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Introduction 

Background 
Coronary heart disease is a major cause of 

death and disability in developed countries.1 

Morbidity and mortality following acute 

myocardial infarction (AMI) are closely 

related to infarct size and location.2-4 

Reperfusion therapy by thrombolysis or 

primary percutaneous coronary intervention 

(PCI) salvages viable myocardium and 

preserves left ventricular (LV) function by 

reduction of LV infarct size.5 Evaluation of 

the degree of myocardial injury as a result of 

myocardial necrosis in the acute phase of 

ST-segment elevation myocardial infarction 

(STEMI) may be of clinical importance to 

guide further revascularization and add 

important diagnostic and prognostic 

information in these patients. The goal of 

risk stratification after AMI is to identify 

patients whose outcomes can be improved 

through specific medical interventions.6 

Contrast-enhanced cardiac magnetic 

resonance (ceCMR) is considered as the gold 

standard for assessment of final LV infarct 

size.3,7 However, these examinations are 

time-consuming, expensive and not readily 

available in the emergency room. 

Echocardiographic techniques are easily 

accessible and may be used as bedside tools 

to study regional and global function in 

AMI. Left ventricular ejection fraction 

(LVEF) measured by echocardiography 

during initial hospitalization is a well-

established marker of LV global function 

and predicts short- and long-term morbidity 

and mortality in patients with AMI.8 Direct 

visualization of wall motion in myocardial 

segments may describe both regional and LV 

global function, but is observer dependent 

and subject to significant variability.9 

Measurement of myocardial deformation by 

strain has emerged as a promising tool to 

evaluate normal and ischemic myocardium 

in order to evaluate regional and LV global 

function. Global strain based on tissue 

Doppler imaging has been shown to 

correlate well with LV infarct size as 

measured by ceCMR.10 In this study global 

strain had a better correlation with LV 

infarct size as compared to LVEF and may 

challenge LVEF as a parameter of LV injury 

in patients with AMI. However, a challenge 

with strain measurements has been the lack 

of uniformity in the way strain is measured. 

Strain has been presented as peak systolic 

strain, end systolic strain and peak negative 
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strain, and it is unclear which of these strain 

measurements should be preferred. In 

addition, strain may be measured by speckle 

tracking and the relationship between 

different strain methods and LV infarct size 

needs to be further explored. We therefore 

sought to clarify the diagnostic capability 

and reproducibility of strain by Doppler and 

by speckle tracking to predict final LV 

infarct size. Furthermore, we investigated 

whether global strain could predict clinical 

events as compared to LVEF. 

 

Myocardial Infarct Sizing 
In animal and post-mortem studies, LV 

infarct size can be verified by 

histopathology. The most widely and precise 

used technique for measurement of LV 

infarct size in experimental models is 

staining by triphenyl tetrazolium chloride 

(TTC).11 In clinical studies, there are several 

techniques available for the evaluation of LV 

infarct size after AMI. Electrocardiogram 

(ECG) is available in the acute phase and is 

easily repeatable. Electrical properties are 

different in normal and infarcted 

myocardium, and infarct sizing can be 

assessed using Selvester QRS Scoring 

System.12 However, the ECG has limited 

ability to resolve small differences in LV 

infarct size. ST-segment elevation score has 

demonstrated only modest correlation to LV 

infarct size.13 Biochemical infarct sizing is 

based on the correlation between the amount 

of damaged myocardium and release to the 

blood pool of specific markers of cardiac 

necrosis. Peak values correlate to LV infarct 

size, but the accuracy depends on correct 

timing of the blood sampling in relation to 

the ischemic event.2 Measurement of 

troponin T after 72 hours is closely related to 

LV infarct size, but limits its use in the acute 

phase of AMI.14,15 

A number of imaging techniques are 

potentially available for the measurement of 

LV infarct size and have been evaluated and 

compared to TTC staining with good results. 

Retention of radioactive tracers in viable 

myocytes are utilised in single photon 

emission computed tomography (SPECT). 

The final perfusion defect can be used to 

measure LV infarct size. There is a close 

association between LV infarct size 

measured by SPECT imaging and 

measurements that have been traditionally 

used to assess LV infarct size in clinical 

medicine, including LVEF, end-systolic 

volume, regional wall motion, enzyme 

release and resting thallium-201 myocardial 

perfusion imaging.2 Positron emission 

tomography (PET) is based on visualization 

of viable non-infarcted myocardium due to 
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preserved glucose metabolism. Infarcted 

myocardium measured by ceCMR, is 

visualized due to retention of contrast agent 

in the infarcted tissue (Figure 1). LV infarct 

size is precisely measured by ceCMR which 

also predicts recovery of function after 

revascularization and after AMI.2 In 

addition, ceCMR provides information on 

the surrounding anatomy and the spatial 

resolution of ceCMR is superior to that of 

SPECT and PET. CeCMR is therefore the 

most widely used technique to measure LV 

infarct size in clinical studies. However, 

these techniques are not readily available 

bedside and their use therefore limited. Thus, 

there is a need for improved bedside tools to 

increase the precision of predicting LV 

infarct size. Echocardiography may be one 

such method. 

 

 
Figure 1: Scar visualization by contrast-

enhanced cardiac magnetic resonance 

(ceCMR). Hyperenhanced area shows the 

scar in an anterior and septal myocardial 

infarction. 

LV Function and Prognosis 

after Acute Myocardial 

Infarction    
The benefit of echocardiography has been 

demonstrated in establishing the diagnosis, 

location and extent of myocardial infarction. 

In particular, echocardiography is useful for 

assessment of prognosis and risk 

stratification.16 The echocardiographic 

scanners are widely distributed mainly due 

to its low cost and safe bedside modality.  

LV systolic function is most 

commonly assessed by echocardiographic 

LVEF and is an important predictor of 

outcome.17,18 LVEF guides further treatment 

after primary reperfusion is established.19,20 

This method is calculated as a relative 

volume reduction during systole and is 

suitable for normally shaped left ventricles. 

However, the measurement of LVEF 

presents a number of challenges related to 

image quality, assumptions of LV geometry 

and expertise.21 Ischemic injuries of the LV 

are regional, and LVEF does not provide 

information on segmental LV function. In 

addition, LVEF by echocardiography is 

limited by high observer variability and poor 

agreement with reference methods mainly 

because of load dependency and technical 

challenges.22-24 In some studies wall motion 
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score index has been shown superior to 

LVEF in predicting outcome after AMI.25-27 

An advantage of wall motion evaluation is 

determination of regional function in 

myocardial segments and may be accurate 

when the observer is experienced. Visual 

assessment has, however, limited ability to 

detect more subtle changes in function and 

more objective and reliable approaches are 

thus needed for an accurate description of 

LV injury in patients with AMI. 

 Myocardial strain by Doppler has 

been shown superior to wall motion score 

index and post-systolic shortening in the 

diagnosis of myocardial ischemia and the 

detection of viable myocardium.28-30 Strain 

determines regional myocardial function and 

can be measured by Doppler or speckle 

tracking. Both methods have been validated 

against sonomicrometry in experimental 

studies of acute myocardial ischemia,31,32 

and by different cardiac magnetic resonance 

techniques in patients with ischemic heart 

disease,30,33-35 and are prominent tools in the 

evaluation of myocardial injury.36,37 Strain 

represents fractional or percentage change of 

tissue length and is expressed as a 

dimensionless unit either as percent 

shortening or lengthening. Lagrangian strain 

is tissue elongation relative to length at end 

diastole and is commonly used, but Eulerian 

strain (the instantaneous length) is also used. 

A positive strain value represents 

lengthening as a result of myocardial injury, 

whereas a negative value represents 

shortening as a result of active contraction. 

Determination of lengthening or hampered 

shortening may be used to predict degree of 

injury as a result of ischemia and necrosis.  

