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Summary of PhD thesis
Despite significant advances in diagnosis, prevention and treatment, cardiovascular diseases
and ischemic heart disease in particular remain a major cause of mortality in the developed countries.
Therefore, further improvement of current, and development of novel, diagnostic approaches for
ischemic heart disease have been one of the most important research focuses.
Myocardial ischemia is primarily a metabolic event characterized by multiple alterations of
myocardial energetic metabolism with an impaired myocardial contractile performance and may
eventually lead to myocardial necrosis. Various aspects of myocardial energetics can be directly or
indirectly evaluated by several imaging techniques, including magnetic resonance spectroscopy, single
photon emission computed tomography and positron emission tomography. Although,
echocardiography is an outstanding technique for quantification of regional myocardial function by
analysis of deformation (strain), it has not been shown to assess myocardial energetic status.
Based on the close mechanoenergetic relationship, we hypothesized that changes of
myocardial deformational patterns are closely coupled with changes in myocardial energetics during
ischemia and reperfusion, thus the detailed analysis of strain curve patterns obtained by strain
echocardiography would allow an indirect and non-invasive estimation of altered myocardial
energetics.
In order to investigate if strain echocardiography reflects isolated changes in myocardial
energetics; we experimentally deteriorated the myocardial energetic metabolism by nonischemic
inhibition of creatine kinase in a porcine model and performed simultaneous tissue Doppler strain
echocardiography (TDSE). Creatine kinase inhibition leads to alteration of intracellular energy transfer
to actomyosin complex while adenosine triphosphate (ATP) production by mitochondria remains
unaltered, thus myocardial viability is preserved. Selective inhibition of myocardial energetics in the
apical region of the left ventricle (LV) was accompanied by depression of systolic and diastolic
longitudinal regional myocardial function which was detected by TDSE.
Based on demonstration of TDSE’s ability to assess changes in regional myocardial
energetics; TDSE was used to study the relationship between regional myocardial strain patterns and
energetics in a porcine model of acute ischemia. During progressive ischemia induced by left anterior
coronary artery (LAD) occlusion, TDSE derived systolic lengthening (SL) and postsystolic shortening
(PSS) strain parameters measured in the anterior apical region of the LV were minimal at baseline,
peaked at 12 minutes of acute ischemia and then decreased with the duration of ischemia (from 12 to
200 minutes), whereas the ATP/ADP ratio decreased monotonically from baseline to 200 minutes of
ischemia. A higher ATP/ADP ratio in the ischemic region was associated with functional improvement
upon reperfusion. For the ischemic period, SL and PSS strains closely linearly correlated with changes
in myocardial energetics characterized by the ATP/ADP ratio(r = 0.73, P < 0.001 and r = 0.86, P <
.0001; respectively). A mathematical formula (ATP/ADP = -0.97 + 0.25 x PSS strain + 0.20 x SL
strain) estimated best the ATP/ADP ratio (r = 0.94, P < .05) specifically for acutely ischemic
myocardium. The observation of biphasic changes of SL and PSS strains with an initial increase from
baseline to early stage ischemia and subsequent decrease with the duration of ischemia indicated that
the relationship between the ATP/ADP ratio and strain parameters for the spectrum of normal,
ischemic and reperfused myocardium may be nonlinear, and required further testing. Additionally,
TDSE is inherently angle dependent, which may limit the assessment of myocardial strains in apical
regions of the LV.
Therefore, before expanding the ATP/ADP ratio estimation for the additional spectrum of
normal and reperfused myocardium, a series of in vitro and in vivo experiments were performed in
order to validate novel angle independent two dimensional speckle tracking based strain
echocardiographic technique (2DSE) with sonomicrometry crystals (SCs). In many validation studies,
intramyocardially imbedded SCs have been used as a reference method. However, SCs
intramyocardial insertion may have a potentially negative impact on myocardial deformation which
could be a confounding factor in 2DSE validation studies. Therefore, the impact of SCs implantation
on myocardial function was tested prior to the actual 2DSE validation. Regional myocardial strains
were compared before and after SCs insertion into the myocardium using TDSE. None of the strain
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parameters including SL, PSS, endsystolic (ES) or peak shortening strain (PkS) were measurably
altered by careful SCs subendocardial implantation. Only slightly increased troponin I levels were
detected as biochemical evidence of myocardial mechanical injury. These results confirmed general
assumption of minimal trauma caused by SCs implantation without alteration of myocardial
deformational pattern and supported applicability of the SCs use as reference “gold standard” method
for evaluation of myocardial strain in validation studies.
In the next step, 2DSE was tested in vitro using tissue mimicking gelatin phantom and in vivo
in the porcine model of acute myocardial ischemia induced by occlusion of the LAD. The 2DSE
demonstrated good overall in vitro and in vivo correlation (r = 0.99, P < .0001 and r = 0.94, P < .0001;
respectively) and agreement (bias ± 2SD = 0.7 ± 2.2% and -1.1 ± 7.5%; respectively) with SCs. In
vitro, however, 2DSE tended to overestimate strains measurements during simulations of low heart
rates and low deformations. This 2DSE inaccuracy could potentially limit its use for estimation of
myocardial energetic status where measurements of lower deformations during ischemia and
reperfusion were crucial.
In response to this finding, a two stage algorithm with high spatial resolution speckle tracking
(2D-HRT) has been implemented and further tested in vitro. 2D-HRT with improved speckle tracking
technique demonstrated excellent correlation (r = 0.99, P <.0001) and agreement (-0.3 ± 1.3%) with
sonomicrometry and without significant overestimation of strains observed in previous 2DSE
validation study. Moreover, in contrast to TDSE, both 2DSE and 2D-HRT validation studies showed
relatively low intra- and inter-observer variability ranging from 3 to 5% for the in vitro and 9 to 12%
for the in vivo measurements which favored their use over TDSE.
The last set of experiments was performed in a porcine model of ischemia/reperfusion in order
to extend the ATP/ADP ratio estimation from ischemic myocardium to normal and reperfused
myocardium. The relationships between strain parameters assessed by 2D-HRT and the ATP/ADP
ratio for the spectrum of normal, progressively ischemic, early and late reperfused myocardium were
predominantly non-linear with quadratic regression model being the best fit. Based on these findings,
we conceptualized a mathematical model for estimation of the ATP/ADP ratio (= -0.91 x ES + 0.57 x
2
2
PSS + 0.04 x SL -0.05 x PkS - 0.55) which combined linear and square values of several strain
parameters reflecting the non-linear character of relationship between changes of high energy
phosphate levels and strain patterns. Thus this study advanced our initial work and demonstrated that
the estimation of the ATP/ADP ratio based on TDSE for progressively ischemic myocardium can be
expanded to the spectrum of normal, early and late reperfused myocardium and assessed by 2D-HRT.
In conclusion, strain analysis performed by novel 2D-HRT enables estimation of the
ATP/ADP ratio as marker of myocardial energetic metabolism in normal, acutely ischemic and
reperfused myocardium in a large animal model. Considering that echocardiography is a widely
available, portable, inexpensive and safe imaging modality, the noninvasive estimation of myocardial
energetic status by 2D-HRT could be an alternative to currently used imaging techniques assessing
myocardial energetics such as magnetic resonance spectroscopy, single photon emission computed
tomography and positron emission tomography. However, the clinical diagnostic utility of this method
remains to be determined.

18

CHAPTER 1

INTRODUCTION
AND OUTLINE OF THE THESIS

19

Chapter 1

Introduction and
Outline of the thesis
The main theme of the presented thesis was to define the relationship between changes in
myocardial energetic status and regional myocardial deformation and utilize the mechanoenergetic
relationship in developing an approach for noninvasive assessment of myocardial energetic status for
the spectrum of normal, ischemic and reperfused myocardium by cardiac ultrasound
(echocardiography) and thus to contribute to the progression of expanding fields of cardiac imaging
techniques and to increase a spectrum of diagnostic approaches for ischemic heart disease.
Manuscripts, conference proceedings and conference abstracts included in the PhD thesis or
produced during this work and with a relationship to the theme of PhD thesis are listed in the
references section of this chapter.1-42

1.1

BURDEN OF CARDIOVASCULAR DISEASE AND THE IMPORTANCE OF DEVELOPMENT
OF NOVEL IMAGING TOOLS, APPROACHES AND STRATEGIES

Infectious diseases and malnutrition dominated during the nineteenth century as major causes
of death and disability. However, since the beginning of the twentieth century, there was a significant
shift in the illness spectrum towards cardiovascular diseases mainly due to improved nutrition,
discovery of antibiotics and progress in public health. The twentieth century witnessed the burden of
cardiovascular diseases not only in countries with established economies but also in countries with
developing economies. Although cardiovascular mortality was dramatically decreased due to advances
in prevention, diagnosis and treatment, cardiovascular diseases including ischemic heart diseases
remain the leading cause of mortality in the United States and Europe.43-45 Additionally, cardiovascular
diseases are becoming a significant health care burden even in the developing countries.44,45 Acute
coronary syndromes (ACS) and chronic coronary artery disease (CAD) are the most common forms of
cardiovascular disease and also are the most common cause of acute and chronic forms of systolic
heart failure,46 thus significantly contributing to the overall cardiovascular morbidity and mortality.
Therefore, further improvement in prevention, development of novel diagnostic approaches including
imaging techniques and advances in treatment strategies for cardiovascular diseases have become the
main tasks of public health systems worldwide.
The diagnosis of ACS and chronic CAD usually involves assessment of the patient’s history,
physical exam, 12-lead electrocardiogram, laboratory tests and invasive and noninvasive cardiac
imaging techniques. During the past 10 years, cardiac imaging technologies have been rapidly
developing, providing considerable improvement in diagnostic efforts. Physicians have experienced a
swift growth in the use of imaging techniques with a significant impact on clinical practice. Important
advances have been made particularly in minimally invasive and noninvasive imaging techniques
including echocardiography, cardiac magnetic resonance (CMR), cardiac computed tomography
(CCT), single photon emission computed tomography (SPECT) and positron emission tomography
(PET). Despite rapid technologic evolution, each method has disadvantages, imperfections or
restrictions which may limit its application in clinical practice.
The constant need for an improvement in the diagnostic options stimulates continuous
scientific efforts in order to advance or find new applications for available imaging techniques, to
merge current imaging methods to take advantages of the combined approach and finally to develop
new approaches and imaging methods.
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1.2

CARDIAC IMAGING OF MYOCARDIAL ISCHEMIA: FOCUS ON ENERGY METABOLISM

Atherosclerosis, thrombosis and spasm of the coronary arteries are the common factors
causing a reduction in coronary blood flow and consequently diminish blood supply to the
myocardium resulting in acute or chronic myocardial ischemia. Reduced or completely interrupted
myocardial blood supply causes a variety of functional and structural cellular alterations. This
includes deterioration of myocardial energy metabolism47 with changes in high energy phosphates
(HEP) levels such as creatine phosphate (CrP), adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) which is paralleled by changes in cellular membrane potential and excitability.
Concomitantly, cross-bridge cycling is progressively worsening which results in an impairment of
regional myocardial contraction-relaxation and may lead to alteration of systolic and/or diastolic
global ventricular dysfunction.
Cardiac Imaging Techniques

Various cardiac imaging techniques are able to provide information about virtually all
pathophysiologic attributes of myocardial ischemia including patency of coronary arteries with
impaired coronary flow, myocardial perfusion, myocardial energetic metabolism, myocardial function
and deformation, myocardial electrical properties and myocardial viability or the presence of necrosis.
The key cardiac imaging techniques used for the diagnosis and evaluation of ACS and chronic CAD
are based on four distinct principles: X-rays combined with contrast agents (coronary angiography,
ventriculography and CCT), external magnetic field (CMR), radionuclides with unstable nucleus
emitting photon or positron (SPECT and PET) and ultrasound (a variety of echocardiographic
techniques). Importantly, each imaging technique is frequently able to assess more than one aspect of
heart structure or function such as coronary lumen or coronary wall morphology, coronary flow,
geometry and morphology of the heart chambers, heart chamber and myocardial function, myocardial
perfusion or myocardial metabolism.
Some cardiac imaging techniques have been combined with each other (SPECT/CT or
PET/CT) in order to obtain even more comprehensive information about the ischemic myocardium
(Table 1). Myocardial ischemic changes may be discrete at rest or it may not be obvious that
dysfunctional myocardium is viable; therefore several of the non-invasive techniques can be combined
with stress testing using exercise or pharmacologic agents (adenosine, dypiridamole or dobutamine).
Pharmacologic stress may represent a particularly useful alternative in patients who are unable to
perform an adequate exercise test.
Invasive Cardiac Catheterization

Invasive cardiac catheterization using contrast agents has been the “gold standard” for
assessment of coronary artery patency and epicardial coronary flow and is an essential prerequisite for
further therapeutic approach to patients with ACS including mechanical revascularization. Moreover,
cardiac catheterization has been used for evaluation of myocardial perfusion,48,49 global LV function
and regional wall motion abnormalities (RWMA).50-52 However, cardiac catheterization does not
provide direct information about regional myocardial energetics. Anecdotally, myocardial high-energy
phosphates were measured from endomyocardial biopsies obtained during catheterization.53 Although
invasive cardiac catheterization is a relatively safe procedure, there is significant radiation exposure. It
also carries a risk of rare complications such as myocardial infarction, coronary artery perforation,
transient ischemic attack or stroke and local complications at the site of catheter insertion. Moreover,
almost 25% patients undergoing coronary angiography have normal coronary vessels without need for
percutaneous intervention.54
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Table 1.1 Cardiac Imaging techniques and ischemic heart disease
Coronary artery
lumen / wall / flow
CT
SPECT / PET
MRI
ECHO

*
* (with CT)
*
*

Myocardial
perfusion

Myocardial
motion

*
*
*
*

*
*
*
*

Myocardial
metabolism

* (with PET)
*
*
NO

* denotes ability of imaging techniques to provide information about pathophysiologic attribute of myocardial ischemia

Cardiac Computed Tomography

CCT since its introduction in the early 1970s55 has been rapidly developing imaging
modality56,57 that has been increasingly used in cardiology practice, especially for coronary calcium
scoring and depiction of the coronary arteries.57,58 In some institutions CCT angiography has been
performed in patients with chest pain for “triple rule out” involving pulmonary embolism, ACS and
aortic dissection.59 However, CCT clinical applications need to be further specified for both chronic as
well as acute settings. With increasing use of CCT angiography, there has been increased interest in
obtaining other information including evaluation of myocardial perfusion and RWMA during the same
session with CT angiography. Contrast enhanced CCT has been recently reported to provide
quantification of myocardial blood flow in animal models,60,61 however a large radiation dose was
involved and some other technological aspects will require further improvement of this technique
before it could be used in patients.61 CCT has been recently compared with CMR and
echocardiography in the evaluation of RWMA with good results.62,63 However, echocardiography
correlated more closely with CMR than CCT63 which supports the currently dominating role of
echocardiography in the evaluation of regional myocardial deformation. CCT does not provide
information about cardiac energetics. CCT, however, can be combined with SPECT or PET which
permit metabolic imaging. Moreover, radiation exposure and the use of iodinated contrast agents are
important limitations along with compromised image quality in patients with irregular or fast heart
rates, morbid obesity and coronary stents or severe calcifications.64
Single Photon Emission Computed Tomography and Positron Emission Tomography

SPECT and PET are radionuclide cardiac imaging techniques that have experienced one of the
highest growth rates among cardiovascular imaging modalities during the last decade. SPECT or PET
use radiopharmaceuticals composed of two components, a carrier molecule and a radionuclide in order
to assess myocardial perfusion,65 regional myocardial function66,67 or myocardial metabolism.68,69
Several PET tracers have been used to evaluate different aspects of myocardial metabolism including
glucose metabolism with 18FDG, fatty acid metabolism with 11C palmitate and oxidative metabolism
with 11C acetate.69 Similarly to PET, SPECT permits metabolic imaging with 123I-labeled fatty acid
tracers.68 However, SPECT and PET have relatively low time resolutions which limit quantitative
evaluation of regional myocardial function or derivation of myocardial strain. Moreover, SPECT and
PET are limited by relatively low spatial resolution as compared to CMR, CCT or echocardiography.
Both SPECT and PET can be combined with CT.
Integrated SPECT/CT and PET/CT devices called “hybrid systems” have recently emerged
and sought to overcome some of the limitations when each technique is used alone. Thus CT
angiography provides information about stenosis of coronary arteries, whereas PET or SPECT provide
information about functional consequences of ischemia in terms of perfusion, function or myocardial
metabolism. Apart from radiation exposure of patients during SPECT and PET, some of the tracers
require preparation prior to their use and the presence of cyclotron which may not be always available
and may limit RCI use in an emergency department setting. Furthermore, PET, and to a lesser extent
SPECT, are not so widespread as compared to echocardiography.
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Cardiac Magnetic Resonance

CMR using 1H nucleus in water and fat molecules is probably the most versatile imaging
technique which allows depiction of multitude aspects of myocardial ischemia, including coronary
arteries,70-72 myocardial perfusion, deformation and energetics. The application of gadolinium-chelated
contrast agents during MR studies enables detection of perfusion defects, microvascular obstruction
and areas with myocardial fibrosis.73,74 Myocardial deformation can be scored by CMR
qualitatively,75,76 however several CMR techniques including myocardial magnetic resonance tagging
enable quantitative strain analysis.77-80Another MR technology – magnetic resonance spectroscopy
(MRS) enables a more detailed analysis of various aspects of myocardial metabolism using signals not
only from 1H nuclei (detection of total creatine, lactate and fatty acids), but also from labeled 13Cglucose (analysis of glycolysis, tricarboxylic acids and β-oxidation), from 31P high energy phosphates
(ATP and phoshocreatine) and 23Na (detection of intracellular, extracellular and total sodium).81 CMR
offers several advantages over previous methods. CMR does not require ionizing radiation or iodinated
contrast agents, however, CMR imaging is relatively costly, has limited availability, the studies are
relatively timely, and is limited in patients with arrhythmias and in patients with implanted devices
such as pacemakers and implantable cardioverter-defibrilators.
Echocardiography

