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Abstract

Background: Despite early attempts to salvage myocardium-at-risk with percutaneous coronary 

intervention (PCI), changes in myocardial wall stress (MWS) leads to ventricular dilatation and 

dysfunction after acute ST-elevation myocardial infraction (STEMI). Whether this is transient or 

leads to long-term adverse outcomes (MACE) is not known. We studied the association between 

MWS and MACE in patients after a successful PCI for acute STEMI.

Objectives: To study the MWS in percutaneously revascularized STEMI patients in relation to 

all-cause mortality and MACE.

Methods: We prospectively enrolled 142 patients who presented to our tertiary care hospital with 

acute STEMI requiring emergent PCI. In addition to the standard clinical biomarkers, both end

systolic and end-diastolic MWS was calculated using our recently validated Echocardiographic 

indices. Patients were then prospectively followed up to an average of 16.5 (± 12.0) months to 

assess all-cause mortality and MACE.

Results: During the follow-up period, 9% of the patients died and 17% developed MACE. 

Patients who died had significantly elevated end-systolic WS compared to those who survived 

(mean ESWS, 80.01 ± 36.86 vs 59.28 ± 27.68). There was no significant difference in end

diastolic WS, left ventricular systolic function and peak troponin levels among survivors vs. non

survivors. Elevated ESWS (>62.5Kpa) and age remained the significant predictors of mortality 

on multivariate logistic analysis (OR: 7.75, CI: 1.33-73.86, p= 0.03; OR: 1.16, CI: 1.06-1.31, 

p=0.002).
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Conclusion: Elevated ESWS measured by Echocardiogram is associated with increased odds of 

long-term mortality in STEMI patients who have undergone emergent PCI. This finding can help 

clinicians to risk stratify high-risk patients.
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Introduction

An acute ST segment elevation myocardial infarction (STEMI) can result in significant 

immediate and chronic hemodynamic changes of the left ventricle (LV) (1, 2). The 

ventricular adaptation begins with myocyte necrosis and subsequent increase in the LV 

pressure and volume overload (3). Development of new metrics to identify post-ischemic 

changes in patients with high morbidity and mortality risk would help to attenuate the high 

frequency and acuity of hospitalization and improve quality of life.

Myocardial wall stress is considered as one of the most important factors driving the change 

in myocardial geometry and function. Increase in LV load triggers a cascade of adaptive 

mechanisms that lead to progressive eccentric LV dilatation (4, 5). These changes are likely 

contributed by matrix expansion with change in collagen scaffolding, and thereby further 

accelerating increase in endo-myocardial wall stress (6). This collagen deposition has been 

found to occur within hours of myocyte injury eventually leading to infarct expansion, 

defined by Hutchins and Bulkley as acute dilation and thinning of infarcted area not 
explained by additional myocardial necrosis which may explain the LV dysfunction (7). 

Depending on the extent of infarcted non-contractile myocardium, there is proportionate 

reduction of LV ejection fraction and LV stroke volume (8, 9). To compensate for the 

reduction in stroke volume, left ventricular adaptation ensues, with progressive increase in 

LV cavitary dilation and increased wall tension (10–14).

Prior studies have reported changes in the left ventricular wall stress after acute MI (15). In 

2018, we published data from 81 STEMI patients, and reported end-diastolic wall stress as a 

prognostic tool for short-term risk-stratification (1) . Current study expands on our previous 

research by studying larger patient cohort with a longer duration of follow up. This is 

important because post-ischemic cardiac adaptation involves chronic myocardial adaptation, 

and the therapeutic goals may need to be adapted accordingly (1, 16, 17). Therefore, we 

have aimed to a) evaluate the clinical utility of echocardiography based ventricular wall 

stress algorithms in long-term risk-stratification of patients with post-ischemic myocardial 

dysfunction, and b) evaluate the additive utility of echocardiogram-derived ventricular wall 

stress over other common demographic and clinical parameters such as age and the extent of 

coronary artery disease.
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Methods

Patient Selection

Patients who presented between March 2016 to January 2017 to our tertiary care hospitals 

(Buffalo General Hospital and Gates Vascular Institute, Buffalo, NY, USA) with an acute 

STEMI and underwent PCI within 90 minutes from first medical contact were prospectively 

enrolled. These patients were followed up to January 2019 for clinical outcomes. Patients 

with documented trauma, acute myocardial infarction, sudden cardiac arrest or cardiac 

surgery within 3 months prior to presentation and those with active malignancies were 

excluded from the study. Patients without a pre-discharge echocardiogram or those with 

limited-to-poor quality echocardiograms were also excluded from the study. The study was 

approved by the Institutional review board of The State University of New York at Buffalo, 

and appropriate informed consent were obtained.

