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Abstract
Background

In this study, physical parameters of the strain of left ventricle (LV), wall stress with a thick-walled
ellipsoidal model, and elastic modulus of LV were extracted for distinguishing patients who were stent
candidates.

Materials and Methods

Eighty-eight patients with suspected coronary artery disease (CAD) underwent echocardiography and
angiography. Based on angiography results, the patients were divided into two groups (64 patients
candidate for PCI (percutaneous coronary intervention) and 24 cases in the control group). Long-axis and
short-axis echocardiographic views were acquired. Radial, longitudinal, and circumferential stress were
estimated by the thick-walled ellipsoidal model. Circumferential strain (CS) and longitudinal strain (Ls)
were obtained for 18 segments in the endocardium layer of LV, and then GLS (global longitudinal strain)
and GCS (global circumferential strain) were calculated.

Result

Anterior and inferoseptal circumferential wall stresses in end-systole (ES) were statistically signi�cant
(P<0.05), but radial and longitudinal stress were not signi�cant (P>0.05). Peak systolic GCS and GLS
were lower in the PCI group (-18.13±3.03 and -16.57±2.88%) compared to the control group (-21.97±3.97
and 19.14±2.17%), respectively (p<0.05). The receiver operator characteristic curve (ROC) analysis
revealed that GLS and GCS had the highest area under the ROC curve with a sensitivity of 83% and
speci�city of 63% for GLS and sensitivity of 71% and speci�city of 59% for GCS.

Conclusion

Stress and strain parameters are suggested as non-invasive and quantitative tools for measuring left
ventricular function before angiography. Regional elastic modulus was a powerful predictor that can be
distinguishing signi�cant CAD patients.

Introduction
Coronary artery disease (CAD) is the most common type of heart disease. In CAD, the blood vessels that
supply the heart muscle become harder and narrower. Thus, less blood �ows into the arteries, the heart
muscle cannot receive the blood or oxygen it needs, sudden blockage in the blood supply occurs. Over
time, in addition to changes in vascular function, thickening of the membrane of the myocardial arteries
prevents left ventricular perfusion, attenuates the heart muscle, and leads to heart failure and arrhythmia
[1]. The only gold standard diagnostic method for detecting coronary artery stenosis is coronary
angiography (CAG). Limitations of CAG include hospitalization, risk of ionizing radiation, invasive
interventions, being time-consuming, and high costs. Furthermore, most patients do not have signi�cant
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stenosis and are not a candidate for revascularization therapy, so CAG is not necessary for all patients.
Due to the mentioned limitations and the increased workload in the angiography department, providing a
non-invasive method by evaluating the physical and mechanical parameters of the myocardium can be
useful for the diagnostic of CAD patients [2, 3]. Despite impaired left ventricular systolic function, in cases
of advanced coronary artery stenosis, parameters such as ejection fraction (EF) or shortening �ber in the
circumferential direction may not be able to detect the relative contribution of these variables in the
disruption of blood pumping to the left ventricle (LV) [4].

Left ventricular systolic function can be quanti�ed by physical and mechanical parameters. The use of
non-invasive tools in clinical applications is controversial. A new approach to quantify the regional strain
of the LV is a two-dimensional speckle tracking echocardiography (2D-STE) method that measures
myocardial strain using automated functional imaging (AFI) independent of the tissue angle [5, 6, 7].
Savari et al.[8] showed that strain echocardiography can be used to identify patients with signi�cant
coronary artery stenosis. Wall stress is another physical parameter that could be correlated with
myocardial oxygen consumption. It plays an essential role in the mechanical behavior of coronary artery
circulation. Thus, the distribution of wall stress throughout the cardiac cycle provides a quantitative
assessment of left ventricular response and regulation.

The thick wall theory was developed by Ghista-Sandler. This model is a three-dimensional elasticity of LV
in which the shape of the LV varies during systole and diastole phases [9]. Elasticity describes the
mechanical behavior of the LV muscle during systole and diastole phases. It may be suggested as a
diagnostic parameter.

In this study, the regional biomechanical analysis is studied. A mathematical model (Ghista-Sandler) is
adopted to estimate ventricular wall stress. The accuracy of the model is assayed, and the strain is
calculated to differentiate between control and CAD participants by 2D-STE analysis. These non-invasive
variables can recognize abnormalities and quantify left ventricular systolic function for CAD patients
before angioplasty. The aim of this study was to calculate the diagnostic value of regional stress and
strain parameters for differentiating signi�cant CAD patients from non-signi�cant CAD.

