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3  Introduction 

 

Noninvasive evaluation of regional myocardial function has rising diagnostic value in several 

myocardial disorders. Especially in coronary artery disease, the evaluation of regional myocardial 

function is of importance to accurately assess the degree and location of viable and ischemic 

tissue11, 12.  

There exist numerous imaging techniques for non-invasive assessment of viability i.e cine 

magnetic resonance imaging (MRI), MRI-tagging, late enhancement (LE)-MRI, gated blood pool 

scanning (GBPS), single photon emission tomography (SPECT), positron emission tomography 

(PET) and echocardiography with dobutamine stress (DSE). Among all these techniques, DSE is 

most widely used due to its highest availability and relatively low cost113. Traditionally DSE is used 

in combination with assessment of wall motion score (WMS), using qualitative visual interpretation 

of two-dimensional (2D) imaging loops. Even though WMS-assessment in DSE has higher 

specificities for viability assessment compared to other classical methods like SPECT and PET11, 12, 

the high inter-observer variability and dependency on observer-experience hamper the interpretation 

of individual tests59. Thus, the need for quantification and high temporal resolution for a more 

accurate assessment of regional myocardial function became obvious. 

Since Isaaz published a report on tissue velocity imaging in 198963, there has been started an 

enormous development on ultrasound based imaging of regional myocardial motion. Several studies 

have confirmed the accuracy of the method in experimental and clinical settings35, 48. The first 

approach using velocity based strain and strain rate (SR) imaging came from Trondheim, Norway, 

reported by Heimdal et al. in 199854. Consecutive in vitro phantom studies and experimental studies 

subsequently have validated these tissue Doppler imaging (TDI) based strain and SR measurements 

and verified their reproducibility42, 91, 129. A series of experimental and clinical studies have 
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confirmed the accuracy of the strain rate imaging (SRI) in reflecting different contractile states and 

differing ischemic substrates 35, 39, 118, 134.  

Additionally, 2 dimensional (2D) strain imaging was developed 18, 81 and implemented in 

commercially available software. By using speckle tracking in 2D grey scale imaging, the angle 

dependency of TDI strain was almost overcome, allowing assessment of circulatory, longitudinal 

and radial strain as well as the quantification of myocardial twisting. This method has been 

evaluated experimentally and clinically and tested against TDI strain and MRI tagging3, 4, 68. Several 

studies have confirmed the value of using SRI either by TDI52, 62, 117, 118, 134 or 2D strain 26 in 

assessing viability, grading and location of ischemic lesions. 

However, strain and SR do not measure myocardial contractility directly. Strain and SR 

measure deformation. Thus, experimental studies already showed that strain and SR depend on the 

interaction of contractile force, extrinsic loading conditions, ventricular geometry and the elastic 

properties of the tissue1, 15, 119, 120, 129, 134.  

 

4    Aim of the thesis 

1. To investigate various factors influencing strain and SR measurements in particular the 

influence of ventricular size, loading conditions and the influence of heterogeneously deforming 

myocardial layers.  

2. To explore the correlation of strain and tissue flow in different myocardial layers using an 

experimental set-up with a high grade-coronary stenosis and during dobutamine stress.  

3. Finally to investigate in a clinical study whether TDI SRI could quantify myocardial segmental 

dysfunction in coronary artery disease (CAD) and predict functional improvement after coronary 

artery bypass grafting (CABG). 
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5 Background 

5.1 Strain and SR Imaging 

The non-invasive assessment of regional myocardial function using a clinical bedside test is 

of major interest to the clinician. However, the non-invasive measurement of myocardial 

contractility  is not straight forward72. When defining myocardial function as the ability of the 

cardiac muscle to develop force at constant loading conditions and heart rate (HR)96, regional force 

development in the intact heart cannot be measured directly like in a muscle strip experiment. 

According to Newton’s law, force results in acceleration of a body. Therefore, motion and 

deformation of the myocardial muscle indirectly reflect contractile force; given that loading 

conditions, tissue elasticity and HR can be accounted for. 

Myocardial tissue velocities have the potential to give information about cardiac motion. 

However, by definition, tissue velocities in longitudinal direction increase with the length distance 

from the probe. This results from the dependency of velocities from the amount of myocardial 

tissue deforming between the probe and the region where the Doppler measurements are obtained. 

Thus, basal longitudinal velocities express the sum of motion in apical, mid and basal segments in 

addition to motion of the heart in the thorax. Strain and SR measurements have been developed 

with the intention to measure “true” regional deformation, overcoming the problem of tethering and 

total heart motion117. Implementing strain-measurements by TDI and 2D strain in echocardiography 

opens for quantification of cardiac deformation at high temporal resolution in nearly all segments of 

the left ventricle. 

In physics, strain is the geometrical measure of deformation of an elastic body. In cardiac 

imaging, strain is being used in a simplified manner as linear strain, where one-dimensional linear 

strain can be defined by the Lagrangian formula:  

� = L –L0/L0 = �L/L0 
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where � is strain, L0 is the initial length of a body, L is the instantaneous length at the time of 

measurement. Strain is expressed as the percentage of initial length, being negative at shortening 

and positive at lengthening or stretching compared to the initial length. 

 

Figure 1: The three dimensions of linear strain in the heart 

 

J. D’Hoodge et al. Eur J Echocardiography (2000)  

  

The deformation of the myocardium can be described in three dimensions as three linear 

strains and six shear strains as angular distortions. In cardiac physiology the three linear strain 

dimensions are defined in relation to the heart axes as longitudinal and circumferential shortening 

and as radial thickening90 as depicted in figure 1. 

Strain rate (SR) is the instantaneous strain (or change in strain) per time unit: 

� = ��/ �t 

where � is SR, and t is time. The unit of SR is s-1. Strain is also the time-integral of SR. Figure 2 

illustrates velocities and displacements compared to strain and SR in the same heart. 
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Figure 2 Velocity and displacement are dependent on the position in the myocardium, whereas 

strain and SR are not 

 

Støylen: http://folk.ntnu.no/stoylen/strainrate 

 

5.2 Effect of Loading on Strain and SR (Paper I) 

Strain or SR can be related to contractility and are clinically used as indicators to assess 

contractility in myocardial disease. However, from experimental muscle stripe and animal studies it 

is known, that strain must be dependent on the interaction between contractile force, extrinsic 

loading conditions, ventricular geometry and the elastic properties of the myocardium107. Preload or 

presystolic fiber stretch in the intact heart is influenced by ventricular diastolic filling pressure, 

venous return, atrial function, cardiac shunts or valvular leakage. Afterload or systolic wall stress is 
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dependent on arterial impedance, valvular function, wall thickness and ventricular geometry. 

Several physiological studies describe the dependency of wall thickening or muscle fiber strain on 

loading1, 23, 34. Increased muscle strain in the heart due to increased preload and initial fiber stretch 

can usually be elicited by a short-term end diastolic volume overload. Increase in afterload or 

systolic wall stress decrease the amount of deformation1. However, the physiological experiments 

have been based on either isolated hearts, muscle stripe experiments or open chest models. SR in 

response to loading has not been equally extensively investigated1, 119, 120, 129.  But an experimental 

open chest model indicated also the dependency of SR on loading129.  The HR is not known to 

influence strain and SR parameters directly15 but may have an influence on loading when 

ventricular filling is impaired due to extensive shortening of the diastole. Furthermore, in ischemic 

heart disease, high heart rates might decrease diastolic coronary blood flow substantially, thus 

decreasing strain by decrements in contractile force134. 