Echocardiography is the most frequently used imaging method in evaluation of a patient with
suspected cardiovascular disease. Since the motions of cardiac structures were first recorded in 1954
by Edler and Hertz, echocardiography has diversified into several approaches and methods assessing
heart structure and function. These approaches include transthoracic, transesophageal, intracardiac and
three-dimensional echocardiography as well as intravascular ultrasonography. The techniques include
motion-mode (M-mode), real time two-dimensional (2D) gray scale sector scanning (B-mode
~brightness), Doppler echocardiography, color flow imaging, tissue Doppler imaging, 2D speckle
tracking and contrast enhanced echocardiography.82 Apart from other indications, most of these
techniques have been employed in the diagnosis of coronary artery disease to characterize the coronary
arteries,83-85 coronary blood flow86 or myocardial perfusion.87 Some of the echocardiographic
techniques have been employed in semi-quantitative or quantitative assessment of regional myocardial
function including Tissue Doppler strain echocardiography (TDSE), 2D speckle tracking strain
echocardiography (2DSE), 2D high spatial resolution speckle tracking strain echocardiography (2DHRT) and will be discussed in more details in chapter 3. The strength of echocardiography involves
safety, portability, low cost and widespread availability of ultrasound machines, and high spatial and
temporal resolution. Moreover, echocardiography is not limited by implanted devices or arrhythmias.
However, echocardiography is highly operator dependent with a possibility of higher intra- and
interobserver variability and echocardiographic diagnostic accuracy may be diminished in patients
with poor acoustic window.
However, echocardiography remains the only non-invasive cardiac imaging technique that has
not been utilized in the evaluation of myocardial energetics. Unlike CMR, PET or SPECT, the nature
of ultrasound does not allow direct evaluation of myocardial energetic status. Considering that
myocardial energetic status is closely coupled with myocardial contractile function, the analysis of
myocardial contractile patterns performed by strain echocardiography could provide insights into
myocardial energetics in normal or diseased myocardium.
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1.3

AIMS OF THE STUDY

This study was designed to characterize the relationship between impaired myocardial
energetics and progressive changes in regional myocardial deformation assessed by strain
echocardiography in normal, ischemic and reperfused viable and necrotic myocardium. The primary
goal was to derive a mathematical formula which would enable estimation of the ATP/ADP ratio as a
marker of energetic metabolism by a reproducible strain echocardiography technique for the spectrum
of normal, ischemic and reperfused myocardium. In order to achieve the primary aim, i.e. estimation
of myocardial energetics based on strain echocardiography, the study was conducted in several steps.
Six consecutive aims were defined as follows:
Aim 1: To Determine Whether TDSE Reflects Isolated Changes in Myocardial Energetics
Induced by Nonischemic Inhibition of Energy Transfer

We aimed to evaluate changes of strain pattern in the apical region of the LV myocardium
with preserved viability but impaired contractile function induced by deterioration of energy transfer
due to creatine kinase (CK) inhibition. These conditions would provide a unique opportunity to study
impairment of regional myocardial function without other confounding factors present under
conditions of ischemia/reperfusion including myocardial necrosis (Chapter 5).
Aim 2: To Derive a Mathematical Formula Estimating the ATP/ADP Ratio by Using Strain
Parameters Measured by TDSE in Acute Progressive Myocardial Ischemia

We aimed to characterize the relationship between energetics and regional myocardial strains,
and to derive a mathematical formula estimating the ATP/ADP ratio using strain parameters measured
by TDSE for acutely ischemic myocardium in a porcine model (Chapter 6).
Aim 3: To Test the Impact of Intramyocardial Sonomicrometry Crystals Implantation on
Regional Myocardial Deformation Assessed by TDSE

We intended to use sonomicrometry crystals (SCs) as a “gold standard technique” for
subsequent validation studies with 2DSE. Prior to the 2DSE validation study, we wanted to test the
possibility of significant myocardial damage caused by intramural SCs implantation in a porcine
model which could be a confounding factor for future validation studies (Chapter 7).
Aim 4: To Validate a Novel Doppler Independent 2DSE in Vitro and in Vivo

We aimed to test a new Doppler independent echocardiographic technique developed for
evaluation of myocardial deformation before its potential use in subsequent experiments. The tests
were performed in vitro using tissue mimicking phantom and in vivo in porcine model of acute
myocardial ischemia with SCs used as a gold standard (Chapter 8).
Aim 5: To Test Whether a New Promising 2D-HRT Echocardiography Improves Accuracy and
Precision of 2DSE in Vitro

We aimed to test a new version of 2DSE upgraded with high spatial resolution analysis,
improving evaluation of strains at low deformation, before its potential use in subsequent experiments
focused on myocardial energetics in normal and reperfused myocardium (Chapter 9).
Aim 6: To Derive a Mathematical Formula Estimating the ATP/ADP Ratio Using Strain
Parameters Measured by 2D-HRT for the Spectrum of Normal, Ischemic and
Reperfused Myocardium

We aimed to extend the findings from Aim 2 and to characterize the mechanoenergetic
relationship also in normal and reperfused myocardium in a porcine model. The additional goal of the
study was to define a mathematical formula for prediction of the ATP/ADP ratio based on strain
parameters measured by 2D-HRT, not only in ischemic but also in normal and reperfused myocardium
and thus broaden the potential future application of this echo-computational approach (Chapter 10).

24

Chapter 1

1.4

HYPOTHESIS

Based on the close mechanoenergetic relationship, we hypothesized that changes of
myocardial deformational patterns are closely coupled with changes in myocardial energetics in
normal myocardium and during ischemia and reperfusion. We further hypothesized that the detailed
analysis of strain curve patterns and measurement of strain magnitudes performed by angle
independent strain echocardiography would allow a non-invasive estimation of altered myocardial
energetics status characterized by ATP/ADP ratio.
In preparation for testing the main hypothesis, we performed 5 consecutive studies which
correspond to the first 5 aims. First, we tested the ability strain echocardiography (using TDSE) to
detect isolated changes in myocardial energetics altered by CK inhibition and the ability to estimate
the ATP/ADP ratio in acute progressive ischemia. Next, we validated angle independent 2DSE and
subsequently its upgraded version 2D-HRT with SCs used as a gold standard. Prior to the validation
studies, we tested the impact of SCs implantation on regional myocardial function using TDSE.

1.5

OUTLINE OF THE THESIS

The thesis consists of eleven chapters which address several aspects of myocardial
mechanoenergetic relationship. Chapters 5, 6, 7, 8 and 9 correspond to five published manuscripts.1-5
These chapters are self-contained and complete with abstracts, introduction, methods, results,
discussion and references sections. The use of figures, illustrations, tables, text extracts, abstracts and
the full texts of published manuscripts (chapters 41, 52, 63, 74 and 85) in this thesis was requested and
subsequently permitted by Elsevier Limited via Rightslink® Copyright Clearance Center. Chapter 10
is based on an abstract15 presented at American Society of Echocardiography meeting in 2007 and
structured as a manuscript in preparation for submission.
Chapter 1

Chapter 1 contains introduction with a short overview of cardiac imaging techniques used in
evaluation of ischemic heart disease, rationale and specific aims of the study.
Chapter 2

Chapter 2 provides a general overview of myocardial energetic and energetics of actin-myosin
contraction cycling in normal myocardium which is intended for easier orientation in following
experimental work focused on changes in energetic metabolism.
Chapter 3

Chapter 3 includes a brief review of literature with more detailed information about
measurement of myocardial deformation by echocardiography with focus on TDSE and 2DSE/2DHRT strain echocardiographic techniques which have been used in subsequent experiments.
Chapter 4

Chapter 4 contains a review of the available information abut changes in high energy
phosphates and myocardial strain parameters during acute ischemia and reperfusion.
Chapter 5

Chapters 5 corresponds to Aim 1 and describes the changes of myocardial deformation
assessed by TDSE induced by non-ischemic inhibition myocardial energetics
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Chapter 6

Chapter 6 corresponds to Aim 2 and describes mechanoenergetic relationship during acute
progressive ischemia and provides a mathematical formula estimating the ATP/ADP ratio derived
from strain curves measured by TDSE.
Chapter 7

Chapter 7 corresponds to Aim 3 and describes testing of the impact of the “gold standard” SCs
implantation on myocardial function evaluated by TDSE.
Chapter 8

Chapter 8 corresponds to Aim 4 and describes validation of a novel Doppler independent
speckle tracking strain echocardiography 2DSE in vitro and in vivo.
Chapter 9

Chapter 9 corresponds to Aim 5 and describes validation of an upgraded high spatial
resolution version of 2DSE in vitro.
Chapter 10

The results of experimental work described in chapters 5, 6, 7, 8 and 9 were utilized in
experimental work described in chapter 10 which corresponds to Aim 6. Chapter 10 illustrates the use
of 2D-HRT for non-invasive estimation of the ATP/ADP ratio not only in ischemic, but also in normal
and reperfused viable and necrotic myocardium.
Chapter 11

Chapter 11 includes overall conclusions of the thesis, clinical implications and future
directions.
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General Overview of
Myocardial Energetic Metabolism and
Energetics of Actomyosin
Contraction-Relaxation Cycling
The relationship between regional myocardial energetics and regional myocardial mechanics
is one of extreme complexity and some aspects of this relationship still remain incompletely
understood. This chapter contains a brief summery of myocardial energy metabolism and serves for
easier orientation while reading chapters 4, 5, 6 and 10. The detailed description of the myocardial
energetics is beyond the scope of this thesis and more comprehensive information on various aspects
of cardiac energetics can be found in several excellent textbooks1-4 and review articles.5-8

2.1

GENERAL OVERVIEW OF MYOCARDIAL ENERGY METABOLISM

The healthy human heart produces daily between 3.5 to 5 kg of ATP to keep pumping and
propelling the blood.1 The chemical energy from ATP hydrolysis is converted to mechanical energy
which enables actomyosin contraction and relaxation on the subcellular level, resulting in systole and
diastole on the whole organ level.9
Myocardial Energy Fuels for ATP Generation

To maintain high ATP production, the heart needs a continuous supply of oxygen and energy
fuels such as fatty acids, glucose and lactate. These substrates are delivered to contracting
cardiomyocytes by the coronary circulation. Depending on plasma concentrations, levels of regulatory
neurohormones such as insulin and catecholamines and energy demands, the heart alternates between
fatty acids and glucose as an energy sources.1 In general, free fatty acids (FFAs) account for 60% to
80% and glucose/lactate for 10% to 40% of the myocardial energy source.10 Under fasting conditions,
insulin levels are low and catecholamines levels are high. The lipolysis in adipocytes is stimulated and
triglyceride breakdown increases FFAs levels in the circulation. Subsequently, FFAs are taken up with
high rate by myocytes and become the major source of energy. The long chain FFAs are transported to
the mitochondria via the carnitine shuttle and thereafter are progressively broken into two-carbon units
of acetyl-CoA by a process called β-oxidation. When FFAs are being utilized, glycolysis is inhibited
and the glucose transported to myocytes is converted to glycogen.11 Postprandially, high insulin levels
reduce the release of FFAs from adipocytes and enhance glucose uptake by the myocardium. The
inhibition of glycolysis ceases. Glycolysis in cytoplasm produces pyruvate and also a limited amount
of ATP (2 moles of ATP per 1 mole of glucose) which becomes important under anaerobic conditions.
Pyruvate is subsequently decarboxyled by the enzyme pyruvate dehydrogenase to acetyl-CoA. Under
aerobic conditions, lactate also serves as a source of energy and is oxidized to pyruvate by lactate
dehydrogenase with subsequent decarboxylation by pyruvate dehydrogenase complex to acetyl-CoA.
Under anaerobic conditions, on the other hand, pyruvate is no longer processed to acetyl-CoA and is
converted to lactate.
ATP Production in Mitochondria

The acetyl-CoA produced either by β-oxidation or by pyruvate dehydrogenase enters the
citrate (tricarboxylic acid) cycle in the mitochondria which produces reduced form of nicotinamide
adenine dinucleotide (NADH2) and flavine adenine dinucleotide (FADH2). ATP is then regenerated in
a process called oxidative phosphorylation in which oxidation of NADH+H+ (NADH+H+ + 1/2O2 →
NAD+ + H2O) is coupled with phosphorylation of ADP (2.5 ADP +2.5 Pi → 2.5 ATP). NADH+H+
and FADH2 transfer their electrons to the respiratory chain which includes four multiprotein
complexes bound to the inner mitochondrial membrane. The energy carried by the electrons is released
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during their passage through the respiratory chain in order to pump protons out of the mitochondria
matrix into mitochondrial intermembrane space. In this way, a proton electrochemical gradient across
the inner mitochondrial membrane is created and electrons are passed to oxygen molecules.
Eventually, ATP is regenerated from ADP and Pi by multiprotein enzyme called ATP synthetase.
Protons flux from mitochondrial intermembrane space back to the mitochondrial matrix through the
channel of ATP synthetase, rotating part of the ATP synthetase with ADP- and ATP-binding sites. The
rotational energy generated during the proton flux through the channel is used for ATP regeneration.
ATP Transfer from Mitochondria to Utilization Sites

ATP molecules produced by oxidative phosphorylation have to be transferred from the
mitochondrial matrix by ATP-ADP translocase because ATP cannot be diffused freely across the inner
mitochondrial membrane due to its impermeability to adenine nucleotides. Diffusion of ATP in the
cytosol may be fast due to its high concentration, however ADP diffusion is much slower due to a
much lower concentration, thus the regeneration of ATP in the myocytes would be slow. In order to
efficiently and rapidly transfer energy produced in mitochondria to energy-consuming cellular
structures, the myocyte is equipped with spatially arranged intracellular enzymatic networks which
closely couple ATP-generating and ATP consuming processes, maintaining a balance between ATP
consumption and production.7
Creatine kinase (CK) shuttle is the major phosphotransfer system in cardiomyocytes. The
mitochondrial CK converts ATP to CrP and in this way phosphate is carried from mitochondria to
energy utilization structure via CrP, while cytosolic CK transfers P from CrP to ADP and generating
ATP. In addition, the phosphotransfer network includes adenylate kinase, carbonic anhydrase and
glycolytic enzymes that operate in parallel with CK. Therefore inhibition of one system can be well
tolerated by cardiomyocytes.7 1,2
Oxygen Costs and ATP Yields from Energy Fuels

There is a difference between FFAs and glucose in oxygen costs and how much ATP can be
yielded from one mole of the energy substrate.1,2 Anaerobic glycolysis of six carbon glucose yields a
total 2 moles ATP per one mole of glucose and additional 36 moles of ATP are generated under
aerobic conditions. Oxidation of six-carbon fatty acid yields 44 moles of ATP, however it needs 8
moles of oxygen during this process whereas oxidation of glucose requires only 6 moles of oxygen. In
other words, oxidation of FFA yields 5.5 moles of ATP for each mole of oxygen used while oxidation
of glucose delivers 6.3 moles of ATP per mole of oxygen. Thus, FFAs provide a richer source of ATP
during full oxidation whereas during ischemia glucose provides the better deal for each molecule of
oxygen used.12

2.2

ENERGETICS OF ACTOMYOSIN CONTRACTION-RELAXATION CYCLING

The pump function of the heart is totally dependent on ATP which has a dual role in
contraction-relaxation cycling. During contraction, the chemical energy contained in ATP is
transformed into mechanical work performed by actomyosin complex. This involves a series of
reactions which are highly regulated. In addition to the ATP role in contraction, ATP also enables
relaxation by dissociating actin from myosin. Regulation of contraction-relaxation cycling involves
several other proteins, including tropomyosin and proteins of troponin complex (troponin I, C and T).
Tropomyosin along with troponin I modulate the interactions between actin and myosin, troponin T
binds the tropomyosin to troponin complex and troponin C binds calcium and regulate contraction.1,2
Control of Contraction-Relaxation Cycle by Calcium

Cardiomyocyte contraction is initiated by plasma membrane depolarization. Calcium influx
across the plasma membrane into cardiomyocyte triggers “calcium induced calcium release” from
sarcoplasmic reticulum. Calcium binding to troponin C sets off a series of conformational changes
which result in strengthened binding of troponin C to troponin, thereby weakened inhibitory binding of
troponin I to actin. Consequently, tropomyosin is shifted away from actin which makes actin ready to
interact with myosin.1,2
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ATP and Cross-Bridge Cycling

In the relaxed state during diastole, myosin is detached from actin and the ATP bound to
myosin is undergoing hydrolysis. However, the products of ATP hydrolysis, ADP and Pi, are still
bound to myosin and dissociate from myosin very slowly. After activation of actin at the beginning of
systole, actin stimulates myosin ATPase activity and accelerates dissociation of hydrolysis products
from myosin. Following Pi release, myosin binds strongly to actin while ADP is still bound to myosin.
With the release of ADP, the position of cross-bridge is moved and rigor complex is formed.
Subsequently, ATP binds to myosin heads and releases actomyosin rigor bond. Thus, the cross-bridge
cycle can start again and the cycling continues until calcium is removed and pumped back to
sarcoplasmic reticulum at the beginning of diastole. The ATP level needed for dissociation of rigor
bonds is much higher than for formation of rigor bonds. During severe energy depletion, rigor bonds
can not be dissociated and their persistence may lead to ischemic contracture. ADP and Pi released
from myosin ATPase have to be continuously recycled by CK in order to prevent the inhibiting effect
of ATP hydrolytic products on sarcomere contraction and supply cross-bridge cycling with new
ATP.13,14
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Regional Myocardial Deformation
Assessment by Strain Echocardiography
Non-invasive assessment of regional myocardial function resulting from actomyosin
contraction-relaxation cycling by echocardiography has been among the most challenging tasks for
many years. This has consequently triggered an extensive research effort in order to find new and
feasible methods for quantitative evaluation of regional motion and deformation.
This chapter describes the basis of echocardiographic techniques used in the assessment of
regional wall motion and deformation abnormalities and focuses on two novel echocardiographic
methods, Doppler based strain echocardiography and Doppler independent-speckle tracking based
strain echocardiography, which have been validated during recent years and used in experimental and
clinical studies.