Materials And Methods
- Study population: Initially, 100 patients (58±8 yr, male) CAD with suspected acute coronary syndrome
who were candidates for angiography and angioplasty were enrolled. The inclusion criteria for the
patients were: chest pain in the last three days, and LVEF≥50% with preserved systolic function. The
exclusion criteria were: previous myocardial infarction, previous heart surgery, more than mild heart valve
disease, hypertension or diabetes, advanced renal failure (estimated glomerular �ltration rate <30
ml/min), left ventricular dysfunction (LVEF<30%), atrial �brillation with a heart rate of >100 beats per
minute or a persistent arrhythmia that could affect image analysis, and images that were unavailable in
one or more views. After hospitalization, diagnostic electrocardiograms (ECG) were obtained from the
patients. Unstable chest pain was diagnosed by routine laboratory testing with cardiac troponin
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levels>0.112 mg/l. Echocardiographic examination was performed for all the patients before
angiography. The study was approved by the Ethics Committee of Tarbiat Modares University and Shahid
Rajaei Hospital (approval No. 1397.095 and 1398.091). The study period was from March 2018 to
January 2020, and all of the patients signed an informed consent form.

- Conventional echocardiography: Echocardiography examination was performed 24 h before
angiography using a Philips A�niti 50 system (Philips Healthcare, Andover, Massachusetts, USA)
equipped with a cardiac transducer sector S4-2 (2-4 MHz) with 80 elements, 20.3 mm. Blood pressure
was recorded in the left brachial artery in the supine position using a semiautomatic device (Riester 0124,
Jungingen, Germany). The systolic stress of the LV was estimated non-invasively by systolic blood
pressure. All the patients lay down in the position of left lateral decubitus and were attached to the
electrocardiography (ECG) device. 2D-echocardiography was superimposed in three consecutive cycles
on the images. Each plane was obtained in three consecutive cardiac cycles in breath-hold with 60-100
frames/s. The end-diastolic phase was initiated at the peak R-wave of the ECG. The end-systolic phase
was marked as aortic valve closure in the apical view of the long axis, and grayscale images were
obtained with B-mode second harmonic imaging and using the transmitted and received frequencies
(1.9/4 MHz). 2D-echocardiographic images were taken with standard parasternal short-axis views and
two, three, and four-chamber apical views in accordance with the guidelines of the American Society of
Echocardiography (ASE) and European Association of Cardiovascular Imaging (EACVI) [10]. To obtain
circular parasternal views of the left ventricular wall at three levels, the position of the transducer was
changed by different intercostal spaces. The base, mid, and apex levels in the short-axis view were
de�ned respectively at mitral valve level, at the level of papillary muscle, and distal LV without
observation of papillary muscle. Circumferential strain and transverse diameter were provided by the
parasternal short-axis view. In the long-axis view, basal and apical levels [11] were displayed as the 1/3
highest and lowest point of the LV axis, respectively (Fig. 1).

In the LV long-axis view, the LV end-diastolic dimension and end-systolic dimension were measured and
fractional shortening (FS) was calculated. The left ventricular ejection fraction (LVEF) was calculated by
Simpson’s biplane method and based on the end-systolic volume and end-diastolic volume in 2D images
[10]. The data were digitally stored in DICOM and AVI formats on a memory drive and transferred to a PC
for subsequent processing.

- Coronary angiography: All the patients underwent angiography within 24 hr after echocardiography
examination according to speci�c instructions [12]. An interventional cardiologist evaluated angiographic
�ndings. Coronary artery stenosis was visually estimated in two planes perpendicular to each other. The
location of the lesion was assessed, and the percent of stenosis diameter for each coronary lesion was
determined based on the American Heart Association classi�cation [12]. We selected CAD patients that
includes the LAD territory. The patients were divided into two groups according to the results of coronary
artery angiography (CAG): one or two-vessel stenosis (stenosis only in one or two vessels; LAD (left
anterior descending), LAD+RCA (right coronary artery), or LAD+LCX (left circum�ex), and control group
(subjects with no CAD). Initially, 100 patients with suspected CAD were enrolled. Echocardiographic
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examination was performed for all the patients before angiography. Five patients, due to personal
reasons, did not consent to CAG. Also, �ve patients, because of poor imaging quality and motion
artifacts, were excluded from the study. Ninety patients were evaluated with 2D-STE before CAG. Sixty-
four cases (71.11%), with more than 70% coronary stenosis, were successfully treated with DES (drug-
eluting stents). In two cases (2.22%), due to stenosis, 3 vessel disease patients were not included for PCI,
they were a candidate for CABG (coronary artery bypass grafting). Twenty-four cases (26.67%) had
nonsigni�cant stenosis and did not undergo angioplasty. Thus, the �nal sample included 64 patients
treated with DES and 24 patients in the control group. Signi�cant CAD patients used medications such as
β-blockers, angiotensin II receptor blockers, statins, and nitrates.

