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Abstract

Background: More diagnostic techniques require a better understanding of the forces and stresses developed in the wall 
of the left ventricle. The aim of this study was to differentiate significant coronary artery disease (CAD) patients using a non-
invasive quantification of myocardial wall stress in the diastole phase.

Methods: Sixty male subjects with sinus rhythm (30 patients with significant and 30 with moderate left anterior descending 
coronary artery stenosis in the proximal portion) as well as 35 healthy subjects as the control group were recruited into 
the present study. By two-dimensional, pulsed wave, and tissue Doppler echocardiography, the average end-diastolic wall 
stress was calculated at the left ventricle anterior and interventricular septum wall segments using regional wall thickness, 
meridional and circumferential radii, and non-invasive left ventricular end-diastolic pressure.

Results: A comparison of the calculated end-diastolic myocardial wall stress between the patients with significant and 
moderate coronary stenosis on the one hand and the healthy subjects on the other showed statistically significant differences 
in the anterior and septum wall segments (p value < 0.05). The patients with significant left anterior descending coronary 
artery stenosis had higher end-diastolic myocardial wall stress than did those with moderate stenosis and the healthy group 
in all the anterior and septum wall segments.

Conclusion: It is concluded that non-invasive end-diastolic myocardial wall stress in coronary artery disease patients is 
an important index in evaluating myocardial performance.
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Introduction

Coronary artery disease (CAD) is the number one killer 
in the world. As a case in point, each year 650,000 previously 
asymptomatic patients present in the United States with an 
acute coronary event as the initial presentation of CAD.1 
Approximately, one-third of individuals dying annually from 
sudden cardiac death possess no identifiable Framingham 
risk indices that would predict a future hard cardiac event.2 

Original Article

Therefore, the detection of coronary heart disease early in its 
course is of great potential importance.

More advanced diagnostic techniques require that one gain 
a better understanding of the mechanics and performance of 
the myocardium, and this in turn calls for an analysis of the 
forces and stresses developed in the wall of the left ventricle 
(LV).3 Systolic and diastolic wall stress has been previously 
determined by combining simultaneous measurements of 
LV pressures with angiographic and echocardiographic 
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measurements of the LV radius and wall thickness.4-7 
This method, in addition to being cumbersome and time-
consuming, requires invasive procedures. The non-invasive 
assessment of LV end-diastolic pressure provides important 
information on the hemodynamic status8 and may be an 
important clinical tool in these patients, taking advantage of 
non-invasive quantification of myocardial wall stress in end-
diastole. Recently, we demonstrated7 the role of Color-Tissue 
Doppler imaging (TDI) in the estimation of LV end-diastolic 
pressure (LVEDP) in patients with CAD. We concluded 
from our study that the ratio of the early transmitral filling 
velocity (E) to the early-diastolic mitral annular velocity 
(Ea) as an interesting application of TDI9 provided an index 
of LVEDP. 

The aim of the present study was to estimate and compare 
the non-invasive regional myocardial wall stress in the 
diastole phase between patients with significant coronary 
stenosis, moderate coronary stenosis, and healthy subjects.

Methods

Sixty male CAD patients with sinus rhythm (30 with 
significant and 30 with moderate left anterior descending 
coronary artery (LAD) stenosis in the proximal portion, 
aged 53±5 and 52±5 years old, respectively) as well as 35 
healthy volunteers aged 51±8 years old were enrolled in 
the study. Significant and moderate stenosis was defined as 
more than 70% and between 50-70% stenosis determined 

by coronary angiograms, respectively. Exclusion criteria 
included a history of cardiovascular surgery, LV hypertrophy, 
pacemaker rhythm, severe valvular disease, and diabetes. 
All the healthy subjects had a normal physical examination, 
electrocardiography (ECG), normal echocardiography, and 
no history of cardiovascular disease, angina, hypertension 
or diabetes, and medication. Blood pressure was recorded 
in the left radial artery with the patient in supine position 
using a semiautomatic device (Riester 0124, Germany) 
before the measurement of the echocardiographic studies. 
All the subjects gave their informed consent prior to their 
participation in the study. This study was performed from 
June 2007 to January 2009 through random sampling and 
was approved by the ethics committee of Tarbiat Modares 
University and Shaheed Rajaie Cardiovascular and Research 
Center.

Invasive coronary angiography was performed by expert 
cardiologists through the femoral approach, using standard 
Judkin’s technique with 6F catheters. Selective injection of 
left and right coronary arteries was performed in multiple 
orthogonal views. The culprit lesion was identified by 
angiographic criteria for the severity of stenosis. The percent 
luminal diameter stenosis was derived using the caliper 
technique by comparing the diameter of the stenosis with that 
of the most normal appearing region proximal to the stenosis. 