3.1

ECHOCARDIOGRAPHIC TECHNIQUES FOR ANALYSIS OF REGIONAL MYOCARDIAL
WALL MOTION AND DEFORMATION

Several echocardiographic techniques are being used for semi-quantitative or quantitative
assessment of regional myocardial function. This includes visual assessment from 2D gray scale
images, conventional and anatomical M-mode (motion mode), endocardial border detection with color
kinesis, and strain techniques based on either tissue Doppler velocity measurements or Doppler
independent speckle tracking.
Two Dimensional Echocardiography

Traditionally, regional myocardial function has been estimated with echocardiography by
subjective visual interpretation of segmental wall motion from two dimensional B-mode images
(brightness mode). Semi-quantitative visual assessment has been based on three parameters: 1) inward
movement of endocardial border, 2) regional asynchronicity and 3) myocardial wall thickening and
thinning have been assessed from two dimensional gray scale images. The wall motion has been
graded semiqualitatively (as normokinesis, hypokinesis, akinesis, dyskinesis and aneurysm),
particularly in the evaluation of ischemia induced changes of myocardial contractility. However,
significant expertise and extensive training of the observer is required in order to interpret wall motion
abnormalities. Visual assessment of myocardial deformation is prone to error with limited
identification of subtle changes in regional wall motion and with rather high intra- and inter-observer
variability.
M-mode Echocardiography

Radial myocardial thickening/thinning can be also assessed by “conventional M-mode”
(motional mode) echocardiography1,2 which has high spatial and temporal resolution (1-5 msec)
making it suitable for highly mobile structures such as myocardium. Conventional M-mode does not
depend on 2D image quality; however the line of M-mode analysis can rotate only from the position of
the ultrasound transducer within the sector of imaging. Since M-mode needs to be performed
perpendicularly to myocardial wall, only a limited number of segments are possible to analyze.
Conventional M-mode is not able to follow the translational motions of the heart causing displacement
of the LV walls throughout cardiac cycle. This limitation may result in inaccurate measurements of
regional wall thickening and thinning.
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Newer “anatomical M-mode” has partially overcome this limitation.3,4 With this approach, Mmode cursor can be placed anywhere within any two dimensional gray scale image and M-mode can
be analyzed in any direction. Anatomical M-mode allows the position adjustments throughout cardiac
cycle which further improves measurements as compared to conventional M-mode. Because
anatomical M-mode is derived from 2D gray scale images, temporal and lateral resolution of 2D gray
scale images limits temporal and axial resolution of the anatomical M-mode3 as compared to
conventional M-mode. The extreme position is when the M-mode line is perpendicular to the direction
of ultrasound beam.
Automatic Border Detection Systems and Color Kinesis

Based on a highly reflective blood/endocardial ultrasound interface; automatic border
detection systems (acoustic quantification) were designed to track inwards and outwards endocardial
border motion during cardiac cycle from acoustic backscatter. As an extension of acoustic
quantification, color kinesis has been developed. Color kinesis tracks the movement of the endocardial
border and results in color coded images reflecting the magnitude and timing of regional endocardial
movement.5 Color kinesis quantifies endocardial excursion rather than real wall deformation
(thickening/thinning), therefore it has limited utility in quantification of regional deformational
abnormalities. Moreover, color kinesis has problems with a signal noise, requires an excellent image
quality6 and is influenced by translational motions of the heart. In order to improve this technique,
color kinesis has been recently combined with the application of ultrasound contrast agents for
simultaneous quantification of myocardial perfusion and improved quantification of regional LV
function.7,8 Although color kinesis has been validated and used in animal experiments and human
studies,9 color kinesis with or without contrast-enhancement has remained mostly an investigational
tool.
Tissue Doppler Velocity Imaging

The well-known Doppler Effect described in 19th century by Christian Andreas Doppler10 has
been utilized in cardiac ultrasound imaging for measurements of either blood flow or
tissue(myocardial) velocities. In contrast to the moving blood which has high velocity (mostly above
50 cm/sec) with low density and low intensity of signals, moving myocardium has low velocity
(typically bellow 20 cm/sec) but high density and high intensity signals. Different settings of filters
allows detection of either blood flow or tissue motion (low pass filter for tissue Doppler imaging
where velocities originated from blood motion are rejected).11
Tissue Doppler derived velocity can be acquired using either pulsed wave Doppler by placing
sample volume within myocardium, or using M-mode or two-dimensional color coded tissue Doppler
images (TDI). In TDI, the velocities are recorded relative to ultrasound transducer and can be
calculated in each pixel from the entire sector. The red color encodes myocardial motion towards the
ultrasound transducer (positive values) and blue color indicates motion away from the transducer
(negative velocities).11 Magnitudes of tissue velocities are coded by scale of shade brightness for each
color; i.e. the brightest shades correspond to the highest magnitude of velocity. The color coded
velocities can be expressed as myocardial velocity curves during cardiac cycle. As a result;
simultaneous interrogations from multiple locations are possible by placing several TDI sample
volumes.
Because TDI interrogates motion along the ultrasound beam, the use of TDI is restricted and
has been mostly applied in apical projections for measurements of longitudinal myocardial motion. In
the longitudinal direction, apex is nearly stationary, whereas the base is moving during systole towards
and in diastole from the apex. Therefore, the tissue velocities gradually increase from apex towards the
base and are maximal at the annular plane (Figure 3.1). The temporal derivative of tissue velocities –
displacement increases in an apico-basal direction as well.
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Figure 3.1 Representative gradient of longitudinal tissue Doppler velocity tracings in normal LV wall. Colored
circles (on the left) indicate the positions of the regions of interest for corresponding tissue velocities. The
lowest velocity (V1) is near the apex, higher is present in mid portion of LV (V2) and the highest is at the LV
base (V3).

The point velocity does not differentiate between active contraction and passive myocardial motion
due to tethering effects which may limit evaluation of a degree of myocardial functional impairment.
The baso-apical velocity gradient and tethering of myocardial segments are major disadvantages of
TDI in assessment of regional myocardial function. Moreover, TDI measurements in circumferential
and radial directions in short axis projections are limited to only certain segments and have been used
only sporadically.12

3.2

STRAIN AND STRAIN RATE

The early echocardiographic methods were mainly capable to assess LV myocardial wall
thickening/thinning. However, LV myocardial wall segments undergo complex three dimensional
changes during cardiac cycle, therefore to better characterize events during systolic and diastolic
myocardial deformation in multiple dimensions required new approaches and development of new
techniques including strain echocardiography.
Strain and Strain Rate

Myocardial strain is dimensionless quantity which can be assessed in longitudinal,
circumferential and radial directions (Figure 3.2). Longitudinal myocardial strain is defined as the
deformation of the myocardium normalized to its length and calculated throughout the cardiac cycle as
= (L-L0)/L0 where L is the instantaneous length and L0 is the original length.13,14 Similarly,
circumferential and radial strain can be derived. By convention, shortening (circumferential or
longitudinal) is represented by a negative and radial thickening by a positive value. Strain rate is a
temporal derivative of strain (and vice versa strain is a temporal integral of strain rate) and expresses
the speed at which the deformation (i.e. strain) occurs.
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Figure 3.2 Schematic representation of the principal myocardial strains. The direction of the longitudinal
(apical long axis view, A and B), circumferential and radial strains (LV mid short axis view, C and D) during
diastole is shown on the left (A and C) and during systole on the right (B and D). LONGIT indicates
longitudinal strain; CIRCUM, circumferential strain; and RAD, radial strain.

Myocardial Deformational Parameters Obtained from Strain and Strain Rate Curves

Strain and strain rate can be depicted as waveforms throughout cardiac cycle (Figure 3.3).
Currently two ultrasound methods are mainly used for strain evaluation, tissue Doppler derived strain,
speckle tracking strain. Several deformational parameters can be assessed from the curves during
systole and diastole. As the myocardium contracts during isovolumic contraction (IVC) and ejection
(EJ), EJ strain rate (EJ-SR), endsystolic strain (ES) and peak systolic strain (PkS) can be measured.
During diastole, early relaxation is characterized by E wave and atrial contraction by A wave
on the strain rate curves that correspond to deformation on strain curves (E-S and A-S). In normal
myocardium, small systolic lengthening (SL) and postsystolic shortening (PSS) deformation can occur
(Figure 5.1 and 7.2) and have been related to myofiber orientation and reshaping of LV during IVC
and IVR.15-18 However, during ischemia and reperfusion, SL and PSS also occur but with higher
magnitudes.19-21

3.3

TISSUE DOPPLER BASED STRAIN ECHOCARDIOGRAPHY

TDI derived myocardial velocities assess the motion relative to the transducer, however
myocardial motion can be measured relative to another close moving region of the myocardium which
provides information about myocardial deformation. Tissue Doppler based strain echocardiography
(TDSE) uses the concept and strain rate by TDI is derived as the difference of velocities between two
points along the myocardial wall normalized to the distance between them. The strain is calculated
from strain rate values by temporal integration (Figure 3.3).
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Figure 3.3 Representative longitudinal strain rate and strain curves obtained by TDSE from a normal
segment of the LV. Upper curve represents strain rate (SR) and lower curve strain (S) curve. Strain rate is a
temporal derivative of strain and vice versa strain is a temporal integral of strain rate (indicated by pink
arrows). SR and S deformational parameters are indicated by white arrows: EJ denoted ejection; A, atrial
contraction; E, early relaxation; ES, endsystolic strain; PkS, peak systolic strain. IVC and IVR denote
isovolumic contraction and relaxation phases of cardiac cycle.

In contrast to TDI velocity which reflects motion of one point of the myocardium relative to
the transducer, strain rate provides information about motion of one point in the myocardial wall
relative to another one within the sample volume.
TDSE has been validated in vivo in gel phantoms22 and in vivo in animal experiments using
ultrasonic crystals 21 and in humans using tagged CMR23 under normal and various pathologic
conditions and has been used in numerous clinical studies.24 Using narrow sectors, TDI can reach very
high time resolution (250 frames/sec, i.e. 4 msec) which allows measurements of various parameters
during short lived periods of cardiac cycle such as isovolumic contraction and isovolumic relaxation.
TDSE has been used in evaluation of acute myocardial ischemia in several animal experiments and
human studies.19-21
Nevertheless, TDSE is one-dimensional and is angle dependent which can be especially
disadvantageous in the evaluation of strain in apical regions. Moreover, TDSE has several other
inherent limitations including sensitivity signal noise, lateral resolution, necessary tracking of the
sample volume throughout cardiac cycle, sensitivity to alignment and, rather large intra- and interobserver variability; which may limit TDSE clinical utility.24
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Figure 3.4 Tracking of typical speckled pattern of the myocardium on the two dimensional echocardiography
in the inferior LV wall. Two subsequently obtained frames of the inferior wall inferior show typical myocardial
speckle pattern. 2D speckle strain software identifies natural acoustic marker in the myocardium motion of
and tracks them from frame to frame (the change of speckles between 2 subsequent frames during systole is
indicated by the yellow arrows).

3.4

DOPPLER INDEPENDENT SPECKLE TRACKING STRAIN ECHOCARDIOGRAPHY

Two dimensional strain echocardiography is a novel imaging method that assesses tissue
motion using tracking of specific myocardial “natural acoustic markers” ~ speckles in standard (Bmode) two dimensional, gray scale ultrasound images.25-27 Every myocardial region has a unique
speckled configuration which can be tracked and followed frame by frame throughout cardiac cycle.
The geometric position of each marker (speckle) varies from frame to frame and shift of each marker
represents local myocardial motion (Figure 3.4). The tracking is based on searching the new position
of a defined region of speckles in the subsequent frame using a block-matching algorithm.26,28The
speckle tracking software algorithm follows the changes of geometric position of a predefined
myocardial region in two dimensions from frame to frame and calculates myocardial displacement,
velocity, strain and strain rate. The motion of the heart within the thoracic cavity, heart rotation and
twisting, and breathing can cause out-of-plane motion of speckles with their disappearance. However,
this speckle disappearance occurs over several frames rather than two consecutive frames, therefore
speckle tracking is preserved. Novel 2DSE offers several advantages compared to TDSE. The major
advantage is angle independency which allows analysis of myocardial motion and deformation not
only in longitudinal direction but also in circumferential and radial directions.
However, no validation studies have been performed prior to our investigation of the
myocardial mechanoenergetic relationship. Therefore, we performed a set of in vitro and in vivo tests
in order to validate 2DSE with SCs used as a gold standard (Chapter 8). Moreover, after
implementation of the 2-stage algorithm,26,28 we tested the new high spatial resolution version of 2DSE
in vitro (Chapter 9). Although SCs have been used since the 1950s29,30 in many experimental31 and
validation studies,21,32 the question arose whether insertion of SCs could alter regional function and
affect the presence or magnitude of PSS or SL strains. Therefore, prior the validation studies, we
performed a study to explore whether SC embedding causes measurable differences in strain or strain
rate parameters assessed by TDSE (Chapter 7).
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Regional Myocardial Deformation and
High Energy Phosphate Levels in
Acute Ischemia and Reperfusion
The term ischemia is derived from two words of Greek origin: isch- means restriction and haema refers to blood, which indicates that myocardial alterations are induced by blood flow
constraint. Ischemia is preferably defined as an imbalance between the oxygen and metabolic
substrates supplied to the heart or and the amount needed to maintain normal myocardial contraction
and relaxation. Acute or chronic forms of regional ischemia due to coronary occlusion or coronary
stenosis are very frequent and are the most common form of cardiovascular disease. Contrary to
regional ischemia, global ischemia of the entire heart is a relatively rare condition which may happen
in severe hypotension or during open heart surgery when cross clamping of the aorta is performed. The
restriction in supply may be accompanied by impaired removal of waste products of myocardial
metabolism with their accumulation in ischemic region.

4.1

REGIONAL MYOCARDIAL DEFORMATION AND INHIBITION OF PHOSPHOTRANSFER

Ischemia and reperfusion alter energetic metabolism as well as cause many other changes in
the myocardium which may affect regional contractility including edema, excessive formation of
reactive oxygen species, immune response with cellular and hemorrhagic infiltrates, changes in
calcium homeostasis, apoptosis and necrosis.1-3It has been shown previously that iodoacetamide (IAA)
selectively impaired intracellular energy transfer via inhibition of CK which was associated with
diastolic and systolic dysfunction without alteration of intracellular or extracellular integrity.4-6 Thus,
this model offers a unique opportunity to study the association of the alteration of myocardial energy
metabolism and its myocardial functional consequences while myocardial viability is preserved.
However, the previous studies have been performed using isolated rat hearts and reported the global
mechanoenergetic relationship after IAA administration.4-6 whereas the IAA effect on the regional
myocardial deformation in a large animal model has not tested.
Therefore, we performed a set of experiments to study the impact of selective administration
of IAA into left anterior descending coronary artery (LAD) on regional myocardial function and
determine if TDSE reflects the changes in myocardial metabolism and detects the impairment of
systolic and/or diastolic myocardial deformation (Chapter 5).

