated above. Frame rates were > 70 Hz for all grayscale
images. Manual readjustment of tracking was performed
if necessary to ensure accurate tracking and, subsequently,
validated by the software. Any segment with persistently
inadequate tracking was excluded. Eleven patients were
excluded because of poor image quality and no possibility
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Fig.1 Layer-specific analysis of echocardiographic image using
2-dimensional speckle tracking with EchoPac BT13. The echocar-
diographic example illustrates: (A) Layer-specific myocardial speckle

of layer-specific speckle tracking. For improvement of
objectivity and inter-operator reproducibility, strain
analysis was performed according to previous established
guidelines [19].

Exercise electrocardiography

All patients were examined by symptom-limited bicycle
exercise testing in accordance with recommended standard
bicycle exercise protocol [20]. Blood pressure, heart rate,
and 12-lead ECGs were recorded at rest and at exercise
every second minute. The ECGs were categorized as either
normal or abnormal upon analysis from three investigators
blinded to all other information. An abnormal exercise ST
response was defined as > 1 mm of horizontal or down slop-
ing ST-depression (J-point+ 80 ms) or>1 mm ST-segment
elevation. In accordance with guidelines, Duke Score (DS)
was used as outcome of the exercise test, and is considered
as both a strong diagnostic and prognostic index combin-
ing information on ECG-alterations, exercise capacity, and
symptoms during the test. DS was calculated as: exercise
capacity — (5 X ST deviation) — (4 X exercise angina). Exer-
cise angina had a value of 0 if the patients did not have
any angina during the test, 1 if the patient had non-limiting
angina, and 2 if the patient had to stop the test because of
angina. ST-deviation was the maximum ST-deviation during
or after exercise measured in millimeters [15, 20, 21].

Coronary angiography

All patients underwent CAG, and the procedure was per-
formed by the percutaneous femoral approach. Coronary

tracking in 4-champer view; (B) analysis of epicardial global longitu-
dinal strain; and (C) analysis of endocardial global longitudinal strain

angiograms were gained for each coronary vessel in>2
projections, and stenosis with >70% reduction of the arte-
rial lumen area in at least one major coronary artery was
considered significant. Analysis of the coronary angiograms
was performed visually by an experienced operator blinded
to all other results.

Reproducibility

Intra- and inter-observer variability was assessed in 20 ran-
domly selected patients by CV of repeated analyses and by
Bland—Altman analysis deriving the absolute bias including
95% limits of agreement. For intra-observer variability, the
original investigator reanalyzed the same echocardiographic
images of the 20 patients selected at random. For inter-
observer variability, the same echocardiographic images
from the same cardiac cycles were analyzed by another
experienced investigator also blinded to all other results.

Statistical analysis

Statistical analysis was performed using STATA Statistics/
Data analysis, SE 12.0 (StataCorp, TX). A P value <0.05
was considered statistically significant. Continuous data
was expressed as means =+ standard deviation and compared
by Student’s ¢ test. Categorical data was expressed as abso-
lute numbers and percentages and compared by the thest.
Logistic regressions were performed to adjust for baseline
characteristics (age, sex, diabetes mellitus, hypercholester-
olemia, heart rate, diastolic blood pressure, and angina type),
conventional echocardiographic parameters (LVMI, DT,
E/A, and ¢'), and exercise test. ROC curves were constructed
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for GLS measures, and the optimal cut-off values with the
greatest sensitivity and specificity in the prediction of CAD
were selected. AUC was calculated and compared for the
above parameters using the roccomp function [22]. Con-
tinuous net reclassification index (NRI) was performed to
investigate the additive value of layer-specific GLS to clini-
cal and conventional echocardiographic parameters in diag-
nosis of CAD. Multiple linear regressions were built to test
significant stenosis in LAD, LCX, or RCA as independent
predictors of RLS in all 18 myocardial segments. ANOVA
was carried out to test whether layer-specific GLS developed
with increasing severity of CAD.