 

5.3 Strain and Heart or Body Size (Paper I) 

Population studies on either gender have shown varying strain values with decreasing strain 

towards increasing body mass55. A study investigating normal strain and SR values in children 

found longitudinal strain changing dependent of age. The interpretation of this observation was 

somewhat difficult, since HR seemed to have a parallel impact on strain values15. Whether body 

size, gender, obesity or age are independent factors, influencing strain remains unclear. A 

mathematical model showed that bigger hearts at unchanged contractile force ejected the same 

amount of stroke volume (SV) at lower strains and SR than smaller hearts82.  
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Figure 3. Mathematical model showing dependency of contractility, strain, SR on end diastolic 

volume  and stroke volume 

 

Marciniak A et al. Eur Heart J 2005 

However, in healthy individuals of varying body and heart sizes, one would expect bigger 

hearts to maintain ejection fraction (EF), eject a relatively higher SV and therefore have the same 

strain-values compared to smaller hearts. Investigating adult dogs with large variation in sizes 

Nakano et al. did not find differences in stress strain relation according to heart/body-size94 

 

5.4 Myofiber Architecture in the Left Ventricle (Paper II) 

Regional myocardial deformation is dependent on myofiber-orientation. Spiral myofiber 

architecture and the helical arrangement of myofibers in the left ventricle build a complex system 

that might explain differing motion patterns from layer to layer. Anatomical and histological studies 

have shown myofiber loops descending clockwise from the base to the apex and ascend counter 

clockwise49. Fiber direction is predominantly longitudinal in the subendocardial and subepicardial 

region whereas the main direction of fibers in the middle part is circumferential49. The epicardial 

and endocardial fibers of the ventricular wall are made of myocytes orientated with the angles of 

their long axes almost at 90 degrees to each other49.  
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Figure 4 Myofiber-orientation in different myocardial layers 

Greenbaum Br. Heart J 1981 

 

Myocytes are organized into sheets that are stacked shingle-like, transducing a 14% decrease 

in myocyte length to 40% thickening of the left ventricular (LV) wall by increasing sheet angles 

during systole28, 30. Following the main fiber direction with differently curved knifes reveals that 

myofiber sheets are not aligned completely parallel to one another, rather the myofiber sheets 
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diverge within the LV wall creating angulations with respect to the plane of the epicardial surface 

80. The complex left ventricular architecture with anisotropy of fiber orientation and differing fiber 

angles inside the myocardial layers gives reason to the assumption of varying regional motion in 

layers of myocardial segments at different locations of the left ventricle. 

 

5.5 Resting Layer-Strain Heterogeneity (Paper II) 

One, two and three- dimensional functional analyses of different myocardial layers have been 

performed with different methods. The highest spatial resolution can be achieved with transmural 

radio-opaque bead markers under biplane cineradiography. This method allows three dimensional 

analysis of normal fiber and sheer strains6, 76, 105. It has been shown that non parallel plane 

orientation and consecutive intramyocardial sheer strains contribute most to myocardial wall 

thickening. Also with transmural sonomicrometry crystals, the main tracking direction along the 

subendocardial and subepicardial segments could be demonstrated110, 111. The late mechanical 

activation of the subepicardial layers leads to an initial stretch in the isovolumic contraction period 

while the subendocardial layers already contract110. In several studies, subendocardial radial strains 

have been shown to be higher than subepicardial strains36, 92. Radio-opaque beads give important 

physiologic and pathophysiologic information and have been used in animal studies and in 

posttransplant patients 38, 50, 87, 89, 138. However, the method is limited to experimental open-chest-

settings and has technical limitations by inducing injuries to the region of interest (ROI).  

Non-invasive methods have demonstrated similar effects indicating inhomogeneity of ejection 

time (ET)-strain in different layers17, 53, 85, 86, 93, 100. 2D strain allows interpretation of deformation in 

3 dimensions on 2 perpendicular imaging loops. In contrast to TDI derived values and radioopaque 

markers it is possible to measure strains in the most outer and inner myocardial wall regions with 

this method.  



 19 

Using a high resolution 5-12 MHz probe allows high spatial resolution without reduction of 

temporal resolution. Thus, the use of high resolution 2D strain opens for “non invasive” assessment 

of layer strains in different experimental condition in an open thorax model. 

 

 

5.6 Myocardial Deformation in Varying Ischemic Substrates (Paper II + III) 

Several studies using different methods for the assessment of regional wall motion have 

shown that flow reduction, acute ischemia, subendocardial infarctions and transmural infarctions 

lead to a gradual decrease in strain and SR and that the value of measured strain and SR is a potent 

tool to detect different ischemic substrates15.    

In early experimental studies, ultrasonic crystals were implanted to assess changes during 

acute ischemia. It has been shown that acute ischemia causes acute decrease in myocardial radial 

and longitudinal strain. Additionally, the magnitude of these changes is proportional to the severity 

of the acute ischemic insult or the amount of flow reduction21, 32, 57, 61, 78, 124, 126, 127.  

 

Combined measurements of deformation and blood flow in different myocardial layers have 

shown a linear relation between flow reduction and radial deformation. Flow reductions mainly 

restrict subendocardial tissue flow and strains, while subepicardial flow and strains stayed normal 

despite excessive coronary constrictions43-45, 51, 130. Thus, as demonstrated in an experimental study, 

endocardial fiber shortening decreased within 5 seconds of the onset of ischemia, whereas 

epicardial fiber shortening was not affected until 30 seconds of ischemia101. During ischemia, 

endocardial segment-length shortening was reduced more than epicardial shortening as a result of 

decreased blood flow and altered metabolism in the endocardium7. Wang et al. used intracardial 

high resolution ultrasound to measure DTI and M-mode derived radial strains132. In accordance with 
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earlier experimental studies, they demonstrated a gradual decrease of endocardial to epicardial 

strain in increasing ischemia.  

In addition to transmural radial strain gradients at rest and during ischemia, some studies 

imply changes in longitudinal or circumferential strain gradients during acute ischemia44, 76, 105. 

Thus, regional deformation studies with radio-opaque markers investigated strain changes after 

short coronary artery occlusions and showed marked decrease in fiber strain and circumferential 

strain, whereas radial and longitudinal strain was not significantly changed76. Non-invasive studies 

on layer strains during ischemia have so far mainly been describing one-dimensional, mainly radial 

deformation, whereas high resolution epicardial 2D strain opens for layer-strain assessment in three 

dimensions during different interventions. 