Images were acquired and digitally recorded in at least two 
orthogonal optimal projection angles at 25 frames per second 
(Siemens Medical Systems, Germany). Between 1 and 2 days 
after the angiography, transthoracic conventional and tissue 
Doppler echocardiography examinations were performed.

All the echocardiography studies were conducted with 
a Vivid7 digital ultrasound scanner (GE, Milwaukee, WI, 
USA) equipped with an M3S transthoracic sector transducer 
with harmonic capability. The images were acquired with the 
subjects at rest and lying in the lateral decubitus position. 
Two-dimensional ECG was superimposed on the images and 
end-diastole was considered at the peak R-wave of the ECG. 
LV ejection fraction (LVEF) was measured using Simpson’s 
biplane method by measuring end-diastolic and end-
systolic volumes in two-dimensional 2(D) images. TDI was 
performed using standard transthoracic apical two- and four-
chamber views according to the guidelines of the American 
Society of Echocardiography (ASE).10 

The sample volume of the pulsed wave Doppler was placed 
between the tips of the mitral leaflets with the ultrasonic 
beam aligned to flow in the apical four-chamber view and 
early transmitral flow velocity was obtained. Color Doppler 
myocardial imaging (CDMI) was performed by adjusting 
the signal filters until they reached a Nyquist limit of 16 
cm/s. The CDMI raw data were recorded at a depth of 16 
cm, frequency of 2.4 MHz, and frame rates higher than 150 
frames per second throughout the three cardiac cycles and 
stored digitally as cine-loop format on the memory of the 
scanner. Off-line analysis was carried out by the quantitative 
analysis software equipped to obtain regional myocardial 
velocity. Digital 5 mm sample volumes were placed within 
the lateral mitral annulus7, 11, 12 and tissue velocity curves 
were acquired. The wall filter settings were adjusted to 
exclude high-frequency signals and the gain was minimized, 
so the onset of the early-diastolic mitral annular velocity 
could be reliably identified. Echocardiographic analysis was 
performed by an experienced observer who was unaware of 
the patient’s angiographic outcomes. All the Doppler data 
were measured at end-expiration, and the average of three 
cardiac cycles was taken into account for analysis in this 
study.

The force per unit area of myocardium, or wall stress, is 
proportional to the LV intra-cavity pressure and LV cavity 
dimension and inversely proportional to wall thickness.13 
In this study, the radii and thickness of the LV segments 
were measured from the apical four- and two-chamber 
echocardiograms at end-diastole. In these echocardiograms, 
the septal and anterior wall radii and thickness quantities 
were measured at base, mid, and apical segments respectively 
by averaging three consecutive heartbeats. Endocardial 
meridional and circumferential radii were determined for 
each wall segment by considering each region to be locally 
ellipsoidal as described in detail elsewhere (Figure 1).4 

The average end-diastolic wall stress (σ) was calculated 
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Figure 1. A diagram depicting the variables used to calculate wall stress. An 
illustration of how local left ventricular (LV) wall geometry can be described 
by wall thickness (h), endocardial circumferential radius of curvature (rθ) 
and endocardial meridional radius of curvature (rø)

using the formula proposed by Deanda et al.14, 15 taking 
into account regional wall thickness (h), mid-wall meridional 
(Rø), and circumferential (Rθ) regional radii of the curvature 
at the equator of each segment and LVEDP:
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Where Rθ and Rø are endocardial circumferential radius 
(rθ) +  2

h  and endocardial meridional radius (rø) +  2
h , 

respectively. In this study, non-invasive LVEDP was 
estimated with lateral early-diastolic color-TDI annular 
velocity, combined with mitral early velocity by pulsed 
Doppler echocardiography (lateral E/Ea ratio) as follows by 
averaging three consecutive heart beats:7

LVEDP=1.44 + [1.36 × (lateral E/Ea)] 
It has been demonstrated that the correlation coefficient 

between LVEDP and lateral E/Ea is higher and its limit 
of agreements (LOA) is lower than those of other mitral 
segments;7, 11, 12 therefore, in this study we applied only lateral 
E/Ea ratio to the estimation of LVEDP and quantification of 
myocardial wall stress.