- Theory of ellipsoidal thick-walled model: Ghista and Sandler 3D elasticity model [9] is a 3D elasticity of
LV in which the shape of the LV varies during systolic and diastolic phases. In the diastolic phase, the
oval shape becomes smaller and the internal cavity becomes larger. During the systolic phase, LV is
thicker and more ellipsoidal. Varying wall thickness and geometrical cavity of LV represent more accurate
assessment and are closer to the real shape of LV and the clinical situation. The myocardium is assumed
with an elastic, homogeneous, and isotropic material. The geometrical data employed in the evaluation of
the stresses were obtained from 2D echocardiography.

- Regional wall stress: For the distribution of regional wall stress in equatorial, the ellipsoid thick-walled
model was considered (Ghista-Sandler). With a cylindrical coordinate system (r, θ, z), we can show the
equatorial surface of the closed elliptical shell [13], where L and W are the semi-major and semi-minor
axes of the ellipsoid, respectively (Fig. 2).

The Ghista-Sandler model [9] is based on the ellipsoidal thick-shell theory and the 3D left ventricular
geometry is simulated with a quasi-ellipsoidal model. For the geometrical model to be matched with the
actual model in size, the value of "a" factor (size parameter of the model) is also important. Consequently,
in this model, the stress distribution at the equatorial level for radial, longitudinal, and circumferential
directions was obtained from the following equations [9].
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σrr, σyy, and σww are radial, longitudinal, and circumferential stresses, respectively; A and B are intensity 
stress parameters; W and H are width and wall thickness, respectively; and dc is de�ned as follows:

To estimate the stress based on this model, geometrical parameters, including cavity dimensions and
ventricular wall thickness, were measured by echocardiography images. Off-line analysis was performed
by the Philips DICOM Viewer analysis software, version 3.0 (Philips Healthcare, the Netherlands). The
anterior and inferoseptal wall thicknesses and length of the LV were measured in the frozen views of
apical four- and two-chamber in the peak systolic phase. The transverse diameter of the basal level was
considered in the standard LV short-axis view (Fig. 3), so longitudinal, radial, and circumferential stresses
were calculated by the given formulas.

- Speckle tracking echocardiography for strain analysis: The strain is a dimensionless quantity. Because
of the 3D geometry of the heart and the orientation of myo�brils, the strain is de�ned in three directions
(longitudinal, radial, and circumferential). Peak GLS (global longitudinal strain) and GCS (global
circumferential strain) describe the relative length change of the LV myocardium between the end-
diastolic phase and the end-systolic phase [10]. Positive strain indicates lengthening, and negative strain
indicates shortening. Longitudinal and circumferential strain values are negative, and radial strain values
are positive. All images were analyzed o�ine before having angiographic information on the central
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computer using the QLAB software version 12 (advanced quanti�cation software, cardiology QLAB
Philips Healthcare, Andover, the Netherlands). Myocardial function as a strain analysis in the form of
frame-frame was evaluated during the cardiac cycle by semi-automatic tracking of acoustic markers.
Endocardial borders were automatically traced in all frames of 2D images for each cycle at the end of
systole, and poor tracking segments were manually adjusted. The QLAB software divided the left
ventricular wall into 18 segments for three levels (base, mid, and apex), and every three levels were
divided into six segments (anteroseptal, inferoseptal, anterior, anterolateral, inferolateral, and inferior wall)
[10, 14]. Anteroseptal and anterior walls are supplied by the LAD artery, inferolateral and anterolateral by
the LCX, and inferior and inferoseptal by the RCA artery (Fig. 4).

Longitudinal strain in the apical view and circumferential strain in the parasternal view of global
longitudinal strain segments were calculated between aortic valve opening and closing, in the peak
systolic phase. In this study, CAD patients had LAD and RCA stenosis, therefore, base anterior and
inferoseptal segments were selected. An example of a strain curve is depicted in a two-chamber view for
six segments in Fig. 5.

- Elastic modulus: The elastic modulus of the LV is a ratio of stress to strain and explains the functional
and structural system of LV. For determination of the elastic modulus of LV muscle, passive stress in the
geometrical model and strain by STE was calculated. Anterior and inferoseptal elastic moduli were
estimated in the direction of longitudinal and circumferential in the systolic phase.