 

5.7 Dobutamine Stress Echocardiography with Strain Imaging (Paper II + III) 

Dobutamine stress is widely used as a clinical bedside test to identify inducible ischemia and 

viable myocardium. The method employs the principle that stunned myocardium and myocardium 

with flow reserve will respond to inotropes (dobutamine stimulation)65. Dobutamine stimulation 

thus reveals viable myocardium despite reduced function at rest. In contrast, to viable myocardium, 

transmural infarctions do not respond to dobutamine. In DSE, akinesia at rest and missing 

dobutamine response is being used as an indicator for transmural scars and thus no functional 

recovery after revascularization125. An experimental study investigating M-mode and TDI derived 

radial strain and SR with controlled blood flow reduction and with dobutamine stress showed the 

correlation of gradual decrease in radial endsystolic strain values and blood flow reduction and no 

dobutamine response in the absence of coronary flow reserve64. 

Thus, the quantification of deformation seems to be important for the diagnostic value of a 

dobutamine-stress test. Several studies have shown clinical usefulness of accomplishing DSE by 
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SRI14, 26, 52, 60, 131, 135, 137. However it is still unclear if the DSE response is equal in longitudinal, 

radial or circumferential direction. Hanekom et al. showed that longitudinal strain rate imaging was 

more sensitive to detect viability than (radial) wall motion scoring52. A study of Zhang et al. found 

that longitudinal SR could differentiate transmural, subendocardial infarctions and normal 

myocardium142. Chan et al. demonstrated that longitudinal strain and SR are already decreased in 

subendocardial infarctions, whereas circulatory strain and SR stay normal until the infarct size 

exceeds 50% of wall thickness26. These studies indicate that longitudinal strain possibly is more 

sensitive to ischemic lesions in the subendocardium, whereas radial and circumferential strains are 

more sensitive to predict normalization in viable myocardium. To my knowledge, the effect of 

dobutamine stress on ischemic tissue has neither been studied using three dimensions of strain and 

not on different myocardial layers. Furthermore it is still unknown, whether subendocardial or mid-

\myocardial layers have the potential to be activated by dobutamine. If so, the transmural extend of 

infarctions could be defined by quantification of layer-strains during DSE. 

 

5.8 Viability and Hibernation (Paper III) 

Common causes of ischemic left ventricular (LV)-dysfunction are transmural myocardial 

infarctions, subendocardial infarctions, myocardial stunning and myocardial hibernation/ repetitive 

stunning. These states are difficult to differentiate, and complicated by the potential coexistence of 

different states in the same myocardial region. The term “viable myocardium” or viability is often 

used to describe mechanically dysfunctional myocardium still being vital. Different tests for 

viability like PET, SPECT, LE MRI,  enddiastolic wall thickness or functional tests like dobutamine 

stress test also define “viable” differently using nuclear function, metabolic function, membrane 

function, the absence of myocardial scar tissue or contractile reserve128. Late enhancement MRI is 

in many aspects the clinical gold-standard in assessing myocardial viability21-23. With this technique 
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gadolinium-chelate (Gd) is infused, and late enhancement (LE-MRI) demonstrates both interstitial 

and replacement fibrosis. However, whether applied to a myocyte or to a segment of myocardium, 

this description of viability implies nothing with regard to recovery of the contractile state. 

In contrast to viability, hibernation is defined as the state of contractile dysfunction in the 

setting of chronic ischemic heart disease103. Hibernating myocardium is by definition viable but 

dysfunctional myocardium that improves in function after revascularization. This definition, of 

course, assumes that revascularization is successful and that the procedure itself does not lead to 

damage of the relevant area of myocardium128. Many aspects remain unclear around the term 

hibernation. It is varying to what extent the perfusion is reduced at rest. In addition, repeated 

ischemic attacks can result in chronic dysfunction, with resting flow remaining normal, a condition 

also termed repetitive stunning. In the clinical setting different situations may co-exist from normal 

to reduced flow at rest and different degrees of reduced flow reserve.  

Animal models of chronic myocardial hibernation are rare. Biopsies taken from areas of 

viable but dysfunctional myocardium at the time of coronary bypass grafting in patients have shown 

quite severe changes of the cardiomyocytes themselves and in the extracellular matrix. There is a 

variety of cellular and subcellular degeneration with varying degrees of degeneration and fibrosis56. 

The likelihood of recovery of function after revascularization is related to the extent of myocyte 

injury, apoptosis and amount of replacement fibrosis112. The early changes may be reversible before 

significant structural disorders occur, but the loss of myocytes is obviously not reversible. Thus, 

long-term hibernation may lead to irreversible loss of myocardial function128.    
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6  Methods and Methodological Considerations 

6.1 Experimental Setting (Paper I + II) 

Animal experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health (Publication No 85-23). 

Experimental protocols for handling and sedation of the pigs were all approved by the local 

committee of the Norwegian Experimental Animal Board. Experimental studies were performed 

with domestic pigs (cross-breeds of Norwegian Landrace and Yorkshire) of both sexes weighing 

12.5-70 kg in paper I and 37.7 ± 2.4 kg in paper II. The pigs were provided by one local breeder and 

housed at the animal department. The premedication anesthesia, continuous fluid- infusions and 

instrumentation followed a standard protocol used in our laboratory like described in paper I and II.  

 

6.2 Patient Selection (Paper III) 

Patients in paper III were selected from all patients referred to the cardiothoracic surgical 

department UNN for a CABG operation. From several patients meeting inclusion criteria (in 

general two to five) only two patients per week could be selected due to limited MRI capacity. Our 

aim was to analyze a wide range of ischemic substrates. Thus, we tried to select at least one third of 

patients with previous myocardial infarctions in order to analyze a significant number of segments 

with positive LE-MRI. Power-calculations assuming a 10% difference in strain-values at a type II 

error limit of 5% indicated that 60 patients were needed in the study. Because of early dropouts, the 

number was extended to 67 patients. However, only three women could be recruited to the study, 

and the ratio between sexes does therefore not represent the average population of CABG patients. 

The low number of female participants was due to the fact that women undergoing a CABG 

operation are 10 years older than the male CABG patients and thus more unwilling to submit to the 
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extra stress of being a study participant. In addition, many of the female CABG patients in our 

study population met exclusion criteria due to a high percentage of atrial fibrillation and additional 

comorbidities. Lastly, the CABG–patients with previous infarctions were also predominantly men. 