Ethics

The regional Committee on Biomedical Research Ethics
(j-no. H-C-2008-044) approved the study, and informed con-
sent was obtained from all individual participants included
in the study.

Results

Out of the 285 patients included in this study, 104 had signif-
icant CAD and 181 had nonsignificant or no CAD. Table 1
presents all clinical characteristics and data on coronary
angiography, ECG exercise testing, and echocardiography
including 2DSTE.

The exercise performance of patients with significant
CAD were significantly impaired in all aspects of the test
including exercise capacity, ST deviation, angina during the
test, and the composite index expressed as DS (Table 1.C).
The extent of disease in patients with CAD varied from
1-vessel disease to 3-vessel disease (3VD) with 31% hav-
ing 3VD, and the most frequently diseased territory was
found to be the LAD (74% of CAD patients) (Table 1.B).
Conventional echocardiographic measures were signifi-
cantly impaired in patients with significant CAD in terms
of diastolic function (A, E/A, DT, ¢’, and E/e’) and LVMI
(Table 1.D). Endocardial, epicardial, and mid-myocardial
GLS were all significantly impaired in CAD patients. No
significant differences were found regarding the GCS meas-
ures (Table 1.E).

Multivariable logistic regression models including GLS
(either epicardial, endocardial or mid-myocardial) or GCS
(either epicardial, endocardial or mid-myocardial), baseline
characteristics (age, sex, diabetes mellitus, angina type),
Duke Score, and conventional echocardiographic variables
(LVMLI, E/A ratio, e', DT) revealed epicardial GLS [odds
ratio (OR) 1.19, 95% CI 1.00-1.41, P=0.048] and mid-myo-
cardial GLS (OR 1.16, 95% CI 1.00-1.35, P=0.047) as the
only echocardiographic parameters independently associated
with significant CAD (Table 2).
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Value of global longitudinal strain to diagnose
coronary artery disease

ROC curves were created to determine the diagnostic per-
formance of GLS parameters (Fig. 2). In direct comparison,
both epicardial GLS and mid-myocardial GLS had a signifi-
cantly higher diagnostic performance compared to endocar-
dial GLS (P=0.038 and P=0.031, respectively), determined
by AUCs. The optimal cut-off value leading to the highest
sensitivity and specificity for diagnosing CAD was — 18.0%
for endocardial GLS, with a sensitivity of 57% and a speci-
ficity of 73%; — 15.1% for epicardial GLS, with a sensitivity
of 67% and a specificity of 62%; and — 16.0% for mid-myo-
cardial GLS, with a sensitivity of 59% and a specificity of
71%. All layer-specific GLS parameters improved NRI when
added to baseline characteristics, reclassifying 47-58% (con-
tinuous increase in NRI: endocardial GLS: 0.47, 95% CI
0.16-0.81; epicardial GLS: 0.58, 95% CI 0.16-0.91; mid-
myocardial GLS: 0.55 95% CI 0.19-0.86). In comparison,
adding GLS parameters to both baseline characteristics and
conventional echocardiographic parameters did not result
in a better model (continuous increase in NRI: endocardial
GLS: 0.49, 95% CI — 0.12-0.87; epicardial GLS: 0.51,
95% CI — 0.10-0.91; mid-myocardial GLS: 0.52 95% CI
—0.10-0.93).

Disease severity, regional coronary artery disease,
and regional longitudinal strain

Layer-specific GLS and the severity of significant CAD fol-
lowed a significant trend from no CAD to 3VD in terms of a
progressively impaired GLS (P <0.001) (Table 3). Analysis
of significant CAD in the LAD, RCA, and LCX and RLS
from multiple linear regression models are shown in Fig. 3.
Significant association between RLS measures and CAD
was seen in about half of the myocardial segments mimick-
ing the typical anatomic distribution of the major coronary
arteries (Fig. 3a).