- Statistical analysis: All the data were presented as mean±standard deviation (SD). A comparison of
differences between the variables in two groups was performed with a t-test at the signi�cance level of
0.05. The data were tested for normality of distribution by the Kolmogorov-Smirnov (K-S) test. Sample
size was estimated on 24 samples, in each group with a con�dence level of 95% and test power of 85%.
P-value less than 0.05 was chosen as the levels of statistical signi�cance. The receiver operating
characteristic (ROC) curve (the plot of test sensitivity versus 1-speci�city) as a nonparametric analysis, as
well as the area under the curve (AUC), was used. The ROC curve was employed to determine the quality
of the diagnostic modality to establish cut-off points for optimal sensitivity and speci�city. Intraobserver
and interobserver variabilities were the differences between the measurements expressed as a percentage
of the error of the means. Reproducibility was analyzed with intra-class correlation (ICC). All the statistical
analyses were performed using the SPSS software package (SPSS Inc. Chicago, IL, USA).

Results
The baseline demographics and routine echocardiographic for the control group and PCI patients are
summarized in Table 1. There were no signi�cant differences in age, heart rate (HR), body mass index
(BMI), fractional shortening (FS), cardiac index (CI), and stroke index (SI). Compared with the control
group, systolic and diastolic blood pressure was higher, but the difference was not statistically
signi�cant. The LV end-diastolic volume and end-systolic volume in the PCI group were higher compared
with the control group (P<0.05) and it was statistically signi�cant but clinically had no diagnostic value.
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The early mitral in�ow velocity (E) wave and early diastolic mitral annular lateral tissue velocity (e′) were
not statistically signi�cant, but the E/e′ ratio was statistically signi�cant (P< 0.05).

Table 1. Mean±SD of demographic and echocardiographic characteristics of the control and PCI groups.

P-value PCI group

(n=64)

Control

(n=24)

Variable

0.946 57.73±9.24 57±9 Age (y)

0.729 24.71±2.51 24.91±2.54 BMI (kg/m2)

0.301 83.03±7.85 81.21±5.61 DBP (mmHg)

0.345 135.39±9.15 133.37±8.04 SBP (mmHg)

0.331 72.29±5.77 71.00±4.83 HR (beats/min)

0.006 45.30±8.99 39.85±4.68 LVESV(ml)

0.037 111.73±21.49 102.02±10.08 LVEDV (ml)

0.012 59.43±2.22 60.91±2.84 EF%

0.758 23.75±6.22 24.20±5.50 FS%

0.264 2274.31±594.94 2426.40±475.10 CI (ml/min.m2)

0.081 31.29±7.03 34.16±6.14 SI (ml/m2)

0.910 69.61±17.34 69.17±14.39 E (cm/s)

0.060 7.86±2.35 8.94±2.63 e′ lateral (cm/s)

0.044 9.29±2.53 8.12±1.91 E/e′

BMI, body mass index; DBP, diastolic blood pressure;SBP, systolic blood pressure; HR, heart rate; LVESV,
left ventricle end-systolic volume; LVEDV, left ventricle end-diastolic volume; EF, ejection fraction; FS,
fractional shortening; CI; cardiac index; SI, stroke index; E, mitral early diastole velocity; e′, peak mitral
annular velocity during early diastole. Bold values mean statistically signi�cant.

Angiographic features are given in Table 2. Based on the angiographic result, stenosis was divided into
two groups: the PCI group (n=64, 72.73%) with signi�cant stenosis >70% in which stenosis was located in
25 patients (39.06%) only in LAD, in 23 patients (35.93%) in both LAD and RCA, and in 16 patients (25%)
in both LAD and LCX; so, all PCI patients suffered from LAD stenosis and were candidates for DES; and
the control group (n=24, 27, 27%) that did not need angioplasty.

Table 2. Number (percentage) of angiographic characteristics of control and PCI patients.
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PCI group

64 (72.73%)

Control group

24 (27.27%)

 

25 (39.06%)

23 (35.93%)

16 (25.00%)

-

-

-

1 vessel (LAD)

2 vessels (LAD and RCA)

2 vessels (LAD and LCX)

LAD, left anterior descending artery; RCA, right coronary artery; LCX, left circum�ex

The geometrical data are listed in Table 3. There were signi�cant differences between the control and PCI
groups for anterior and inferoseptal wall thickness and transverse wall radius (p<0.05).

Table 3. Mean±SD of the geometrical data of control and PCI groups by 2D echocardiographic imaging at
the end-systolic phase.