The two strain methods are based on 

different principles and can potentially give 

different results. Strain by Doppler is limited 

to the measurement of movement parallel to 

the ultrasound beam. The method is time-

consuming and requires specific imaging 

protocols. Strain by speckle tracking may be 

measured independently of angle and 

measures regional deformation in 

circumferential and longitudinal directions 

of the LV (Figure 2a and b). Such 

measurements may add important 

information in the separation of 

subendocardial from transmural necrosis. 

This method is based on natural acoustic 

markers (speckles) in gray-scale images. 

Dedicated software identifies the speckle 

patterns, and the strain curves reflect the 

average value of all the acoustic markers in 

each segment.  
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Figure 2a: Circumferential strain by speckle tracking from parasternal short-axis view from 
a patient with acute anterior myocardial infarction. Myocardial strain curves illustrate 
systolic lengthening and reduced shortening in the anterior myocardial wall (red, yellow and 
light blue curves). 
 

 
Figure 2b: Longitudinal strain by speckle tracking from apical long-axis view from a patient 
with acute anterior and septal myocardial infarction. Myocardial strain curves correspond to 
the segments from the apical long-axis view. The apical and septal segments show reduced 
systolic strain values. 
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Determination of deformation has 

been expressed as peak systolic, end systolic 

or peak negative strain.10,38 Thus, there is no 

consensus on which part of the strain curve 

best reflects actual deformation. It is 

therefore of interest to identify the preferred 

determination of strain. Furthermore, it is not 

clear whether strain by Doppler or strain by 

speckle tracking should be preferred in 

patients with acute STEMI to estimate final 

LV infarct size.  

Global strain by both Doppler and 

speckle tracking has been shown to be an 

improved method for evaluation of LV 

function and injury compared with two-

dimensional LVEF by 

echocardiography.10,21,39 Recently, Stanton 

and co-workers21 demonstrated that global 

strain may predict all-cause mortality with 

improved quality compared to LVEF in an 

unselected patient population. However, 

global strain and LVEF by echocardiography 

has not been compared directly in patients 

with AMI with a focus on prediction of LV 

infarct size, clinical cardiac outcome and 

reproducibility. The present thesis aimed to 

investigate these issues. 
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Aims of the Thesis 

General Aim: 
To investigate the ability of strain to predict myocardial necrosis, LV function and clinical 

cardiac outcome in patients with acute STEMI. 

 

Specific Aims: 
I. To investigate whether strain by Doppler or by speckle tracking should be preferred in 

acute STEMI to predict final LV infarct size measured by ceCMR and to study at which 

time during the cardiac cycle strain should be measured (Paper Ι). 

 

II. To determine the relationship between segmental infarct size and segmental strain in 

anterior and inferior myocardial infarction and the ability of strain to separate 

subendocardial from transmural necrosis (Paper І). 

 

III. To determine at which time during initial hospitalization global strain should be measured 

for the optimal prediction of final LV infarct size in patients with AMI (Paper ІІ). 

 

IV. To compare the ability of global strain and LVEF to predict LV infarct size and cardiac 

events in patients with acute STEMI (Paper ΙΙ and ΙΙΙ). 
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Patient Population

The thesis is based on data from a 

prospective study of 77 consecutive patients 

(age 64 ± 12 years, 18 women) with first 

time acute STEMI treated with thrombolysis 

(Table 1). Patients were examined with 

echocardiography within 3.5 hours after 

treatment with thrombolysis and either at 

discharge or the first visit after discharge. No 

patients were excluded due to poor image 

quality. Twenty-nine patients were studied in 

all three papers. The third paper reports on 

all the patients. The first paper included 36 

patients with both tissue Doppler and gray-

scale images. In paper П, 39 patients were 

examined by ceCMR between 6 and 23 

months after discharge. Coronary 

angiography was performed 31 ± 46 hours 

after thrombolysis. None of the patients had 

significant valve disease, arrhythmia or 

history of myocardial infarction. 

 

Parameters Results 

Age (years) 64 ± 12 

Male sex 59 (77%)  

Diabetes  6 (8%)  

Hypertension  26 (34%)  

Smoking status   39 (51%)  

Anterior infarction 35 (46%)  

Inferior infarction 42 (54%) 

Time of ischemia (minutes) 177 ± 141 

Systolic BP (mmHg) 139 ± 26 

Heart rate (per minute) 74 ± 19 

 
Table 1: Clinical characteristics of the patients during acute STEMI (n = 77). Values are 

numbers (percent) or mean ± SD, BP = Blood Pressure, STEMI = ST-segment elevation 

myocardial infarction, Time of Ischemia = Time from symptom onset to start thrombolysis. 
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Methods 

Echocardiography 
Examinations were performed with a digital 

ultrasonic device system (Vivid 7, GE 

Vingmed Ultrasound, Horten, Norway). The 

patients were examined in left supine 

position using the parasternal short-axis at 

the papillary muscle level and apical 4-

chamber, 2-chamber and long-axis views of 

LV. Great care was taken to obtain high-

quality echocardiographic recordings of all 

LV walls. Three consecutive cardiac cycles 

were stored during breath-hold. All 

recordings were stored digitally. In all 

patients, tissue Doppler images (TDI) were 

obtained with a frame rate of 152 ± 8 

frames/s. Gray-scale images were obtained 

with a frame rate of 76 ± 2 frames/s in paper 

І and 67 ± 15 frames/s in paper ІІ. Patients 

were examined in the acute phase 2 hours 

after admission and at discharge or the first 

visit after discharge (10 ± 5 days). 

 

Image Analysis 

Exploration time was measured to determine 

the time needed to perform the analyses of 

global peak systolic strain by speckle 

tracking (paper ΙΙ), global peak negative 

strain by Doppler (paper ΙΙΙ) and to assess 

LVEF (paper ΙΙ and ΙΙΙ). 

 

Strain 

Echocardiographic recordings were analyzed 

with Echopac (GE Vingmed Ultrasound, 

Horten, Norway). A 16-segment LV model 

was obtained from the apical 4-chamber, 2-

chamber and long-axis recordings. In 

addition, in the first paper, 6 segments were 

analyzed from parasternal short-axis gray-

scale recordings.40 Peak systolic strain was 

defined as the peak positive or peak negative 

strain value during systole. End systolic 

strain was defined as the magnitude of 

deformation at the time of aortic valve 

closure (AVC) in the apical long-axis view, 

and peak negative strain was the maximum 

negative strain value during systole or early 

diastole (Figure 3). Post-systolic shortening 

was calculated as the difference between 

deformation after AVC and end systolic 

strain. In addition, strain values from 16 

apical segments of the LV were averaged to 

assess global strain. 
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Figure 3: Representative strain curve from apical 4-chamber view with electrocardiogram from 

a segment with transmural infarction illustrated by Doppler, showing measurements of peak 

systolic, end systolic and peak negative strain. The differences between peak systolic strain, end 

systolic strain and peak negative strain as seen in segments with large infarcts where there is 

systolic bulging and post-systolic shortening. This pathologic strain curve (yellow) is compared 

with a normal strain curve (green). 

 

 

The different segmental longitudinal 

strain assessments (peak systolic, end 

systolic and peak negative strain by Doppler 

and by speckle tracking) were compared 

with the corresponding segmental infarct 

size measured by ceCMR. 

 

Strain by Doppler  

Three myocardial longitudinal strain curves 

were obtained in the basal part of each 

segment from the TDI recordings, using a 

region of interest of 6 x 6 mm, which was set 

as a default. Measurements were obtained 

from one of three consecutive cardiac cycles. 
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The velocity signal was optimized, including 

avoidance of reverberation artefacts, and the 

region of interest was tracked frame by 

frame. Segments that were poorly visualized, 

with aliasing on tissue velocity, or with 

insonation angle > 30°, were excluded. 

Global strain was calculated as an average of 

strains from 16 LV segments. 

Strain by Doppler was used in Paper 

Ι and Paper ΙΙΙ. Since this strain method was 

the only commercially available method at 

the start of inclusion in our study, we 

analyzed global peak negative strain, as 

previously reported by Vartdal et al.10 

Global strain by Doppler was compared to 

LVEF to predict outcome in the whole study 

group in paper ΙΙΙ.  