 

6.3 Fluorescent Microspheres (Paper II) 

The use of colored microspheres has been established as a standard procedure for tissue flow 

measurements73. In this method, a defined number of microspheres is injected into the left atrium 

and subsequently distributed in different organs according to the regional tissue flow. Microspheres 

at a diameter of 15µm cannot pass the capillary bed. Thus, the microspheres are caught in the 

peripheral vascular bed during the first perfusion after their infusion. The number of microspheres 

applied, should be high enough to reach a minimum number (approximately 400 microspheres) per 

excised tissue piece in order to gain reliable results by photometry. On the other hand, too high 

concentrations of microspheres in the tissue may cause embolization and reduce the tissue flow. A 

microsphere concentration of 400 to 1500/g tissue was proven to be ideal. At various stages of the 

experiment, microspheres of different colors were injected into the cavity of the left atrium. The 

tissue at final analysis thus contains several numbers of microspheres where each color represents 

the flow at the different experimental stages. At the time of analysis, the excised tissue is resolved 

and the color concentration measured by photometry. A set of five fluorescent colors was used in 

the study. Spectral overlap was insignificant. A reference sample was taken from the femoral artery 

at a defined flow velocity (here 4.12 ml·min-1) at a defined time-period after injections, namely 2 

minutes. Tissue flow can be calculated by the following formula:  

flow tissue = flow reference * microspheres tissue/microspheres reference  

The result have to be corrected for the sample weight and expressed as tissue flow in ml·min-1g-1. 
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6.4 Myocardial Late Enhancement MRI (Paper III) 

LE MRI was used in paper III. The use of the method is based on the principle that 

myocardial late enhancement in gadolinium-contrast-enhanced cardiac MRI has the ability to 

delineate precisely myocardial scar associated with coronary artery disease. Gadolinium is a 

paramagnetic lanthanide- element. It changes signal intensities in MRI by strongly decreasing the 

T1 relaxation times of the tissues in its surroundings. Infarcts enhance 10-15 minutes after the 

administration of intravenous gadolinium contrast application. This enhancement represents the 

accumulation of gadolinium in the extracellular space, due to the loss of membrane integrity in the 

infarcted tissue77. In the clinical study, all acquired images were guided by ECG triggering during 

one breath-hold. Images were taken from the left ventricular (LV) outflow tract, 4-chamber view 

and several short axes. In paper III, it was important to define the same segments by 

echocardiography and MRI. The right ventricle was used to define the position of the septum in 

short axis views. Imaging of the 3-chamber (view of the left ventricular outflow tract, LVOT) and 

4-chamber views were defined in both methods by depicting the same guidance- structures in both 

methods. However, misalignment of some segments by either method could not be completely 

excluded as an error source.  

 

 

6.5 Experimental Echocardiography in Paper I 

Paper I was conducted in a closed chest pig model with echocardiography performed in a 

transthoracal short axis view for registration of radial strain. In pigs apex of the heart points towards 

the sternum. Thus, the common long-axis imaging with an apical approach cannot be performed. As 

we intended to investigate mainly changes of longitudinal strain with TDI, we had to alter the 
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method for an apical approach. By opening the abdomen directly under the xyphoid, but neither 

opening the intrathoracic cavity nor the peritoneum, an apical subdiaphragmal approach was 

feasible with additional high image quality. As shown in figure 1 of paper I, a perpendicular 

imaging aligned with the lateral wall could be recorded. A transesophageal probe (5-MHz) was 

used for the transdiaphragmal imaging, whereas transthoracal imaging was performed with a S5-1 

probe (1-5 Mhz) and an iE 33Ultrasound scanner (Philips Medical Systems, Andover, MA). The 

higher spatial resolution of the transdiaphragmal imaging might explain the higher quality of 

longitudinal SRI. Radial ET-strain had much higher variances than longitudinal ET-strain. 

Therefore, radial strain and SR were not included in analyses of heart size and strain.  

 

6.6 Experimental Echocardiography in Paper II 

In paper II, echocardiography was performed in an open chest pig model. A 5 – 12 MHz 

epicardial probe and the Philips iE33 ultrasound scanner were used. The probe was placed manually 

on the epicardium, after opening the pericardium. A jelly pad of 0.5 cm was fixed to the probe in 

order to avoid near-field artifacts. By fixation of the apex with the apical pericardium intact, motion 

artifacts could be avoided. Recording at the highest dobutamine doses was complicated by the fact 

that the imaging angle was narrowed at end-systole due to a more rounded epicardial surface 

leaving small air-filled spaces at the edges of the probe. This occurred especially in the lateral non-

ischemic wall. Interestingly, the mid-cardiac twisting seemed to be reduced at higher dobutamine-

levels, resulting in lower displacement of all points in circulatory direction and thus allowing 

reasonable data from a narrowed imaging angle. The total insonation depth was not more than 2 cm; 

allowing acquisitions at high ultrasound-frequencies. Spatial resolution was not reduced in order to 

gain higher frame-rates. FRs of 115/min were sufficient to extract peak systolic values without 

“blunting” of the curves during ET. By this ultrasound method, the imaging of the anterior and 
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lateral wall was nearly free of artifacts even though the positioning of the stalked probe in the 

lateral wall was challenging. 

 

6.7 Dobutamine Stress Doses (Paper II + III) 

Compared to standard dobutamine-stress-echocardiography protocols84, very low doses were 

chosen in paper II and III. Firstly, the dose-response in adolescent pigs had to be tested. Secondly, 

we observed that doses lower than 10 µg kg-1min-1 of dobutamine could increase contractility 

during reduced resting flow, whereas 10 µg kg-1min-1 might already lead to perfusion contraction 

mismatches with decreased strains. In a pilot study with 4 pigs we tested hemodynamic changes and 

strain changes at dobutamine doses of 0.1;  0.25 ; 0.5; 1.0;1.5; 2.0; 2.5 ; 5 and 10 µg kg-1min-1 were 

tested. The first observation of increasing strain could be registered at 0.1 µgkg-1min-1, increasing 

again at 0.25 µg kg-1min-1. The next dose-level with an observed increase in strain was 2.5 µg kg-

1min-1. Based on these observations we chose dobutamine increments of 0.1; 0.25; 2.5; 5 and 10 

µgkg-1min-1 were chosen in the pig-study and 2.5; 5; 10; 20 µgkg-1min-1 for the clinical stress tests. 

 

6.8 Tissue Doppler Imaging Strain 

In TDI velocities are derived from 2D color Doppler imaging with mean velocity values 

calculated for each imaging point. Furthermore, SR is derived from the velocity gradient at two 

different regions in the myocardium and expresses the length change over time between two 

measuring points.  

SR = v1- v2 / l1-2 

where v1 and v2 are the velocities measured at two points and l is the distance between the two 

points. Strain in TDI is the time integral of SR and in the software QLab (Philips) calculated as 
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Lagrangian strain. In QLab, a manually placed line (M-line) defines the region of interest (ROI). 

The M-line angle is defined by the investigator and therefore not necessarily aligned to the 

ultrasound-beam. In QLab SR is calculated as follows: 

r
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where v1 and v2 are the velocity magnitudes and r the distance between two measuring points. 

Because of Doppler angle dependence only the components of 1v�  and 2v� along the ultrasound 

beams can be measured with TDI. The strain rate estimated in QLab, called SRQLAB is defined by 

the following equation:  
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Additionally, SR is not calculated as a single measurement between two points with two velocities. 

It is rather derived from all velocities (and distances) measured along the M-line. Several problems 

arise with high angle deviations that cannot be overcome by angle-correction: High angle deviations 

cause increasing variations of velocities, i.e noise, especially when measured in several ultrasound 

beams. Furthermore, velocities are still not being measured along the M-line, but along the 

ultrasound beam, leading to measuring radial velocity components instead of longitudinal ones. 

Therefore, we tried to avoid high angle deviations when using TDI strains. Because of noisier data 

when applying a curved M-line, we decided to choose three straight M-lines with the maximal 

length of 1.8 cm in one myocardial wall. 

.   