4.2

REGIONAL MYOCARDIAL DEFORMATION AND HIGH ENERGY PHOSPHATES LEVELS
IN ACUTE ISCHEMIA AND REPERFUSION

Considering the total dependence of myocardial contractile performance on HEP production
and supply, the close relationship between regional myocardial function and energy fuels, oxygen,
HEP and wastes of myocardial metabolism can be expected. Indeed, the decrease in oxygen and
metabolic substrates with subsequent depression of HEP production and the impaired removal of the
metabolic waste have been associated with impairment of LV function. However, previous studies
have often been conducted in isolated heart models and have frequently associated global LV function
with changes in myocardial energy metabolism and.7-11 Results of those studies may not easily
translate into changes in regional contractility and energetics induced by regional ischemia. Moreover,
the relationships between HEP and the degree of regional functional impairment may vary with
severity and duration of ischemia and are dependent on many other factors. Therefore, extrapolation of
results between the studies may be difficult. Moreover, a high percentage of studies have been
performed in the canine model of ischemia which represents a different spectrum of patients with
ischemic heart disease than the porcine model due to the presence of coronary collateral network.
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Regional Myocardial Function During Acute Ischemia and Reperfusion

In 1935, Tennant and Wiggers experimentally showed that briefly after LAD ligation a
marked systolic myocardial expansion evolved and subsequently replaced normal shortening in the
early ischemic region.12 The expansion occurred during systole and was followed by quick shortening
during isovolumic relaxation. Thus, they recognized for the first time typical changes in regional
myocardial deformation which occur with onset of severe regional ischemia and have been referred as
systolic lengthening (SL) and postsystolic shortening (PSS) in the longitudinal and circumferential
directions and systolic thickening (Figure 6.1 and 10.1) and postsystolic thickening in the radial
direction. Quick evolution of regional myocardial contractile failure within tens of seconds after LAD
occlusion was subsequently confirmed by many other researchers using SCs13,14 and later by means of
other imaging techniques15,16 which also allowed quantitative assessment of various myocardial
deformational parameters including SL, PSS, PkS, ES strains and lengthening to shortening (L/S)
ratio.17
In 1975 Heyndrickx18 first described that brief periods of coronary occlusion resulted in
prolonged impairment of regional function after reperfusion. This phenomenon is usually referred to as
myocardial stunning and describes persistent myocardial dysfunction after a brief period of ischemia
with successful reperfusion accompanied by nearly normal or normal myocardial perfusion and
absence of irreversible damage.19-21 Partial or complete recovery of longitudinal or radial regional
function upon reperfusion after a brief period of severe ischemia was subsequently shown in animal
experiments using SCs,22,23 tissue Doppler velocities,16,24 M-mode15 and TDSE.24,25 Magnitudes of SL
and PSS strains decrease upon reperfusion and ES and PkS strains return to normal values. The rate of
recovery is dependent on the duration of LAD occlusion; recovery is faster if ischemia lasted for a
shorter period of time whereas prolonged ischemia causes longer myocardial dysfunction with delayed
restoration of myocardial function.
The initial dramatic changes in myocardial strain curve pattern and strain magnitudes (i.e.
rapid evolution of high magnitudes of SL and PSS strains) within the first couple of minutes after LAD
occlusion are not followed by similarly striking changes if the LAD occlusion continues. If the
myocardium is not reperfused, the strain magnitudes in the ischemic region tend to decline. The rate of
strain magnitude decrease is likely related to the animal model used for the experiments and the
presence of a coronary collateral network. Few studies in the canine model of ischemia using SCs26
27,28
or two dimensional echocardiography29,30 indicated that after the initial development of contractile
failure, an equivalent of ES strain does not change with progression of ischemia up to 6 hours duration
of LAD occlusion but may decrease with further duration of ischemia for several days or weeks.28,30
However, other important markers of ischemic myocardium such as PSS or SL may have changed but
were not assessed in those studies.
Contrary to these reports, recent echocardiographic studies showed that radial ES may vary
with the duration of ischemia and with transmurality of myocardial necrosis in porcine model and also
in humans.31,32 Other studies using SCs,33,34 M-mode,35-37 pulsed wave myocardial Doppler imaging37,
or TDSE17,31 have shown that PSS magnitude either in longitudinal or radial directions decrease with
the duration of severe ischemia. These observations had important implications for utilization of PSS
measurements. The decreasing PSS magnitude has been related to the increase in transmurality of
myocardial necrosis after acute LAD occlusion.36,37 Measurements of PSS in ischemic myocardium
prior to reperfusion have been shown to be predictive of functional recovery in experimental setting34
as well as in patients38 with acute myocardial infarction. Similarly, SL has been reported to decrease
with the duration of severe ischemia induced by LAD occlusion17,31 and with transmurality of
myocardial necrosis.31
After late reperfusion of transmurally infarcted myocardium, no functional recovery can be
expected, however, strain parameters may further decrease17,31,36 due to increased myocardial stiffness.
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High Energy Phosphate Levels During Acute Ischemia and Reperfusion

The changes in myocardial energetics and especially high energy phosphates during acute
ischemia and reperfusion have been intensively studied for decades in various models and various
species including rat, rabbit, guinea pig, cats, pigs, dogs and baboons.39,40
The changes in HEP levels are closely coupled with alteration of myocardial energetic
metabolism following coronary occlusion. Oxidative phosphorylation in mitochondria quickly ceases
while anaerobic glycolysis maybe be preserved for initial tens of minutes. However, anaerobic
glycolysis produces only minimal amount of ATP as compared to oxidative phosphorylation which is
not sufficient for maintaining contraction-relaxation cycling.1,2
Creatine phosphate is depleted within the first minutes of ischemia which is accompanied by
significant increase in Pi but by only mild decrease of the ATP.41-43 A more pronounced decrease of
ATP levels occurs with prolonged ischemia and further decrease to minimal values at 90-180 minutes
of coronary occlusion.39,44
The ADP levels initially remain the same or even tend to increase due to breakdown of ATP
which in turn decreases ATP/ADP ratio. This period is followed by the decrease in ADP levels which,
however, is disproportionate to the decrease in ATP level. This results in further decrease of the
ATP/ADP ratio. As ischemia further progresses, the total adenine pool including ATP, ADP and the
ATP/ADP ratio exponentially diminishes to level which has been associated with cardiomyocyte
death. This may be initially manifested as localized cardiomyocyte necrosis which extends from
nontransmural to transmural myocardial necrosis.45-48 However, cell necrosis can occur after about 20
minutes of complete coronary occlusion.49
If myocardium is reperfused at early stage of severe ischemia (20-30 minutes, i.e. stunning),
the CrP level increases and may be higher than normal levels, ATP level remains lower in comparison
to baseline but the ATP/ADP ratio may normalize (due to resynthesis of ATP from ADP). However,
the restoration of ATP levels and the pool of adenines are delayed50,51 due to loss of adenines during
ischemia and their very slow de novo synthesis or salvage following reperfusion.52-54
If the myocardium is reperfused too late (90-120 minutes) and myocardial transmural necrosis has
already developed, no change in high energy phosphates can be expected.39,45-48 The transition from
reversible to irreversible myocardial damage has been associated with many factors including severe
ATP depletion 55-57.
Regional Myocardial Deformation and High Energy Phosphate Levels During Acute Ischemia
and Reperfusion

As mentioned above, the studies comprehensively characterize changes in myocardial
deformation during acute ischemia/reperfusion using SCs or echocardiography have been mostly
performed without assessment of HEP metabolism.15-17,24,25,31,32,35-37
On the other hand, many studies focused on regional myocardial metabolism during acute
ischemia/reperfusion have often been performed either without41,44,50,58-60 or with only simple
characterization of myocardial function by an equivalent of ES strain (endsystolic shortening or
thickening).27,30,61-66 However, evaluation of only ES strain or equivalents of ES may not provide
detailed information about either complex changes of regional myocardial deformation or energetics
during ischemia and reperfusion.
Only a few studies have described the relationships of typical markers of ischemic myocardial
dysfunction such as PSS and myocardial energy metabolism. However, those studies have been
performed in a model of moderate ischemia induced by coronary stenosis.67,68 Thus, the relationships
between changes of HEP and various regional myocardial deformational parameters during acute
ischemia and reperfusion induced by coronary occlusion remain to be characterized.
Therefore, we initially performed a set of experiments in order to characterize the relationship
between the ATP/ADP ratio as a marker of myocardial energetic status and strain parameters
measured by TDSE during acute progressive ischemia (Chapter 6).
In the subsequent step performed, we aimed to extend the findings from the first study and
define the relationship between the ATP/ADP ratio and strain parameters measured by 2D-HRT and
derive mathematical formula based on strain parameters estimation of the ATP/ADP ratio for the
spectrum of normal, acutely ischemic and early and late reperfused myocardium (Chapter 10).

49

Chapter 4

4.3

REFERENCES

1.
2.

Katz AM. Physiology of the heart. 4th ed. Philadelphia: Lippincott Williams & Wilkins; 2006.
Opie LH. Heart physiology : from cell to circulation. 4th ed. Philadelphia: Lippincott Williams
& Wilkins; 2004.
Braunwald E, Zipes DP, MD Consult LLC. Braunwald's heart disease a textbook of
cardiovascular medicine. In. 7th ed. St. Louis, Mo.: MD Consult; 2005.
Hamman BL, Bittl JA, Jacobus WE, Allen PD, Spencer RS, Tian R, Ingwall JS. Inhibition of
the creatine kinase reaction decreases the contractile reserve of isolated rat hearts. Am J
Physiol. 1995;269:H1030-6.
Fossel ET, Hoefeler H. Complete inhibition of creatine kinase in isolated perfused rat hearts.
Am J Physiol. 1987;252:E124-9.
Tian R, Christe ME, Spindler M, Hopkins JC, Halow JM, Camacho SA, Ingwall JS. Role of
MgADP in the development of diastolic dysfunction in the intact beating rat heart. J Clin
Invest. 1997;99:745-51.
Taegtmeyer H, Roberts AF, Raine AE. Energy metabolism in reperfused heart muscle:
metabolic correlates to return of function. J Am Coll Cardiol. 1985;6:864-70.
Vanoverschelde JL, Janier MF, Bergmann SR. The relative importance of myocardial energy
metabolism compared with ischemic contracture in the determination of ischemic injury in
isolated perfused rabbit hearts. Circ Res. 1994;74:817-28.
Clarke K, O'Connor J, Willis RJ. Temporal relation between energy metabolism and
myocardial function during ischemia and reperfusion. Am J Physiol. 1987;253:H412-H421.
Saupe KW, Eberli FR, Ingwall JS, Apstein CS. Hypoperfusion-induced contractile failure does
not require changes in cardiac energetics. Am J Physiol. 1999;276:H1715-23.
Humphrey SM, Holliss DG, Seelye RN. Myocardial adenine pool depletion and recovery of
mechanical function following ischemia. Am J Physiol. 1985;248:H644-51.
Tennant R, Wiggers CJ. The effect of coronary occlusion on myocardial contraction. Am J
Physiol. 1935;112:351-361.
Theroux P, Franklin D, Ross J, Jr., Kemper WS. Regional myocardial function during acute
coronary artery occlusion and its modification by pharmacologic agents in the dog. Circ Res.
1974;35:896-908.
Theroux P, Ross J, Jr., Franklin D, Kemper WS, Sasyama S. Regional Myocardial function in
the conscious dog during acute coronary occlusion and responses to morphine, propranolol,
nitroglycerin, and lidocaine. Circulation. 1976;53:302-14.
Jamal F, Szilard M, Kukulski T, Liu XS, D'Hooge J, Bijnens B, Rademakers F, Hatle L,
Descheerder I, Sutherland GR. Changes in systolic and postsystolic wall thickening during
acute coronary occlusion and reperfusion in closed-chest pigs: Implications for the assessment
of regional myocardial function. J Am Soc Echocardiogr. 2001;14:691-7.
Derumeaux G, Ovize M, Loufoua J, Andre-Fouet X, Minaire Y, Cribier A. Doppler tissue
imaging quantitates regional wall motion during myocardial ischemia and reperfusion.
Circulation. 1998;97:1970-7.
Lyseggen E, Skulstad H, Helle-Valle T, Vartdal T, Urheim S, Rabben SI, Opdahl A, Ihlen H,
Smiseth OA. Myocardial strain analysis in acute coronary occlusion: a tool to assess
myocardial viability and reperfusion. Circulation. 2005;112:3901-10.
Heyndrickx GR, Millard RW, McRitchie RJ, Maroko PR, Vatner SF. Regional myocardial
functional and electrophysiological alterations after brief coronary artery occlusion in
conscious dogs. J Clin Invest. 1975;56:978-85.
Braunwald E, Kloner RA. The stunned myocardium: prolonged, postischemic ventricular
dysfunction. Circulation. 1982;66:1146-9.
Bolli R. Mechanism of myocardial "stunning". Circulation. 1990;82:723-38.
Kloner RA, Bolli R, Marban E, Reinlib L, Braunwald E. Medical and cellular implications of
stunning, hibernation, and preconditioning: an NHLBI workshop. Circulation. 1998;97:184867.

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.

50

Chapter 4
22.
23.
24.

25.

26.
27.
28.
29.
30.
31.
32.

33.
34.
35.

36.
37.
38.

Meyer TE, Foex P, Ryder WA. Regional interaction and its effect on patterns of myocardial
segmental shortening and lengthening during different models of asynchronous contraction in
the dog. Cardiovasc Res. 1992;26:476-86.
Rynning SE, Hexeberg E, Birkeland S, Westby J, Hessevik I, Grong K. Non-uniform recovery
of performance in stunned myocardium evaluated by two-dimensional sonomicrometry. Acta
Physiol Scand. 1993;149:441-9.
Skulstad H, Urheim S, Edvardsen T, Andersen K, Lyseggen E, Vartdal T, Ihlen H, Smiseth
OA. Grading of myocardial dysfunction by tissue Doppler echocardiography: a comparison
between velocity, displacement, and strain imaging in acute ischemia. J Am Coll Cardiol.
2006;47:1672-82.
Jamal F, Kukulski T, Strotmann J, Szilard M, D'Hooge J, Bijnens B, Rademakers F, Hatle L,
De Scheerder I, Sutherland GR. Quantification of the spectrum of changes in regional
myocardial function during acute ischemia in closed chest pigs: an ultrasonic strain rate and
strain study. J Am Soc Echocardiogr. 2001;14:874-84.
Theroux P, Ross J, Jr., Franklin D, Covell JW, Bloor CM, Sasayama S. Regional myocardial
function and dimensions early and late after myocardial infarction in the unanesthetized dog.
Circ Res. 1977;40:158-65.
Przyklenk K, Bauer B, Kloner RA. Reperfusion of hibernating myocardium: contractile
function, high-energy phosphate content, and myocyte injury after 3 hours of sublethal
ischemia and 3 hours of reperfusion in the canine model. Am Heart J. 1992;123:575-88.
Lavallee M, Cox D, Patrick TA, Vatner SF. Salvage of myocardial function by coronary artery
reperfusion 1, 2, and 3 hours after occlusion in conscious dogs. Circ Res. 1983;53:235-47.
Gillam LD, Franklin TD, Foale RA, Wiske PS, Guyer DE, Hogan RD, Weyman AE. The
natural history of regional wall motion in the acutely infarcted canine ventricle. J Am Coll
Cardiol. 1986;7:1325-34.
Ellis SG, Henschke CI, Sandor T, Wynne J, Braunwald E, Kloner RA. Time course of
functional and biochemical recovery of myocardium salvaged by reperfusion. J Am Coll
Cardiol. 1983;1:1047-55.
Pislaru C, Bruce CJ, Anagnostopoulos PC, Allen JL, Seward JB, Pellikka PA, Ritman EL,
Greenleaf JF. Ultrasound strain imaging of altered myocardial stiffness: stunned versus
infarcted reperfused myocardium. Circulation. 2004;109:2905-10.
Sachdev V, Aletras AH, Padmanabhan S, Sidenko S, Rao YN, Brenneman CL, Shizukuda Y,
Lie GR, Vincent PS, Waclawiw MA, Arai AE. Myocardial strain decreases with increasing
transmurality of infarction: a Doppler echocardiographic and magnetic resonance correlation
study. J Am Soc Echocardiogr. 2006;19:34-9.
Brown MA, Norris RM, Takayama M, White HD. Post-systolic shortening: a marker of
potential for early recovery of acutely ischaemic myocardium in the dog. Cardiovasc Res.
1987;21:703-16.
Takayama M, Norris RM, Brown MA, Armiger LC, Rivers JT, White HD. Postsystolic
shortening of acutely ischemic canine myocardium predicts early and late recovery of function
after coronary artery reperfusion. Circulation. 1988;78:994-1007.
Turschner O, D'Hooge J, Dommke C, Claus P, Verbeken E, De Scheerder I, Bijnens B,
Sutherland GR. The sequential changes in myocardial thickness and thickening which occur
during acute transmural infarction, infarct reperfusion and the resultant expression of
reperfusion injury. Eur Heart J. 2004;25:794-803.
Pislaru C, Bruce CJ, Seward JB, Greenleaf JF. Distinctive changes in end-diastolic wall
thickness and postsystolic thickening in viable and infarcted myocardium. J Am Soc
Echocardiogr. 2004;17:855-62.
Song JM, Kim JH, Kim YH, Lee SW, Yoon YJ, Kim J, Kang DH, Song JK. Temporal
changes and histologic relation of postsystolic thickening in an animal model of acute
ischemia and reperfusion. J Am Soc Echocardiogr. 2003;16:409-14.
Hosokawa H, Sheehan FH, Suzuki T. Measurement of postsystolic shortening to assess
viability and predict recovery of left ventricular function after acute myocardial infarction.
Journal of the American College of Cardiology. 2000;35:1842-9.

51

Chapter 4
39.
40.
41.
42.

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.
58.

Ingwall JS. ATP and the heart. Boston, MA: Kluwer Academic; 2002.
Verdouw PD, van den Doel MA, de Zeeuw S, Duncker DJ. Animal models in the study of
myocardial ischaemia and ischaemic syndromes. Cardiovasc Res. 1998;39:121-35.
Swain JL, Sabina RL, McHale PA, Greenfield JC, Jr., Holmes EW. Prolonged myocardial
nucleotide depletion after brief ischemia in the open-chest dog. Am J Physiol. 1982;242:H81826.
Stein PD, Goldstein S, Sabbah HN, Liu ZQ, Helpern JA, Ewing JR, Lakier JB, Chopp M,
LaPenna WF, Welch KM. In vivo evaluation of intracellular pH and high-energy phosphate
metabolites during regional myocardial ischemia in cats using 31P nuclear magnetic
resonance. Magn Reson Med. 1986;3:262-9.
Wendland MF, White RD, Derugin N, Finkbeiner WE, McNamara MT, Moseley ME, Lipton
MJ, Higgins CB. Characterization of high-energy phosphate compounds during reperfusion of
the irreversibly injured myocardium using 31P MRS. Magn Reson Med. 1988;7:172-83.
DeBoer LW, Rude RE, Kloner RA, Ingwall JS, Maroko PR, Davis MA, Braunwald E. A flowand time-dependent index of ischemic injury after experimental coronary occlusion and
reperfusion. Proc Natl Acad Sci U S A. 1983;80:5784-8.
Jennings RB, Steenbergen C, Jr. Nucleotide metabolism and cellular damage in myocardial
ischemia. Annu Rev Physiol. 1985;47:727-49.
Jennings RB, Hawkins HK, Lowe JE, Hill ML, Klotman S, Reimer KA. Relation between
high energy phosphate and lethal injury in myocardial ischemia in the dog. Am J Pathol.
1978;92:187-214.
Jennings RB, Reimer KA, Jones RN, Peyton RB. High energy phosphates, anaerobic
glycolysis and irreversibility in ischemia. Adv Exp Med Biol. 1983;161:403-19.
Reimer KA, Jennings RB. Energy metabolism in the reversible and irreversible phases of
severe myocardial ischemia. Acta Med Scand Suppl. 1981;651:19-27.
Reimer KA, Lowe JE, Rasmussen MM, Jennings RB. The wavefront phenomenon of ischemic
cell death. 1. Myocardial infarct size vs duration of coronary occlusion in dogs. Circulation.
1977;56:786-94.
DeBoer LW, Ingwall JS, Kloner RA, Braunwald E. Prolonged derangements of canine
myocardial purine metabolism after a brief coronary artery occlusion not associated with
anatomic evidence of necrosis. Proc Natl Acad Sci U S A. 1980;77:5471-5.
Reimer KA, Hill ML, Jennings RB. Prolonged depletion of ATP because of delayed repletion
of the adenine nucleotide pool following reversible myocardial ischemic injury in dogs. Adv
Myocardiol. 1983;4:395-407.
Namm DH. Myocardial nucleotide synthesis from purine bases and nucleosides. Comparison
of the rates of formation of purine nucleotides from various precursors and identification of
the enzymatic routes for nucleotide formation in the isolated rat heart. Circ Res. 1973;33:68695.
Zimmer HG, Trendelenburg C, Kammermeier H, Gerlach E. De novo synthesis of myocardial
adenine nucleotides in the rat. Acceleration during recovery from oxygen deficiency. Circ Res.
1973;32:635-42.
Reibel DK, Rovetto MJ. Myocardial adenosine salvage rates and restoration of ATP content
following ischemia. Am J Physiol. 1979;237:H247-52.
Koomen JM, Schevers JA, Noordhoek J. Myocardial recovery from global ischemia and
reperfusion: effects of pre- and/or post-ischemic perfusion with low-Ca2+. J Mol Cell Cardiol.
1983;15:383-92.
Takeo S, Sakanashi M. Possible mechanisms for reoxygenation-induced recovery of
myocardial high-energy phosphates after hypoxia. J Mol Cell Cardiol. 1983;15:577-94.
Watts JA, Koch CD, LaNoue KF. Effects of Ca2+ antagonism on energy metabolism: Ca2+
and heart function after ischemia. Am J Physiol. 1980;238:H909-16.
Jennings RB, Schaper J, Hill ML, Steenbergen C, Jr., Reimer KA. Effect of reperfusion late in
the phase of reversible ischemic injury. Changes in cell volume, electrolytes, metabolites, and
ultrastructure. Circ Res. 1985;56:262-78.

