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Abstract
The present study aimed to investigate whether layer-specific regional peak-systolic longitudinal strain (LS) measurement on 
transthoracic echocardiogram (TTE) with exercise stress can be useful for the detection of functionally significant coronary 
artery disease as confirmed by invasive fractional flow reserve (FFR) in stable patients. This is a prospective analysis of 88 
coronary arteries in 30 stable patients undergoing invasive FFR measurement and ergometer exercise stress TTE. Regional 
LS in the mid, endocardial and epicardial layers was calculated at rest, peak stress and early and late recovery phases after 
the exercise stress test. The endocardial-to-epicardial LS ratio was calculated as an indicator of endocardial-layer depend-
ency of the left ventricular myocardium. Ischemic FFR defined as FFR ≤ 0.80 was observed in 33 of 88 coronary arteries. 
The mid-, endocardial- and epicardial-layer LS at early recovery (− 15.4 ± 5.2 vs. −  13.0 ± 4.4%, P = 0.040;  − 15.7 ± 5.1 
vs.  − 13.2 ± 4.5%, P = 0.029;  − 14.6 ± 5.1 vs.  − 12.4 ± 4.0%, P = 0.038, respectively) and the percent change in the endocar-
dial-to-epicardial LS ratio from baseline to peak stress, early recovery, and late recovery phases (1.5 ± 11.2% vs. 6.6 ± 10.5%, 
P = 0.009; 2.8 ± 8.9% vs. 7.1 ± 12.6%, P = 0.002; 5.2 ± 8.8% vs. 8.5 ± 13.7%, P = 0.026; respectively) were significantly more 
impaired in the ischemic territories (FFR ≤ 0.80) compared with the non-ischemic territories (FFR > 0.80). According to 
the receiver operating characteristic curve analysis, a combination of endocardial LS and percent change in the endocardial-
to-epicardial LS ratio at early recovery phase plus visual evaluation of LV wall motion had incremental diagnostic value 
for the detection of the ischemic territory compared with visual evaluation alone (area under the curve = 0.752 and 0.618, 
P = 0.006). The results of this study suggested that assessing layer-specific LS and the endocardial-to-epicardial LS ratio 
after exercise stress on speckle-tracking TTE may have potential for objective and quantitative evaluation in the assessment 
of myocardial ischemia. Further studies in a larger population are needed to confirm these findings.
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Introduction

The presence of myocardial ischemia is an important prog-
nostic indicator in patients with coronary artery disease 
(CAD). Fractional flow reserve (FFR) is a physiologic 
index invasively measured during coronary angiography 
and a well-validated surrogate for ischemia. The use of FFR 

has been shown to improve long-term clinical outcomes and 
quality of life while saving resources [1–4].

Stress transthoracic echocardiography (TTE) is a non-
invasive functional diagnostic method for patients with 
suspected CAD. However, the evaluation of abnormalities 
of left ventricular (LV) function by qualitative estimation 
of wall thickening during stress TTE is somewhat subjec-
tive and requires a high level of expertise to obtain correct 
readings. Recent developments in echocardiography have 
paved the way for an objective and quantitative approach 
to evaluating the abnormal LV function. Previous stud-
ies have shown that two-dimensional (2D) strain using 
speckle-tracking TTE is accurate in the detection of LV 
contraction changes during ischemia [5–8], and in addition, 
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speckle-tracking TTE during dobutamine stress could serve 
as an adjunctive method for CAD assessment [9–14]. Addi-
tional development in this field, a novel application of multi-
layer speckle-tracking TTE has facilitated the assessment 
of regional myocardial deformation at a layer-specific level 
[15]. As the longitudinal myocardial fibers located in the 
subendocardium are most susceptible to ischemia, layer-
specific myocardial longitudinal strain (LS) can be a sensi-
tive parameter for the diagnosis of functionally significant 
CAD [16, 17]. However, data are lacking on the application 
of layer-specific LS on exercise stress TTE for the diagnosis 
of myocardial ischemia.

Accordingly, the present study sought to investigate the 
utility of layer-specific regional peak-systolic LS measure-
ment on TTE with exercise stress for the detection of func-
tionally significant CAD as confirmed by invasive FFR in 
stable patients.