Echocardiographic and Cardiac MRI Measurements

Echocardiographic images were taken by certified sonographers, within the first 72-hours 

from the time of PCI, prior to the hospital discharge. The LV dimensions and volumetric 

measurements were done in the standard transthoracic views. The Synapse Cardiovascular 

(FujiFilm, Valhalla, NY, USA) Software was used to postprocess and interpret the 

echocardiograms.

Cardiac MRI was acquired within 72 hours after echocardiography acquisition. A GE 1.5

T scanner with technical parameters recommended by the manufacturer was used. Scout 

images in coronal, sagittal and axial planes; fast spin-echo (FSE) axial slices; short-axis and 

two, three, and four-chamber steady-state free precession (SSFP) sequences; T2-weighted 

triple-inversion recovery images; T1-weighted FSE sequence, and delayed enhanced images 

7–10 minutes after gadolinium (Omniscan 0.1 mmol/kg) injection were acquired. LV 

dimensions and measurements were performed by using Segment version 3.2 R8531 (http://

segment.heiberg.se), as described previously by our group (18).

Left Ventricular Wall Stress: Both diastolic and systolic left ventricular wall stress were 

calculated using volume and pressure-based parameters with a modified LaPlace’s equation 

adapted by Mirskey et al (19–21). The following equation was used to calculate the left 

ventricular wall stress.

Left V entricular W all Stress(kpa)= P
V lum + V myo

V lum
2 3 − 1

P = Pressure during Diastole or Systole; Vlum= Volume of LV Lumen during Diastole or 

Systole; Vmyo= Volume of Myocardium.

Determination of end-systolic and end-diastolic pressures: The systolic blood 

pressure measured at the time of echocardiogram was used to calculate the systolic wall 

stress. For diastolic wall stress, pulmonary capillary wedge pressure (PCWP), a surrogate 
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of end-diastolic pressure was calculated using the Nagueh’s formula utilizing the E/e’ based 

echocardiographic parameters as described previously (22).

PCW P = 1.24 * (E E′) + 1.9

E = Early mitral inflow velocity; E’ = tissue doppler of the mitral annulus.

Quantification of LV volume: Left ventricular luminal volume was measured using the 

Simpson’s Biplane Method, also recommended by American Society of Echocardiography 

(ASE) (23). Myocardial Volume was calculated using the LV mass and specific gravity of 

the myocardium which was previously reported to be 1.05g/cc.

Myocardial V olume = LV  Mass
Myocardial Density

Quantification of LV mass: Left ventricular mass was calculated using the following 

formula as recommended by the ASE(23):

LV Mass(g) = 0.8{1.04[([LVEDD + IVSd + PWd]3 − LVEDD3)]} + 0.6

LVEDD = LV end diastolic diameter in cm; IVSd = interventricular septal thickness at the 

end of diastole; PWd = Posterior wall diameter at the end of diastole.

Follow-up and clinical outcomes: The primary outcomes for this study was all-cause 

mortality. The secondary outcomes included MACE (defined as cardiovascular mortality, 

stroke and recurrent MI/revascularization). The baseline clinical history and laboratory data 

were obtained by electronic medical records review. The all-cause mortality and MACE 

outcomes were obtained either by telephone interview of the patient or family members, and 

electronic medical records review when applicable.

Statistical Analysis

Results are presented as mean ± SD for continuous variables and as percentage (%) for 

categorical variables. A Chi-square (χ2) test or Fisher exact test and Mann-Whitney U 

or student t-tests were used to compare categorical and continuous variables, respectively 

as appropriate. Logistic regression analysis was performed to establish the predictors of 

all-cause mortality. Variables that were significant in univariate analysis were then used in 

multivariate logistic regression analysis. The odds ratio (OR) and 95% confidence interval 

(CI) were calculated for each independent variable.