6.9 2D Strain 

With TDI, only longitudinal strain can be measured in nearly all segments of the left ventricle. 

But by solving the problem of angle dependency, radial and circumferential strain can be depicted 

in all segments of the left ventricle. 2D speckle tracking is one approach to measure strain from 2D 
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imaging loops. The origin of speckle in ultrasonic images is the interference of wavelets reflected 

by individual scatterers. The resulting interference pattern is closely related to the exact position of 

the individual scatterers. Small changes of position of scatterers can lead to high differences in 

interference pattern, creating a “fingerprint” pattern, the speckle. When scatterers translate relative 

to the transducer but keep their relative positions, the interference pattern will not change. Thus, the 

speckles will not change their pattern, only their position within the image81, 123. If a region is 

defined in one frame, a search algorithm will be able to recognize the area with the most similar 

speckle pattern in the next frame within a defined search area18. Increasing spatial resolution and 

number of speckles increase the accuracy of the method3. 

Figure 5 A pattern of speckles are recognized and localized from frame to frame 

 

Syngo Velocity Vector Imaging (VVI)  Siemens Medical Systems, Erlangen, Germany 

In 2D measurements strain is calculated in most systems as Lagrangian strain (by defining an 

initial length of the tissue at end-diastole) directly derived from two points and the initial length and 

instantaneous length-change between two points. SR from 2D speckle tracking is being calculated 

as instantaneous strain-change per second.  

 

6.10 Artifacts in TDI strain (Paper I + III) 

TDI derived SR comprises a number of potential artifacts that have been extensively studied 

and described since the method was introduced116. In the present studies, aliasing at resting 
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conditions was avoided by optimizing Doppler velocities. On the other hand, too high velocities 

potentially lead to loss of low velocity data. Therefore, the optimal velocity-range must selected for 

each stage of DSE. Aliasing in the clinical DSE sometimes occurred in basal segments, when the 

aliasing-velocity was not sufficiently increased during the stress test.  

Reverberations are the most important reason for artifacts, arising from stationary 

structures116, causing the ultrasound wave bouncing back and forth, prolonging the time traveling 

through the tissue and therefore projecting the signal to a deeper structure. Thus, reverberations 

could be avoided in the experimental studies, but were the main cause for discarding measurements 

in the clinical study. The M-line in QLab could display strain and SR of up to eight subsegments 

along the M-line. One subsegments had a minimum length of 2 mm. Visualizing these subgroups 

aided the detection of reverberations in one cardiac cycle, when neighboring subsegments showed 

inverted strain curves. When strains in various subsegments were homogeneous, good quality of the 

analysis was ensured.  

Near field artifacts constituted a problem in subdiaphragmal echocardiography on pigs but 

could be avoided by applying a jelly pad to the ultrasound probe. By choosing wall-by-wall imaging 

the sector angle could be narrowed and the myocardial wall could be better aligned to the 

ultrasound beam during TDI acquisitions. This had two effects, the frame rate could be increased 

and the angle deviation could be reduced. In rounded hearts, especially basal segments had often an 

intolerable angle deviation from the ultrasound beam. However, rounded hearts with high end-

diastolic volume (EDV) and low ejection fraction (EF) were rare in our studies.  

Smoothing provided by QLab, had both a temporal component (weighted averaging of 

neighboring frames) and spatial smoothing, applied at a ROI of 1cm. The M-mode width was set to 

2.5 mm, with the intention to avoid artefacts from blood pool or pericardial tissue due to poorer 

lateral resolution. The lateral resolution using an iE33 ultrasound scanner (Philips Medical Systems, 
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Andover, MA) and a S1-4 probe was maximal 56 beams at a full size image. In our studies, frame 

rates were not increased at a cost of diminishing spatial resolution. Rather the sector angle and 

image depth were reduced to achieve the highest possible frame rates. 

 

6.11 Artifacts in 2D Strain (Paper II) 

The lateral spatial resolution of 2D ultrasound loops is always lower than the perpendicular 

resolution4.  Therefore, the method is not completely angle- independent. During one cardiac cycle, 

speckle patterns change due to out of plane motion, different resolution at different sites or different 

reflections due to changing fiber orientation towards the probe, causing incorrect tracking. 

Reverberations and dropouts are similar problems similar to the ones observed in TDI 

measurements. In both cases, the strain curve is getting flattened giving false positive results for 

hypokinetic motion. However, increasing noise or higher beat-to-beat variation, like in TDI, does 

not necessarily occur. Only visual control of correct border tracking and the consequent elimination 

of regions with artifacts allow reasonable results. In the clinical setting, the dropouts of 2D strains 

are usually higher when compared to TDI. In the experimental setting using an open chest animal, 

however, the high-resolution epicardial imaging was nearly free from artifacts; but the correct 

tracking could only be judged in border regions at the endocardium and epicardium. Visual control 

was feasible concerning radial total strains, while correct tracking in longitudinal and 

circumferential direction was not directly accessible to visual control. The only way to control 

correct tracking in longitudinal or circumferential direction was to follow the tracks of all points in 

relation to each other. Curves were discarded when the motion of more than 20% of points did not 

follow a constant track or crossed the track of neighboring points. High spatial resolution was 

achieved by using an epicardial probe with up to 12 MHz. Frame rates of 100-115 Hz could be 

attained by reduction of the sector angle and imaging depth without the loss of spatial resolution.  
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6.12 Extraction of Strain and Strain Rate Data (Paper I-III) 

In all three studies, data sets were produced for each segmental measurement with strain and 

SR values over time. Aortic valve opening and closure were measured on blood flow Doppler in the 

ascending aorta with simultaneous ECG recordings. Customized software from our study group 

extracted peak and mean ET-strain, ET-SR values, and calculated post-systolic strain (PSS) and 

post-systolic index (PSI). Longitudinal ET-strain or SR were defined as either the maximally 

negative value, the maximally positive or negative value or an averaged value over ET. In a pilot-

study, robustness and accuracy of the different strain-data were tested in predicting LE MRI-results 

in the same hearts. Peak positive or negative ET-strain and mean SR turned out to be the most 

robust parameters, with the highest accuracy predicting transmural scars. Thus, peak positive or 

negative strain and mean SR were used in analyses of paper I and III. In paper II layer-strain curves 

had often both, positive and negative components, especially when flow reductions were induced. 

Therefore, ET-mean-strain turned out to be the most robust parameter for layer-strain in paper II.  

 

6.13 Post-Prossessing in Paper II 

In the second paper, offline dedicated software was used for speckle tracking (Syngo Velocity 

Vector Imaging, Siemens Medical Systems, Erlangen, Germany). By using the “generic curve” 

setting the number and position of tracking points could be chosen freely as described in paper II. A 

data set with all coordinates at all time frames throughout 3 averaged cardiac cycles was used for 

further analyses. A spatial smoothing algorithm between tracking points was implemented in the 

software. Coordinates from the images were transformed in a radial-longitudinal or radial-



 33 

transversal (circumferential) system. The new coordinate-system was defined by two points in 

either longitudinal or transversal axes with the radial axis perpendicular.  