52

Chapter 4
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

Vial C, Font B, Goldschmidt D, Pearlman AS, DeLaye J. Regional myocardial energetics
during brief periods of coronary occlusion and reperfusion: Comparison with S-T segment
changes. Cardiovasc Res. 1978;12:470-6.
Reimer KA, Hill ML, Jennings RB. Prolonged depletion of ATP and of the adenine nucleotide
pool due to delayed resynthesis of adenine nucleotides following reversible myocardial
ischemic injury in dogs. J Mol Cell Cardiol. 1981;13:229-39.
Farber NE, Pieper GM, Gross GJ. Regional differences in postischemic recovery in the
stunned canine myocardium. Am Heart J. 1987;114:1086-95.
Przyklenk K, Kloner RA. What factors predict recovery of contractile function in the canine
model of the stunned myocardium? Am J Cardiol. 1989;64:18F-26F.
Schwartz GG, Schaefer S, Meyerhoff DJ, Gober J, Fochler P, Massie B, Weiner MW.
Dynamic relation between myocardial contractility and energy metabolism during and
following brief coronary occlusion in the pig. Circ Res. 1990;67:490-500.
Vial C, Crozatier B, Goldschmidt D, Font B. Adenine nucleotide content and regional function
during ischemia and reperfusion in canine ventricular myocardium. Basic Res Cardiol.
1982;77:645-55.
Guth BD, Martin JF, Heusch G, Ross J, Jr. Regional myocardial blood flow, function and
metabolism using phosphorus-31 nuclear magnetic resonance spectroscopy during ischemia
and reperfusion in dogs. J Am Coll Cardiol. 1987;10:673-81.
Arai AE, Pantely GA, Thoma WJ, Anselone CG, Bristow JD. Energy metabolism and
contractile function after 15 beats of moderate myocardial ischemia. Circ Res. 1992;70:113745.
Coetzee A, Fourie P. Postsystolic shortening as an index of regional myocardial ischemia in an
experimental model. J Cardiothorac Vasc Anesth. 1991;5:546-50.
Schulz R, Guth BD, Pieper K, Martin C, Heusch G. Recruitment of an inotropic reserve in
moderately ischemic myocardium at the expense of metabolic recovery: a model of short-term
hibernation. Circulation Research. 1992;70:1282-1295.

53

CHAPTER 5

DETECTION OF NONISCHEMIC INHIBITION OF
MYOCARDIAL ENERGY TRANSFER BY
TISSUE DOPPLER STRAIN ECHOCARDIOGRAPHY

54

Chapter 5

Both Systolic and Diastolic Dysfunction
Characterize Nonischemic Inhibition of
Myocardial Energy Metabolism:
An Experimental Strain Rate Echocardiographic Study

Josef Korinek, MD, Peter C. Anagnostopoulos, MD, Cristina Pislaru, MD,
Petras Dzeja, PhD, James B. Seward, MD,
Andre Terzic, MD, PhD, and Marek Belohlavek, MD, PhD

The Department of Internal Medicine, Division of Cardiovascular Diseases and Department of
Physiology and Biomedical Engineering (C.P.), Mayo Clinic, Rochester, Minnesota.

ABSTRACT

Background: Ischemia is primarily a metabolic event. However, regional functional
changes can be affected by structural alterations. We developed an experimental model of
sole myocardial energy metabolism inhibition and characterized the resulting regional
dysfunction.
Methods: In 12 pigs, we regionally inhibited creatine kinase (CK) and, consequently,
myocyte high energy phosphate transfer by intracoronary administration of iodoacetamide.
Myocardial biopsies for CK activity and structural analyses and strain rate (SR)
echocardiography scans were obtained at baseline and 60 minutes after iodoacetamide
administration. Plasma levels of the CK isoenzyme MB and troponin I were assessed to
determine possible myocardial damage.
Results: CK activity in the iodoacetamide-perfused myocardium decreased to 0.5% of the
original value and was accompanied by a reduction in peak systolic SR (P < .0001), endsystolic strain (P < .0001), and peak SRs of myocardial early and late filling waves (P <
.0001). Microscopy showed contracture without sarcomere disruption. Plasma levels of CK
isoenzyme MB and troponin I did not change.
Conclusions: Regional inhibition of myocyte energetics leads to both systolic and diastolic
dysfunction by SR echocardiography, but the presence of a residual phosphotransfer
protects microstructural integrity.

The manuscript reproduced with permission from Korinek et al.25
In J Am Soc Echocardiogr 2004;17:1239-44
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5.1

INTRODUCTION

Myocardial contraction and relaxation result from cyclic interactions between actin and
myosin that form a dynamic actomyosin complex. Energy for contraction is provided by adenosine
triphosphate (ATP).1 ATP is also a source of energy for sarcoplasmic reticulum calcium pump
ATPase, which catalyzes the uptake of calcium to the sarcoplasmic reticulum, thus, facilitating
conditions for relaxation.2 Moreover, ATP displaces adenosine diphosphate from binding to a
contracted actomyosin complex and allows the actual relaxation.3 ATP is produced by mitochondria
and delivered to its use sites by a mechanism of phosphotransfer. Normally, phosphotransfer is 90%
catalyzed by creatine kinase (CK).4
Experimentally induced inhibition of phosphotransfer (CK) by iodoacetamide (IAA) should
lead to cessation of actomyosin cycling associated with diastolic and systolic dysfunction but with
preserved intracellular and extracellular structural integrity.5-8 Although energy metabolism in isolated
myocardial strips or cardiomyocytes has been characterized under various working conditions in
vitro,9 regional functional changes in the left ventricle (LV) associated solely with inhibition of
actomyosin crossbridge cycling have never been described. Strain rate (SR) echocardiography has
proven suitable for regional analysis of LV systolic and diastolic function. 10-13 The phosphotransfer
inhibition would simulate an impairment of myocyte energy metabolism, as it is typical for myocardial
ischemia,14 but without the accompanying structural changes that could confound characterization of
regional function by SR echocardiography.
We hypothesized that regional nonischemic inhibition of myocardial energy metabolism by
IAA injected to the left anterior descending coronary artery (LAD) will lead to regional diastolic and
systolic dysfunction, measured by SR echocardiography. If the hypothesis holds and structural
myocardial changes are avoided, then, for the first time, regional myocardial dysfunction observed by
echocardiography would be reflecting changes in contraction and relaxation cycling that take place at
the level of the actomyosin complex.

5.2

METHODS

Experimental Model

All animal experiments conformed to the position of the American Heart Association on
research animal use and were approved by our institutional animal care and use committee. Adolescent
pigs weighing 25 to 60 kg were studied under general anesthesia induced with an intramuscular
injection of ketamine HC1 (20 mg/kg) and xylazine (0.5 mg/kg) and maintained with an intravenous
infusion of ketamine HCl (2 mg/kg/h), fentanyl (0.02 mg/kg/h), and etomidate (0.08 mg/kg/h). Each
animal was intubated, mechanically ventilated (Servo 900C, Siemens, Danvers, Mass), and normal
ranges of blood gases maintained by periodic checks. After the sternotomy, a pericardial cradle was
constructed. Introducer sheaths (SciMed, Burnsville, Minn) were placed in both common carotid
arteries, both internal jugular veins, and the left femoral artery for obtaining blood samples, infusing
anesthesia and fluids, monitoring blood pressure, and insertion of catheters. The animals were fully
anticoagulated (activated clot times > 240 s) with repeated bolus injections of heparin. Fluid-filled 5F
pigtail catheters (Boston Scientific, Natick, Mass) were placed into the LV and ascending aorta for
continuous pressure monitoring and timing of aortic valve opening and closing. The signals were
recorded using an analog-to-digital converter (Dataq Instruments, Akron, Ohio) connected to a
computer. A 5F Amplatz catheter (Boston Scientific) was directed into the left main coronary artery. A
2.5F coronary infusion catheter (SciMed) was positioned over a guidewire into the mid-LAD.
Positioning of all catheters was accomplished under epicardial ultrasound guidance.15
Testing and Control Regions

Apical anteroseptal or anterior segments represented the testing region for epicardial
ultrasound scans and biopsies at baseline and after intracoronary administration of IAA. The
midposterior segment served as the control region for scans and biopsies.
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Pilot Study

We used 8 adolescent pigs to find the optimal regimen and dose for IAA administration. Local
hypokinesis or akinesis by echocardiography was the criterion of an effective dose.
Main Study

In 12 adolescent pigs, baseline ultrasonic scans and myocardial biopsy samples for analysis of
CK enzyme activities were obtained. Then, IAA was administered by rapid intracoronary infusion and
the intracoronary catheter removed. The study was ended 60 minutes after IAA administration.
Peripheral blood samples were obtained in 5 animals at the start and end of the study to examine
whether there was any cellular disruption evidenced by enzyme leakage (CK isoenzyme MB, troponin
I). In 4 animals, an ultrasonic contrast agent (Optison, Mallinckrodt, San Diego, Calif) was injected
into a central vein or to the LAD at the start and end of the study.
Echocardiographic Analysis

A commercially available ultrasound system (Vivid 5, GE Medical Ultrasound, Milwaukee,
Wis) equipped with 3.5- MHz transducers was used. Epicardial echocardiographic scans were
performed at baseline and 60 minutes after IAA bolus infusion. For functional analysis, Doppler tissue
velocity scans were obtained in the apical views to interrogate segments in the testing and control
regions. Frame rate was always 160 frames/s or higher during the Doppler scans. Data were archived
digitally on the ultrasound system for offline analysis. During the offline analysis, the tissue velocity
data were first compounded from 3 subsequent cardiac cycles to reduce the influence of noise.
Quantitation of longitudinal shortening SRs and strains16,17 followed using custom software (GCMat,
GE Medical Ultrasound). SR values were calculated as the Doppler velocity gradients between two
points with a distance of 1 cm and strains were obtained by integrating SRs over the period of an
electrocardiographic R-R interval. 10 Measurements included peak systolic SR (psSR), early filling SR,
late filling (atrial-contraction) SR, and end-systolic strain (esS). Changes in wall thickness in the
testing and control regions were assessed using M-mode scans from short-axis views at the apical and
chordae tendinae levels, respectively, and served as complementary measurements to longitudinal SRs
and strains. The latter scans were also used for the analysis of LV diastolic and systolic endocardial
diameters.18
Myocardial Enzymatic Analysis

Biopsy samples for enzymatic analysis were obtained from all animals using a colposcopy
biopsy device frozen by brief immersion into liquid nitrogen. The samples were rapidly placed in
liquid nitrogen to preserve enzyme activities. The frozen myocardial samples were weighed and
prepared for analysis of protein content and CK activities as detailed elsewhere.19,20 Briefly, protein
weight was determined using the commercially available protein assay (D-c, Bio-Rad Laboratories,
Hercules, Calif). CK activity was measured using the commercially available assay kit (No. 47-20,
Sigma-Aldrich, St Louis, Mo). Activities of enzymes were expressed in μmol/min/mg of protein.
Myocardial Histologic Analysis

Histologic samples from 5 animal studies were obtained using a colposcopy biopsy device
(Euro-Med No. 7, Cooper Surgical, Trumbull, Conn) and stored in a solution of 4% formaldehyde and
1% gluteraldehyde. The samples for electron microscopy were stained using toluidine blue.
Statistical Analysis

Measurements were expressed as mean ± SD of values measured in 12 animals. Paired and
unpaired Student t tests were used for statistical comparisons. P values of .05 or more were considered
statistically not significant.
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Table 5.1 Hemodynamic findings
Parameter

Baseline

IAA inhibition

P value

LVDP pre-A (mm HG)

7.4 ± 3.0

9.2 ± 1.9

<.05

LVDP post-A (mm Hg)

10.5 ± 3.7

12.3 ± 2.5

<.05

LVSP (mm Hg)

102.5 ± 22.6

86.3 ± 15.8

.06

HR (beats/min)

70.9 ± 18.9

69.8 ± 17.7

NS

A, Atrial component of diastolic filling; HR, heart rate; IAA, iodoacetamide; LVDP, left ventricular diastolic pressure; LVSP,
peak left ventricular systolic pressure; NS, not significant. The measurements are presented as mean ± SD.

5.3

RESULTS

Pilot Study Findings

We determined that by a single rapid (1-minute) infusion of IAA into the mid-LAD at a dose
of 1 mg/kg of animal body weight, we would reproducibly achieve a regional decrease of CK activity
to or below 5% of the baseline value, functionally accompanied by hypokinesis or akinesis within 60
minutes.
Hemodynamic Findings

As shown in Table 5.1, baseline mean values of both systolic and diastolic parameters were
within normal ranges. Within 60 minutes after the IAA-induced regional inhibition of myocardial
energy metabolism, the mean LV systolic pressure decreased to 81% of a baseline value. Both pre- and
post-A LV diastolic pressure increased significantly. Heart rate was not significantly changed during
the course of the study.
Echocardiographic Findings

As shown in Table 5.2, LV diastolic and systolic diameters significantly decreased, while
fractional shortening did not change significantly. Both diastolic and systolic wall thickness values
increased significantly in the testing region and fractional thickening calculated from these values
decreased from 48% at baseline to 19% after the IAA administration. There was no significant change
in either diastolic or systolic wall thickness values in the control region, and fractional thickening
remained nearly the same (39% v.s 42%).
Values of psSR in the testing region decreased after IAA administration, but did not change in
the control region. Changes in esS paralleled SR values; that is, they decreased significantly in the
testing region, whereas strains in the control region did not change. Changes in the IAA-affected
region were also accompanied by the impairment of diastolic relaxation, characterized by the decline
in regional early and late filling SR values to approximately 30% of baseline values, thus reflecting the
decrease in deformation rates of both passive ventricular filling and active atrial contraction. However,
these diastolic rates remained unchanged in the control region.
Figure 5.1 demonstrates SR and strain traces in the testing anteroseptal region at baseline and
after energy metabolism inhibition by IAA. The psSR value markedly decreased and the esS value no
longer showed the continuing increase during the systolic ejection phase. Rather, the maximal esS
value, which was noticeably lower compared with baseline, plateaued in early systole, thus reflecting
the ceased shortening deformation throughout the rest of the systolic phase. Values of early and late
filling SR decreased significantly as well. Contrast echocardiography demonstrated no apparent
perfusion defect in the testing region.
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Table 5.2 Echocardiographic findings
Parameter

Baseline

IAA inhibition

P value

LV diameterdiastole (mm)

40.3 ± 4.9

36.0 ± 3.1

<.005

LV diametersystole (mm)

27.0 ± 4.5

22.8 ± 6.2

<.05

LV fractional shortening (%)

31.4 ± 6.9

36.7 ± 16.0

NS

Thicknessdiastole (mm) testing region

8.6 ± 1.5

12.4 ± 1.6

<.005

Thicknesssystole (mm) testing region

12.7 ± 1.7

14.8 ± 1.3

<.05

Thicknessdiastole (mm) control region

11.1 ± 1.9

12.2 ± 2.4

NS

Thicknesssystole (mm) control region

15.5 ± 2.5

17.3 ± 4.2

NS

psSR (l/s) testing region

-0.81 ± 0.17

-0.32 ± 0.16

<.001

psSR (l/s) control region

-0.91 ± 0.31

-0.90 ± 0.24

NS

esS (%) testing region

-13.1 ± 3.5

-2.6 ± 1.5

<.0001

esS (%) control region

-14.5 ± 3.3

-14.2 ± 3.4

NS

E-SR (l/s) testing region

1.19 ± 0.46

0.34 ± 0.22

<.0001

E-SR (l/s) control region

1.04 ± 0.41

1.20 ± 0.23

NS

A-SR (l/s) testing region

1.48 ± 0.47

0.55 ± 0.57

<.0001

A-SR (l/s) control region

1.86 ± 0.71

1.92 ± 0.52

NS

A-SR, Strain rate at myocardial A-wave; E-SR, strain rate at myocardial E-wave; esS, end-systolic strain; IAA, iodoacetamide;
LV, left ventricle; NS, not significant; psSR, peak systolic strain rate. Measurements are presented as mean ± SD.