Reproducibility of two-dimensional strain
echocardiography

Reproducibility of GLS was as follows: Intra-observer
Bland—Altman analysis showed a bias of (mean + SD dif-
ference) 0.502 +£0.944 and a CV of 5.2% for endocardial
GLS; a bias of 0.379+0.967 and CV of 6.9% for epi-
cardial GLS; and a bias 0.444 +0.823 and CV of 5.2%
for mid-myocardial GLS. The inter-observer Bland—Alt-
man analysis showed a bias of (mean + SD difference)
0.636 +1.89 and CV of 10.2% for endocardial GLS;
a bias of 0.351 +1.34 and CV of 9.3% for epicardial
GLS; and a bias of 0.472 +1.57 and CV of 9.6% for mid-
myocardial GLS. Reproducibility of GCS was as follows:
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Table 1 Clinical and

.. S N Patients with no signifi-  Patients with significant P value
paraclinical characteristics cant CAD CAD
181 104

A. Clinical characteristics

Age, years 59.3+9.7 63.8+10.0 <0.001
Female, n (%) 116 (64%) 27 (26%) <0.001
Hypertension, n (%) 96 (53%) 48 (46%) 0.26
Diabetes mellitus, n (%) 18 (10%) 20 (19%) 0.026
BMI, kg/m? 26.1+4.3 26.9+4.3 0.15
Hypercholesterolemia, n (%) 61 (34%) 42 (40%) 0.26
Smoker, n (%)
Current 35 (19%) 25 (24%) 0.52
Previous 71 (39%) 42 (40%)
Family history of CAD, n (%) 89 (49%) 62 (60%) 0.09
Anticoagulant therapy, n (%) 0 1 (1%) 0.19
Platelet inhibitors, n (%) 27 (15%) 23 (22%) 0.25
B-Blockers, n (%) 28 (16%) 20 (19%) 0.41
Calcium channel blockers, n (%) 31 (17%) 19 (18%) 0.81
Nitrates, n (%) 13 (7%) 6 (6%) 0.65
Angina, n (%)
Typical 66 (36%) 83 (80%) <0.001
Atypical 73 (40%) 14 (13%)
Nonanginal chest pain 42 (23%) 7 (7%)
ECG heart rate, bpm 69+11 69+12 0.77
Diastolic blood pressure, mmHg 81+10 80+11 0.42
B. Coronary angiography
1—vessel disease - 44 (42%) -
2—vessel disease - 28 (27%) -
3—vessel disease - 32 (31%) -
LAD, n (%) - 75 (72%) -
LCX, n (%) - 58 (56%) -
RCA, n (%) - 63 (61%) -
C. ECG exercise test
Exercise capacity (METs) 70+1.8 62+1.6 <0.001
ST deviation> 1 mm 40 (22%) 60 (58%) <0.001
Angina pectoris
Occurred 49 (27%) 39 (38%) <0.001
Stopped the test 1 (1%) 14 (14%)
Duke score 44+3.6 -2.1+£72 <0.001
D. Echocardiographic parameters
LVEF, % 59+5 58+4 0.08
LVId, cm 45+0.5 4.6+0.5 0.45
LVMI, g/m? 76.2+16.1 86.7+16.6 <0.001
LAVI, mL/m? 275484 29.4+8.9 0.07
E, m/s 0.7+0.2 0.7+0.2 0.06
A, m/s 0.7+0.2 0.8+0.2 0.027
E/A 1.1+0.3 1.0+£0.2 <0.001
DT, ms 226.4+50.3 242.4+58.4 0.019
e/, cm/s 8.5+2.0 7.4+19 <0.001
E/e’ 11.6+2.9 10.7+3.1 0.02
E. 2DSTE parameters
Endocardial GLS, % —-19.5+3.1 —-17.8+3.2 <0.001
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Table 1 (continued) N Patients with no signifi-  Patients with significant P value
cant CAD CAD
181 104
Epicardial GLS, % -157+2.6 —-142+23 <0.001
Mid-myocardial GLS, % —-174+28 —-15.7+2.7 <0.001
GLS absolute difference -38+13 -3.6+1.5 0.40
Endocardial GCS, % —-28.6+6.9 —-26.7+79 0.07
Epicardial GCS, % —-122+59 —-109+54 0.13
Mid-myocardial GCS, % —18.7+6.0 —-17.1x6.1 0.08