The following conversion of image (x1image/y1image) coordinates to strain-coordinates 

(x1strain/y1strain) was used:    

� = tan (xb-xa)/(yb-ya)  

tan �1 = y1image/ x1image 

�1 = �1- � 

x1 strain =  x1 image * (sin �1/ sin �1) 

y1 strain = x1 strain *( tan �1) 

where (xb/yb) and (xa/ya) are two image-coordinates aligned along the longitudinal or circumferential 

axis of the strain-coordinate system. � is the angle between the x-axes of both image- and strain-

coordinate systems. �1  is the angle of the slope between the coordinates (x1/y1 image) and (0/0) and 

the x-axis in the image- coordinate system and �1 is the angle of the same coordinates towards the 

x-axis (longitudinal or transversal axis) of the strain-coordinate system.  

Strain was calculated from either x or y axis strain coordinates, where one axis was either 

longitudinal or transversal and the perpendicular axis was radial. Thus, analyses of shortening and 

lengthening were reduced to one dimension. The calculation of strain from the set of coordinates 

and averaging has been described in paper II. From a dataset with coordinates of each point at each 

frame, we calculated Lagrangian strain-curves. The end-diastolic distance for calculation of l0 was 

defined by distances between points at the time-frame of peak R in the ECG. 
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7  Results 

7.1 Paper I 

Left ventricular size determines tissue Doppler derived longitudinal strain and strain rate 

The first paper showed a clear dependency of longitudinal strain and SR on heart and body 

size. The larger individuals displayed lower longitudinal strain values than smaller ones. 

Additionally, preload increased and afterload decreased radial and longitudinal strain and SR in a 

closed-chest-model. 

 

7.2 Paper II 

High resolution speckle tracking dobutamine stress echocardiography reveals heterogeneous 

responses in different myocardial layers: implication for viability assessments 

In the second paper, the moderate flow reduction at rest (35%) led to strain reduction in all 

dimensions and layers. Low dose dobutamine stress normalized flow in all layers and activated 

transmural strains in longitudinal, radial and circumferential direction. Layer strains were 

significantly increased in mid-myocardial layers in longitudinal and circumferential direction with a 

moderate correlation to tissue flow. Longitudinal strain revealed the highest sensitivity to 

dobutamine induced ischemia. 
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7.3 Paper III 

Longitudinal strain in patients with coronary artery disease and preserved ejection fraction. 

Implications for dobutamine stress echocardiography and tissue Doppler derived strain and 

strain rate 

The patients included were CAD patients undergoing CABG. These patients had 

predominantly viable myocardium and nearly normal EF. When using longitudinal segmental strain 

as a measure of myocardial function, 49.9 % of all segments were dysfunctional before CABG. 

However, only 1.4% of all segments and 3.3 % of all dysfunctional segments displayed transmural 

scars. Not more than 38% of all dysfunctional segments were improving longitudinal strain after 

surgery. From all tested parameters, resting ET-strain and DS strain increments were most 

predictive for functional improvement. The highest probability for improvement was indicated, 

when DS strain increments were high and resting longitudinal strain positive. Resting strain after 

CABG improved neither in segments with subendocardial LE positive lesions nor in segments 

without DSE response. The improvement of segmental function could be predicted with higher 

accuracies in akinetic than in hypokinetic segments. 
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8  General discussion 

8.1 Strain, SR and the Dependency on Loading 

Strain and the influence of loading has been investigated previously1, 119, 120, 122, 129. However, 

since SR correlates mostly with dP/dt and strain with EF, one can assume that SR is the less load-

dependent parameter134. Additionally, a clinical study has demonstrated the dependency of strain on 

load changes but not SR5.  Investigating the load dependency of strain and SR in the closed chest 

model, it paper I could demonstrate that the curve shape of strain and SR changed substantially. As 

shown in Figure 3 of paper I, strain at increased afterload had a shallow slope with a late peak at 

aortic valve closure and increased post-systolic strain. This was paralleled by a SR curve with a late 

and low ET-peak. The shallow slope with increased post-systolic strain has also been described in 

hypertensive patients8. 

Instantaneous volume loading in a normal heart leads to increased muscle stretch (Frank-

Starling-mechanism) followed by increased contractile force and SV. On cellular basis, preload 

increases contractile force by lengthening sarcomeres, followed by increasing troponin C calcium 

sensitivity, which influences the rate of cross-bridge attachment and detachment and thus, the 

amount of tension developed by the muscle fiber107. SV increments are reflected by increased peak 

ET-strain. A steep slope of the strain-curve also expresses high SR. Of note, during instantaneous 

volume loading, strain and SR slopes had a delayed onset in contrast to strain curves during 

dobutamine stress.  

Since publication of paper I, a similar study on loading has been performed on patients with 

recordings of intra-ventricular pressure and echocardiography. In that study, nitrates (GTN) 

decreased afterload and preload. In accordance with our study, afterload decrease and preload 

increase led to increased strain and SR values22.   
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Loading has an important impact on strain and SR measurements in the clinical setting as 

loading conditions are changed in most of cardiac diseases: Cardiac dilatation and thinning of 

myocardial walls lead to increased afterload or wall stress70. The rounded shape compensates 

decreased local wall stress by decreased regional ventricular diameters. Low contractility combined 

with high wall stress generates low systolic blood pressure (BPsys). At the same time, low mean 

arterial pressure (MAP) and the rounded shape of the ventricle are compensation mechanisms 

leading to decreased wall stress70. Concentric hypertrophy lowers wall stress by small ventricular 

cavities and thick myocardial walls41. This concentric hypertrophy with small cavities and thick 

walls allows the left ventricle to generate high pressures8. Radial strain increases, whereas 

longitudinal strain decreases in hypertensive patients121 and in ageing hearts, where the arterial 

impedance increases due to higher arterial stiffness74. Thus, strain and SR in the clinical setting 

have to be interpreted with care, considering a variety of factors influencing individual 

measurements. 

 

8.2 Strain and SR and Heart Size? 

The dependency of longitudinal strain and SR on heart and/or body size has been 

demonstrated in Paper I. Heart rate can influence strain and SR indirectly by a reduced filling time 

at shortened diastoles. This factor in this study could be controlled by pacing all pigs at the same 

heart rate. The results of Paper I were in accordance with population studies, showing lower strain 

and SR values with increasing BMI55, 74. A recent study compared obese with normal individuals 

observing significantly lower strain and SR values in the group with a BMI over 30kg/m2, while EF 

stayed unchanged97. The explanation to these phenomena remains a challenging subject. Several 

observations indicate that contractility is not affected by increasing BMI. As mentioned before, 
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Dogs of different sizes had unchanged  stress-strain relationship as indicator for unchanged 

contractility94.  

Additional data from our laboratory from 30 open chest pigs of varying sizes included body 

weight, resting cardiac output (CO), heart rate and continuous intraventricular pressures and MAP. 