 

Strain by Speckle Tracking 

The new two-dimensional strain software 

identified the endocardial border, and 

myocardial motion was automatically 

tracked in each gray-scale imaging view. 

Segmental longitudinal and circumferential 

strain curves reflected the average strain 

value of all the acoustic markers within each 

segment. In segments with poor tracking, the 

observer readjusted the endocardial trace 

line until a better tracking score was 

achieved. If this was not possible, the 

segment was excluded. 

Strain by speckle tracking was used 

in Paper Ι and ΙΙ. Peak systolic strain by 

speckle tracking was assessed in Paper ΙΙ 

due to the conclusion from Paper Ι. From the 

16-segment LV model, territorial peak 

systolic strain was defined as an average of 

segmental strains based on the perfusion 

areas of the 3 major coronary arteries.40,41 

The angiographic culprit lesion was used to 

guide the culprit territorial peak systolic 

strain. Global strain was calculated as an 

average of strains from 16 LV segments. In 

addition, time to peak strain was measured 

from the aortic valve opening to peak 

negative strain. 

 

Left Ventricular Ejection Fraction  

LVEF by echocardiography was assessed by 

the modified biplane Simpson’s method 

from apical 4- and 2-chamber gray-scale 

recordings. End-diastole was defined as the 

frame closest to the R-wave, and end-systole 

was defined as the minimal cavity area just 

before mitral valve opening. According to 

the recommendations of the American 

Society of Echocardiography, the inner 

contour of the LV cavity was manually 

traced, leaving the papillary muscles and 

trabeculations within the cavity.42 

In paper Ι, LVEF was reported for 

description of the patient population. In 
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paper ΙΙ and ΙΙΙ, LVEF was compared to 

global strain as a major part of the study. 

 

Wall Motion Score and Wall Motion 

Score Index  

An experienced observer, blinded for patient 

information, assessed visually wall motion 

score (WMS) in a 16-segment model 

according to the American Society of 

Echocardiography criteria.43 The observer 

evaluated image quality and segments were 

discarded if the quality was found 

insufficient for analysis. Wall motion score 

index (WMSI) was calculated by dividing 

the total score by the number of segments 

analyzable. WMS was related to segmental 

infarct size by ceCMR in paper ΙΙ. WMSI 

was compared to LVEF and global strain as 

predictors of outcome in paper ΙΙΙ.  

 

Contrast-enhanced Cardiac 

Magnetic Resonance  
CMR is regarded the gold standard for 

cardiac deformation and scar imaging due to 

its high spatial resolution, excellent 

reproducibility and ability to visualize even 

small subendocardial infarctions. ceCMR 

was therefore chosen as the reference 

method for measurements of LV infarct size 

in paper Ι and ΙΙ. This is an expensive and 

time-consuming examination, and the 

method is sensitive to motion artefacts 

caused by breathing, irregular heart rhythm, 

tremor or restlessness. Care was taken to 

inform and calm the patients and to 

appropriately instruct patients during 

sequences requiring breath-hold. 

 Patients were scanned in a supine 

position by a 1.5-T whole-body scanner 

(Intera R 10.3 Philips Medical Systems, 

Best, the Netherlands) using a dedicated 

cardiac coil. The images were ECG-gated 

and obtained during breath-hold. Myocardial 

mass was obtained by a steady-state free 

precession technique (balanced fast field 

echo) covering the LV with 10 to 14 

contiguous slices (8-mm thickness, 2-mm 

gap). Late-enhancement images were 

acquired 10 to 15 min after administration of 

0.25 mmol/kg of a gadolinium-based 

contrast agent, using an inversion-recovery-

prepared T1-weighted gradient-echo 

sequence covering LV with 10 to 14 

contiguous slices (10-mm thickness, 0-mm 

gap). Inversion time was individually 

adapted aiming to null normal myocardium 

(typically 200-300ms). To aid the 

assessment of apical portions of the 

ventricle, six images were recorded with 30º 

separation through the long axis of the LV. 

Similar density (1.05 g/cm ) was assumed 
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for both hyperenhanced and non-

hyperenhanced myocardium. 

Post-processing was performed with 

the View Forum Software (Philips Medical 

Systems) by one observer blinded for patient 

information. LV mass and volumes (LV end-

diastolic volume [LVEDV] and LV end-

systolic volume [LVESV]) were determined 

using short-axis volumetry. LVEF by 

ceCMR was calculated as (LVEDV-

LVESV) / LVEDV and used in paper ΙΙ. For 

the segmental assessment of the LV, a 16 

segment model was used.40 LV infarct size 

was expressed as percentage of late 

enhanced area of total myocardium for each 

LV segment, and the segments were divided 

into three groups on the basis of the extent of 

myocardial infarction (no infarction, 1% to 

50% necrosis of the segment, and 51% to 

100% necrosis of the segment). The total LV 

infarct size was reported as the percentage of 

total LV mass. To investigate the ability of 

global strain and LVEF to diagnose large 

infarctions, the patients were divided into 

groups depending on the LV infarct size 

(small infarctions < 20% LV infarct size and 

large infarctions > 20% LV infarct size).    

 

Feasibility 
All patients included had sufficient image 

quality for analysis of strain by Doppler. 

Some segments were not possible to analyze. 

Summarizing the results from all the 

patients, the feasibility of strain by Doppler 

was 96% (1188 of 1232 segments) in the 

acute phase of AMI and 95% (1079 of 1136 

segments) after ten days. Gray-scale images 

were not initially systematically obtained 

since strain by Doppler was the only 

commercially available method at the start of 

inclusion. In paper І, the feasibility of 

longitudinal strain by speckle tracking was 

93% (538 of 576 segments) in the acute 

phase and 91% after ten days. In the short 

axis, the feasibility of circumferential strain 

by speckle tracking was 90% (194 of 216 

segments) and 84%, respectively. Infarct 

size was analyzed in all (624) LV segments 

by ceCMR in paper П. 

 

Reproducibility 
Strain and LVEF were determined by two 

independent observers blinded for the others 

results. In paper І, strain by Doppler and by 

speckle tracking was analyzed in 20 

randomly selected patients by two 

independent observers.  

In paper ІІ, LVEF and 320 segments of 

strain by speckle tracking was analyzed in 

20 randomly selected patients by two 

independent observers. In paper ІІІ, we used 

the results of LVEF from paper ІІ and two 
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independent observers analyzed the 

corresponding 20 patients by strain by 

Doppler. 

 

Follow-up 
Clinical endpoints were registered as 

significant cardiac first time events and 

reported in paper ІІІ. Endpoints were defined 

as cardiac death, re-infarction and 

hospitalization for heart failure, unstable 

angina or life threatening arrhythmia as 

previously described by Galasko et al.26 

Planned procedures such as revascularization 

of a non-culprit coronary artery were not 

considered as a cardiac event. Re-infarction 

was defined based on established criteria for 

the diagnosis of AMI. Heart failure was 

defined as new onset or worsening of 

clinical heart failure. Unstable angina was 

defined as new clinical unstable angina 

pectoris according to Braunwald’s criteria.  

 

Statistical Methods 
Data were presented as mean values with 

standard deviations (SD). In paper І and ІІ, 

the paired nominal data were evaluated by 

McNemar tests calculated by exact methods 

and segment-wise analyses were 

uncorrected. Paired Student t tests were used 

to compare the changes from the acute phase 

to ten days in LVEF and global strain. 

Independent samples t tests were used to 

compare anterior and inferior infarctions 

(paper ΙΙΙ). The segmental infarct size by 

ceCMR was compared with the 

corresponding segmental strain values and 

wall motion scores using analysis of 

variance with the post hoc Scheffe test. 