All the data are expressed as mean±standard deviation 
(SD). The data were tested for normal distribution and 
homogeneity of variance by the Kolmogorov-Smirnov test 
(K-S) and Levene test respectively. Maximum sample size 
was estimated on 23 samples with a confidence level of 95% 
and power of test of 90% in each group. One-way analysis of 
variance (ANOVA) was used to test the hypothesis that the 
means of the three study groups were equal and the Post Hoc 
least significant differences (LSD) test was used for multiple 
comparisons. The p values were obtained using Student’s 
t-test whenever two groups were compared. P values less than 
0.05 were chosen as the levels of statistical significance. 

Intraobserver and interobserver variabilities were the 

differences between the measurements expressed as a 
percentage of the error of the means. All the statistical 
analyses were performed using the SPSS software package 
(SPSS Inc. Chicago, IL, USA).

Results

The demographic and echocardiographic characteristics 
of the 95 subjects are presented in Table 1 as Mean±SD. 
The subjects were divided into three groups according to 
the presence of diameter narrowing as follows: 1) Healthy: 
no diameter narrowing; 2) Moderate LAD coronary artery 
stenosis in the proximal portion: diameter narrowing of 
between 50-70% stenosis (61±3% of stenosis); and 3) 
Significant LAD coronary artery stenosis in the proximal 
portion: diameter narrowing of more than 70% (90±3% of 
stenosis). The groups were comparable as regards age, heart 
rate, and body mass index (BMI) (p = non significant). 

In Figure 2, radial systolic and diastolic blood pressures 
are shown for the three groups with significant and moderate 
LAD stenosis in the proximal portion and healthy subjects. 
The statistical analysis of the systolic and diastolic blood 
pressure showed that there were no significant differences 
between the groups. The reason is that patients with stenosis 
usually use hypertension drugs (60%) (p value < 0.05).

The results of LVEF% are presented in Figure 3. With 
the progression of stenosis, the LVEF% was decreased by 
11% and 25% compared with that of the healthy group, 
respectively. There were significant LVEF% differences 
between the study groups (p value < 0.05). 

At the end-diastole phase, the anterior and the septal wall 
radii (meridional and circumferential radii) and wall thickness 
quantities measured at base, mid, and apical segments are 
depicted in Table 2 for the groups with significant and 
moderate LAD coronary artery stenosis and the healthy 
subjects. 

The statistical analysis of the anterior and the septal wall 
radii (meridional and circumferential radii) and wall thickness 
quantities measured at base, mid, and apical segments showed 
no significant differences between the groups except for the 
anterior wall thickness in the base, mid, and apex regions, 
septal wall thickness in the base and mid regions, and the 
septum meridional radius in the apex region.

Comparisons between the groups (using Student’s t-test) 
demonstrated that the healthy and significant LAD coronary 
artery stenosis groups were significantly differentiable with 
the septal wall meridional radius in the mid and apex regions, 
the septal wall circumferential radius in the base, mid, and 
apex regions, and hence the anterior wall meridional radius 
in the base region and the anterior wall circumferential radius 
in the apex region. 

Also, there were significant differences between the healthy 
and significant LAD coronary artery stenosis groups 
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Figure 2. Comparison of radial diastolic and systolic blood pressures in 
different groups

Figure 3. Comparison of left ventricular ejection fractions (LVEF) in 
different groups

with respect to the septal wall thickness in the base region. 
We applied lateral early-diastolic color-TDI annular 

velocity (E), combined with mitral early velocity by pulsed 
Doppler echocardiography (Ea), to the estimation of LVEDP 
and quantification of myocardial wall stress. The results 
of non-invasive LVEDP estimated for the groups with 
significant and moderate LAD coronary artery stenosis and 
healthy subjects are presented in Figure 4.

Figure 4. Comparison of non-invasive left ventricular end-diastolic pressures 
(LVEDP) in different groups

The statistical analysis of LVEDP demonstrated significant 
differences between the groups (p value < 0.05). The least 
significant difference (LSD) analysis of LVEDP parameter 
to test the significance between the two groups showed 
that the healthy group was significantly differentiable with 
significant and moderate LAD coronary artery stenosis, but 
there was no significant difference between the moderate 
and significant LAD coronary artery stenosis groups. 

The average end-diastolic wall stress (σ) was calculated 
using regional wall thickness (h), mid-wall meridional (Rø), 
and circumferential (Rθ) regional radii of the curvature at 
the equator of each segment and LVEDP. The comparisons 
of the calculated anterior and septum wall stresses between 
the patients with significant and moderate stenosis and 
the healthy subjects are shown in Figures 5 (a) and (b), 
respectively.