Continuous data are expressed as mean + SD and categorical data are presented as number (%)

BMI body mass index, CAD coronary artery disease, ECG electrocardiography, LAD left anterior descend-
ing artery, LCX left circumflex artery, RCA right coronary artery, Duke score exercise capacity — (5X ST
deviation)— — 4 X angina score), LVEF left ventricular ejection fraction, LVId left ventricular internal diam-
eter in diastole, LVMI left ventricular mass index, LAVI left atrial volume index, E peak transmitral early
diastolic inflow velocity, A peak transmitral late diastolic inflow velocity, DT deceleration time of early
diastolic transmitral inflow, e’ average peak early diastolic longitudinal mitral annular velocity, GLS global
longitudinal strain, GCS global circumferential strain

Values significantly different from patients with no significant CAD are marked in bold (P <0.05)

Table 2 Multivariable stepwise logistic regression including GLS and GCS parameters, baseline characteristics, Duke Score, and conventional
echocardiographic variables for assessment of the association with significant CAD

Endocardial GLS  Epicardial GLS ~ Mid-myocardial GLS  Endocardial GCS  Epicardial GCS  Mid-myocardial GCS

Adjustment for baseline characteristics (age, sex, diabetes mellitus, and angina type)
OR (95% CI) 1.11(1.01-1.21) 1.13(1.00-1.27) 1.13 (1.01-1.26) 1.03 (0.98-1.08)
P value 0.032 0.045 0.032 0.229
Adjustment for baseline characteristics (age, sex, diabetes mellitus, and angina type) and Duke score
OR (95% CI) 1.16(1.04-1.29)  1.23 (1.07-1.42) 1.21 (1.06-1.37) 1.05(0.99-1.11)  1.06 (0.99-1.14) 1.07 (0.99-1.14)
P value 0.007 0.004 0.004 0.095 0.102 0.070

Adjustment for baseline characteristics (age, sex, diabetes mellitus, and angina type), Duke score, and conventional echocardiographic meas-
ures (LVMI, E/A ratio, e’, DT)

OR (95% CI) 1.13 (0.99-1.28)
P value 0.062

1.05 (0.99-1.11)
0.133

1.05 (0.99-1.11)
0.134

1.19 (1.00-1.41)
0.048

1.16 (1.00-1.35)
0.047

1.04 (0.97-1.12)
0.233

1.07 (0.98-1.17)
0.156

1.07 (0.98-1.17)
0.143

Data are expressed as odds ratio (OR) including 95% CI

In addition to epicardial and mid-myocardial GLS, Duke score (OR 0.77, 95% CI 0.70-0.85, P<0.001), gender (OR 0.22, 95% CI 0.09-0.54,
P=0.001), and angina type (OR 0.25, 95% CI 0.1-0.64, P=0.004) were also independent predictors of significant CAD

GLS global longitudinal strain, GCS global circumferential strain, CAD coronary artery disease, BMI body mass index, Duke score exercise
capacity — (5x ST deviation) — (4 X angina score), LVMI left ventricular mass index, E peak transmitral early diastolic inflow velocity, A peak
transmitral late diastolic inflow velocity, DT deceleration time of early diastolic transmitral inflow, e’ average peak early diastolic longitudinal
mitral annular velocity

Intra-observer Bland—Altman analysis showed a bias of Discussion

(mean + SD difference) — 1.95+2.97 and a CV of 10.1%

for endocardial GCS; a bias of 0.871 +4.95 and CV of
36.9% for epicardial GCS; and a bias — 0.153 +3.50 and
CV of 17.7% for mid-myocardial GCS. The inter-observer
Bland-Altman analysis showed a bias of (mean + SD dif-
ference) 2.97 +4.47 and CV of 15.0% for endocardial
GCS; a bias of 3.72 +4.42 and CV of 28.2% for epicar-
dial GCS; and a bias of 3.16 +4.03 and CV of 19.0% for
mid-myocardial GCS.
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The main findings of the present study can be summarized
as follows: (1) global myocardial function, as assessed by
layer-specific 2DSTE at rest, was significantly impaired
in both myocardial layers in addition to mid-myocardial
GLS in patients with significant CAD amongst patients
with preserved LVEF and suspected of having SAP; (2)
multivariable logistic regression revealed epicardial and
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Fig.2 Receiver operating characteristic curves and area under the
curve of layer-specific and mid-myocardial global longitudinal strain
for diagnosing coronary artery disease in patients with suspected sta-
ble angina pectoris