Receiver operating characteristic 

(ROC) curves were constructed, and areas 

under the curves were measured to 

determine cut-off values for optimal 

sensitivity and specificity for segmental and 

global peak systolic strain and LVEF to 

diagnose large infarcts as defined. Due to the 

prognostic value of infarct size, segmental 

cut-offs were set to identify transmural 

necrosis (infarct size > 50%) in paper І and 

global cut-offs were set to identify large LV 

infarctions (infarct size > 20%) in paper І 

and ІІ. In paper ІІІ, ROC curve was 

constructed to determine cut-off value of 

LVEF for optimal prediction of outcome. 

ROC curves for LVEF and global strain 

were compared according to the method 

described by Hanley and McNeil 44 using 

dedicated software (Medcalc v.10.4, 

Mariakerke, Belgium). 

 The correlation between each LV 

parameter and total LV infarct size or LVEF 

measured by ceCMR was analyzed by linear 
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regression. Linear regression was also used 

to calculate the value of global strain which 

corresponds to LVEF 44% (Y (global strain) 

= B0 (-7.547) + B1 (-0.184) x X (LVEF)). 

The correlation coefficient between LVEF 

and global strain was calculated in the acute 

phase and after ten days in all patients as 

well as separate for patients with anterior 

and inferior infarctions (paper ΙΙΙ). In paper 

І, multivariate regression analyses were 

performed to compare segmental or global 

strain and to find the best time during the 

cardiac cycle for estimating final LV infarct 

size. In paper ІІ, multivariate regression 

analyses were performed for global strain 

and LVEF in the acute phase and after 

revascularization to test which of the 

parameters were best in predicting LV 

infarct size. Multivariate logistic regression 

analyses were used to assess the prognostic 

impact of global strain, LVEF and WMSI in 

paper ІІІ.  

Event free survival was analyzed by 

means of Kaplan-Meier survival curves, and 

the differences between groups were 

assessed by log-rank tests (paper ΙΙΙ). 

Reproducibility was calculated as intraclass 

correlation coefficient. P < 0.05 was 

considered statistically significant with the 

exception of logistic regression analyses 

where p < 0.10 was considered significant.  

 

 



23 
 

Summary of Results

Paper I 
Diagnostic Capability and Reproducibility 

of Strain by Doppler and by Speckle 

Tracking in Patients with Acute 

Myocardial Infarction 

In 36 patients with STEMI, we investigated 

the ability of strain by Doppler and by 

speckle tracking echocardiography assessed 

in the acute phase to diagnose LV infarct 

size measured by ceCMR and studied at 

which time during the cardiac cycle strain 

should be measured. The different segmental 

longitudinal strain assessments (peak 

systolic, end systolic and peak negative 

strain) separated significantly (p < 0.0001) 

between the different levels of infarct 

transmurality regardless of method, with 

better reproducibility for strain by speckle 

tracking. Segmental circumferential strain 

separated subendocardial from transmural 

necrosis better than longitudinal strain. With 

a cut-off value of -13.3% for segmental 

circumferential strain, sensitivity was 80% 

and specificity was 74% for prediction of 

transmural infarction. When using a 

multivariate regression analysis, segmental 

peak systolic strain by speckle tracking 

correlated significantly with segmental 

infarct size measured by ceCMR in the acute 

phase (p < 0.0001). Global strain showed a 

good correlation with LV infarct size, with 

the best correlation for global peak systolic 

strain by speckle tracking (β = 0.76, p < 

0.0001). The reproducibility was ranked as 

excellent for both global strain by Doppler 

and strain by speckle tracking. Inter-observer 

variability, expressed by intraclass 

correlation coefficients, for global peak 

systolic strain by Doppler and by speckle 

tracking was 0.89 and 0.85, respectively.  

 

 

Paper II 
Comparison of Left Ventricular Ejection 

Fraction and Left Ventricular Global 

Strain as Determinants of Infarct Size in 

Patients with Acute Myocardial Infarction 

This paper compared LVEF and global peak 

systolic strain by speckle tracking as 

predictors of final LV infarct size measured 

by ceCMR in 39 patients with STEMI 

treated with thrombolysis. Measurements 

were assessed in the acute phase and after 

revascularization (10 ± 5 days after 

admittance). Global strain and LVEF by 
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echocardiography correlated well in the 

acute phase (r = -0.74, p < 0.0001) and even 

better after revascularization (r = -0.88, p < 

0.0001). Segmental analyses showed that 

both strain and wall motion score could 

differentiate subendocardial from transmural 

scar measured by ceCMR. The correlation 

between culprit territorial strain and infarct 

size was better after revascularization (r = 

0.70, p < 0.0001) than in the acute phase (r = 

0.65, p < 0.0001). In the acute phase, global 

strain correlated better with final LV infarct 

size than LVEF (r = 0.62, p < 0.0001 and r = 

-0.51, p = 0.009, respectively). After 

revascularization, the correlation with LV 

infarct size improved for both global strain 

and LVEF (r = 0.76, p < 0.0001 and r = -

0.74, p < 0.0001, respectively). In 

multivariate regression analyses, global 

strain was significant in predicting final LV 

infarct size measured by ceCMR both in the 

acute phase and after revascularization, 

while LVEF was not significant. 

For global strain after revascularization a 

cut-off value of -15.0% had a sensitivity of 

90% and a specificity of 86% to identify 

myocardial infarcts larger than 20%. For 

LVEF after revascularization a cut-off value 

of 52% had a sensitivity of 90% and a 

specificity of 69% to identify myocardial 

infarcts larger than 20%. Global strain 

should preferably be measured after 

revascularization for optimal prediction of 

LV infarct size. 

Inter-observer variability, expressed by 

intraclass correlation coefficients, for global 

strain and LVEF was 0.91 and 0.72, 

respectively.  

 

Paper III 
The Advantage of Global Strain 

compared to Left Ventricular Ejection 

Fraction to predict Outcome after Acute 

Myocardial Infarction 

In this study we compared the ability of 

global strain and LVEF to predict outcome 

after AMI. LV function was measured using 

peak negative strain by Doppler and LVEF 

in 77 patients. Measurements were 

performed at admission and after 10 ± 5 

days. Outcome was measured as the 

combined endpoint of cardiac death, re-

infarction and hospitalization for heart 

failure, unstable angina or life threatening 

arrhythmia. The patients were followed for 

3.29 ± 1.59 years (range 0-5.22 years) and 

17 cardiac events were registered. The cut-

off value of LVEF was 44% for optimal 

prediction of outcome. LVEF ≤ 44% versus 

> 44% and the corresponding global strain 

value ≥ -15.6% versus < -15.6% was used to 

predict cumulative event free survival. Both 
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methods significantly predicted cardiac 

combined events at admittance and after ten 

days with no difference. After ten days, 

however, global strain remained the only 

significant predictor of outcome in a 

multivariate logistic regression model (p < 

0.0001, odds ratio 1.79). Global strain and 

LVEF were more impaired in anterior than 

inferior infarction both in the acute phase 

and after 10 days (p < 0.0001). The 

correlation between global strain and LVEF 

was highest in patients with anterior 

infarctions examined after 10 days. Inter-

observer reproducibility measured as 

intraclass correlation was better for global 

strain than for LVEF (0.92 versus 0.71). 
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Discussion 

This thesis demonstrates that global strain 

may become an improved predictor of LV 

infarct size and function, as well as clinical 

cardiac outcome in patients with acute 

STEMI treated with thrombolysis. Global 

strain measured by Doppler and speckle 

tracking are both excellent markers of LV 

infarct size. However, global strain by 

speckle tracking has some advantages over 

strain by Doppler since it separates small 

and large infarcts with better precision than 

strain by Doppler. In addition, 

circumferential strain by speckle tracking 

may be used to evaluate the extent of 

necrosis in myocardial segments. For 

optimal evaluation of LV infarct size and 

clinical cardiac outcome, global strain 

should be measured after revascularization. 

In the acute phase of AMI, global peak 

systolic strain by speckle tracking seems to 

be the best method for prediction of final LV 

infarct size.  