Methods

Study population

This was a prospective study that enrolled 30 patients with 
stable CAD at Chiba University Hospital. Patients were 
eligible if they had ≥ 50% stenosis in at least one major 
coronary artery confirmed by invasive coronary angiogra-
phy, and were ≥ 20 years of age. The key exclusion criteria 
were as follows: left main coronary artery disease; atrial 
fibrillation; severe valvular heart disease; recent myocar-
dial infarction (within 7 days); decompensated heart fail-
ure; advanced renal failure (estimated glomerular filtration 
rate ≤ 30 ml/min); severe left ventricular (LV) dysfunction 
(ejection　fraction　≤ 30%); pregnancy; and inability to 
undergo exercise stress test. In addition, vessels with prior 
myocardial infarction were not included in the analysis. All 
patients underwent invasive coronary angiography with FFR 
and TTE with exercise stress within 30 days without clinical 
accidents as defined in the protocol.

Ethical approval for the study was obtained from the eth-
ics committee in Chiba University (approval number 1639). 
All patients provided written informed consent. The pre-
sent study was registered at the University Hospital Medi-
cal Information Network Clinical Trials Registry (number: 
UMIN000016059).

Resting and exercise stress echocardiography

Resting and exercise stress 2D TTE assessment was per-
formed with the commercially available ultrasound device 
(Vivid E9, GE Healthcare, Horten, Norway) with a 3.5-MHz 
transducer. The conventional resting 2D TTE assessment 

was performed before stress testing as described previously 
[18].

Exercise stress was conducted utilizing a standard cycle 
ergometer. Participants pedaled in a left semi-lateral decu-
bitus position at approximately 50–70 rounds per minute, 
following a multi-stage incremental method, starting at 0 W 
and increasing by 25 W every 3 min. Criteria for terminat-
ing the test were achieving a target heart rate response of 
85% of the age-predicted maximum, development of wall 
motion abnormality, development of symptoms, severe 
ischemic electrocardiographic changes, systolic blood pres-
sure > 240 mmHg, abnormal blood pressure reaction during 
stress, or significant arrhythmia. Beta-blockers were with-
drawn for 2 days and long-acting nitrates the morning of 
the study.

Standard 2D grayscale images of three standard apical 
views (four-chamber, two-chamber, and apical long-axis) 
and parasternal long-axis and parasternal short-axis views 
at the level of mitral valve, papillary muscles, and apex were 
acquired at rest, at peak stress (during exercise), at early 
recovery phase (immediately to < 3 min after exercise), and 
at late recovery phase (5–8 min after exercise). Per proto-
col, three consecutive cardiac cycles per stage and view 
were digitally stored for later offline analysis. As for the 
visual analysis of wall motion, any wall motion abnormal-
ity induced by stress was considered a positive result, such 
as reduction or deterioration of systolic wall thickening or 
appearance of new or worsening of existing wall motion 
abnormalities during or after the stress protocol.

Layer‑specific longitudinal strain analysis

Strain analysis was performed off-line using commercial 
imaging analysis software (EchoPac Version 113, GE 
Healthcare, Horten, Norway) as described previously [19] 
by two observers who were blind to the invasive coronary 
angiographic data, FFR values, and clinical data. The semi-
automated algorithm provides the regional peak systolic LS 
for each LV segment in a 17-segment LV model [20], in 
each myocardial layer (Fig. 1). The percent change in the 
peak systolic LS parameters from rest to exercise was calcu-
lated as (peak systolic LS after exercise stress  peak systolic 
LS at rest)/peak systolic LS at rest. For comparison with 
invasive coronary angiography, we used the conventional 
segmental division for the three main coronary territories 
[20]. In general, LS values are presented as negative values. 
Thus a greater value indicates more impaired regional func-
tion. The most impaired (i.e., the greatest) peak-systolic LS 
value in each coronary artery territory was adopted as the 
representative value of that territory. An average value of the 
vessel territory was used for the percent change in the LS 
parameters from rest to exercise.
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Invasive coronary angiography and fractional flow 
reserve