A

B

C

D

Figure 5.1 Analysis of regional myocardial function at baseline and after energy metabolism inhibition. Vertical
dashed lines indicate time points of aortic valve opening (AVo) and closure (AVc). Strain rate (SR) trace at
baseline (A) compared with that after iodoacetamide (IAA) administration (B) shows marked decrease and
earlier occurrence of peak systolic SR (psSR) value, reflecting change in rate of shortening. Delayed onset and
low lengthening rate characterize isovolumic relaxation (first positive peak after AVc). Rate of lengthening in
rapid filling phase of relaxation, characterized by SR E-wave (E-SR), decreased. Late diastolic atrial component
of SR (A-SR) virtually diminished. Strain trace at baseline (C) and after IAA administration (D) demonstrates
decrease of end-systolic strain (esS).
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Table 5.3 Biochemical findings
Parameter

Sample location

Baseline

IAA inhibition

P value

Tissue enzyme activity

CK, testing region

0.344 ± 0.111

0.002 ± 0.003

<.005

(µmol/min/mg of protein)

CK, control region

Not measured

0.530 ± 0.480

NS*

CK-MB

<0.50

<0.50

NS, RI

Troponin

<0.04

<0.04

NS, RI

Blood enzyme level (ng/mL)

CK, Creatine kinase; IAA, iodoacetamide; NS, not significant; RI, within reference interval.Measurements are presented as
mean ± SD.
*Nonsignificant change vs. a baseline value in the testing region.

Biochemical Findings

As shown in Table 5.3, the CK activity in the testing region decreased to 0.5% of its baseline
level after IAA administration. In the control region, the CK activity was not statistically different
from that in the testing region at baseline and documented that the effect of IAA did not spread.
Plasma levels of CK isoenzyme MB and troponin I in blood samples did not change and were within
the normal reference intervals.
Histologic Findings

As shown in Figure 5.2, electron microscopy samples obtained from all animals demonstrated
tissue in contracture with a marked shortening of sarcomere length and loss of the I-band
formation.21,22 Mitochondria remained normally appearing; that is, without any evidence of swelling,
vacuolization, calcium aggregates, or cristae disruption. Calculation of the sarcomere length (averaged
from 10 measurements per each electron microscopic sample) demonstrated a significant sarcomere
shortening in the IAA region compared with the control area (testing region at baseline: 2.05 ± 0.14
µm; testing region after IAA: 1.44 ± 0.11 µm, P< .001; control region after IAA: 2.05 ± 0.11 µm).

cB

b
A

1μm

1μm

Figure 5.2 Electron microscopy. A, Higher magnification of same image (x13.5k) shows contracture without
evidence of sarcomere disruption. Mitochondria (arrow) are normal in appearance. B, Comparative example of
electron microscopy image of reperfused infarcted tissue (x10k) demonstrating sarcomere destruction by
presence of necrotic contraction bands and swollen mitochondria (arrow) with vacuole formation, cristae
disruption, and dense calcium aggregates. Courtesy of Dr Charles Bruce, Mayo Clinic.
.
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5.4

DISCUSSION

We describe a novel in vivo model of pharmacologically rather than ischemically induced
energy metabolism impairment in a selected coronary territory and show that even at the stage of
energy metabolism inhibition, when myocardium is unable to relax or contract, microstructural
integrity, as the necessary prerequisite for viability, can still be preserved.
Preservation of Viability in Energetically Inhibited Myocardium

IAA inhibits CK but does not inhibit adenylate kinase,6 which catalyzes an alternative path in
cellular energetics that contributes by about 10% to the overall phosphotransfer,23 thus, maintaining
basal myocyte metabolism and viability in the IAA-inhibited myocardium.
Although microscopy demonstrated the development of sarcomere contracture in our model, the
absence of mitochondrial disruption and edema, i.e., structural alterations often present in ischemia,
suggested that mitochondrial integrity had been maintained. IAA does not inhibit phosphotransfer
catalyzed by adenylate kinase. Therefore, (1) preservation of mitochondrial integrity; (2) the existence
of an alternative energetic path;24 (3) no perfusion defect by contrast echocardiography; and (4) no
measurable elevation of the CK isoenzyme MB and troponin I in blood draws support our
interpretation that the hypokinetic or akinetic myocardium in the testing region remained viable. The
latter two findings also exclude acute ischemia as a theoretically possible consequence of the brief
placement of an intracoronary catheter for IAA administration. Continuing blood perfusion and
oxygen delivery facilitated uninterrupted production of ATP, which, however, was not transferred with
an adequate rate to its use sites in the testing region because of the inhibitory effect of IAA on CK. The
desired similarities between the present IAA and traditional ischemic models as far as the energetic
impact on sarcoplasmic reticulum calcium pump ATPase and actomyosin functioning, thus, remained.

Regional Ventricular Dysfunction in Energetically Inhibited Myocardium

Diastolic dysfunction after myocyte energy metabolism inhibition is primarily associated with
persistent binding of adenosine diphosphate to the actomyosin complex caused by the depletion of
ATP from the sarcomere and, consequently, its inadequate availability to displace adenosine
diphosphate from the binding. Another factor likely contributing to diastolic dysfunction was an
insufficient delivery of ATP to sarcoplasmic reticulum calcium pump ATPase, leading to an impaired
or ceased uptake of calcium into the sarcoplasmic reticulum. The resulting impairment of relaxation
ultimately culminates in contracture, documented in our study by electron microscopy, and leads to
increased diastolic thickness measured by M-mode. The local contracture was likely responsible for
the decrease in the early relaxation rate, as measured by SR echocardiography in the testing region.
These measurements, thus, reflected the inability of vigorous active myocardial relaxation. We also
observed a significant decrease in A-wave rate in that region and propose the following explanation.
Blood pressure gradient, generated by atrial contraction, is not sufficient to stretch the actomyosin
complex, which attains a rigid contracted state after energy metabolism inhibition. In addition, the
resulting persistent sarcomeric shortening limits distensibility of passive elastic components of the
affected myocardium.
Local systolic dysfunction after energy metabolism inhibition is explained not only as
secondary to the relaxation dysfunction, but also by the lack of ATP for hydrolysis and, therefore,
impaired generation of energetic phosphates required for contraction. 3 The systolic dysfunction
manifested as a significant decrease in psSR and esS. The preserved negativity or near zero values of
longitudinal psSR and esS document that hypokinesis or akinesis– but not dyskinesis–developed after
the regional energy metabolism inhibition.
Significant increases in diastolic and systolic wall thickness in the testing apical anteroseptal
region along with the decrease in fractional thickening to approximately 40% of the baseline value are
consistent with contracture developing after IAA administration. In addition to the testing region, we
observed increased thickness of midinterventricular septum (diastolic thickness changed from 12.1 ±
2.1 to 19.1 ± 3.4 mm and systolic thickness changed from 18.9 ± 2.3 to 25.8 ± 4.9 mm). Thus, a
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considerable portion of the anteroseptal wall was thickened and unable to normally relax, which
explains the decrease in LV diastolic and systolic diameters. Consequently, LV fractional shortening
showed a trend toward an increase in value as LV systolic excursions remained similar to those at
baseline. Systolic dysfunction was hemodynamically well tolerated, as preserved heart rate and no
significant decrease in systolic blood pressure suggest. This was considered to be a result of the
preserved LV geometry (i.e., no dyskinesis).
Limitations of the Study

In our experimental setting, we used a selective inhibition of phosphotransfer to reveal
regional functional consequences of impaired myocardial energetics, whereas human coronary artery
disease represents a more complex energetic disorder, possibly accompanied by coexisting myocardial
stunning, hibernation, and necrosis. Comparison with ischemia and analyses of multiple time points
before and after the 60-minute testing interval were beyond the scope of this initial study and are
addressed in our ongoing investigations. We focused on analyses comparing remote testing and control
myocardial regions. The impact of local myocardial energetic disorder on individual LV segments,
geometry, and global function needs to be further studied.

5.5

CONCLUSIONS

Echocardiographically detected increase in wall thickness combined with hypokinesis or
akinesis can occur as a consequence of phosphotransfer inhibition that leads to cessation of contraction
and relaxation cycling at the actomyosin level, and is microscopically characterized as contracture
without a loss of microstructural integrity. Experimentally induced selective myocardial energy
metabolism inhibition results in the development of both diastolic and systolic dysfunction.
Our work facilitates further studies on sarcomere integrity and actomyosin functioning in
myocardium under metabolic stress using an experimental setting that closely simulates human
cardiovascular hemodynamics.
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ABSTRACT

Background: Capitalizing on mechanoenergetic coupling, we investigated whether strain
echocardiography can noninvasively estimate the ratio of adenosine triphosphate (ATP)
to adenosine diphosphate (ADP), a marker of energetic status during acute myocardial
ischemia and reperfusion.
Methods: Twenty-eight pigs were divided into 7 groups (1 baseline, 4 ischemic and 2
reperfusion). Ischemia was induced by left anterior descending coronary artery occlusion.
Longitudinal systolic lengthening (SL) and postsystolic shortening (PSS) strain were
measured by echocardiography. The ATP/ADP ratio was obtained from myocardial
biopsies in the ischemic and control regions.
Results: SL and PSS strain and the ATP/ADP ratio progressively decreased (P < .05)
with increased duration (12, 40, 120, and 200 minutes) of ischemia. A mathematical
formula (ATP/ADP = -0.97 + 0.25 x PSS strain + 0.20 x SL strain) estimated best the
ATP/ADP ratio (r = 0.94, P < .05). Reperfusion after 12 but not after 120 minutes of
ischemia significantly improved the ATP/ADP ratio and decreased SL and PSS strain.
Conclusions: Strain echocardiography closely reflected changes and enabled the
noninvasive estimation of the ATP/ADP ratio. A higher ATP/ADP ratio is associated with
functional improvement after reperfusion.

The manuscript reproduced with permission from Korinek at al.31
In J Am Soc Echocardiogr 2008; 21(8):961-8.
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6.1

INTRODUCTION

The impairment of energetic metabolism plays a major role in the pathophysiology of
ischemia and heart failure, 2 leading contributors to mortality and morbidity in Western civilization.1
In acute ischemia, the progressive alteration of energetic metabolism is linked to functional
impairment, and severe energy deprivation is associated with irreversible injury.1,2 The analysis of
myocardial strain by echocardiography has evolved as a valuable tool for the noninvasive quantitation
of regional functional impairment.3-6 On the basis of the close relation of myocardial mechanical
function to the underlying energy metabolism7 (ie, mechanoenergetic coupling1), we hypothesized that
the computational analysis of echocardiographic strain parameters would enable quantitative estimates
of energetic impairment in myocardial ischemia. Such estimates could provide noninvasive insights
into the severity of energetic alterations and allow the prognosis of myocardial viability. To test this
hypothesis, we characterized the relationship between changes in strain parameters and changes in the
ratio of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) by a mathematical formula for
different time points of acute progressive ischemia induced in experimental pigs. The ATP/ADP ratio
was used because it is a sensitive indicator of the mismatch between myocardial ATP production and
consumption.1,8-10 To initially assess the prognostic utility of the echocardiographically estimated
ATP/ADP ratio, we associated the ratio with the level of recovery of mechanical function in
myocardium reperfused after 12 minutes (stunning) and 120 minutes (necrosis) of ischemia.

6.2

METHODS

Animal Preparation

The study was approved by the Institutional Animal Care and Use Committee of the Mayo
Clinic. Anesthesia was induced with an intramuscular injection of ketamine HCl (20 mg/kg) and
xylazine (2 mg/kg) and maintained with an intravenous infusion of ketamine HCl (2 mg/kg/L),
fentanyl (0.02 mg/kg/L), and etomidate (0.08 mg/kg/L). Each animal was intubated and mechanically
ventilated. Following sternotomy, the heart was exposed on a pericardial cradle, 7Fr pressure catheters
(Millar Instruments, Inc., Houston, TX) were inserted into the left ventricle and the ascending aorta via
common carotid artery access under ultrasound guidance, and the animals were fully anticoagulated
with heparin. Pressure and electrocardiographic monitoring continued throughout the study.
Control and Testing Regions

The apical anterior wall served as the testing region in the left anterior descending coronary
artery (LAD) territory, whereas midposterior myocardium represented the control region. Delineation
of the testing region following LAD occlusion and identification of reperfusion were performed using
an intravenous bolus (1 mL) of ultrasonic contrast (Definity; Bristol-Myers Squibb, New York, NY).
Strain Echocardiography

An ultrasound system (Vivid 7; GE Healthcare, Milwaukee, WI) equipped with a 3.5-MHz
transducer was used to obtain narrow sector epicardial long-axis tissue velocity projections with high
temporal resolution (≥220 frames/s) for offline analysis (EchoPAC; GE Healthcare). Strain-rate
measurements were obtained from tissue velocity data, and strains were integrated from strain rates
over the period of an electrocardiographic RR interval.4 Measurements of 3 consecutive cardiac cycles
were averaged to reduce the influence of noise. Longitudinal systolic lengthening (SL) strain, endsystolic (ES) strain, and peak shortening (PkS) strain were expressed as percentage deformation with
respect to the preceding end-diastolic state. Postsystolic shortening (PSS) strain was expressed as the
difference between ES and PkS strain magnitudes. The lengthening/shortening (L/S) ratio was
calculated as SL/(SL - PkS).5 Myocardial systolic compliance was calculated as SL strain divided by
systolic left ventricular pressure rise (%/mmHg). Pressure rise was measured as the difference between
peak systolic left ventricular pressure (LVPS) and end-diastolic left ventricular pressure (LVPD).5
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Wall motion score (WMS) was assessed in both the control and testing regions on a scale ranging from
1 to 5 as normokinesis, hypokinesis, akinesis, dyskinesis, and aneurysm.11
High-Energy Phosphate Analysis From Myocardial Tissue Samples

Myocardial samples (100-200 mg) from the testing and control regions were rapidly dissected
and immediately immersed into liquid nitrogen to avoid the loss of high-energy nucleotides. The
frozen samples were ground, homogenized in 10 volumes of 0.6 M HClO4/1 mM
ethylenediaminetetraacetic acid and centrifuged at 4°C. Supernatant was neutralized with 2 M
K2HCO3, and the precipitate was removed by another centrifugation at 4°C. Nucleotide concentrations
were determined by high-performance liquid chromatography (HPLC Series 1100; Hewlett-Packard
Corporation, Waldbronn, Germany) using MonoQ HR 5/5 column (Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, United Kingdom) and triethylamine bicarbonate (pH 8.8) as an
elution buffer.12 ATP and ADP values (nmol/mg protein), their ratio, and the sum of ATP, ADP, and
adenosine monophosphate were calculated.
Hemodynamic Data Analysis

LVPS and LVPD, the peak positive and negative time derivatives of pressure (+dP/dt and dP/dt, respectively), and heart rate were calculated from ventricular pressure tracings.
Viability Analysis by Tissue Staining

The heart was dissected into transverse slices approximately 1 cm thick that were incubated in
2% triphenyltetrazolium chloride (TTC) solution at 37°C for 5 minutes. Viable myocardium became
brick red, whereas necrotic myocardium remained unstained. Infarction transmurality was quantified
as the maximal radial percentage of necrosis; a radial extent of necrosis >90% was considered
transmural infarction. The spatial extent of infarction was measured as a percentage of planimetered
necrosis within the entire myocardial slice area.
Study Protocol

Twenty-eight animals were randomly assigned into 7 subgroups of 4 animals each. One
subgroup was used for baseline measurements. In 4 subgroups, the middle LAD was occluded for 12,
40, 120, and 200 minutes, respectively, without reperfusion. In another 2 subgroups, the LAD was
occluded for 12 and 120 minutes, respectively, followed by 100-minute reperfusion. At the end of each
time period, hemodynamic measurements and echocardiographic scans were performed, myocardial
tissue samples were promptly obtained, the animal was euthanized, and the heart was excised and
dissected to slices for TTC staining.
Statistical Analysis

Data are presented as mean ± SD. SAS/STAT (SAS Institute, Inc., Cary, NC) GLM
procedures followed by Scheffé pairwise corrections were used to assess the differences of
echocardiographic, hemodynamic, and energetic parameters at different time points of experiments.
The SAS/STAT REG procedure or linear regression analysis using the least squares method was
performed to show the relation between strain parameters and the ATP/ADP ratio as well as
hemodynamic parameters. Multivariate linear regression analysis with backward elimination13 was
used to explore all strain parameters measured at different time points of acute progressive ischemia
and define a formula for estimating the ATP/ADP ratio from strain values. The intraobserver and
interobserver variability of strain measurements were assessed in 10 randomly picked animals in the
apical anterior midposterior segments and are presented as the difference between measurements
expressed as a percentage of the mean. We also calculated retrospectively the power of the study using
nQuery Advisor software (Statistical Solutions, Farmer’s Cross, Ireland). The study had 80% power at
P = .005 for 7 subgroups to detect a change of 1.2 in the ATP/ADP ratio (using SD = 0.3). For strain
values, we were able to detect a difference of 1.9% in SL strain (SD = 0.5%), 4.6% in ES strain (SD =
1.2%), 5.8% in PkS strain (SD = 1.5%), 3.9% in PSS strain (SD = 1.0%), and 0.39 in the L/S ratio (SD
= 0.10). P values < .05 were considered statistically significant.
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Table 6.1 Hemodynamic measurements
No reperfusion
Baseline