To assess the ability of the significant variables to predict all-cause mortality, a receiver 

operating characteristic (ROC) curve was generated. The area under the ROC curve 

(AUC) along with the corresponding 95% confidence interval (CI) is reported. For those 

markers with a significant AUC, optimal cut-points for predicting event were identified. 

For significant predictors obtained from ROC curve, cumulative survival curves were 
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constructed for time to event using the Kaplan-Meier methods and tested for significance 

using log-rank statistics. Agreement between the quantitative measurements of ESWS 

calculated by using Echocardiography and cardiac MRI were presented with Bland-Altman 

plot and correlation analysis. Statistical significance was set at P < 0.05. The statistical 

analysis was performed using JMP pro, version 14 (SAS Inc).

Results

The initial validation of echocardiography-based myocardial wall stress calculation was 

performed in 4 subjects who had also undergone cardiac MRI within 72 hours. The 

graphic representation of the comparative analytical approaches of ESWS calculation using 

echocardiography vs. cardiac MRI are shown in figure 1 (A and B). Echocardiography and 

MRI-based MWS were in agreement with each other (Echocardiography, 14.8±1.9 kPa; 

MRI, 14.7±2.1 kPa).

Despite a small sample size, the correlation analysis showed a strong correlation between the 

echocardiography-based vs. cardiac MRI-derived wall stress parameters (R2=0.92) (Figure 1 

C). Bland–Altman plots showed no systematic outliers or random fluctuations around mean, 

suggesting an agreement among the two different measurements techniques (Figure 1 D)

For our prospective follow-up study, a total of 142 patients who presented with an acute 

STEMI and underwent PCI within the 90 minutes of first medical contact were enrolled 

in this study. Out of 142 patients, 26 were excluded from the study as they did not meet 

the criteria for enrollment and/or inability to calculate myocardial wall stress due to poor 

echocardiographic images. The remaining 116 patients were followed up for an average of 

16.7 (± 12.0) months to assess for all-cause mortality and MACE as outlined in figure 2. 

Upon completion of the follow up, 9% had died and 17% had developed MACE. Among 

the patients who developed MACE, the frequency of CV death, stroke and recurrent MI/

revascularization were at 1.8%, 2.7% and 12.5%, respectively.

Table 1 outlines the baseline clinical characteristics of all the patients and comparisons 

among the surviving and non-surviving groups. Overall, non-survivors were older than 

survivors (non-surviving: 77.30±9.21; survivors: 60.03±12.87; P<0.0001). However, there 

were no statistically significant differences among other baseline characteristics including 

sex, ethnicity and existing medical comorbidities. The ESWS was found to be significantly 

higher in the non-surviving group compared to the surviving group (non-survivor: 

80.00±36.86 vs survivor: 59.28±27.68; P = 0.03). There were no differences in peak 

troponin levels, LV ejection fraction (LVEF) and EDWS measured after myocardial 

infraction, when compared between the survivors and non-survivors.

The incidence of significant left main disease (defined as > 50% stenosis) was higher in the 

non-survivors compared to survivors (non-survivors: 30% vs survivors: 2.70%; P = 0.007). 

There were no differences in the types of coronary intervention, compared between the 

surviving and non-surviving groups.

Univariate analysis to establish the possible predictors for all-cause mortality identified 

age (OR: 1.14, 95% CI: 1.07-1.23, P= 0.0001), ESWS (OR 1.02, 95% CI: 1.00-1.04, 
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P=0.01) and significant left main disease (OR: 14.12, 95% CI: 3.50-56.80, P=0.0002) as 

the independent predictors of mortality (table 2). Receiver operating characteristics (ROC) 

of the variables significant on univariate analysis (age, elevated ESWS and >50% left main 

(LM) disease) are shown figure 3. On multivariate nominal logistic regression including the 

predictors identified on univariate analysis, identified age (OR: 1.16, 95% CI: 1.06-1.31, 

P=0.0002) and ESWS over 62.5 kpa (OR 7.75, 95% CI:1.33-73.86, P=0.008) as the only 

independent predictors for all-cause mortality as shows in Table 3.