mid-myocardial GLS as the only independent and strong-
est echocardiographic predictors of significant CAD; (3)
in direct comparison, epicardial and mid-myocardial GLS
were significantly superior to endocardial GLS in diag-
nosis of CAD as determined by AUCs, however, layer-
specific GLS only possessed a modest accuracy of CAD.

2DSTE and GLS have already been proven useful for
detection of CAD and subclinical LV dysfunction in patients
referred with SAP and a normal LVEEF, solely from a rest-
ing echocardiographic examination [6, 5, 23, 24]. Recently,
two studies have investigated the diagnostic capability of
layer-specific 2DSTE at rest [9, 12] using the current edi-
tion of commercially available EchoPac software. However,
the previous studies of layer-specific 2DSTE have included
smaller populations and with various types of CAD ranging
from patients with already known CAD and LV dysfunc-
tion [9] to patients admitted with acute coronary syndrome
[12]. Similar structural limitations exist in related studies
using layer-specific speckle tracking software from different
manufactures [10, 11]. In the present study, the 285 con-
secutive patients referred only with suspected angina pec-
toris were included prospectively, had no previous cardiac

history, a relatively low prevalence of cardiac risk factors,
and a normal conventional echocardiography. Furthermore,
none of the previous studies have included an exercise test,
conventional echocardiography, and CAG in the diagnos-
tic workup, which all together makes our population more
homogenous, less confounded, and in greater resemblance
to the challenging clinical reality. Overall disease prevalence
was low (36% of patients had significant CAD), and the fact
that layer-specific 2DSTE performed at rest was found to be
an independent predictor of CAD even in a low-risk popula-
tion with preserved LVEF could suggest that layer-specific
2DSTE may be a stronger predictor of CAD in a population
with higher risk of CAD.

Our group has previously demonstrated both color TDI
and 2DSTE performed at rest as sensitive markers of signifi-
cant CAD in patients referred with suspected SAP [6, 17].
GLS was confirmed as an independent predictor of CAD
with incremental value compared with exercise testing and
conventional echocardiography in diagnosis of CAD [6].
However, recent innovation in speckle tracking software
allows for a layer-specific evaluation of myocardial strain,
challenging the already validated transmural deformation
analysis. To our knowledge, this is the first study to investi-
gate the value of layer-specific 2DSTE at rest and the rela-
tionship between GLS from separate myocardial layers in
consecutive patients referred with suspected SAP, preserved
LVEF, and no cardiac history.

To investigate the correlation between CAD and layer-
specific RLS, significant stenosis in the LAD, RCA, and
LCX were tested as independent predictors of reduced RLS
in each segment by performing multiple linear regression
models. RLS provides the clinician with an assessment of
the local consequences of an ischemic injury and the possi-
bility of identifying the occluded arterial branch responsible.
Since coronary anatomy has variability [25], stenotic seg-
ments were not assigned to predefined vascular territories
as they may not reflect the right coronary artery distribu-
tion. Significant correlations between CAD and RLS were
seen in about half of the myocardial segments in a pattern
mimicking the typical perfusion pattern of major coronary
arteries. RLS in the non-significant segments could have
been affected by stenotic arteries in adjacent segments [26]

Table 3 The severity of CAD and the corresponding longitudinal strain values. Patients are divided into groups with no CAD, with singlevessel

disease (1VD), and with multivessel disease (2VD and 3VD)