100-min reperfusion

12-min

40-min

120-min

200-min

12-min

120-min

ischemia

ischemia

ischemia

ischemia

ischemia

ischemia

LVPS

90.6 ± 9.8

86.8 ± 16.3

85.1 ± 6.8

73.6 ± 15.3

78.2 ± 14.0

92.1 ± 10.0

88.8 ± 6.7

+dP/dt

1,256 ± 175

1,267 ± 489

1,103 ± 391

1,868 ± 292

1,198 ± 397

1,782 ± 688

1,805 ± 589

_dP/dt

-2,447 ± 840

-1,747 ± 836

-1,602 ± 335

-977 ± 424*

-1,107 ± 274

-1,869 ± 462

-1,791 ± 340

LVPD

10.3 ± 2.1

10.9 ± 2.9

10.5 ± 1.4

10.7 ± 6.4

10.9 ± 2.8

10.5 ± 3.0

9.8 ± 1.1

HR

79.8 ± 11.2

89.6 ± 11.5

86.4 ± 18.7

119.8 ± 17.1

93.0 ± 12.6

95.8 ± 21.4

95.0 ± 13.0

+ dP/dt, Peak positive rate of pressure change; -dP/dt, peak negative rate of pressure change; HR, heart rate; LVPS, peak
systolic left ventricular pressure; LVPD, peak end-diastolic left ventricular pressure.
* P < .05 vs. baseline

6.3

RESULTS

Of a total of 34 animals, 28 were used in the study; 6 animals were excluded (4 for sustained
arrhythmia during ischemia or reperfusion, 1 for pericarditis, and 1 for perioperative bleeding).
Left Ventricular Hemodynamic Data

LVPS had a decreasing trend during progressive ischemia and tended toward an increase in
both reperfusion groups (Table 6.1). Changes in +dP/dt were not statistically significant. The
magnitude of -dP/dt decreased during ischemia compared with baseline and tended to be higher
following reperfusion compared with ischemia. LVPD did not significantly change, and heart rate
showed a trend toward higher values with longer duration of ischemia.
Course of Strains and Systolic Compliance During Progressive Ischemia

Both SL and PSS strain developed in the testing region at 12 minutes of ischemia and
decreased thereafter (Figure 6.1). This decrease was nearly exponential (Figure 6.2). With the
development of SL strain at 12 minutes of ischemia, the mean negative value of ES strain at baseline
changed to a positive value, with a decreasing trend toward 200 minutes of ischemia, whereas absolute
values of PkS strain decreased monotonically to their minimal magnitudes at 200 minutes of ischemia
(Figure 6.1, Table 6.2). The L/S ratio significantly increased from baseline to 12 minutes of ischemia
and remained stable with longer duration of ischemia. Compared with 12 minutes of ischemia, systolic
compliance showed a trend toward decrease at 40 minutes of ischemia and was significantly lower at
120 and 200 minutes of ischemia (Table 6.2). WMS at baseline was 1.2 and tended to decrease from
3.5 at 12 minutes of ischemia to 3.5, 3.0, and 2.8 at 40, 120, and 200 minutes of ischemia, respectively.
In the control region, strain parameters (Table 6.2) remained without significant changes and WMS
remained equal to 1.0 at baseline and all testing stages.
Change in Strain Patterns and Systolic Compliance After Reperfusion

After 12 minutes of ischemia and 100 minutes of reperfusion, SL and PSS strain decreased
significantly compared with 12 minutes of ischemia without reperfusion; the polarity of ES strain
returned to mean negative values, although never reaching the baseline magnitude; PkS strain
improved compared with all ischemic intervals; the L/S ratio trended to a lower mean value; and
systolic compliance decreased compared with 12 minutes of ischemia without reperfusion (Table 6.2).
After 120 minutes of ischemia and 100 minutes of reperfusion, strain parameters as well as systolic
compliance remained without significant changes compared with 120 or 200 minutes of ischemia
without reperfusion.
Intraobserver and interobserver variability were, respectively, 14.5% and 15.4% for SL strain,
12.4% and 16.1% for ES strain, 13.2% and 15.3% for PkS strain, 12.7% and 14.3% for PSS strain, and
11.0% and 17.2% for the L/S ratio.
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Table 6.2 Strain echocardiographic data
No reperfusion
Parameter

Baseline

100-min reperfusion

12 min

40 min

120 min

200 min

12 min

120 min

ischemia

ischemia

ischemia

ischemia

ischemia

ischemia

2.5 ± 0.4*†‡

Testing region
SL strain (%)

0.1 ± 0.2

6.0 ± 1.2*

4.3 ± 0.6*†

3.3 ± 0.5*†

3.1 ± 0.3*†

3.9 ± 0.2*†

ES strain (%)

-9.7 ± 1.5

2.9 ± 1.2*

3.4 ± 1.3*

1.6 ± 0.4*

1.3 ± 1.4*

-2.4 ±1.2*†‡§¶

1.3 ± 0.3*║

PkS strain (%)

-9.7 ± 1.5

-5.8 ± 1.0*

-3.5 ± 2.8*

-2.5 ± 1.5*

-2.2 ± 1.1*

-7.7 ± 1.6‡§¶

-1.4 ± 0.9*║
1.3 ± 0.3†‡║

PSS strain (%)

0.1 ± 0.2

9.1 ± 1.0*

6.9 ± 1.6*

4.1 ± 1.6*†

3.5 ± 1.3*†‡

5.3 ± 0.6*†

L/S

0.01 ± 0.03

0.51 ± 0.05*

0.6 ± 0.18*

0.6 ± 0.15*

0.6 ± 0.08*

0.34 v 0.04

0.67 ± 0.19*

SC (%/mm Hg)

N/A

0.08 ± 0.02

0.06 ± 0.01

0.05 ± 0.01†

0.05 ± 0.01†

0.03 ± 0.01†

0.05 ± 0.01†

Control region
SL strain (%)

0.1 ± 0.1

0.1 ± 0.2

0.3 ± 0.5

0.2 ± 0.4

0.4 ± 0.8

0.1 ± 0.3

0.2 ± 0.4

ES strain (%)

-14.6 ± 0.7

-15.1 ± 2.2

-15.1 ± 3.7

-14.8 ± 1.3

-12.8 ± 2.0

-14.7 ± 2.0

-13.8 ± 2.5
-13.9 ± 2.3

PkS strain (%)

-15.3 ± 0.7

-15.2 ± 2.2

-15.4 ± 3.3

-14.2 ± 0.8

-13.3 ± 2.0

-14.8 ± 2.1

PSS strain (%)

0.8 ± 0.6

0.1 ± 0.2

0.3 ± 0.6

0.3 ± 0.4

0.6 ± 0.7

0.1 ± 0.2

0.1 ± 0.2

L/S

0.02 ± 0.03

0.01 ± 0.01

0.02 ± 0.03

0.01 ± 0.03

0.03 ± 0.5

0.01 ± 0.02

0.02 ± 0.03

ES, End-systolic; L/S, lengthening/shortening ratio; PkS, peak shortening; PSS, postsystolic shortening; SC, systolic
compliance; SL, systolic lengthening.
* P < .05 vs. baseline.
† P < .05 vs. 12-minute ischemia.
‡ P < .05 vs. 40-minute ischemia.
§ P < .05 vs. 120-minute ischemia.
║ P < .05 vs. 12-minute ischemia and 100-minute reperfusion.
¶ P < .05 vs. 200-minute ischemia.

Figure 6.1 An example of data obtained from an animal during acute progressive ischemia. (Top) Left
ventricular pressure (LVP) with pressure derivative (dP/dt) tracings. (Middle) Longitudinal strain tracings
obtained from a testing region at different stages of acute progressive ischemia. At baseline, no systolic
lengthening (SL) or postsystolic shorting (PSS) strain was present; peak shortening (PkS) strain coincided
with end-systolic (ES) strain. At 12 minutes of acute ischemia, SL and ES strain values were highest and
progressively decreased thereafter. PkS strain continued in progressive decline as well. PSS strain,
calculated as the difference between ES and PkS strain, was maximal at 12 minutes and then decreased to
its minimal value at 200 minutes of ischemia. (Bottom) Electrocardiogram (ECG) tracings at respective time
intervals.
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Table 6.3 High-energy phosphate levels
No reperfusion
Baseline

100-min reperfusion

12 min

40 min

120 min

200 min

12 min

120 min

ischemia

ischemia

ischemia

ischemia

ischemia

ischemia

ATP (nmol/mg protein)
Testing wall

28.0 ± 2.7

20.2 ± 1.8*

8.0 ± 3.3*†

2.2 ± 2.0*†

1.6 ± 0.6*†‡

19.8 ± 1.8*‡§¶

Control wall

28.5 ± 3.2

28.5 ± 2.5

26.1 ± 7.0

24.4 ± 6.3

25.5 ± 7.2

27.2 ± 3.2

Testing wall

4.1 ± 0.3

2.6 ± 0.4*

1.5 ± 0.6*†

0.6 ± 0.3*†

0.6 ± 0.1*†

4.3 ± 0.1†‡§¶

Control wall

3.4 ± 0.6

3.4 ± 0.7

3.3 ± 1.2

3.0 ± 0.9

3.1 ± 1.1

3.0 ± 0.6

2.4 ± 1.9*†║
29.2 ± 6.7

ATP/ADP
0.8 ± 0.4*†║
3.2 ± 0.4

ATP+ADP+AMP (nmol/mg protein)
Testing wall

35.5 ± 2.9

28.9 ± 1.3

12.5 ± 4.2*†

9.8 ± 3.0*†

5.0 ± 1.0*†

24.7 ± 2.1*‡§¶

Control wall

38.1 ± 3.7

37.9 ± 1.5

35.0 ± 6.7

33.6 ± 5.7

34.6 ± 6.4

37.1 ± 2.6

5.8 ± 2.8*†║
37.7 ± 8.5

ADP, Adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate.
* P < .05 vs. baseline.
† P < .05 vs. 12-minute ischemia.
‡ P < .05 vs. 40-minute ischemia.
§ P < .05 vs. 120-minute ischemia.
║ P < .05 vs. 12-minute ischemia and 100-minute reperfusion.
¶ P < .05 vs. 200-minute ischemia.

Course of High-Energy Phosphate Levels During Progressive Ischemia

In the testing region, ATP levels declined exponentially with increasing duration of ischemia
(Table 6.3), whereas ADP levels (not shown) increased insignificantly at 12 minutes of ischemia and
thereafter progressively decreased to their minimal values at 200 minutes. As a result of these ATP and
ADP changes, the ATP/ADP ratio as well as the sum of adenosine phosphates decreased
monotonically from baseline to the 200-minute point of ischemia. In the control region, no significant
changes in ATP and ADP levels, the ATP/ADP ratio, or the sum of adenosine phosphates were
observed.
Change of High-Energy Phosphate Levels After Reperfusion

Following 12 minutes of ischemia and 100 minutes of reperfusion, ATP levels were reduced
by approximately 30% from their baseline levels (i.e., were similar to ATP levels at 12 minutes of
ischemia without reperfusion). We observed a marked decrease in ADP, which kept the ATP/ADP
ratio value comparable with that at baseline and, therefore, significantly higher than during the other
ischemic periods. Following 120 minutes of ischemia and 100 minutes of reperfusion, ATP and ADP
levels and the ATP/ADP ratio did not change significantly compared with 120 minutes of ischemia
without reperfusion.
Regression Analysis of Strain Parameters Versus Hemodynamic Data During Ischemia

Peak SL strain was not correlated with +dP/dt (r = -0.19, P = .48) or maximum left ventricular
pressure (r = -.27, P = .304). There was no correlation between ES strain (r = 0.09, P = 0.745), PkS
strain (r = 0.39, P = .131), or PSS strain (r = -0.27, P = 0.311) and -dP/dt. LVPD was not correlated
with PkS strain (r = 0.26, P = 0.324) or PSS strain (r = -.21, P = 0.434). There was no correlation
between the L/S ratio and any of the left ventricular pressure parameters.
Viability Evaluation

No necrosis was detectable at baseline and after 12 minutes of ischemia with and without
reperfusion. After 40 minutes of ischemia, small subendocardial necrosis (< 10%) was identified in 1
animal. Transmural necrosis was detected in all animals that underwent 120 minutes of ischemia with
and without reperfusion and 200 minutes of ischemia with no reperfusion. The spatial extent of
infarction was 29 ± 8%, 32 ± 6%, and 33 ± 5%, respectively.
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Figure 6.2 (A), Course of systolic lengthening (SL) and postsystolic shortening (PSS) strain during acute
persistent ischemia. Both SL and PSS strain increased rapidly from baseline to the 12-minute time point of
ischemia. Then they monotonically decreased toward their minimal values at 200 minutes of ischemia. (B),
Regression analyses comparing the decreasing values of SL and PSS strain with energetic status
characterized by the ratio of adenosine triphosphate (ATP) to adenosine diphosphate (ADP). Triangles
indicate baseline values.

Regression Analysis of High-Energy Phosphates and Strain Parameters

During ischemia, the ATP/ADP ratio was correlated closely with SL strain (r = 0.73, P < .001)
and PSS strain (r = 0.86, P < .0001) (Figure 2), as well as with PkS strain (r = -0.70, P < .003), the
L/S ratio (r = -0.52, P < .05), and systolic compliance (r = 0.67, P < .005). Levels of ATP were
separately correlated with SL strain, PSS strain, PkS strain, and the L/S ratio (r = 0.76, P < .001; r =
0.85, P < .0001, r = -0.72, P < .002; r = -0.52, P < .05, respectively). There was no correlation
between ES strain and the ATP/ADP ratio (r = 0.37, P = .15) or ATP levels (r = 0.35, P = .18). Levels
of ADP were also correlated with SL strain (r = 0.76, P = .001), PSS strain (r = 0.82, P < .0001), PkS
strain (r = -0.67, P < .005), and systolic compliance (r = 0.62, P < .05, respectively). ADP was not
correlated with ES strain (r = 0.44, P= .87) or the L/S ratio (r = -0.48, P = .06). WMS was not
correlated with the ATP/ADP ratio in ischemic myocardium (r = 0.41, P = .117).
Mathematical Formula for Estimating the ATP/ADP Ratio

Through multivariate linear regression analysis of all permutations of strain parameters
described in this study and using backward statistical elimination, we arrived at the following formula
that estimated best (r = 0.94, P < .05) the ATP/ADP ratio during the course of persisting acute
ischemia: ATP/ADP = -0.97 + 0.25 x PSS strain + 0.20 x SL strain.
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6.4

DISCUSSION

The main finding of this preclinical study is that changes in SL and PSS strain in acute
progressive ischemia are correlated with markers of myocardial energetic status such as ATP levels
and the ATP/ADP ratio. We have shown that higher values of SL and PSS strain in the early stages of
acute ischemia are associated with a relatively preserved pool of adenine phosphates that maintain
viability, and such myocardium therefore functionally improves after reperfusion. Lower magnitudes
of SL and PSS strain that develop with the prolongation of acute ischemia are associated with depleted
adenine phosphates, the development of myocardial necrosis, and no functional improvement after
reperfusion. On the basis of these relationships, the present study describes a noninvasive
computational strain echocardiographic approach for estimating the ATP/ADP ratio, a marker of
myocardial energetic status.
Relationship of Strain Values to Myocardial Energetic Status in Acute Ischemia

Coronary occlusion is followed by the rapid development of contractile failure,14,15 and the
lack of an active component of regional myocardial motion was reported to occur at 3 to 5 minutes of
severe ischemia.16 Consistent with these reports, the myocardium responded to acute coronary
occlusion in our study by peak magnitudes of SL and PSS strain at 12 minutes of ischemia. Although
these early functional alterations were accompanied by decreases in the ATP/ADP ratio of 37% and
ATP level of 28% from their baseline values, myocardial viability remained preserved. These findings
correspond closely to previously published measurements1 and are consistent with an inhibition of
myosin adenosine triphosphatase function, which accompanies decreases in the free energy of ATP
hydrolysis by 25% at approximately 12 minutes of severe ischemia and in the ability of myocytes to
survive an approximate 25% decrease in ATP level.17 The noncontracting myocardium was stretched
during systole by the rising ventricular pressure, which resulted in SL strain. Then, during late systole
and early diastole, when ventricular pressure declines, the myocardium passively recoiled and
produced PSS strain.5,16 As ischemia continued, strain parameters, including SL and PSS strain,
progressively decreased in magnitude, which was observed in this study and is consistent with
previous studies.5,18-20 This decrease was closely correlated with a decline in the ATP/ADP ratio and
accompanied by nontransmural necrosis (1 animal) at 40 minutes and transmural necrosis at 120 and
200 minutes of ischemia. We speculate that the observed decrease in strain parameters was related to
increasing myocardial stiffness15,21,22 and decreased systolic compliance5 during ischemia. The
noncontracting, progressively less compliant myocardium increasingly resists the stretching forces
generated by systolic ventricular pressure. As a consequence, SL strain decreases in its magnitude, and
the passive recoil following aortic valve closure also becomes limited. The latter manifested as a
progressive decrease in PSS strain magnitude. Several variables, including edema, cellular and
hemorrhagic infiltrates, the extent of myocardial necrosis,19,20 changes in calcium homeostasis, and
ischemic contracture and muscle rigor,23,24 can contribute to increasing stiffness and decreased
compliance of an acutely ischemic and reperfused myocardium.14,15 The development of ischemic
contracture and the formation of rigor bonds have been associated with decreases in both ATP levels
and the ATP/ADP ratio1,8,15,23,24 and might explain the close correlations of SL strain, PSS strain, and
systolic compliance to the ATP/ADP ratios found in this study.
Relationship of Strain Values to High-Energy Phosphate Levels and the ATP/ADP Ratio After
Reperfusion of Stunned and Necrotic Myocardium

Following the reperfusion of stunned myocardium (i.e., after 12 minutes of ischemia), SL
strain, PSS strain, and the L/S ratio decreased and suggested partially active myocardial motion.5 This
myocardial mechanical improvement was accompanied by normalization of the mean ATP/ADP ratio,
which was driven more by a decrease in the ADP level than by an increase in the ATP level, an
observation consistent with work done by others.1 It has also been previously described that a stunned
muscle maintains ATP consumption in spite of the lower force development and that its calcium
responsiveness decreases.25 The changes in strain patterns could thus be explained on the basis of force
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generation, which (although low) would decrease the magnitude of SL strain and contribute to active
contraction (expressed as negative values of ES strain and a decrease of the PSS strain component)
during the ejection phase. After the reperfusion of a necrotic myocardium, there were (as expected) no
changes in high-energy phosphate levels and the ATP/ADP ratio value, and only an insignificant
decrease in strain magnitudes was observed.
Estimation of the ATP/ADP Ratio From Strain Curves

On the basis of the described relationship between high-energy phosphate levels and strain
magnitudes, a mathematical formula for estimating the energetic status was derived that reflects a
linear relation of mathematically combined SL and PSS strain magnitudes to the ATP/ADP ratio as
contractile failure develops following 12 minutes of acute ischemia. The time point at which
reperfusion takes place during the progressive decrease in high-energy phosphate levels determines
whether and how fast functional recovery would occur.1 This was demonstrated in our study by testing
2 different time points of reperfusion, and the changes in myocardial energy–related SL and PSS strain
magnitudes before reperfusion (Table 6.2) suggest a role of combined SL and PSS strain analyses in
estimating postreperfusion recovery. SL and PSS strain can be present at low magnitudes in
nonischemic myocardium.26-30 The presence of SL and PSS strain at baseline and the progression of
SL and PSS strain magnitudes during the initial 12 minutes of ischemia to their peak values would lead
to an underestimation of the ATP/ADP ratio. However, using ES strain as an independent parameter
would differentiate nonischemic (a highly negative ES strain value) from acutely ischemic (a positive
or nearly zero ES strain value) myocardium (Table 6.2). In addition, it is unlikely that strain
echocardiography would be done during the initial 12 minutes of acute ischemia.
Left Ventricular Blood Pressure and Decline in Values of Strain Parameters

Considering the load dependency of strain parameters,16,31 the decrease in SL and PSS strain
could have been affected by the progressive decline of LVPS. However, there was no correlation
between the strain magnitudes and left ventricular pressure parameters. Still, the possibility that SL
and PSS strain were influenced by loading conditions exists, although in our experimental setting, left
ventricular pressure was not the primary factor leading to the decline in SL and PSS strain magnitudes.