Figure 4 shows the Kaplan Meir survival plot showing elevated ESWS greater than 62.5 

kpa to be associated with increased mortality long-term follow-up (log rank: 5.73, p=0.01). 

Figure 5 shows the distribution of ESWS at various ranges of LVEF. In particular, the 

non-survivors with only mildly reduced LVEF had very high LV ESWS (> 62.5 Kpa). 
Univariate analysis for MACE outcome did not identify independent predictors of long-term 

outcomes as shown in supplemental table 1.

Discussion

This goal of this study was study was to validate new echocardiogram derived wall stress 

parameters for the long-term risk-prediction of cardiac deaths in patients with ischemic 

cardiomyopathy. Our study shows elevated ESWS to be associated with increased mortality 

in patients who underwent primary PCI after STEMI. We found that an elevated ESWS of 

greater than 62.5 kpa is associated with eight-fold higher odds of mortality compared to 

those with ESWS of less than 62.5 kpa.

Acute ischemia results into hemodynamic alteration and progressive changes of myocardial 

geometry and function. In pre-clinical models, an acute ischemic insult results in substantial 

increase in the myocardial systolic wall stress at the infarcted region (24). This increase 

in systolic wall stress was also found to be associated with increased expression of matrix 

metalloproteinase-9, higher macrophage density and increased collagen content (24). The 

increase in systolic wall stress was sustained and progressive for up to three weeks following 

the infarction. Earlier studies have also found strong association between left ventricular 

wall stress and subsequent development of heart failure (16, 17). However, change in wall 

stress in relation to the prognostication and risk stratification after acute MI was not well 

studied. We have found no other studies that have comprehensively examined myocardial 

wall stress in relation to increased mortality in patients with had undergone PCI after acute 

MI.

Currently, limited imaging-based data are available to risk-stratify post-STEMI patients 

for long-term clinical outcomes, including the follow-up beyond hospital discharge. Our 

analyses show that elevated ESWS is associated with poor long-term survival. ESWS 

enhances the predictive utility when combined with other clinical covariates, including 

age and the extent of coronary artery stenosis. Our previous clinical study published 

in 2018 identified elevated EDWS as one of the independent predictors of MACE after 

acute MI (1). The results from the current study, which has larger sample size and longer 

follow-up interval, suggest that elevated diastolic wall stress is not able to discriminate the 

long-term prognosis but may still be relevant at an early stage following STEMI. Taken 
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together, the diastolic wall stress may represent the acute ischemic response, and myocardial 

stunning that persists for a few weeks after acute MI despite a successful PCI. However, 

long-term, there are progressive changes in the LV geometry and function, in particular, 

the intracavitary sub-endocardial wall thinning which leads to elevated ESWS. Our study 

emphasizes the importance of further studying these unique echocardiography-based metrics 

in larger longitudinal studies.

There has been substantial improvement in the last decade in acute care of the STEMI with 

goal to reduce the infract size with early aggressive PCI, introduction of potent antiplatelet 

therapies and advancement in intervention techniques and technologies(25). However, 

after successful emergent PCI, risk stratification and prognostication still remain to be a 

challenging task. LVEF still is the main clinical prognostication tool in the contemporary 

practice (26, 27). Increased mortality and higher risk of sudden cardiac death are reported 

in patients with severely reduced LVEF. However, when LVEF is normal or mildly reduced, 

its discrimination power is poor (28, 29). Besides, the current approaches used in the 

measurement of the LVEF continues to be subjective, with inter-observer variability as high 

as 14%. In our study, LVEF was not an independent predictor for mortality. This could be 

due to relatively preserved LVEF in our patient population likely from timely intervention 

with relatively small infract zone. Besides, in patients with normal or mildly reduced LVEF, 

ejection fraction may not be a strong discriminator for mortality. Importantly, we found that 

patients with mildly reduced LVEF with significantly elevated ESWS had higher mortality. 

Although the odds of mortality risk could not be initially discriminated by the LVEF alone, 

use of an additional parameter (ESWS > 62.5 Kpa), clearly discerned the higher odds of 

mortality during follow-up.