Invasive coronary angiography with 5-F or 6-F guiding 
catheters without side holes was performed using either 
the radial or femoral artery approach according to the 
standard protocol of the institute as described previously 
[21, 22]. At least two projections were obtained for each 
major coronary artery. FFR was measured with a 0.014-
inch pressure monitoring guidewire (Volcano Inc., Rancho 
Cordova, CA, USA or St. Jude Medical, St. Paul, MN, 
USA) and was calculated by dividing mean distal coro-
nary pressure by mean aortic pressure during maximal 
hyperemia induced by intracoronary papaverine (8 mg 
for the right coronary artery and 12 mg for the left coro-
nary artery), intravenous adenosine (at 140 μg/kg/min), 
or intravenous adenosine 5′-triphosphate (at 140 μg/kg/
min) [22, 23]. An FFR cutoff value of ≤ 0.80 was used 
to define the functional significance of CAD [1–4]. FFR 
measurement was attempted in 3 major epicardial coronary 
arteries unless chronic total occlusion (CTO) was pre-
sent. For CTO lesions, a default FFR value of 0.50 can be 
applied as with previous studies [1–4, 23]. In all patients, 

intracoronary isosorbide dinitrate (at least 0.5 mg) was 
administered before coronary angiography and before FFR 
measurement. Quantitative coronary angiography (QCA) 
was performed off-line using validated software (QAn-
gioXA version 7.1, Medis, Leiden, The Netherlands) by 
an experienced investigator, who was blind to the FFR 
values, the echocardiographic data, and clinical data. 
Lesion length, percent diameter stenosis (%DS), and mini-
mal luminal diameter were measured in the end-diastolic 
angiographic image with an optimal projection showing 
minimal foreshortening of the lesion.

Reproducibility

Five and 10 studies were selected at random for the assess-
ment of intra- and inter-observer reproducibility of the 
mid-, endocardial- and epicardial-layer LS measurements 
at baseline, at peak stress, at early and late recovery phase. 
To test intra-observer variability, a single observer ana-
lyzed the data twice. To test inter-observer variability, a 
second observer analyzed the data without the knowledge 
of the first observer’s measurements.

Fig. 1   Images form an 81-year-old male with effort angina pectoris 
referred for the evaluation of myocardial ischemia. On the speckle-
tracking echocardiogram at early recovery phase post-exercise stress, 
the mid-, endocardial- (Endo), and epicardial-layer (Epi) longitudinal 
strain (LS) are impaired and percent change in the endocardial-to-

epicardial LS ratio is attenuated in the posterior wall of the left ven-
tricle. Coronary angiography reveals a significant stenosis in the left 
circumflex (LCX) with a fractional flow reserve (FFR) of 0.46, while 
no significant disease in the right coronary artery (RCA) and the left 
anterior descending coronary artery (LAD) without abnormal FFR
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Statistical analysis

The predefined primary analysis of this study was a com-
parison of the percent change of endocardial-layer LS 
from rest to exercise on a per-vessel basis. Based on a 
previous study [24], we estimated the percent change of 
the endocardial LS after stress as −7.2% in ischemic ter-
ritories and + 4.2% in non-ischemic territories (the differ-
ence of the relative change: 11.7) and standard deviation 
(SD) of the relative change as 18.5%. On the basis of 
these assumptions, we estimated that 30 patients were 
required for a power of 80% and a 2-sided α level of 0.05, 
assuming the dropout rate of 5%.

Continuous variables were expressed as mean ± SD. 
Categorical variables were expressed as number (per-
centage). For analysis of multiple vessel territories per 
patient, generalized estimating equations were used to 
account for clustering effects. Logistic regressions were 
performed to evaluate if the parameters have predictive 
value for the detection of functionally significant CAD. 
Receiver operating characteristic (ROC) curves were 
produced to examine the diagnostic performance of the 
logistic regression models. The area under the ROC curve 
(AUC) was compared using a nonparametric approach 
proposed by DeLong et al. [25]. SPSS version 24 (IBM 
SPSS Statistics, IBM Corporation, Armonk, NY, USA) 
and R programming language version 3.1.4 (R Founda-
tion for Statistical Computing, Vienna, Austria) were used 
for statistical analyses. A P value of less than 0.05 was 
considered to be statistically significant.