We have also found that global strain 

may evaluate LV function with precision and 

correlates well with LVEF by both 

echocardiography and ceCMR. One 

advantage with global strain compared to 

LVEF in the evaluation of LV function and 

injury is better inter-observer 

reproducibility. 

 

LVEF versus Global Strain 

in predicting LV Infarct 

Size and Clinical Cardiac 

Outcome 
In clinical practice, LVEF by 

echocardiography is a well-established tool 

to describe LV function after AMI8 and the 

prognostic importance of this method has 

been demonstrated in several large clinical 

studies.16,18,45 However, the prognostic value 

after AMI has been questioned. Low LVEF 

may be the result of reduced contractile 

function due to continuing ischemia or a 

result of LV dilatation caused by infarct 

expansion and stretching of the myocardial 

scar. Furthermore, assessment of LVEF 

early after AMI can be misleading owing to 

the presence of myocardial stunning.16 

Finally, the measurement of LVEF has 

limitations due to significant variability 
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between observers. LVEF measures volume 

changes secondary to myocardial contraction 

and is not a direct measure of myocardial 

function. Therefore, it may be of great 

interest to measure the extent of necrosis in 

patients with AMI, rather than LV volume 

changes. Measurement of LV infarct size 

after AMI is an important predictor of short- 

and long-term morbidity and mortality.18,46 

CeCMR identifies viable myocardium and 

correlates inversely with recovery of 

contractile function.47,48 In addition,Wu et 

al49 have suggested that the measurement of 

LV infarct size by ceCMR is a better 

predictor of outcome than LVEF by ceCMR 

after AMI. Thus, ceCMR may measure LV 

infarct size with high precision because of its 

excellent repeatability.50 However, ceCMR 

is not readily available bedside and is costly. 

Therefore, it is of interest to estimate LV 

infarct size by more available methods. 

Vartdal et al10 demonstrated that global peak 

negative strain by Doppler could predict LV 

infarct size as measured by ceCMR better 

than LVEF by echocardiography in patients 

with acute anterior myocardial infarction 1.5 

hours after primary PCI. We confirmed this 

finding in patients with both anterior and 

inferior STEMI by demonstrating that global 

strain predicted LV infarct size better than 

LVEF, when using ceCMR as the reference 

method (Figure 4). 

In the acute phase of AMI, global strain 

predicts LV infarct size better than LVEF. 

However, after revascularization, both global 

strain and LVEF correlated well with LV 

infarct size, and better than in the acute 

phase. This may be due to the effect of 

revascularization on LV ischemia, as well as 

reduced effect of myocardial stunning. LV 

function at this stage is therefore mostly 

affected by necrosis, and the associations 

between echocardiographic markers of LV 

function and infarct size become improved. 

This suggests that global strain and LVEF 

should preferably be measured after the 

patient is revascularized for optimal 

prediction of LV infarct size and function in 

AMI. However, global strain demonstrates 

advantages over LVEF particularly by a 

better ability to diagnose large infarcts. In a 

multivariate analysis, global strain and not 

LVEF was associated with LV infarct size. 

Additionally, global strain could predict LV 

infarct size both in the acute phase and after 

function and infarct size become improved. 

This suggests that global strain and LVEF 

should preferably be measured after the 

patient is revascularized for optimal 

prediction of LV infarct size and function in 
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Figure 4: Relationship between left ventricular infarct size measured by contrast-enhanced 

cardiac magnetic resonance (ceCMR) and global peak systolic strain by speckle tracking and left 

ventricular ejection fraction (LVEF) in the acute phase and after revascularization. These figures 

show that in the acute phase, global strain a) correlated better with LV infarct size than LVEF c). 

After revascularization, the correlation with LV infarct size improved for both global strain b) 

and LVEF d). 

 

AMI. However, global strain demonstrates 

advantages over LVEF particularly by a 

better ability to diagnose large infarcts. In a 

multivariate analysis, global strain and not 

LVEF was associated with LV infarct size. 

Additionally, global strain could predict LV 

infarct size both in the acute phase and after 

revascularization. Global strain is easy to 

perform, is independent of the angiographic 

results and takes into account strain from the 

whole LV. We therefore suggest that global 
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strain is to be preferred as a measure of LV 

infarct size. 

 In this work, we demonstrated that 

LVEF and global strain correlated well in 

the acute phase and even better after 

revascularization (Figure 5), but the 

reproducibility was better for global strain. 

Despite its widespread use as a parameter of 

LV function, the measurement of LVEF by 

two-dimensional echocardiography is 

limited by variability, particularly between 

observers.51 In paper ІІ, the reproducibility 

tests of global peak systolic strain by speckle 

tracking showed a lower inter-observer 

variability than LVEF by echocardiography 

in the acute phase. In addition, the 

reproducibility was better for global peak 

negative strain by Doppler than LVEF, as 

presented in paper ІІІ. 

A major limitation of LVEF by 

echocardiography in patients with AMI is 

that the biplane Simpson’s method is based 

on an assumption of symmetric left 

ventricular geometry. As a consequence, the 

biplane Simpson’s method may partly fail to 

measure LVEF with precision in patients 

with AMI. Global strain does not rely on 

such geometric assumptions, but rather 

measures regional myocardial function with 

precision. Thus, global strain may be 

performed with excellent repeatability and 

may be an improved parameter to predict LV 

function, infarct size and clinical cardiac 

events in the acute phase after AMI. In 

addition, global strain may be more sensitive

 
Figure 5: Relationship between global peak systolic strain by speckle tracking and LVEF in the 

acute phase and after revascularization. These figures show that the correlation between global 

strain and LVEF was good in the acute phase a) and even better after revascularization b). 
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than LVEF to changes in long-axis 

shortening. Finally, global strain by speckle 

tracking may be measured with highly 

comparable exploration time compared with 

LVEF and may be suitable in clinical 

practice. This is in contrast to measurement 

of strain by Doppler which is time-

consuming. 

 Stanton et al21 demonstrated that  

global strain was superior to LVEF and 

WMSI for the prediction of all-cause 

mortality in an unselected patient population 

undergoing echocardiographic examinations. 

We extend their findings by demonstrating 

prospectively that global strain by Doppler 

could predict clinical cardiac outcome after 

acute STEMI to the same extent as LVEF, 

but with improved reproducibility (Figure 6).  

 

 
Figure 6: Kaplan-Meier event free survival curves illustrating cardiac combined event free 

survival for global strain ≥ -15.6 and < -15.6 and LVEF ≤ 44% and > 44% in the acute phase 

and after ten days in patients with acute myocardial infarction. 
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In addition, we showed that global strain 

remained the only significant predictor of 

clinical cardiac outcome after 

revascularization in patients with STEMI. 

The relation between global strain and LVEF 

was highest in patients with anterior infarcts 

were LV dysfunction and infarct size was 

most prominent and lower in patients with 

inferior infarcts were LV injury was less 

extensive. According to Stanton et al21, 

global strain is better to predict outcome 

than LVEF particularly when LVEF is > 35 

%. This finding may be due to 

methodological differences. In a 16 

segments model, strain by Doppler may 

identify the most pathologic strain within 

one segment, whereas LVEF is performed 

by assessment of the relative volume 

reduction during systole. Thus, impairment 

of LVEF requires decreased function in 

several segments. Global strain may 

therefore be more sensitive than LVEF in the 

separation of LV injury in patients with 

limited myocardial scars. This may explain 

why LVEF was not as predictive as global 

strain in the multivariate model after 

revascularization. 

In summary, we suggest that 

evaluation of LV injury in patients with AMI 

may be improved by using global strain 

instead ofLVEF. 
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Segmental Strain and 

Transmurality 
Evaluation of myocardial segments in 

patients with AMI may have important 

clinical implications. By visual inspection it 

is not possible to distinguish between 

dysfunctional segments as a result of 

necrosis, ischemia or stunning. Identification 

of viable segments with infarct size 

measured by ceCMR less than 50 % in the 

region of the infarct-related artery may 

benefit from early revascularization after 

thrombolytic treatment. In contrast, 

myocardial segments with more than 50 % 

necrosis after AMI reduce the likelihood of 

improvement in contractility after 

revascularization. This level of necrosis is 

therefore considered an important threshold 

in order to define viability.52 We 

demonstrated that peak systolic, end systolic 

and peak negative segmental longitudinal 

strain were able to discriminate normal from 

necrotic myocardium and differentiate 

subendocardial and transmural infarctions on 

a group level. In a study by Chan et al36, 

circumferential strain was better than 

longitudinal strain in the differentiation of 

segments with subendocardial from 

transmural necrosis. We confirmed these 

findings in paper Ι. 