The results showed an increase in the end-diastolic 
myocardial wall stress relating to the progression of LAD 
coronary artery stenosis. The patients with significant LAD 
coronary artery stenosis had higher end-diastolic myocardial 
wall stress than did those with moderate stenosis and the 
healthy group in all the anterior and septum wall segments 
(p value < 0.05). 

The end-diastolic wall stress averages of the anterior 
and septum walls in the moderate stenosis and significant 
stenosis groups were approximately 10% and 40% greater, 

Table 1. Characteristics of the subjects*   

Variables Healthy
N = 35

Age (y)
Stenosis (%)
Body mass index (kg/m2)
Heart rate (beats/min)

Moderate LAD
coronary artery stenosis

N = 30

Significant LAD
coronary artery stenosis

N = 30
51±8

-
25±2
72±8

52±5
61±3
25±2
74±18

53±5
90±3
24±2
79±14

*Data are presented as mean±SD
LAD, Left anterior descending coronary artery         
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respectively, compared with the healthy coronary artery 
group. 

The LSD analysis showed no significant differences 
between the wall stress of the healthy controls and the patients 
with moderate coronary stenosis; however, due to the high 
wall stress of the patients with significant coronary stenosis, 
the overall ANOVA was significantly different. There were 
significant differences between the healthy controls and the 
patients with significant coronary stenosis and also between 
the patients with moderate and significant coronary stenosis 
(p value < 0.05). Intraobserver and interobserver variability 
of the wall stress (taking into account regional wall thickness, 
regional radii of curvature, and LV pressure) was in the range 
of 4.1-7.6% and 4.8-8.5%, respectively.

Discussion

CAD or atherosclerotic heart disease is the end result of 
the accumulation of atheromatous plaques within the walls 
of the coronary arteries that supply the myocardium with 
oxygen and nutrients.16, 17 The importance of the assessment 
of the properties of LV and ventricular muscle and their 

Segments
Healthy
(N=35)

p value*
Moderate LAD coronary 

artery stenosis
(N=30)

Significant LAD coronary 
artery stenosis

(N=30)

Table 2. Comparison of the anterior and the septal wall radii and wall thickness quantities measured at three different segments

Anterior wall

 Meridional Radius (mm)

 Circumferential radius (mm)

 Wall thickness (mm)

Septal wall
 Meridional Radius (mm)
 
 
 
 Circumferential radius (mm)
 
 
 
 Wall thickness (mm)

Base
Mid
Apex

Base
Mid
Apex

Base
Mid
Apex

Base
Mid
Apex

Base
Mid
Apex

Base
Mid
Apex

29.3±2.0
29.0±2.8
21.5±2.6

26.5±2.4
28.7±2.7
19.6±2.4

10.2±1.3
10.2±1.8
10.1±1.5

23.1±1.9
21.0±2.2
19.3±1.7

22.0±2.0
20.7±2.3
18.0±1.5

9.2±1.2
10.3±1.1
10.0±1.3

30.0±3.6
28.9±3.8
22.1±3.1

30.1±3.6
28.9±3.8
22.1±3.1

11.1±1.3
11.2±1.2
10.8±1.1

23.5±2.7
21.2±2.4
19.6±3.6

22.7±2.8
20.9±2.4
18.2±3.5

10.8±1.4
11.0±1.0
10.5±1.3

30.8±2.2
30.5±3.9
22.7±2.5

30.8±2.2
28.9±3.8
22.1±3.1

10.9±2.1
11.2±2.8
10.2±2.1

24.3±2.9
22.4±3.2
20.9±2.4

30.5±2.2
30.5±4.0
22.7±2.5

10.2±1.7
10.5±1.6
10.0±1.6

0.086
0.148
0.261

0.110
0.385
0.071

0.002
0.012
0.028

0.206
0.087
0.045

0.112
0.104
0.051

0.000
0.006
0.180

*ANOVA’s p value
LAD, Left anterior descending coronary artery 

quantification has been evaluated in terms of myocardial 
wall stress and these calculations have been used in the 
investigation of various heart diseases.18-20 Wall stress may 
be calculated at the diastolic phase of the cardiac cycle; 
however, this calculation requires invasive measurements of 
LV blood pressure in the cardiac catheterization laboratory 
during retrograde left heart catheterization.21 In our previous 
study, we concluded from our experience that non-invasively 
obtained Doppler E/Ea ratio as an interesting application of 
TDI provided an index of LVEDP, which could be measured 
using color Doppler myocardial imaging. In that study, based 
on very encouraging initial results (LVEDP related strongly 
to lateral E/Ea, r = 0.85; p value < 0.001)3, we applied lateral 
E/Ea for the purpose of non-invasive estimation of LVEDP 
and therefore non-invasive quantification of myocardial 
diastolic wall stress. 