P-value PCI group

 (n=64)

Control group

 (n=24)

Left ventricular (mm)

0.001 11.65±0.81 10.74±0.54 Inferoseptal wall thickness

0.001 11.53±0.83 10.43±0.45 Anterior wall thickness

0.001 35.89±2.74 31.46±2.74 One-half of the LV long axis

0.001 21.76±1.83 19.82±1.69 Transverse wall radius

Bold values mean statistically signi�cant.

Regional wall stress at ES is shown in Table 4. In the PCI group, for longitudinal and circumferential
directions, greater wall stress was observed in anterior (Ant) and inferoseptal (IS) segments of the
equatorial at ES compared to the control group. The circumferential wall stress ES in the inferoseptal
segment was statistically signi�cant (p<0.05) but Ant circumferential stress was not statistically
signi�cant (p>0.05). Longitudinal stress in every two segments was not statistically signi�cant (p>0.05).

Table 4. Mean±standard deviation measurement of longitudinal and circumferential wall stress
computed from the Ghista-Sandler model of the LV at end-systole for control and PCI groups.
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Wall stress
(kdyn/cm2)

Segments Control
(n=24)

PCI (n=64) P-
value

Longitudinal Base anterior Base
inferoseptal

164.41±18.20 172.97±20.81 0.079

155.08±13.94 163.02±20.09 0.079

Circumferential Base anterior Base
inferoseptal

194.58±19.46 204.93±24.65 0.068

185.91±20.71 198.52±24.13 0.026

Bold values mean statistically signi�cant.

As the stenosis of the coronary artery increased, the peak value of strain decreased (Table 5). There was
a signi�cant difference in the peak values of anterior and inferoseptal circumferential strain between the
PCI and control groups (p<0.05). Also, for all groups, circumferential strain was higher than longitudinal
strain. Anterior longitudinal strain was signi�cantly reduced (p<0.05), however, inferoseptal longitudinal
strain was decreased was not statistically signi�cant (p>0.05).

Table 5. Mean±SD regional longitudinal and circumferential strain data of the LV at peak systolic phase
for the control and PCI groups.

Strain (%) segment Control (n=24) PCI (n=64) P-value

Longitudinal Base anterior Base inferoseptal -18.14±2.64 -16.28±3.79 0.029

-17.44±3.05 -16.40±5.41 0.374

Circumferential Base anterior Base inferoseptal -21.71±4.74 -17.25±4.22 0.000

-20.58±3.04 -18.21±4.04 0.011

Bold values mean statistically signi�cant

Compared with a control group, stress/strain response of the PCI group showed higher longitudinal and
circumferential stiffness in both anterior and inferoseptal segments (Table 6).

Table 6. Mean±SD regional longitudinal and circumferential elastic modulus data of the LV at the peak
systolic phase for the control and PCI groups.
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Elastic modulus
(kdyn/cm2)

segment Control (n=24) PCI (n=64) P-
value

Longitudinal Base anterior Base
inferoseptal

921.45±145.79 1129.84±333.39 0.004

913.96±175.67 1099.40±385.62 0.026

Circumferential Base anterior Base
inferoseptal

935.78±214.47 1245.99±283.32 0.000

921.98±177.58 1153.26±352.31 0.003

Bold values mean statistically signi�cant

The receiver operator characteristic (ROC) curve was provided whether signi�cant variables (stress, strain,
and elastic modulus) could predict PCI patients (Table 7 and Fig. 6). All the presenting results were
signi�cant at a 95% con�dence level (p<0.05).

ROC analyses showed that the AUC (0.80) for anterior circumferential elastic modulus was superior to
other variables. ROC curves for inferoseptal circumferential stress (AUC=0.66), anterior longitudinal strain
(AUC=0.66), anterior circumferential strain (AUC=0.76), inferoseptal circumferential strain (AUC=0.675),
inferoseptal circumferential elastic modulus (AUC=0.74), anterior longitudinal elastic modulus
(AUC=0.67) and inferoseptal longitudinal elastic modulus (AUC=0.64) were observed for discriminating
the PCI group (Table 7 and Fig. 6 a-c).

The optimal cutoff value for anterior circumferential elastic modulus was 964.02 kdyn/cm2 with a
sensitivity of 78.1% and a speci�city of 62.5% for the identi�cation of PCI patients, and inferoseptal
circumferential elastic modulus was 945.43 kdyn/cm2 with a sensitivity of 70.3% and a speci�city of 75%
identi�ed PCI group. Circumferential elastic modulus had higher sensitivity and speci�city than
longitudinal elastic modulus for differentiating the PCI group from the control group. ROC analysis
showed that the elastic modulus parameter was powerful predictor of PCI patients.