Results

We prospectively recruited 30 patients with stable CAD 
(Canadian Cardiovascular Society class of angina II or 
less) at Chiba University Hospital from December 2014 to 
June 2016. The baseline clinical, angiographic, and con-
ventional TTE characteristics of the study population are 
shown in Tables 1, 2 and 3. Of the 88 vessels included in 
the analysis, FFR ≤ 0.80 was observed in 33 vessels, the 
mean invasive FFR value was 0.83 ± 0.16, and the mean 
percent diameter stenosis was 38.8 ± 19.6%. Systemic 
hemodynamic changes in response to exercise stress are 
shown in Table 4.   

Layer‑specific LS parameters in ischemic 
and non‑ischemic territories

The worst regional mid-, endocardial-, and epicardial-layer 
peak systolic LS at early recovery phase was greater (i.e., 
more impaired) in the LV segments supplied by vessels 

with FFR ≤ 0.80 than in those with FFR > 0.80 (− 13.0 ± 4.4 
vs.  − 15.4 ± 5.2, P = 0.031;  − 13.2 ± 4.5 vs.  − 15.7 ± 5.1, 
P = 0.021;  − 12.4 ± 4.0 vs.  − 14.6 ± 5.1, P = 0.035, respec-
tively) (Fig. 2). No significant differences were observed in 
the LS parameters at baseline, peak stress and late recovery 
phase between ischemic and non-ischemic territories. The 
lowest endocardial-to-epicardial ratio at peak stress, early 
recovery, late recovery phases was not significantly different 
between ischemia and non-ischemic territories (0.94 ± 0.16 
vs. 0.98 ± 0.16, P = 0.27; 0.95 ± 0.16 vs. 1.00 ± 0.14, 
P = 0.16; 0.97 ± 0.13 vs. 0.96 ± 0.14, P = 0.74, respectively). 

Table 1   Patient characteristics

Values are mean ± standard deviation, or n (%)
ACE angiotensin-converting enzyme, ARB angiotensin II receptor 
blocker, CCS Canadian cardiovascular society

Age (years) 69.4 ± 10.0
Male 24 (73%)
Coronary risk factors
 Hypertension 23 (70%)
 Dyslipidemia 21 (64%)
 Diabetes mellitus 10 (30%)
 Current smoker 8 (24%)
 Family history 4 (12%)

Medication
 Aspirin 33 (100%)
 Thienopyridines 24 (73%)
 ACE inhibitors or ARB 15 (46%)
 β Blockers 10 (30%)
 Statins 30 (91%)

Table 2   Conventional two-dimensional transthoracic echocardio-
graphic findings

Values are mean ± standard deviation
LV left ventricular

LV end-diastolic diameter (mm) 49.2 ± 4.9
LV end-systolic diameter (mm) 33.3 ± 9.8
Interventricular septum thickness in end diastole (mm) 9.5 ± 1.7
LV posterior wall thickness in end diastole (mm) 9.5 ± 1.2
Left atrial volume (ml) 35.3 ±  13.5
LV ejection fraction (Teicholtz) (%) 64.6 ± 5.8
LV end-diastolic volume (ml) 99.1 ± 20.3
LV end systolic volume (ml) 37.2 ± 11.0
LV ejection fraction (Simpson) (%) 62.9 ± 5.0
E (mitral early diastole velocity) (cm/s) 77.4 ± 22.1
A (mitral late diastolic peak velocity) (cm/s) 90.4 ± 20.2
E/A 0.9 ± 0.3
Deceleration time of the E-wave velocity (ms) 229.7 ± 38.6
E′ (peak mitral annular velocity during early diastole) 6.9 ± 1.6
E/E′ 9.9 ± 3.4
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The percent changes in the mid-, endocardial- and epicardial-
layer LS from rest to early recovery phase were numerically 
lower in the ischemic territories than non-ischemic territo-
ries, which did not achieve a significant level (8.1 ± 20.9% 
vs. 15.5 ± 25.0%, P = 0.12; 10.4 ± 17.5% vs. 18.9 ± 24.2%, 
P = 0.070; 9.3 ± 18.7% vs. 14.2 ± 21.7%, P = 0.27, respec-
tively). Neither the percent change in the endocardial-layer 
LS at peak stress (10.0 ± 19.3% vs. 16.5 ± 29.8%, P = 0.24) 
and late recovery phases (3.2 ± 19.2% vs. 7.3 ± 21.2%, 