The findings of our study need to be considered in light of some limitations. Our sample size 

for STEMI population was only modest, whereas the comparative analysis of ESWS using 

echocardiography vs. cardiac MRI was performed in only 4 patients. The quantification 

of myocardial wall stress can be affected by accurate measurement of the interventricular 

septum and posterior wall thickness. Additionally, myocardial wall stress is relatively 

dynamic variable and values may vary depending on the time and circumstances of 

measurement. In particular, other determinants of clinical outcomes after STEMI including 

infarct size, time-to-reperfusion and echocardiography-based global longitudinal strains 

were not included in the multivariate analysis. Additionally, wall stress was calculated 

within the first 72 hours post PCI which is within a feasible pre-discharge timeframe from 

the clinical standpoint.

Conclusion

This study has important clinical implications in patients with ischemic cardiomyopathy. We 

report that elevated end-systolic wall stress is associated with increased long-term mortality 

in patients who underwent emergent PCI for STEMI. To date, there are no other reliable 

echocardiographic variables to risk stratify post-ischemic changes of myocardial wall sress. 

We believe that left ventricular wall stress will provide a better and reliable risk stratification 

tool by taking in to account multiple indices of myocardial geometry and function. As 

mentioned above, left ventricular wall stress can be calculated simply from transthoracic 
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echocardiography, which is a routinely performed study in these patients. Therefore, this 

study will allow us to risk stratify patients using a simple routine test and tailor treatment 

plan based on their risk status.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Analytical approaches for the comparison of end-systolic wall stress calculated by 
echocardiogram vs. cardiac MRI.
A. Representative echocardiography picture of a patient. B. Representative cardiac MRI 

picture of the same patient. MRI and echocardiographic acquisitions were obtained within 

the same day (3-hour apart). C. Dot plots showing the correlation between the ESWS 

calculated by echocardiography vs. cardiac MRI. D. Bland-Altman plot comparing the 

differences between the echocardiography vs. cardiac MRI-derived ESWS plotted against 

the averages of the two techniques.
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Figure 2: Overview of the research protocol.
STEMI, ST elevation myocardial infraction
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Figure 3: Receiver operating characteristics of the variables significant on univariate analysis.
Combined AUC: 0.89; Age only: 0.86; Elevated ESWS>62.5 only: 0.73, LM disease only: 

0.58; ESWS-End systolic wall stress, LM-left main.
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Figure 4: Kaplan Meier Survival plot of patients with and without elevated ESWS (>62.5 Kpa)
ESWS-End systolic wall stress.
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Figure 5: Distribution of ESWS based on the LVEF among Survivors and Non-Survivors
ESWS-End systolic wall stress, LVEF- Left ventricle ejection fraction.
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Table 1:

Baseline clinical characteristics among survivals and non-survivals

Parameters All Patients (n=116) Surviving (N=106) Non-surviving (N=10) P value

Clinical characteristics

Age, years 61.3 ± 13.5 60.0 ± 12.9 77.3 ± 9.2 <0.0001

Female, % 32 29.5 60 0.07

Whites, % 92 93.8 80 0.12

HTN, % 52 49.1 80 0.09

DM, % 24 22.3 40. 0.24

Smoking, % 62 62.2 60 1.00

CHF, % 5.1 5.4 0 1.00

CAD, % 18 16.1 40 0.08

Meds

ASA, % 28 25.9 50 0.13

Statin, % 34 33 60 0.16

BB, % 24 21.4 40 0.23

ACEi/ARB, % 28 25.9 50 0.13

Diuretics, % 9 8.9 10 1.00

Labs

Peak Troponin, ng/ml 104.9 ± 127.0 106.1 ± 131.6 105.5 ± 82.2 0.47

Anterior STEMI on ECG, % 38 40.5 20 0.31

Echocardiogram

LVEF, % 50.0 ± 12.0 50.4±11.9 45.6 ± 12.4 0.24

LVEF < 35%, % 14.6 20.0 14.15 0.63

EDWS, Kpa 12.5 ± 6.5 12.3 ± 6.3 14.6 ± 9.1 0.34

ESWS, Kpa 60.9 ± 28.9 59.3 ± 27.7 80.0 ± 36.9 0.03

LV EDV, ml 92.9 ± 41.3 92.8 ± 40.7 93.2 ± 48.9 0.97

LV ESV, ml 47.9 ± 34.7 47.4 ± 35.16 54.2 ±30.7 0.55

LV SV, ml 44.9 ± 17.9 45.5 ± 17.2 39.0 ± 24.5 0.27

Coronary Angiogram

PCI of:

LAD, % 43 44.4 30 0.81

LCx, % 9 8.3 10

RCA, % 44 42.6 60

3 Vessel dis, % 24 23.4 30 0.70

>50% LM stenosis, % 5.1 2.8 30 0.007

LV EDP, mmHg 21.9 ± 8.0 22.2 ± 7.9 19.5 ± 8.4 0.34

LV SP, mmHg 119.8 ± 17.5 118.9 ± 16.5 129.8 ± 25.5 0.06

Outcomes

Hospital LOS, hrs 96.8 ± 137.2 96.4 ± 142 101.7 ± 46.7 0.15
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Parameters All Patients (n=116) Surviving (N=106) Non-surviving (N=10) P value

MACE, % 17 16.5 30 0.37

HTN, hypertension; DM, diabetes mellitus; CHF, congestive heart failure; CKD, chronic kidney disease; STEMI, ST-elevation myocardial 
infarction; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker; EDWS, end-diastolic wall stress; ESWS, end
systolic wall stress; LVEF, left ventricular ejection fraction; PCI, percutaneous intervention; LOS, length of stay; MACE, major adverse cardiac 
events. LV SV, LV stroke volume; LV EDV, LV end-diastolic volume; LVEDP, LV end-diastolic pressure; LVSP, LV systolic pressure.
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Table 2:

Univariate logistic regression analysis for all-cause mortality

OR 95 % CI P value

Clinical parameters

Age, per unit change 1.2 1.1 - 1.2 <0.0001

Female 2.9 0.8 - 10.4 0.09

AA vs Whites 3.3 0.7 - 15.5 0.13

HTN 3.6 0.8 - 16.9 0.10

DM 2.0 0.6 - 7.2 0.27

CAD 3.2 0.9 - 11.3 0.07

Smoking 0.7 0.2 - 2.6 0.61

CHF 1.6 0.7 - 3.6 0.30

Medications

ASA 2.4 0.7 - 8.5 0.15

Statin 2.9 0.8 - 10.1 0.10

BB 1.1 0.5 - 6.3 0.80

ACEi/ARB 2.2 0.6 - 7.6 0.21

Diuretics 1.2 0.1 - 9.3 0.87

Echocardiogram

LVEF, per unit change 0.9 0.9 - 1.0 0.15

LVEF <35% 1.5 0.3 - 7.8 0.61

ESWS, per unit change 1.0 1.0 - 1.0 0.01

EDWS, per unit change 1.0 0.9 - 1.1 0.38

LV SV, per unit change 0.9 0.9 – 1.0 0.27

LV EDV, per unit change 1.0 0.9 – 1.0 0.97

Coronary Angiogram

3 Vessel dis, % 1.6 0.4 - 6.3 0.48

>50% LM stenosis 14.1 3.5 - 56.8 0.02

Proximal LAD stenosis 0.5 0.1 - 2.6 0.43

LVEDP, per unit change 0.9 0.8 - 1.0 0.34

LVSP, per unit change 1.0 0.9 - 1.1 0.06

AA, African American; HTN, hypertension; DM, diabetes mellitus; CHF, congestive heart failure; CKD, chronic kidney disease; STEMI, 
ST-elevation myocardial infarction; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker; EDWS, end-diastolic wall 
stress; ESWS, end-systolic wall stress; LVEF, left ventricular ejection fraction; LM, left main; LAD, left anterior coronary artery; LV SV, LV stroke 
volume; LV EDV, LV end-diastolic volume; LVEDP, LV end-diastolic pressure; LVSP, LV systolic pressure.
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Table 3:

Multivariate logistic regression analysis for all-cause mortality

Parameters OR 95 % CI P value

Age, per unit change 1.2 1.1 - 1.3 0.0002*

ESWS (>62.5 Kpa) 7.8 1.3 - 73.9 0.008*

>50% LM disease 5.7 0.3 - 108.4 0.22

ESWS, end-systolic wall stress; LM, left main.

*
statistically significant
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