Table 7. Analysis of ROC curve for strain, stress and elastic modulus parameters
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Parameter Segment AUC (CI) cut off
value

Sensitivity

(%)

Speci�city

(%)

Strain (%) anterior circumferential 0.761

(0.655-
0.866)

19.42 73.4 62.5

inferoseptal
circumferential

0.675

(0.558-
0.792)

19.97 68.8 66.7

anterior longitudinal 0.657

(0.542-
0.772)

17.82 67.2 66.7

Stress
(kdyn/cm2)

inferoseptal
circumferential

0.664

(0.542-
0.787)

189.37 67.2 54.2

Elastic modulus

 (kdyn/cm2)

anterior circumferential 0.800

(0.702-
0.898)

964.02 78.1 62.5

inferoseptal
circumferential

0.736

(0.624-
0.848)

945.43 70.3 75.0

anterior longitudinal 0.669

(0.557-
0.780)

925.15 65.6 58.3

inferoseptal longitudinal 0.638

(0.521-
0.755)

919.78 59.4 45.8

AUC, area under the curve; CI: 95% con�dence interval

Reproducibility was assessed in 10 subjects for the PCI group. All strain parameters displayed the intra-
class correlation coe�cient (ICC) values >0.90 with good interobserver and intraobserver. ICC of anterior
longitudinal strain, inferoseptal longitudinal strain, anterior circumferential strain, and inferoseptal
circumferential strain for inter-observer was 0.944, 0.949, 0.986, and 0.905 respectively. ICC of anterior
longitudinal strain, inferoseptal longitudinal strain, anterior circumferential strain, and inferoseptal
circumferential strain for intra-observer variability was 0.936. 0.916, 0.956 and 0.957, respectively.

Discussion
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In this study, non-invasive physical parameters showing quantitative longitudinal and peripheral
myocardial deformity in patients with CAD who were candidates for angioplasty were calculated.

The main �nding of this study is that regional circumferential elasticity is a more sensitive and speci�c
parameter (cutoff point, 964.02 kdyn/cm2; sensitivity, 78.1%; speci�city, 62.5%) than conventional
echocardiographic parameters such as ejection fraction and diameters to detect PCI patients. This
approach offers new insights and demonstrates the potential of regional analysis in providing details on
local mechanics, 2D analysis, and simple geometric modeling. Identifying prospective and non-invasive
methods for patients with signi�cant CAD who may undergo revascularization is a challenge. Many
patients undergoing coronary angiography display normal results and non-obstructive blood vessels [15].

In the myocardium, the effects of stenosis are de�ned by the resulting perfusion abnormalities and
subsequent contractile defects [16]. In some cases, visual parameters such as regional wall motion
abnormalities (RWMA) and EF are not able to detect even patients with high coronary stenosis, and
endocardial dysfunction due to ischemia or necrosis is not always determined by these parameters
because it is subjective and operator-dependent [17]. Stanton et al. (2009) demonstrated that LVEF could
not detect myocardial injury in patients with CAD [18]. EF with Simpson's biplane method indicates
changes in left ventricular volume and cannot describe mechanical changes [19].

This study also demonstrated a basic, simple, and non-invasive method for determining the wall stress of
the LV at end-systole. Still, mathematical models for the simulation of the left ventricular cavity and
determining wall stress need advanced calculation and further research. This method is successful
because echo images easily identify the dimensions of the data required for calculating stress. There was
a correlation between the systolic cuff blood pressure and systolic manometer LV pressure, although
there was no signi�cant correlation between the diastolic cuff blood pressure and diastolic manometer
blood pressure [20]. The wall stress index is a pure geometric parameter that quanti�es the physical
response of the LV under different pressures. In this study, a thick-walled ellipsoid model was adopted for
wall stress. Table 4 illustrates the comparison of longitudinal, and circumferential stress between two
groups. The results showed that stress was higher in the PCI group than the control group. High stress in
the endocardial layer shows that the myocardial oxygen demand is high in the endocardial region at
systole. With decreasing myocardial perfusion in the inner region, the oxygen perfusion status against
demand mismatch is increased.