The average end-diastolic wall stress was calculated at 
the LV anterior and interventricular septum wall segments 
using the formula proposed by Deanda et al.14 and taking into 
account LV pressure, regional wall thickness, and meridional 
and circumferential regional radii of the curvature. The 
stress calculated by this formula represents the mean value 
of the average stress across the thickness of the LV wall, with 

Non-Invasive Assessment of Coronary Artery Stenosis with Estimation ...
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Figure 5. Comparison of end-diastolic myocardial wall stress (kdyn/cm2) in 
different groups at the three different segments 
LAD, Left anterior descending coronary artery

local maximal stress occurring on the endocardial and local 
minimal stress on the epicardial surface. The assumptions 
used in this analysis were:14 1) the myocardium was isotropic, 
linearly elastic, and homogeneous; 2) ignoring bending 
moments; 3) the meridional and circumferential midwall 
radii of curvatures could be derived as the endocardial 
radius of curvature plus one-half of the wall thickness; 4) the 
midwall LV wall stress is an average of the epicardial and 
endocardial stresses; and 5) the only load on the ventricle 
was an internal pressure.

In this study, we estimated regional end-diastolic 
myocardial wall stress in the anterior and septum walls 
for base, mid, and apex segments. The results showed that 
the variations of end-diastolic myocardial wall stress in 
atherosclerotic patients were significantly greater than those 
of the healthy group (p value < 0.05). 

We are cognizant of the fact that invasive coronary 
angiography is the standard clinical means for depicting the 

coronary arteries and is the gold standard for diagnosing CAD, 
but angiographic coronary stenosis does not always reflect 
the potential alteration in the regional myocardial perfusion. 
The relationship between stenosis severity and physiological 
reduction in the coronary flow is quite variable even when 
there are no imaging limitations, for example eccentric 
stenosis or obscure areas due to thrombus. Radionuclide 
methods would be more accurate than coronary angiography 
in defining ischemic myocardial wall segments, and the 
accuracy of wall stress may be different when compared 
with this perfusion technique.

One of the reasons for investigating relationships between 
the mechanical parameters of the myocardial tissues and 
coronary stenosis is to find possibilities for remotely 
characterizing the conditions of normal and diseased 
tissues. The main focus in most previous studies of tissue 
characterization has been on elasticity acoustic parameters. 
More recently, progress has been made in making use of 
the great sensitivity of strain properties of tissues to their 
pathological condition: the so-called ultrasonic strain rate 
imaging. The relation between forces acting upon an object 
and the resulting deformation is described by Hooke’s law, 
which states that forces and deformation are linked by the 
elasticity. This relation remains valid when applied to the 
myocardium; be that as it may, in order to describe the total 
deformation of the myocardium, all forces acting on it have 
to be taken into account.22

The clinical assignment of patients and healthy subjects 
in the present study may have been biased by their referring 
physicians. However, we observed no significant differences 
in age, gender, and body mass index between the groups, 
indicating an excellent match of the three groups.

Annular velocities may vary with the site of sampling, and 
thus the utility of this method is dependent on the location 
of the sample volume. Tissue Doppler recordings were 
obtained only from the lateral mitral annulus, and the other 
mitral segments were not evaluated in this study. We chose 
the lateral aspects of the mitral annulus because this site is 
easy to obtain from the apical window and, in contrast to the 
parasternal window, the velocities should not be influenced 
by anteroposterior translation.23 The main disadvantage 
of color-TDI is the requirement for an offline analysis for 
quantifying myocardial velocities and inability to provide 
instantaneous display of the Doppler information, which 
can be time-consuming. In this study, E/Ea was calculated 
using color-TDI and was used to estimate wall stress non-
invasively. Further studies are required to compare E/Ea 
calculated using pulsed-TDI and E/Ea calculated using 
color-TDI to non-invasively estimated LVEDP and resulted 
wall stress. In this study, the non-invasive indices of regional 
wall stress were calculated from the non-invasive estimation 
of LVEDP and echocardiographic segmental LV diameter 
and wall thickness in the LAD at risk regions and further 
studies are required to calculate wall stress for other coronary 
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arteries at risk regions.

Conclusion 
 
In conclusion, non-invasive evaluations of diastolic function 

constitute an important role of clinical echocardiography 
and research setting. Our results underscore the importance 
of end-diastolic myocardial wall stress in CAD patients 
as an index in the non-invasive evaluation of myocardial 
performance.
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