No CAD 1VD 2VD 3VD P value for trend
Endocardial GLS, % —-19.5+3.1 —-18.7+3.1 —-17.5+34 -169+32 <0.001
Epicardial GLS, % —-157+2.6 —-149+23 —142+24 —-133+2.1 <0.001
Mid-myocardial GLS, % —-17.4+28 —16.5+2.5 —15.6+2.8 —14.8+2.6 <0.001

Continuous data are expressed as mean + SD, and categorical data are presented as frequency (%)

CAD coronary artery disease, GLS global longitudinal strain, /VD 1-vessel disease, 2VD 2-vessel disease, 3VD 3-vessel disease
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Fig.3 Association between
RLS and regional CAD as
assessed by coronary angiogra-
phy. Multiple linear regression
models were constructed, and
significant CAD (n=104) in
the LAD (72%), RCA (61%),
and LCX (56%) were tested as
independent predictors of RLS
in each of the 18 segments, in
order to illustrate the associa-
tion between RLS and regional
CAD. A P value <0.05 when
comparing segments supplied
by diseased coronary arteries
and non-diseased arteries was
considered statistically signifi-
cant and colored red, green, or
blue. Similar analysis has been
validated in a previous study of
GLS done by our group [6]. (a)
illustrates the typical perfu-
sion patterns of LAD, LCX,
and RCA [18]. ANT Anterior,
ANT SEPT Anterior septal,
CAD coronary artery disease,
INF Inferior, LAD Left anterior
descending, LAT Lateral, LCX
Left circumflex coronary artery,
POST Posterior, RCA Right
coronary artery, RLS Regional
longitudinal strain, SEPT Septal

INF

or microvascular communications between territories, since
the majority of included patients had multivessel CAD. In
the present study, layer-specific GLS seemed to avoid this
inaccuracy and has earlier been proven to be an excellent
predictor of global infarct size [26]. Thus, a low GLS at rest
in patients with suspected SAP and a normal conventional
echocardiography must lead to further investigation, and
analysis of RLS should only assist the global strain assess-
ment. In addition, layer-specific GLS followed a significant
trend in terms of a progressively impaired GLS from no
CAD to 3VD. Thus, layer-specific GLS seemed capable of
identifying significant CAD based on the severity, and the
risk of multivessel disease increased with decreasing GLS.

In the present study, layer-specific GCS failed to show
any significant association with CAD. This contrasts with
previous studies [12, 11], although GLS seemed to be
stronger associated with CAD than GCS [12]. It has previ-
ously been shown that longitudinal myocardial fibers are
most susceptible to ischemia [10—-12], and that circumferen-
tial strain can remain relatively unaffected or even increase
as a compensation to a decreased GLS in the effort to main-
tain LVEF within the normal range [27, 28], which may
explain our finding of a preserved GCS in patients with
CAD. The division of myocardial layers is not absolute, and

@ Springer

Endocardial RLS ANT

Mid-myocardial RLS ANT

Epicardial RLS ANT

POST SEP POST

LAD stenosis
LCX stenosis
RCA stenosis

No significant
difference

INF
a ANT

POST POST

INF

strain is a result of an active contraction within the layer
and a passive motion from neighboring myocardium [29,
11]. Thus, the complex co-dependent contractile function of
myocardial layers may benefit from a layer-specific assess-
ment of both regional and global longitudinal strain, adding
essential information to the assessment of LVEF in patients
with suspected SAP.