In our study, there was no signi�cant difference in longitudinal wall stress between the anterior and
inferoseptal segments, but the anterior wall stress was a little greater than inferoseptal wall stress, which
was partly due to the heterogeneity of the wall curvature, increased demand for oxygen supply, and
decreased vascular perfusion in the anterior wall relative to the inferoseptal wall, that is similar to the
result of Deanda et al [21]. In their study, there was a signi�cant difference in wall stress between anterior,
lateral, and posterior walls, due to the heterogeneity of the curvature walls.
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It seems that wall stress only changes when the ventricle is not able to compensate for abnormal
pressures or volume load. In the study by Hood et al. [22], the mean circumferential wall stress at a
speci�c location of the wall (anterolateral equatorial area) was estimated using the formula presented by
Sandler and Dodge.

In this study, inferoseptal circumferential stress was statistically higher than the control group with an
AUC of 0.664 can be a mediocre predictor. No studies have been performed to differentiate PCI patients
from the control group by the Ghista-Sandler model. In the study of Yang [23], strain analysis for
signi�cant CAD during dobutamine stress echocardiography (DSE) was done, evaluating of strain
analysis with administration dobutamine were generated at baseline and peak stress, but in our study
stress was calculated after echocardiography imaging without invasive method. Results for maximum
wall stress indicated that anatomical changes may play an important role in determining wall stress. The
orientation of the myocardial �ber, which is closely related to the ventricular shape, may be important in
explaining the increased equatorial stress in cases of abnormalities. Absolute normal values of
circumferential stress were higher than longitudinal stress because of differences in the longitudinal and
circumferential radius of the curvature. The use of cardiac imaging and modeling provides opportunities
for better understanding and evaluating wall stress. Previous studies have elucidated the properties of
wall stress and examined their proper analysis to apply these concepts to research [24]. The present
study speci�cally examined the changes of regional longitudinal and circumferential myocardial strain at
peak systole in CAD patients. Accordance with Table 5, longitudinal and circumferential strain have
decreased in signi�cant CAD patients. There was not a signi�cant difference in inferoseptal longitudinal
strain between the PCI group and the control group (p>0.05). Anterior and inferoseptal circumferential
strain was signi�cantly reduced in CAD patients. Also, longitudinal strain and circumferential strain in
both control and PCI groups were higher than those reported in other studies. These results are
approximately similar to those reported by Caspar et al. [25] and Meimoun et al. [26], demonstrating that
different global longitudinal strain through different CAD categories have a diagnostic and prognostic
value. Table 5 also showed circumferential strain in the endocardium layer of the LV was higher than the
longitudinal strain. If the circumferential �ber is affected by the contraction of orthogonal longitudinal
�bers along the systole, it will be expected to be shorter and decrease longitudinal dimensions. The ROC
analysis showed that we could identify PCI patients with an appropriate cut-off point for anterior
circumferential strain (AUC of 0.761 with sensitivity 73.4% and speci�city 62.5%) and (AUC of 0.675 with
sensitivity 68.8% and speci�city 66.7%) for IS CS. We have shown excellent intra- and inter-observer
reproducibility in 2DSTE measurements for ten patients. Our results indicated that the measurement of
regional CS by 2D-STE is a signi�cant independent predictor for ventricular function variation. This
predictor was superior to more traditional echocardiographic techniques such as LVEF or WMSI (wall
motion score index) and slightly superior than regional circumferential stress. We found that PCI patients
with signi�cant CAD had a statistically signi�cant decrease in the threshold of EF (59.43±2.22% vs.
control: 60.91±2.84%; p<0.012), which did not correspond to the results of Yılmaztepe et al. [27].