P = 0.29) were significantly different between ischemic 
and non-ischemic territories. The percent change in the 
endocardial-to-epicardial ratio from baseline to peak stress, 
early recovery, and late recovery phases was significantly 
lower in the ischemic territories (FFR ≤ 0.80) compared 
with the non-ischemic territories (FFR > 0.80) (1.5 ± 11.2% 
vs. 6.6 ± 10.5%, P = 0.009; 2.8 ± 8.9% vs. 7.1 ± 12.6%, 
P = 0.002; 5.2 ± 8.8% vs. 8.5 ± 13.7%, P = 0.026, respec-
tively) (Fig. 3).

Diagnostic performance of layer‑specific LS 
parameters at early recovery phase and visual 
evaluation of LV wall motion on exercise stress 
echocardiography for the detection of ischemic 
territories

Based on ROC curve analyses for the detection of ischemic 
territories, the AUCs of the mid-, endocardial-, and epi-
cardial-layer LS at early recovery phase and visual LV 
wall motion evaluation on exercise stress TTE are com-
parable (AUC = 0.621, 0.619, 0.616 and 0.618, P = 0.99). 
Likewise, modest diagnostic performance for the detec-
tion of ischemic territories was observed when using a 
single LS parameter at early recovery phase post exercise 
stress, including percent change in the mid-, endocardial- 
and, epicardial layer LS (AUC = 0.588, 0.606, and 0.571); 
the endocardial-to-epicardial LS ratio (AUC = 0.569); 
and percent change in the endocardial-to-epicardial LS 
ratio (AUC = 0.611). A combination of visual evaluation 
plus either the endocardial-layer LS, percent change in 
the endocarial-layer LS, or percent change in the endo-
cardial-to-epicardial LS ratio at early recovery phase pro-
vided AUC of 0.712, 0.705, or 0.705 (P = 0.053, 0.073 or 
0.074 vs. visual evaluation alone). A combination of the 
endocardial-layer LS and percent change in the endocar-
dial-to-epicardial ratio at early recovery phase plus visual 
evaluation, and a combination of the endocardial-layer LS 
and percent change in the endocardial-layer LS at early 

Table 3   Angiographic 
characteristics

Values are mean ± standard deviation
QCA quantitative coronary angiography

Overall Ischemic territories
(FFR ≤ 0.80)

Non-ischemic 
territories
(FFR > 0.80)

P value

Fractional flow reserve 0.83 ± 0.16 0.66 ± 0.12 0.92 ± 0.07 < 0.001
QCA parameters
 Minimum lumen diameter (mm) 1.74 ± 0.80 1.1 ± 0.11 2.2 ± 0.08 < 0.001
 Reference vessel diameter (mm) 2.84 ± 0.74 2.7 ± 0.68 3.0 ± 0.75 0.042
 Percent diameter stenosis (%) 38.8 ± 19.6 55.5 ± 16.9 28.7 ± 13.6 < 0.001
 Lesion length (mm) 10.7 ± 9.8 16.7 ± 13.2 7.0 ± 4.2 < 0.001

Table 4   Exercise profile and hemodynamics

Values are mean ± standard deviation, or n (%)

Exercise duration (min) 12.7 ± 3.4
Systolic blood pressure (mmHg)
 Rest 150 ± 17
 Peak stress 185 ± 19
 Early recovery 167 ± 21
 Late recovery 140 ± 16

Heart rate (beats/min)
 Rest 67 ± 11
 Peak stress 121 ± 17
 Early recovery 92 ± 13
 Late recovery 78 ± 13

Rate pressure product (mmHg/min)
 Rest 9560 ± 3134
 Peak stress 21,238 ± 7187

Achieved exercise stage, n (%)
 25 W 1 (3.3%)
 50 W 1 (3.3%)
 75 W 9 (30.0%)
 100 W 13 (43.3%)
 125 W 6 (16.7%)
 150 W 1 (3.3%)

Reason for exercise discontinuation
 Leg fatigue 12 (40.0%)
 Achieved target heart rate 12 (40.0%)
 Chest pain or dyspnea 5 (20%)
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recovery phase plus visual evaluation provided a further 
improvement in AUC and better diagnostic performance 
than visual evaluation alone (AUC = 0.752 and 0.724, 
P = 0.006 and 0.028 vs. visual evaluation alone, respec-
tively) (Fig. 4).