The systolic phase of strain in normal 

myocardium is characterized by shortening, 

whereas the transmurally ischemic 

myocardium is characterized by systolic 

lengthening and post-systolic shortening. 

Longitudinal deformation mainly represents 

subendocardial contraction, whereas 

circumferential deformation mainly 

represents contraction of the midmyocardial 

and subepicardial layers. Therefore, 

longitudinal contraction is more sensitive to 

subendocardial ischemia and necrosis than 

circumferential contraction.36,53 As shown in 

our study, longitudinal and circumferential 

strains were all significantly reduced in 

transmurally infarcted segments compared to 

subendocardial and non-infarcted segments. 

Because longitudinal strain in segments with 

subendocardial necrosis is more affected 

than circumferential strain, further 

deterioration of longitudinal strain is not as 

pronounced as for circumferential strain in 

segments with transmural necrosis. As a 

consequence, the measurement of 

circumferential strain separated segments 

with transmural necrosis from segments with 

subendocardial necrosis better than 

longitudinal strain. This is important because 

patients with subendocardial necrosis in the 

region of the infarct-related artery may 
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benefit from early revascularization after 

thrombolytic treatment. 

Post-systolic shortening was 

introduced as a promising tool for detecting 

viable myocardium, but the mechanical 

explanation of this phenomenon has been 

less investigated. Skulstad et al54 

demonstrated in an animal model that post-

systolic contraction occurs during both 

moderate ischemia when the myocardium is 

hypokinetic and during severe ischemia 

when the myocardium is dyskinetic. Lately, 

the measurement of post-systolic shortening 

has not been able to detect viable 

myocardium nor describe necrosis with 

precision in acute and chronic myocardial 

infarction.29,30 We confirmed that post-

systolic shortening had a poor correlation 

with LV infarct size. We also compared 

segmental longitudinal peak systolic strain 

by speckle tracking and wall motion score as 

indices of infarct transmurality assessed by 

ceCMR in 16 LV segments. Both methods 

could distinguish subendocardial from 

transmural necrosis, but with large standard 

deviations and thus limited diagnostic 

precision. Wall motion score has only one 

level for description of segmental 

hypokinesia and becomes less sensitive 

compared to strain in the determination of 

myocardial dysfunction. Based on these 

findings, we suggest that the measurement of 

segmental circumferential strain may add 

important information in the evaluation of 

viable segments in patients with AMI. 

We demonstrated a relatively high 

standard deviation for strain on a segmental 

level (Figure 6), and therefore it seems 

necessary to assess global strain for the most 

accurate assessment of myocardial injury in 

patients with AMI. Although circumferential 

strain was able to separate subendocardial 

from transmural necrosis better than 

longitudinal strain on a segmental level, the 

addition of circumferential strain in the 

assessment of global strain did not increase 

the diagnostic precision. This finding is most 

probably caused by improved 

circumferential strain values in segments 

without necrosis or with subendocardial 

necrosis compared with longitudinal strain. 

Circumferential strain may compensate for 

the reduced longitudinal strain in these 

segments. All three strain parameters 

regardless of method could assess global 

strain with a significant correlation to LV 

infarct size, but the correlation was slightly 

higher for strain by speckle tracking. Thus, 

global strain by speckle tracking separated 

small and large LV infarcts with better 

precision than strain by Doppler. 
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Figure 6: This figure shows that infarct size in each segment is inversely related to a decrease in 

corresponding a) peak systolic, b) end systolic, and c) peak negative strain values regardless of 

strain method in patients with anterior myocardial infarction. 0 = no infarction; 1-50 = 1% to 

50% late enhancement by ceCMR (subendocardial infarction); 51% -100% late enhancement by 

ceCMR (transmural infarction); ceCMR = contrast-enhanced cardiac magnetic resonance.  
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Strain by Doppler versus 

Strain by Speckle Tracking 
The two strain methods are based on 

different principles and can potentially give 

different results. We showed that segmental 

longitudinal strain was able to discriminate 

normal from necrotic myocardium and 

differentiate subendocardial and transmural 

infarctions on a group level. These findings 

were regardless of whether strain was 

measured by Doppler or speckle tracking. 

However, in the study of Cho et al34, 

segmental strain analysis by speckle tracking 

displayed superior ability to differentiate 

normal and dysfunctional segments when 

compared to strain measured by Doppler. 

This difference between the two strain 

methods may be due to the angle 

dependency inherent in all Doppler strain 

measurements. Although strain by Doppler 

is sufficiently robust, the application for 

routine clinical use must overcome several 

drawbacks. During acquisition, every effort 

should be taken to align the tissue direction 

parallel with the beam direction, although 

this is technically challenging in the apical 

segments. However, strain measured by 

speckle tracking is less angle-dependent and 

thus a more robust method. The second 

limitation is signal noise. It is important to 

optimize the approach to acquisition and 

processing, including high frame rate. 

However, these measures make this 

technique rather time-consuming. In our 

studies, great care was taken to obtain high-

quality recordings of all LV walls both in 

TDI and gray-scale images and thus angle 

dependency and signal noise may become 

minor limitations. 

Strain by speckle tracking has several 

advantages over strain by Doppler. The 

acquisition is less demanding because a 

sector width and frame rate can be used that 

are more consistent with standard imaging. 

The method is two-dimensional in which the 

speckled pattern is followed frame by frame 

and may quantify contraction in a 

longitudinal, circumferential and radial 

direction. This speckle pattern is unique for 

each myocardial region and it is relatively 

stable throughout the cardiac cycle.55 In 

addition, strain by speckle tracking allows 

tracking of natural acoustic speckles which 

are equally distributed within the whole 

myocardium, so that all components of 

deformation may be measured.56 Strain by 

Doppler, on the contrary, is one-dimensional 

and is measured from a representative region 

of interest within the segment and does not 

reflect strain from the whole segment. This 

may lead to greater variability and may 
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explain our findings that strain by speckle 

tracking showed better reproducibility than 

strain by Doppler on a segmental level. By 

assessing global strain, reproducibility was 

strengthened for strain by Doppler and by 

speckle tracking with no differences between 

the two methods. These findings supported 

that global strain should be assessed to 

describe LV injury in AMI.  

In paper Ι, we found that injury is 

separated slightly better by strain by speckle 

tracking in anterior than in inferior 

myocardial infarction. These findings may 

be caused by reduced lateral resolution in 

echocardiograms of the LV. Strain by 

speckle tracking may be less sensitive for 

diagnosing injury in the posterior myocardial 

circulation as shown by Hanekom et al.56 By 

assessing global strain, some of these 

difficulties may be overcome. 

Global strain by speckle tracking 

separated small and large LV infarcts with 

better precision than strain by Doppler. 

Some of the differences between global 

strain by Doppler and speckle tracking in 

paper Ι may be caused by the effect of 

myocardial stunning and ischemia, which 

was detected by strain by Doppler, but not 

by longitudinal strain by speckle tracking. 

The latter may be caused by methodological 

differences. Doppler strain may identify the 

most pathologic strain within one segment, 

whereas strain by speckle tracking is based 

on the sum of strain values within the whole 

segment. Thus, values of strain by Doppler 

in the acute phase of AMI may be slightly 

lower as a consequence of myocardial 

stunning and ischemia, which affects the 

correlation between strain and final LV 

infarct size.  