By calculating vascular resistance from the ratio of MAP-venous pressure and CO, vascular 

resistance corrected for body weight was clearly lower and CO and SV corrected for body weight 

were higher in smaller individuals. Thus, peripheral vascular resistance related to body weight, 

might explain higher strain and SR in smaller individuals. However, this does not answer the 

question about the cause of varying vascular resistance. One explanation might be lower aortic 

dispensability in larger individuals. Some studies on healthy or obese children indicate increasing 

arterial stiffness with obesity, but no correlation with age alone58, 79, 139. 

In the next paragraph, another hypothetical reason for reduced arterial resistance in smaller 

individuals is being discussed:  The body surface represents the skin, the biggest human organ with 

a vast capillary bed. This might explain why vascular resistance and CO correlate with body-

surface-area (BSA) in normotensive children and adults33, 114. However, it is known and we could 

show in our study, that cardiac size in mammals increases in 1:1 correlation to (the ideal) body 

weight108 and not to CO. Main hemodynamic changes between smaller and bigger individuals might 

therefore be the ratio between BSA and body weight. When weight increases in the third dimension, 

BSA increases in the second dimension. Thus, mice have a much higher BSA/weight ratio than 

elephants. In other words, mice have a higher CO/heart size, probably due to a lower peripheral 

resistance/heart size. This changed ratio is reflected by decreasing heart rate in growing children or 

a heart rate around 600/min in mice contra 35-40 /min in elephants108. A lower vascular resistance- 

body weight ratio at a constant heart rate might be the main cause for higher longitudinal strains in 

our experiments.  
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8.3 Strain and Flow during Dobutamine Stress  

In paper II a constant critical stenosis was applied with 35% flow reduction in the left anterior 

descending (LAD)-artery. This setting was crucial to obtain decreased strain at rest and preserve 

flow reserve under low dose dobutamine. These conditions allowed dobutamine to increase flow in 

the stenotic vessel, probably due to further decrease in peripheral vascular resistance. Thus, constant 

maximal ischemic vasodilatation was not reached at a 35% resting-flow reduction. Interestingly, 

dobutamine increased flow beyond resting values in the lateral non-ischemic wall, whereas in the 

same region, neither strain nor global hemodynamic parameters increased beyond initial values. 

However, LAD constriction was followed by reduction in global hemodynamic parameters like SV, 

CO, BPsys and MAP. Dobutamine application normalized the hemodynamic parameters and seemed 

to have a higher impact on ET-strain in the ischemic than in the neighboring area. This might reflect 

the dependency of regional strain on global cardiac function and changes in global wall stress and 

not on regional flow alone. 

Figure 3 in Paper II demonstrates strain changes in the various layers of the myocardium 

during  LAD flow reductions followed by low dose dobutamine. Interestingly, during dobutamine 

infusion the midmyocardial circumferential layer showed higher (negative) strains than the 

subendocardial layer. One would expect that subendocardial circumferential strain should deform 

equally to midmyocardial strain due to tethering of neighboring layers. However, circumferential 

strain seemed to reflect the regionally depressed contractile state of the subendocardium despite 

tethering to an active contracting layer. 

Figure 3 demonstrates strain in different myocardial layers during flow reduction and 

dobutamine challenge. Subendocardial strains in longitudinal and circumferential direction were not 

different from strains at flow reduction, while the (non-significant) increment of subendocardial 

radial strain might indicate contraction. However, it is possible that the “activation” of 

subendocardial radial strain mainly reflects the effect of cross fiber activation of mid-myocardial 
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layers in circumferential direction17, 102. This observation leads to the conclusion that dobutamine 

does not activate subendocardial hypoperfused in neither direction, in contrast to mid-

subendocardial and mid-subepicardial layers in longitudinal and circumferential direction. This 

finding implicates a potential of high resolution DSE to identify viability in mid-myocardial layers. 

Results from Paper II were dependent on the use of dobutamine-doses of 2.5 µgkg-1min-1. If 

the dose response was comparable to humans the results would indicate that viability testing with a 

dobutamine dose of 2.5-5 µgkg-1min-1 might result in higher sensitivities detecting viable, ischemic 

tissue.  

 

8.4 Positioning of the Region of Interest 

In some clinical studies, radial strain, measured mid-myocardially yielded higher variances 

and intra- and inter-observer variabilities than longitudinal strain13, 26. In our experimental setting, 

this might be partially due to a higher spatial resolution in longitudinal strain. Additionally, it could 

be suspected that the strain-gradients inside the myocardial wall influence the measurements 

according to the position of the ROI. As shown in our data, the radial direction exhibits the highest 

strain gradients. These gradients increase with higher wall curvatures, for instance in the 

posterolateral wall where radial strains are measured in TDI-studies. Analysis of TDI data in 2 mm 

long segments sometimes resulted in partially negative radial strain. This could happen when the 

ROI was displaced during one cardiac cycle from one layer with high strains towards a layer with 

low strains. Automated tracking of the ROI might help avoiding this error, but it does not prevent 

achieving differing results when investigators vary initial ROI positions inside the myocardial wall. 

2D strain methods based on border detection in the subendocardium and subepicardium might 

underestimate strain increments or decrements in all directions by not registering midmyocardial 

strains where dobutamine-response of viable myocardium is highest. According to the results from 
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paper II, longitudinal TDI strain, positioned mid-myocardially might have the highest potential to 

differentiating ischemic substrates. 

 

8.5 Recovery of Function and Viability 

Kim et al. used LE-MRI in a patient population with low EF and a high number of ischemic 

scars. In this study global functional improvement was present in nearly all patients with a majority 

of viable segments71. One study on patients with known wall motion abnormalities and mean EF of 

39% identified improvement of segmental radial function by cine-MRI. LE-negative segments 

improved in 80% after 6 months and 95% after 2 years. Other MRI-studies combined with strain-

measurements and WMS improvement reported similar high functional recovery rates of LE-

negative segments14, 109. Other publications on segmental strain and functional recovery 

investigated a ratio of 20% LE-negative to 80% LE-positive dysfunctional segments, whereas the 

total number of dysfunctional segments in paper III was around 50%14, 71, 109. In contrast to these 

studies, in the patient population of paper III, EF was nearly normal and the number of LE-positive 

segments was low. However, measuring longitudinal strain revealed still 50% dysfunctional 

segments wherefrom 86% were LE-negative. From this high number of dysfunctional but viable 

segments, defined by LE-MRI only 38% improved function, even though the number of ischemic 

scars in dysfunctional segments was low (3.3% transmural scars and 12.8% non-transmural scars). 

However, there are several possible explanations of the differing results: 

1. The time course of functional recovery might be an important factor. Long-term follow ups 

demonstrated that delayed recovery may occur up to 12-24 months2, 20, 29. However, the same 

studies showed already much higher recovery rates for LE-negative dysfunctional segments at a 6-9 

months period. In paper III functional recovery was investigated 9 months (8-10) after CABG. 

2. Hibernation studies have so far either assessed global functional recovery by EF 

measurements (by echocardiography or MRI) or regional myocardial functional assessments by 
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WMS or wall thickening in cine-MRI studies9-12, 14, 52, 60, 95, 106, 109, 131. All these methods are mainly 

based on the functional recovery of radial function. To my knowledge, longitudinal regional 

function has not been used to this date to define functional recovery after revascularization. As 

shown in Paper II, longitudinal strain seems to be more sensitive to minor ischemic lesions. 