Intra‑ and inter‑observer variability

For intra-observer variability, the intraclass correlation coef-
ficients for the mid-, endocardial- and epicardial-layer LS 

measurements were 0.86, 0.91 and 0.75 at rest; 0.79, 0.83 
and 0.72 at peak stress; 0.87, 0.91 and 0.80 at early recovery; 
and 0.91, 0.94 and 0.85 at late recovery, respectively. For 
interobserver variability, the corresponding interclass cor-
relation coefficients were 0.84, 0.82 and 0.80 at rest; 0.73, 
0.80 and 0.65 at peak stress; 0.71, 0.78 and 0.62 at early 
recovery; 0.79, 0.83 and 0.72 at late recovery, respectively.

Fig. 2   Layer-specific longitudinal strain between ischemic vs. non-ischemic territories at rest, peak stress, early recovery, and late recovery 
phases

Fig. 3   Percent change in 
endocardial-to-epicardial 
longitudinal strain ratio between 
ischemic vs. non-ischemic ter-
ritories from baseline to peak 
stress, early recovery, and late 
recovery phases
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Discussion

The present study evaluated layer-specific LS parameters on 
2D speckle-tracking TTE with exercise stress in ischemic 
and non-ischemic territories as assessed by FFR. The main 
findings of the present study were that the layer-specific 
LS at early recovery phase after exercise stress and percent 
change in the endocardial-to-epicardial LS ratio from base-
line to post-stress were significantly more impaired in the 
ischemic territories compared with the non-ischemic terri-
tories. The combination of endocardial LS at early recovery 
phase, percent change in the endocardial-to-epicardial LS 
ratio, and visual wall motion evaluation had incremental 
diagnostic value for the detection of ischemia compared with 
visual evaluation alone.

A few studies have investigated the diagnostic value of 
layer-specific strain on stress TTE for the detection of signif-
icant CAD [26, 27]. A retrospective study showed that endo-
cardial-layer global LS during recovery after dobutamine 
stress was a sensitive parameter for CAD identification, and 
additional evaluation of endocardial global LS improved the 
diagnostic accuracy of dobutamine stress echocardiography 
(DSE) compared with standard DSE evaluation [26]. A pro-
spective study evaluated layer-specific global strain during 
adenosine infusion and showed that change in layer-specific 

global LS from baseline to stress provided independent pre-
dictive value to the diagnosis of existing significant CAD 
when added to information given by patient characteristics 
and traditional echocardiographic parameters [27]. These 
studies support the application of layer-specific strain on 
stress TTE in line with the present study. However, they used 
pharmacological stress despite the fact that the guideline for 
stress echocardiography recommended exercise stress rather 
than pharmacologic stress for patients who are capable of 
performing an exercise test [28]. The present study extended 
the application of layer-specific LS to exercise stress TTE 
which we believe is the most physiological and first-line 
recommended non-invasive test for ischemia. In addition, 
both of the previous studies defined significant CAD based 
on anatomical severity of the coronary stenosis (e.g., > 70% 
luminal narrowing of a major epicardial coronary artery or 
> 50% luminal narrowing of the left main coronary artery), 
while the strength of the present study is that all patients 
had confirmation of the functional significance of coronary 
stenosis by invasive FFR measurement which is currently 
considered as invasive reference standard although several 
non-hyperemic or less-invasive approaches have been pro-
posed [23, 29, 30]. This enabled comparison of LV wall 
deformation on TTE and the severity of ischemia at the ves-
sel territory level.