Strain by Doppler is limited to the 

measurement of movement parallel to the 

ultrasound beam, whereas strain by speckle 

tracking measures regional deformation in 

circumferential and longitudinal directions 

of the LV. In paper Ι, both longitudinal and 

circumferential strain was assessed by 

speckle tracking. Although circumferential 

strain was able to separate subendocardial 

from transmural necrosis better than 

longitudinal strain on a segmental level, the 

addition of circumferential strain in the 

assessment of global strain did not increase 

the diagnostic precision.  

  Our comparison between strain by 

Doppler and strain by speckle tracking 

shows that both methods work well in order 

to determine global strain. However, strain 

by speckle tracking has some advantages, 

particularly since circumferential strain may 

be determined. In addition, global strain may 

be determined more rapidly with speckle 
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tracking. Since our study was designed prior 

to commercial use of speckle tracking, we 

did not have complete data with strain by 

speckle tracking in the whole patient 

population. Paper ΙΙΙ is therefore performed 

with strain by Doppler, which is as good as 

strain by speckle tracking in determining 

global strain. However, in the future, we 

would suggest strain to be measured by 

speckle tracking. 

 

What should be measured 

on the Strain Curve? 
Several studies have shown characteristics 

features of strain in ischemic myocardium. 

Peak systolic strain has been shown to be 

superior to TDI and wall motion analyses in 

detection of acute ischemic myocardium.28 

Vartdal et al10 showed that global peak 

negative strain correlated well with final LV 

infarct size in patients with AMI. Sachdev et 

al38 showed that decreasing peak systolic 

strain in chronic myocardial infarction 

correlated well with increasing transmurality 

of infarction. These studies have used 

different strain parameters and show the lack 

of consensus on whether strain should be 

measured as peak systolic, end systolic or 

peak negative strain as a diagnostic or 

prognostic parameter in ischemic 

myocardium. We found that peak systolic, 

end systolic and peak negative segmental 

longitudinal strain were able to discriminate 

normal from necrotic myocardium and 

differentiate subendocardial and transmural 

infarctions on a group level. These findings 

were regardless of whether strain was 

measured by Doppler or speckle tracking. 

However, when using a multivariate 

regression analysis, segmental peak systolic 

strain by speckle tracking correlated 

significantly with segmental infarct size 

measured by ceCMR in the acute phase. At a 

global level, peak negative strain by Doppler 

and peak systolic strain by speckle tracking 

were statistically the best parameters for 

predicting total LV infarct size, but the 

correlation was slightly higher for strain by 

speckle tracking. Peak systolic strain was 

defined as the peak positive or peak negative 

strain value during systole and may therefore 

be a better parameter of systolic lengthening 

in a transmurally ischemic myocardium. In 

addition, values of strain by Doppler in the 

acute phase of AMI may be slightly lower s 

a consequence of myocardial stunning and 

ischemia, which affects the correlation 

between strain by Doppler and final LV 

infarct size. According to these results, we 

suggested that in the acute phase in patients 

treated with thrombolysis, global peak 

systolic strain by speckle tracking should be 

the preferred method for diagnosing the 
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degree of LV injury. As a consequence, in 

paper ΙΙ, comparisons were made between 

global peak systolic strain by speckle 

tracking and LVEF by echocardiography as 

predictors of LV infarct size in patients with 

STEMI, using ceCMR as the reference 

method.  

At the start of study inclusion, TDI 

was the only commercially available 

method. We therefore based the patient 

inclusion in paper ΙΙΙ on the study by Vartdal 

et al.10 However, in the future, global peak 

systolic strain by speckle tracking should be 

preferred.  

 

Clinical Perspectives  
Evaluation of the degree of myocardial 

injury as a result of myocardial necrosis in 

the acute phase of STEMI may be of clinical 

importance to guide further revascularization 

and add important diagnostic and prognostic 

information in these patients. The goal of 

risk stratification after AMI is to identify 

patients whose outcomes can be improved 

through specific medical interventions. This 

thesis has therefore some clinical 

implications. First, global strain seems to 

have several advantages over LVEF by 

echocardiography in the evaluation of LV 

infarct size and function in patients with 

AMI. Our findings suggest that global peak 

systolic strain should be measured after 

revascularization for optimal prediction of 

LV infarct size and function in patients with 

STEMI. 

 Second, measurement of 

circumferential strain separated segments 

with transmural necrosis from segments with 

subendocardial necrosis better than 

longitudinal strain. This is important because 

patients with subendocardial necrosis in the 

region of the infarct-related artery may 

benefit from early revascularization after 

thrombolytic treatment. 

 In addition, global strain 

demonstrates a better inter-observer 

reproducibility than LVEF and may become 

an improved bedside tool to evaluate LV 

function as a prognostic marker after AMI. 

Echocardiography is more available at low 

costs compared to other advanced imaging 

techniques. Cardiologists who perform 

echocardiography can learn strain 

calculations easily. Our results suggest that 

echocardiography with strain measurements 

should be considered after revascularization 

and preferably before discharge.  

Finally, global strain by speckle 

tracking may be measured with highly 

comparable exploration time compared with 

LVEF and may thus be suitable for clinical 

practice.



39 
 

Limitations

We have been able to demonstrate that 

global strain may predict clinical outcome to 

the same extent as LVEF despite a limited 

number of patients and clinical cardiac 

combined events. Studies in large patient 

cohorts are needed to confirm these findings. 

 

Generalizability 
In the acute phase of AMI, there is a mixture 

of myocardial ischemia, stunning and 

necrosis.  

However, we demonstrated that global strain 

assessed after revascularization was superior 

to LVEF in predicting LV infarct size and 

clinical outcome. Therefore, in patients with 

acute STEMI, evaluation of LV injury 

should preferably be performed at discharge 

and this finding strengthens the 

generalizability of this work. 

 Territorial strain, like other non-

invasive indices of coronary artery stenosis, 

is based on schematic distribution territories 

and thus ignores the individual variation in 

coronary topography. According to our 

thesis, global strain after revascularization 

had a better correlation with LV infarct size 

and may therefore be more generalizable.  

 

Echocardiography 
Care was taken to obtain optimal image 

quality in this work. Therefore, a very high 

proportion of myocardial segments were of 

acceptable quality for strain analysis. The 

success of speckle tracking depends on the 

quality of gray-scale images, while TDI 

requires specific imaging protocols. 

Stationary reverberations or inadequate wall 

visualization results in poor tracking and 

unreliable strain measurements. The 

feasibility in this work was, however, in 

accordance with other studies performed 

with modern echocardiographic machines, 

harmonic frequencies and study protocols 

using strain by Doppler or strain by speckle 

tracking.30,57  

 The high proportion of analyzed 

segments is in our view not a limitation, but 

one of the strengths with this work. We 

demonstrated that with good image quality 

and standardized echocardiographic 

examinations, strain measurements can be 

performed with very low rate of discarded 

segments. Because only segments with 

visually poor tracking were discarded, time-

demanding and subjective evaluation was 

reduced. In our view, this increases the 
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generalizability of the results. Also, to 

improve generalizability and reduce 

subjective evaluation, no adjustments were 

made to the default settings for strain 

analyses in Echopac except slight 

adjustments of the endocardial outline and 

width of the region of interest, if the visual 

tracking was poor for the analysis of strain 

by speckle tracking. For measurements of 

strain by Doppler, the velocity signal was 

optimized, including avoidance of 

reverberation artefacts. In addition, three 

myocardial strain curves were obtained in 

the basal part of each segment from the TDI 

recordings, using a region of interest of 6 x 6 

mm, which was set as a default. The region 

of interest was tracked frame by frame 

throughout the cardiac cycle to follow the 

myocardial movement. Special attention was 

made to avoid stationary artefacts and the 

blood pool. Nevertheless, as with other 

imaging modalities, clinicians inexperienced 

in image acquisition and analysis would 

need some training for optimal performance. 