Additionally, longitudinal strain might recover to a lesser extent than radial strain due to higher 

amount of damage of the subendocardial longitudinal fibers in CAD. Therefore longitudinal strain 

would be expected to be more sensitive to long-term myocardial dysfunction than radial strain26. 

However, when assessing WMS and strain in the same patients, the number of segments defined as 

dysfunctional by either method was not substantially different. This might be due to the subjective 

component in assessing WMS and the expectation of the observer to detect an equal amount of 

dysfunctional segments by WMS as by strain-measurements. In some patients, apical and medial 

wall thickening was considered as dysfunctional, when longitudinal stretching was observed at the 

same time, resulting in pathological rotation of apical segments in apical views. 

3. In the study of Becker et al.14 45% of segments displayed scar tissue, and not more than 5% 

of segments were dysfunctional and LE-negative. One could assume that these few unscarred 

dysfunctional segments were mainly positioned in ischemic border-zones, whereas scar-tissue was 

mainly positioned in the centers of ischemic lesions. Tissue from border-zones might comprise low 

ischemic damage and thus high potential to increase function after revascularization. In our study-

population, the distribution of viable, dysfunctional myocardium was probably ranging from the 

center of ischemic areas to border zones. As described earlier, biopsies of dysfunctional viable 

myocardium have shown all degrees of myocardial damage. It seems possible, that normal function 

cannot be restored when high grade diffuse apoptosis and scattered myocardial damage is present 

despite the absence of visible scar tissue. Thus in paper III, the high variance of diffuse structural 

disorders and distribution across all zones of ischemic areas might explain the low number of 

recovery in viable, dysfunctional segments. 
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 4. In addition to structural disorders, there might be other factors explaining functional non-

recovery of viable myocardium. Wall stress changing due to remodeling, re-remodeling or the 

effect of medical therapy might have their own effects on deteriorating or improving myocardial 

deformation parameters unrelated to complete or incomplete revascularization19. Most studies 

addressing viability-assessment have included patients with very low EF9-12, 14, 52, 60, 95, 106, 109, 131. In 

those patient-populations, not all of dysfunctional segments have to increase function to initiate the 

re-remodeling process27, 104. When EDV decreases, wall stress decreases, EF raises and regional 

myocardial deformation can improve even in segments where contractile function stays unchanged.  

However, only when loading conditions stay unchanged after revascularization, segmental 

deformation parameters and WMS will express true segmental functional recovery. Thus, when re-

remodeling occurs, regional functional improvement expresses either decreased wall stress, 

increased segmental contractility or both.   

In contrast to most of viability studies, Paper III investigated a patient population with nearly 

normal EF, a low number of transmural and subendocardial scars and no significant changes of 

EDV, EF, E/E`, E deceleration time or E velocity  after CABG. These values indicated no re-

remodeling and no differences in filling pressures or loading conditions of the left ventricle after 

surgery. Therefore, in this study where postoperative loading conditions stayed unchanged, strain 

improvements reflect most likely improvement of regional contractility. 

 

8.6 Prediction of Functional Recovery 

Prediction of functional recovery in Paper III was possible with good to fair results, even 

though the detection of LE-negative segments without the potential of functional recovery is much 

more challenging than the identification of transmural scar tissue. Of all tested parameters, resting 

strain and DSE-strain increment correlated best with the amount of functional recovery. Either high 

or low DSE-values gave conclusive results. However, the predictive value for functional recovery 
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in segments with moderate DSE increments was low. Resting strain might be favored as a factor, by 

using longitudinal resting strain as indicator for functional improvement. Our data indicated that 

segments with positive strain had high probability to improve and normalize resting function. 

Tissue elasticity was preserved when resting strains had positive values and DSE-strain-increments 

were high. Akinesia included “positive strain”, resulting in better predictive accuracies for 

functional improvement than hypokinetic segments, where the factor “positive strain” was excluded 

by definition.  
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9  Conclusions 

1. Heart or body size influence longitudinal strain and SR.  Loading conditions always have to 

be taken into account when interpreting individual strain and SR values in the clinical setting. 

2. Dobutamine infusions during a constant coronary stenosis influence heterogeneously layer 

strains in different dimensions. Using speckle tracking or TDI strain methods have to take into 

account that regions of interest placed at different layers of the myocardium might yield varying 

results. Mid-subendocardial layers activated by low dose dobutamine might have the potential to be 

used as regional viability markers. 

3. In CAD-patients with predominantly viable segments and nearly normal EF, half of all 

segments display reduced preoperative longitudinal function. More than half of all dysfunctional 

segments do not improve resting longitudinal function after CABG. The combination of resting 

strain and DSE-strain-increments allows identifying segments improving after CABG with fair 

results. Segments with positive longitudinal strains have preserved tissue elasticity and high 

chances to restore function after CABG.  
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10 Future Perspectives 

Several aspects have to be addressed concerning the establishment of SRI in the routine 

clinical use:  

Firstly, the definitions of normal values and cut-off values are to be agreed upon. Several 

population studies have defined normal values in children and adults16, 31, 79. However, unpublished 

data indicate profound intertechnique variabilities in dependency on the system and software used. 

Only defining normal values for each system and software and/or implying standard procedures for 

data processing in SRI can solve this problem. However, even if the technical differences could be 

overcome, normal values will still have to be defined for different ages, races, obese and slim, 

athletes, children, pregnant women, and fetuses. Even if contractility stays normal, geometry, 

vascular resistance and loading vary substantially between these groups, and all these factors are 

influencing normal strains. Additionally, changes in hypertensive, obese, diabetic or atherosclerotic 

individuals and valvular- or congenital heart disease, will have to be defined as physiological 

conditions or pathological values. For the use as a bedside test the degree of strain increments or 

decrements or differences between segments that indicate a pathological state have to be accurately 

evaluated. 

Secondly, strain is only a deformation parameter, and not a strict contractility-marker. When 

loading varies substantially, strain and SR always express the sum of varying wall stress, preload 

and contractile state. Cardiogenic shock and the use of positive inotrope substances is a good 

example where neither blood pressure nor strain alone can monitor the optimal treatment. Stress 

strain algorithms88, 94 by using continuous blood pressures and strains at ET combined with 

calculation of arterial elastance69, 98 might give a closer approach to reflecting myocardial 

contractility.  

Finally, SRI has the potential to be established as a more sensitive marker for myocardial 

dysfunction than the widely use of EF. It has already been shown, that strain and SR reduction 
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precedes EF reduction or visible myocardial fibrosis24, 46, 47, 133, 136. For example, the time point for 

operative treatment of asymptomatic valve diseases might be supported by SRI assessment25, 37, 75, 

82, 83, 115. Cardiomyopathies40, 140, 141 could be detected earlier and the time course of 

cardiomyopathies and the use of cardiotoxic substances46, 47, 66, 67, 99 could be monitored with a 

higher precision.  

To answer all these questions might be the work of the next decades. However, many 

examples have shown already today, that, interpreted with care, SRI can be used as a valuable 

supportive tool in clinical decision-making. 
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