Our results showed that mechanical changes of left ventricular myocardium in PCI patients were more
important than in the control group. Previous study [28] evaluated patients with suspected CAD; they
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observed a signi�cant decrease in global longitudinal strain in patients with signi�cant CAD compared
with those having nonsigni�cant CAD, which was similar to our results but our results were regional. Most
studies have evaluated strain globally. Based on a review study [29], 177 patients with suspected CAD
were enrolled in one of the reviewed studies. It was found that the mean global longitudinal strain values
were -16.3% in patients with CAD + and -19.1% in patients with CAD. Nucifora et al. [30] studied 182
patients with suspected CAD, and concluded that global longitudinal strain < -17.4% may predict
signi�cant CAD obstruction (>50%) with multislice computed tomography with a sensitivity of 83% and a
speci�city of 77%. Shimoni et al. [31] examined 97 patients with suspected CAD and found that global
longitudinal strain was signi�cantly lower in patients with signi�cant CAD than in patients with non-
signi�cant CAD, with mean global longitudinal strain values of -17.3% vs. -20.8% (p<0.05). They also
showed that global longitudinal strain <-19.7% may predict signi�cant CAD obstruction (>50%) with 81%
sensitivity and 67% speci�city. In comparison, Edwards et al.[32] found global longitudinal strain was
only a fair predictor of CAD, with an AUC of 0.693 in patients with CAD. They demonstrated that global
myocardial work (GMW) was the most powerful predictor of signi�cant CAD with AUC=0.786 and was
superior to global longitudinal strain. The optimal global longitudinal strain diagnostic cut-off point is
quite different from those of previous studies and may depend on clinical features, diastolic function,
hemodynamic parameters, various equipment, and the 2D-STE software [28, 33]. However, inferoseptal
longitudinal strain, regional longitudinal stress, and anterior circumferential stress were not statistically
signi�cant, regional elasticity that is the ratio of stress to strain was signi�cantly increased in both
directions for PCI groups compared with the control group (AUC=0.80 with the sensitivity of 78.1% and
speci�city of 62.5% for anterior circumferential elasticity) and (AUC=0.736 with the sensitivity of 70.3%
and speci�city of 75% for inferoseptal circumferential elasticity). Regional passive elastic modulus as an
excellent predictor was superior to regional stress and strain parameters. The study of Berry et al. [34]
found the elastic modulus of healthy heart tissue was in the range of 10-15 kPa, while the elastic
modulus of ischemic tissue 14 days after surgery increased around 50 kPa. It is very di�cult to compare
the investigated values of modulus for LV muscle with the obtained values in other methods which are
due to differences in the methods used (such as mathematical models and method for strain analysis).
The classic values of modulus for postmortem myocardial muscle in relaxation time of muscle �bers are
in the range of 0.3-5× 104 N/m2 and increase in the contraction time.

- Limitations of the study: Peak systolic blood pressure only provides global stress values for the entire
ventricle. Thus, the regional stress variations of the wall included only geometrical factors. Moreover,
local pressure changes were not considered. Only patients with good echocardiographic images could be
included and analyzed with STE; thus, it reduced the sample size. One technical limitation was that ST
echocardiography depends on frame rate and image resolution. The low frame rate in the speckle pattern
causes considerable variation from one frame to another and prevents the precise characterization of
regional myocardial motion. In contrast, increasing the frame rate reduces the scan line density and
image resolution. Previous authors have con�rmed that contrast-enhanced MRI, positron emission
tomography (PET), and gated SPECT are bene�cial quantitative methods for de�ning myocardial
survival. Although these techniques may be used as a gold standard for analysis, high costs and limited
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accessibility limit their routine using in ischemic patients. Because the validity of the ST software has
already been compared with MRI and clinically and experimentally tested, no comparison was made with
the MRI technique. The estimation of wall stress in boundary conditions was performed less accurately
by these models. The ventricle is a complex structure that could not be easily modeled in this study.
Although thick-walled models are similar in their assumptions, the results are different.

Conclusion
This study established a basis for analyzing the local curvature in PCI candidates. Physical parameters
can re�ect the pathology based on non-perfused damaged heart segments. Also, the regional elastic
modulus is a powerful predictor and non-invasive tools can offer quantitative insight into myocardial
function. This result may improve decision-making for the selection of
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Figure 1

Three levels of LV; basal, papillary and apical levels.
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Figure 2

a) Four-chamber view used to determine the border of the LV, b) LV geometry, c) schematic view of the LV
cavity in a long-axis plane for the ellipsoidal thick-walled theory on the equatorial plane.

Figure 2

a) Four-chamber view used to determine the border of the LV, b) LV geometry, c) schematic view of the LV
cavity in a long-axis plane for the ellipsoidal thick-walled theory on the equatorial plane.



Page 25/35

Figure 2

a) Four-chamber view used to determine the border of the LV, b) LV geometry, c) schematic view of the LV
cavity in a long-axis plane for the ellipsoidal thick-walled theory on the equatorial plane.

Figure 3

a) Four-chamber view used to determine the long axis and thickness of LV, b) short-axis view for the
measurement of transverse diameter.
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Figure 4

The 18-segment LV model shows that segments are subtended by coronary arteries (LAD, LCX, and RCA).
LAD, RCA, and LCX supply purple, pink and orange segments, respectively (American Heart Association).
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Figure 5

Longitudinal strain in the apical two-chamber view for a patient with coronary artery stenosis. a) Color-
coded strain images, and b) the related strain curves for six segments.
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Figure 6

ROC curve for the prediction of PCI patients for different variables, a) ROC curve for inferoseptal
circumferential stress, b) ROC curve for anterior and inferoseptal strain, c) ROC curve for anterior and
inferoseptal circumferential and longitudinal elastic modulus.
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