The present study demonstrates impaired deformation in
both myocardial layers including the entire wall in patients
with significant CAD and a decreasing absolute strain
from the endocardium to epicardium in both patients with
and without significant CAD in line with previous studies
[10, 29, 11, 12, 30]. The decreasing absolute strain from
the endocardium to epicardium is a result of a gradient of
thickening across the myocardial wall. The endomyocardial
region undergoes the largest deformation of the healthy myo-
cardium, contributing to the largest part of LV contraction
[31, 32]. Therefore, inhomogeneous pathologic changes are
expected in patients with CAD, and previous studies have
shown that the endomyocardial region consisting of longi-
tudinal fibers was most susceptible to the ischemic injury
[10-12]. In the present study, epicardial GLS and mid-
myocardial GLS appeared slightly superior to endocardial
GLS in diagnosing CAD, however, the AUCs and related
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cut-off values demonstrated only a modest accuracy of CAD
diagnosis. Furthermore, both endocardial, epicardial, and
mid-myocardial GLS increased the NRI when added to a
model with baseline characteristics. Our population dif-
fers significantly from previous studies investigating layer-
specific 2DSTE [10-12], which might explain the different
results to some extent. However, a recently published study
of layer-specific GLS from our group including 80 patients
with SAP, preserved LVEF, and reversible ischemia assessed
by single-photon emission computed tomography showed
the same notable finding, indicating epicardial GLS as a
better predictor of significant CAD than endocardial GLS
[33]. Another recently published study from our group dem-
onstrated epicardial and mid-myocardial GLS as superior
prognostic predictors of heart failure and cardiovascular
death following acute coronary syndrome [34]. The rea-
son several new studies found epicardial GLS as a superior
diagnostic and prognostic parameter may be due to techni-
cal aspects such as: (1) superior tracking of the epicardial
region; (2) less variance of epicardial GLS from base to
apex as compared to endocardial GLS [29]; (3) better repro-
ducibility of the epicardial layer [33, 34]. Yet, the notable
finding will require further investigation since it contradicts
the pathophysiological understanding of ischemic injuries.
In line with previous studies [14, 11, 12], the present study
demonstrated a lower absolute difference between endocar-
dial and epicardial GLS in patients with significant CAD,
reflecting a decreased function of the longitudinal fibers in
the endocardial layer, even though the difference was not
significant. In patients with SAP, cumulative stunning and
recurrent ischemia can lead to permanent LV dysfunction
[35], detectable from solely a resting echocardiography [6,
23, 24, 5]. Resting layer-specific GLS is a fast and simple
echocardiographic tool, easily applicable in a clinical set-
ting, and offers additional information to conventional echo-
cardiographic parameters in diagnosis of CAD.

Limitations

Wall motion abnormalities is not unique for CAD and may
be due to other conditions such as heart valve disease, inter-
ventricular conduction disturbance, arterial hypertension,
diabetes mellitus, age, and sex. However, to avoid confound-
ing from co-existence of these conditions, patients with heart
valve disease and interventricular conduction disturbance
were excluded, and adjusted analysis for significant con-
founders were carried out. Selection bias may have occurred,
even though patients were enrolled consecutively. Since
patients were excluded if having a history of heart disease,
an abnormal ECG, or a LVEF <50%, the enrolled patients
were at relatively low risk of CAD. The strict exclusion
criteria may, therefore, restrict extrapolation of the present

findings to the general patient population referred with sus-
pected SAP.

Longitudinal and circumferential, but not radial, strain
was included in this study. We chose to exclude radial strain
from the analysis since it has been proven inferior to the two
other parameters in identifying CAD and possess several
methodological limitations [36].

We used CAG as the reference standard for assessment of
layer-specific 2DSTE’s ability in CAD diagnostics since data
on fractional flow reserve was not available. A comparison
of a physiological and an anatomical method is not ideal,
since the presence of an anatomical stenosis is not necessar-
ily associated with myocardial ischemia and vice versa. Con-
siderations on whether layer-specific 2DSTE would have an
improved diagnostic performance compared to physiological
test is therefore relevant. Despite this limitation, the fraction
of patients with non-flow limiting stenosis may have been
reduced since a high cut-off for significant CAD was used.
Analysis of CAG were performed visually, and not quantita-
tive, by an experienced investigator as was clinical practice
at the time of the study enrollment period.

Conclusion

In patients with clinically suspected SAP and preserved
LVEEF, layer-specific GLS as assessed by 2DSTE at rest
was significantly impaired in all myocardial layers amongst
patients with significant CAD. In addition, epicardial and
mid-myocardial GLS were independently associated with
the presence of significant CAD.
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