Fig. 4   Receiver operating characteristic curves for the detection of 
significant coronary artery disease. a A combination of endocar-
dial longitudinal strain (LS) and percent change in endocardial-to-
epicardial LS ratio at early recovery phase plus visual evaluation (a 
solid line in a) and b a combination of endocardial LS and percent 

change in endocardial-layer LS at early recovery phase plus visual 
evaluation (a solid line in b) produces a higher area under the curve 
compared with visual evaluation alone (a dashed line) (area under the 
curve (AUC): 0.752 (a) and 0.724 (b) vs. 0.618 (visual evaluation), 
P = 0.006 and 0.028)
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The endocardial layer of the myocardium is more vulner-
able to ischemia than the epicardial layer, and the endocar-
dial-layer fibers are longitudinally oriented [16, 17]. Hence, 
theoretically, the endocardial-layer LS is more sensitive to 
detect ischemia. However, the previous studies did not dem-
onstrate clear superiority of endocardial-layer strain over 
the other layers on stress TTE in the detection of significant 
CAD. In the present study, similar to the previous study 
[27], the AUCs for the detection of ischemic territories were 
not statistically different between the three layers although 
the difference in LS values between the ischemic and non-
ischemic territories was more prominent numerically in the 
epicardial layer. The new finding from the present study is 
that the endocardial-to-epicardial LS ratio, assessed as an 
indicator of endocardial-layer dependency of the LV myo-
cardium, increased after exercise stress in the non-ischemic 
myocardium by average 6.6%, 7.1% and 8.5% from base-
line at peak stress, early recovery and late phases, while 
such augmentation was attenuated in the ischemic myocar-
dium. In addition, a combination of the endocardial LS and 
percent change in the endocardial-to-epicardial LS ratio at 
early recovery phase plus visual wall motion evaluation had 
incremental diagnostic value for the detection of ischemic 
territory; this combination provided the numerically highest 
AUC value although a combination of the endocardial LS 
and percent change in the endocardial LS plus visual evalu-
ation also had incremental diagnostic value as well. These 
results indicate that the evaluation of change in the endocar-
dial-to-epicardial LS ratio in addition to mere LS value on 
stress TTE would be a possible utility of layer-specific strain 
analysis for the assessment of myocardial ischemia. We need 
to further evaluate whether the diagnostic advantage of the 
evaluation of the endocardial-to-epicardial ratio overweighs 
the simplicity of evaluating just LS value or change in LS 
value post stress in the clinical setting.

The significant differences in the multi-layer LS param-
eters between the ischemic and non-ischemic territories were 
observed only at early recovery phase after exercise stress in 
the present study. This result is in line with previous stud-
ies using dobutamine stress TTE [12, 26]. At peak stress, it 
may be difficult to acquire adequate image quality for the 
speckle-tracking strain analysis because of higher heart rates 
associated with strenuous movement of the heart. During the 
early recovery phase, lower heart rate compared with at peak 
stress might provide successful speckle tracking in the state 
that ischemia-derived abnormalities in LV wall motion per-
sist. Furthermore, LS parameters at early recovery phase had 
better reproducibility than those at peak stress. Therefore, 
when applying multi-layer LS on stress TTE to the detection 
of myocardial ischemia, an early recovery phase appeared to 
be the most appropriate timing for the evaluation.

Study limitation

There were some limitations to the present study. First, our 
study population was small and located in a single center. 
Second, 18 patients could not achieve their target heart rates 
during the exercise stress tests. However, they achieved the 
mean of 86% of the target heart rates and all but 2 of them 
achieved more than 80% of the target heart rates. Third, we 
were unable to completely assign all myocardial segments 
to the appropriate coronary perfusion territories. Finally, we 
could not establish a diagnostic algorithm for the diagnosis 
of myocardial ischemia using the layer-specific strain on 
stress TTE from the present study. The algorithm should be 
made based on and validated in studies with a larger sample 
size.

Conclusions

The results of the present study suggested that assessing 
layer-specific LS and the endocardial-to-epicardial LS ratio 
after exercise stress on speckle-tracking TTE may have 
potential for objective and quantitative evaluation for the 
assessment of myocardial ischemia. Further studies in a 
larger population are needed to confirm these findings.
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