 In addition to image quality, tissue 

Doppler and speckle tracking are dependent 

on frame rate. High frame rates are 

associated with high level of noise, whereas 

low frame rates may cause poor tracking due 

to excessive frame to frame displacement of 

speckles.58 For strain by Doppler a low 

frame rate may cause an underestimation of 

peak values. This was taken into account in 

this work by obtaining gray-scale images at 

frame rates between 50 and 90 

frames/seconds and TDI at frame rates 

between 140 and 160 frames/seconds. 

Because strain by Doppler was the only 

commercially available method at the start of 

inclusion, sufficient gray-scale images were 

not obtained in the first patients included. 

This explains why just strain by Doppler and 

not strain by speckle tracking was used when 

studying clinical endpoints in the whole 

patient population.  

Strain by Doppler is time-consuming. 

The mean time to measure global strain by 

Doppler was 12.0 ± 1.1 minutes, and the 

mean time to assess LVEF was 2.3 ± 0.3 

minutes (p < 0.0001), whereas the mean time 

to assess global peak systolic strain by 

speckle tracking was 2.6 ± 0.4 minutes. 

When evaluating regional myocardial 

function with tissue Doppler, knowledge of 

the limitations of this technique is essential 

to ensure appropriate acquisition as well as 

correct post-processing since artefacts often 

mimic pathology. Thus, especially post-

processing is time-consuming and therefore 

strain by speckle tracking should be used in 

the future in order to determine global strain. 
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All functional parameters of 

myocardial deformation, including strain, are 

load dependent and should be interpreted 

with care when there are changes in loading 

conditions.32,59 The measurements in this 

work were performed within 3.5 hours after 

treatment with thrombolysis which means 

about 2 hours after admission and at 

discharge or the first visit after discharge. 

Although all patients were considered 

hemodynamically stable, potential load 

differences could not completely be ruled 

out. Most likely end diastolic pressure is 

higher in the acute phase of AMI than at 

discharge, and it is therefore reasonable to 

assume a higher load pressure and wall 

stress early after thrombolytic treatment .The 

load-dependency is even more complex in 

ischemia or myocardial infarction, where 

intraventricular load differences might occur 

with reciprocal changes in the infarcted and 

adjacent myocardium.60 Load may therefore 

affect strain more in the acute phase than at 

discharge. 

 Strain by Doppler is measured 

parallel to the ultrasound beam and therefore 

allows assessment only in the longitudinal 

direction. Although strain by speckle 

tracking also allows assessment of radial 

deformation, radial strain was not a topic of 

this work. Radial thickening is a result of 

myocyte thickening and shear forces of the 

oblique fibers in the subendocardium,61 

whereas no myofibril deformation occurs in 

the radial direction. Moreover, there are 

technical concerns about radial strain. 

Recent works have demonstrated that radial 

strain is inferior to longitudinal and 

circumferential strain in identifying ischemia 

and necrosis.62  

 Assessment of LV function by LVEF 

or WMSI is well established in most 

echolaboratories. Strain, however, is a 

relatively new parameter. Although 

reproducibility of strain is excellent, an 

important limitation is the inconsistency 

between different hardware manufacturers 

due to lack of industrial standard. 

Consequently, the results of this work cannot 

routinely be transferred to other 

echocardiographic systems, which is a 

weakness with the measurement of strain as 

compared to LVEF and WMSI. 

   

ceCMR 
Assessment of LV infarct size was 

performed visually and the patients were 

examined with a 1.5 T scanner in paper Ι and 

ΙΙ. The strength of the magnetic field 

influences the quality of the images.63  

All patients were examined by 

ceCMR between 6 and 23 months. This wide 
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range for ceCMR studies was due to the 

administration of patients who were to be 

examined by ceCMR. However, none of the 

patients experienced re-infarction between 

the first event and ceCMR, which indicates 

that LV infarct size measures were 

comparable in these patients. Careful 

anamnesis and new ECG was therefore 

obtained to reduce the risk of including 

patients with possible re-infarctions in the 

statistical analysis of LV infarct size. Ripa et 

al64 studied short- and long-term changes in 

myocardial function, morphology, edema 

and infarct mass after STEMI evaluated by 

serial ceCMR. They observed a significant 

decrease in infarct mass from baseline to one 

month and unchanged mass from one month 

to six months. Fieno et al65 found that LV 

infarct size measured by ceCMR decreases 

during the first weeks or months after the 

acute event. The fact that the changes almost 

exclusively occurred within the first months 

after the infarction may justify the wide time 

interval for studying the chronic scar and 

final LV infarct size. 

Delayed myocardial enhancement is 

not specific for myocardial infarction and 

can occur in a variety of disorders.66 

Although relatively rare, inflammatory or 

infectious diseases of the myocardium, 

cardiomyopathies, cardiac neoplasms and 

congenital or genetic cardiac conditions 

might cause delayed enhancement. In 

contrast to myocardial infarcts, the 

distribution of delayed enhancement in these 

conditions is often midwall and does not 

follow the perfusion area of a coronary 

artery. Therefore, critical review of the 

distribution of late enhancement as well as 

the patient’s history is important during 

analyses. 

Cross-registering identical segmental 

locations between the echocardiographic and 

CMR modalities might be a problem when 

comparing segments from two different 

imaging modalities.67 Segments within the 

infarct border zone are more susceptible for 

this possible inaccuracy because both 

myocardial deformation and infarct 

distribution are more heterogenous in these 

regions. Care was taken to minimize the 

problem. 

 

Statistics 
Common statistical tests were used in these 

papers with one exception. In paper ΙΙΙ, a 

statistical test described by Hanley and 

McNeil44 were used to compare ROC curves 

for LVEF and global strain as predictors of 

clinical cardiac outcome. Cox regression was 

not used in this work because this method is 

a “semi-parametric” approach and no 
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particular type of distribution is assumed for 

the survival times, but a strong assumption is 

made that the effects of the different 

variables on survival are constant over time 

and are additive in a particular scale. There 

are many potential difficulties when 

performing Cox regression. We therefore 

compared the ROC curves and used 

multivariate logistic regression analyses to 

assess the prognostic impact of global strain, 

LVEF and WMSI. 

In paper Ι, segmental infarct size by 

ceCMR was compared with the 

corresponding strain values for strain by 

Doppler and by speckle tracking by using 

analysis of variance with the post hoc 

Scheffe test. In a 16 segment model, the 

different segments are internally dependent 

and the segment-wise analyses are therefore 

described as uncorrected. In the same paper, 

multivariate regression analyses were 

performed to compare segmental or global 

strain and to find the best time during the 

cardiac cycle for estimating final LV infarct 

size. However, peak systolic, end systolic 

and peak negative strain are not independent 

parameters, but reflect different time-point 

on the same strain curve. Multivariate 

regression analyses are designed to rate 

predictors internally by prediction skills. 

Since deformation defects are a consequence 

of infarct size rather than the opposite, a 

comparison of correlation coefficients for 

the deformation indices with LV infarct size 

would be a better test as described by Cohen 

et al.68    
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Conclusions 

General Conclusion: 

Global strain is a good predictor of myocardial necrosis, LV function and clinical cardiac 

outcome in patients with acute STEMI. 

 

Specific Conclusions:   

I. In acute STEMI, global peak systolic strain by speckle tracking should be the preferred 

method for predicting final LV infarct size measured by ceCMR. Global strain by speckle 

tracking separated small and large LV infarcts with better precision than strain by 

Doppler. 

 

II. The different segmental longitudinal strain assessments (peak systolic, end systolic and 

peak negative strain by Doppler and speckle tracking) separated significantly between the 

different levels of infarct transmurality in the whole patient group. Injury was separated 

slightly better by strain by speckle tracking in anterior than in inferior myocardial 

infarction. Circumferential strain separated subendocardial from transmural necrosis 

better than longitudinal strain in the acute phase in patients with STEMI. 

 

III. Global strain should preferably be measured after revascularization for optimal prediction 

of final LV infarct size in patients with AMI.  

 

IV. Global strain measured after revascularization predicts LV infarct size and cardiac events 

superior to LVEF in patients with acute STEMI. 
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