Interpretation of Wall Motion Scoring With Regard to Alterations in Myocardial Strain and
Energetics in Acute Ischemia

In obtaining the WMS of myocardial motion abnormalities, a change from dyskinesis (i.e., SL)
to akinesis in acute ischemia could be interpreted as “improvement.” However, our study highlights
that decreases in the magnitudes of SL and PSS strain may occur in persisting ischemia and are
associated with significant worsening of the energy metabolic status, which can eventually lead to
transmural necrosis. Therefore, the assessment of regional functional abnormalities in acute ischemia
requires careful clinical interpretation. In addition, on the basis of our evaluation, WMS was not
correlated with changes in energetics in ischemic myocardium. These findings support the use of strain
for the analysis of left ventricular motion and their interpretation on the basis of the estimated
energetic status.
Potential Diagnostic Applications

Currently, noninvasive techniques such as positron emission tomography and magnetic
resonance spectroscopy are used to assess viability by quantifying regional myocardial metabolism
and energetic.32 However, these imaging methods still have rather limited availability, and broadly
available echocardiography could complement these methods in assessing the viability of acutely
ischemic myocardium at bedside. Recently, the combination of the L/S ratio and systolic myocardial
compliance measured by strain echocardiography has been used to differentiate between viable and
necrotic myocardium in acute ischemia.5 These parameters are further elaborated in the present study.
However, clinical validation studies and head-to-head comparisons with other modalities will be
required to test the clinical applicability and diagnostic power of this information.
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Limitations

General anesthesia and an open-chest experimental model provide different hemodynamic
conditions compared with closed-chest echocardiographic scans in conscious patients. This difference
can affect the relation between the strain magnitudes and the ATP/ADP ratio, and clinical tests will be
required to overcome this limitation.
The mathematical formula presented does not provide an estimation of the ATP/ADP ratio
during varying degrees of coronary stenosis, in multiple-vessel disease, and in the presence of
preformed collaterals and does not address the influence of reperfusion at different time points of
ischemia.
Although we evaluated the extent of necrosis by the commonly employed method of TTC staining, we
acknowledge that there are limitations with this technique.33 We were unable to determine the
influence of microscopic necrosis on the relationship between myocardial energetic status and
deformation parameters in the early stages of acute ischemia (40 minutes), because subendocardial
necrosis was indicated by TTC in only 1 animal, and the presence of microscopic necrosis was
conceivable. However, to evaluate the association of necrosis and energetic or strain parameters was
not the primary aim of our study and has been discussed elsewhere.17,20,34-36
ATP levels and the ATP/ADP ratio were the primary parameters in this study. We plan to
explore other relevant energetic parameters, such as phosphorylation potential and the free energy of
ATP hydrolysis.

6.5

CONCLUSIONS

Quantitative measurements of local myocardial function with Doppler strain imaging closely
reflect serial changes in high-energy phosphate metabolism occurring in acute myocardial ischemia.
The present study introduces a conceptual approach to the noninvasive estimation of myocardial
energetic status during acute persisting ischemia using echocardiography. However, the clinical
diagnostic utility of the method remains to be determined.
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ABSTRACT

Background: Sonomicrometry is a gold standard in experimental studies on myocardial
motion. However, limited information exists regarding mechanical and biochemical changes
produced by sonomicrometry crystal (SC) insertion into the myocardial wall.
Methods: In 10 open-chest pigs, we implanted SCs into the inner half of apical anterior and
midposterior regions. Longitudinal strains (systolic lengthening, end-systolic, peak
shortening, and postsystolic shortening strains) and strain rate (SR) measurements (peak
systolic ejection and early and late diastolic SRs) were obtained by Doppler SR
echocardiography along with troponin I levels measured from peripheral blood before and
after SC insertion.
Results: SR and strain parameters did not change significantly after SC implantation.
Troponin I levels increased significantly from less than 0.010 to 0.129 ± 0.138 µg/L (P <
.005) after SC implantation.
Conclusions: Our study demonstrates that despite biochemical evidence of myocardial
injury, carefully implanted SCs do not alter systolic or diastolic regional myocardial function
assessed by Doppler echocardiography.

The manuscript reproduced with permission from Korinek et al.21
In J Am Soc Echocardiogr 2007;20: 1407-1412.
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7.1

INTRODUCTION

Since the mid-1950s,1,2 sonomicrometry crystal (SC) implantation has been widely used in
experimental cardiovascular physiology studies. This technique continues to be the reference standard
for measuring regional myocardial deformation.3-6 Implantation of foreign objects into the
myocardium could, however, lead to injury and alter regional myocardial function. Although only
minimal damage to a myocardial wall as a result of SC implantation was found,7 the effects of SC
insertion on regional myocardial function have not been systematically evaluated. Strain rate (SR)
echocardiography has been established for evaluation of regional myocardial deformation and has
been validated independently of sonomicrometry with nuclear magnetic resonance.8 SR
echocardiography has been broadly used to assess alterations of myocardial deformation caused by
various factors such as ischemia, reperfusion, or metabolic inhibition.6,9,10 In this study, we explore
whether SC embedding causes measurable differences in SR echocardiography analysis of regional
myocardial function. Troponin I served as a sensitive biomarker of myocardial injury.11

7.2

METHODS
The study was approved by our institutional animal care and use committee.

Animal Preparation

Twelve adolescent swine weighing 45 to 60 kg were studied under general anesthesia induced
with an intramuscular injection of ketamine hydrochloride (20 mg/kg) and xylazine (2 mg/kg) and
maintained with an intravenous infusion of ketamine hydrochloride (2 mg/kg/L), fentanyl (0.02
mg/kg/L), and etomidate (0.08 mg/kg/L). Each animal was intubated, mechanically ventilated (Servo
Ventilator 900C, Siemens, Danvers, Mass), and normal ranges of blood gases maintained by periodic
checks. After sternotomy, a pericardial cradle was constructed. Introducer sheaths (Terumo Medical
Corp, Elkton, Md) were placed in common carotid arteries or femoral arteries and both internal jugular
veins for obtaining blood samples, administration of anesthesia and fluids, and insertion of catheters.
Pressure catheters (Millar Instruments Inc, Houston, Tex) were placed into the left ventricle (LV) and
ascending aorta. The animals were fully anticoagulated (activated clot times >240 seconds) with
heparin after insertion of crystals. Electrocardiography and LV and aortic pressures were monitored
continuously and recorded using the sonomicrometry computer system (Sonometrics Corp, London,
Ontario, Canada) and software (CardioSoft, Sonometrics Corp.).
Testing and Control Regions

The apical anterior and midposterior walls served as testing regions for SC insertion, whereas
the midlateral wall represented a control region with no SC implanted.
Hemodynamic Data Analysis

Peak LV pressure (LVP) during systole and end-diastolic pressure were measured and values
of the peaks of positive and negative time derivative of pressure (dP/dt) and heart rate were calculated
from LVP tracings.
Sonomicrometry

After careful puncturing of the epicardium and a superficial myocardial layer with a 12-gauge
needle, a pair of spherical SCs (~2 mm in diameter) was inserted into the inner half of the myocardial
apical anterior and midposterior wall segments (Figure 7.1). Within each pair, the crystals were placed
approximately 10 to 15 mm apart and oriented along the LV long axis to measure predominantly
longitudinal motion. Superficial vessels were avoided during SC insertion; no suture was required to
maintain the crystals in their position. Mutual motion of SCs was recorded at a rate of 250 Hz and
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Figure 7.1 Gray-scale long-axis view of left ventricle before (A) and after (B) sonomicrometry crystal (SC)
insertion. Arrows, Position of SCs in apical anterior and midposterior regions.

instantaneous (Lagrangian) strains calculated.3 Longitudinal systolic lengthening strain (SL), endsystolicstrain (ES), and peak shortening strain (PkS) were expressed as the percent deformation with
respect to the preceding end-diastolic state. Postsystolic shortening strain (PSS) was calculated as the
difference between ES and PkS magnitudes.12 The midlateral segment served as an intact control
region with no SCs embedded.
Two-dimensional and SR Echocardiography

An ultrasound system (Vivid 7, GE Healthcare, Milwaukee, Wis) equipped with a 3.5-MHz
transducer was used for epicardial scans and data were archived digitally on a magneto-optical disk. A
2-dimensional gray-scale wide sector scan was performed in apical long-axis projection to verify the
position of SCs and check for intramural hematoma that could be caused by SC insertion. Narrow
sector apical long-axis and 4-chamber projections were used to obtain scans at 220 frames/s or higher
for off-line analyses (EchoPAC, GE Healthcare) of longitudinal tissue Doppler velocities in the apical
anterior, midlateral, and midposterior segments. SR measurements were obtained from the tissue
velocity data, and strains were integrated from SRs over the period of an electrocardiographic R-R
interval.3 Measurement samples were carefully placed to match the position of crystal pairs, and data
from 3 consecutive cardiac cycles were averaged to reduce the influence of noise. Peak ejection SRs
and early (E) and late (A) diastolic SRs were measured in all 3 segments. The same strain parameters
(ie, SL, ES, PkS, and PSS) were calculated as those measured by sonomicrometry (Figure 7.2). Timing
of cardiac phases was based on the long-axis view of aortic and mitral valve opening and closure.
Biochemical Detection of Myocardial Injury

Troponin I levels (µg/L) were measured with electrochemiluminiscence immunoassay using
the Elecsys 2010 analyzer (Roche Diagnostics, Indianapolis, Ind) from peripheral blood samples.13
Study Protocol

Before embedding any of the SCs, baseline recordings of electrocardiography, pressures, and 2
dimensional and SR echocardiography were performed and a first sample of blood for troponin I
analysis was withdrawn. SCs were then implanted and full anticoagulation started. Approximately 90
to 120 minutes after SC insertion, all measurements were repeated along with sonomicrometry
recordings and the second blood draw for troponin I analysis.
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Table 7.1 Hemodynamic measurements
Peak LVP

Baseline

After SC insertion

102.7 ± 11.0

98.7 ± 13.8

+dP/dt

1496 ± 511

1307 ± 369

-dP/dt

-2046 ± 617

-1891 ± 531

ED LVP
HR

7.5 ± 1.7

7.6 ± 1.7

76.4 ± 16.9

72.0 ± 13.8

+dP/dt and -dP/dt, Peak positive and negative, respectively, rate of pressure change; ED, end-diastolic; HR, heart rate; LVP,
left ventricular pressure; SC, sonomicrometry crystal. There was no statistically significant difference in any measured
hemodynamic parameter between baseline and after SC insertion.

Figure 7.2 Strain rate (SR) and strain curves obtained from midposterior wall before sonomicrometry
crystal insertion. Top, SR curve. Vertical dashed lines, Isovolumic contraction and relaxation phases of
cardiac cycle. Peak ejection SR is denoted by peak ejection SR (EJ) reflects regional systolic function.
Regional diastolic function was described by early relaxation peak SR (E) after mitral valve opening and
by late relaxation SR caused by atrial contraction (A). Bottom, Strain curve derived from SR curve. Only
minimal systolic lengthening (SL) is present at beginning of isovolumic contraction and isovolumic
relaxation is characterized by postsystolic shortening (PSS). ES, End-systolic strain; PkS, peak
shortening strain.

Statistical Analysis

Data are presented as mean ± SD of 3 measurements. A Wilcoxon signed rank test was
performed for hemodynamic and echocardiographic data comparison before and after SC insertion. A
sign test was used for comparison of troponin I levels before and after SC insertion. Linear regression
analysis with a least squares method and Bland- Altman plot were used to compare data obtained by
SR echocardiography and those measured by sonomicrometry.14 Intraobserver and interobserver
variabilities of SR and strain measurements were assessed in 5 randomly chosen animals in the apical
anterior, midlateral, and midposterior segments before and after SC insertion, and presented as the
difference between measurements expressed as a percentage of the mean. P values less than .05 were
considered statistically significant.
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Table 7.2 Strain parameters by echocardiography and sonomicrometry
Segment

Parameter

Apical anterior by echocardiography

Midposterior by echocardiography

Midlateral by echocardiography

Apical anterior region by sonomicrometry

Midposterior region by sonomicrometry

Baseline, %

After SC insertion. %

SL

0.1 ± 0.2

0.1 ± 0.1

ES

-11.5 ± 1.3

-11.1 ± 2.4

PkS

-11.6 ± 1.2

-11.3 ± 2.3

PSS

0.1 ± 0.3

0.2 ± 0.5

SL

0.2 ± 0.4

0.2 ± 0.4

ES

-15.9 ± 1.5

-15.5 ± 1.2

PkS

-16.6 ± 2.1

-16.0 ± 1.3

PSS

0.7 ± 1.3

0.5 ± 0.8

SL

0.1 ± 0.2

0.1 ± 0.3

ES

-18.7 ± 2.1

-18.3 ± 2.0

PkS

-19.1 ± 2.4

-18.8 ± 2.4

PSS

0.5 ± 0.8

0.5 ± 0.8

SL

N/A

0.2 ± 0.5

ES

N/A

-12.7 ± 4.6

PkS

N/A

-13.3 ± 4.6

PSS

N/A

0.6 ± 1.0

SL

N/A

0.1 ± 0.2

ES

N/A

-17.9 ± 4.5

PkS

N/A

-18.0 ± 5.5

PSS

N/A

0.6 ± 0.9

ES, End-systolic strain; N/A, not applicable; PkS, peak shortening strain; PSS, postsystolic shortening strain; SC,
sonomicrometry crystal; SL, peak systolic lengthening strain. There were no statistically significant differences in all
measured strain variables between baseline and after SC insertion.

7.3

RESULTS

Of the 12 animals used, one animal was excluded for pericarditis before baseline recordings
and one animal for sustained arrhythmias after baseline recordings before insertion of SCs. Data for a
complete protocol were obtained from 10 animals and careful SC embedding caused no apparent
bleeding or any other complication.
LV Hemodynamic Data

There was no statistically significant difference of peak LVP, end-diastolic LVP, positive
dP/dt, negative dP/dt, or heart rate before and after SC insertion (Table 7.1).
Two-dimensional Echocardiography

Two-dimensional echocardiography visualized SCs embedded within the myocardial wall
(Figure 7.1) and did not show any excessive local myocardial backscatter suggestive of intramural
bleeding after SC insertion.
Echocardiographic and Sonomicrometry Strain and SR Data

Tables 7.2 and 7.3 summarize the strain and SR magnitudes obtained by SR echocardiography
and sonomicrometry. No changes were observed in patterns of strain or SR curves after implantation
of crystals (Figure 7.3) in the testing and control regions. A small-magnitude systolic lengthening,
found by SR echocardiography in 20% of anterior apical, 20% of midposterior, and 10% of midlateral
segments at baseline, remained at the same rate of occurrence after insertion of the SCs.

83

Chapter 7
Table 7.3 Strain parameters by echocardiography
Segment
Apical anterior

Midposterior

Midlateral

Parameter

Baseline, s–1

After SC insertion, s–1

EJ

-0.70 ± 0.12

-0.66 ± 0.17

E

0.98 ± 0.25

1.07 ± 0.76

A

0.81 ± 0.43

0.94 ± 0.41

EJ

-0.82 ± 0.21

-0.82 ± 0.23
1.44 ± 0.55

E

1.63 ± 0.85

A

1.89 ± 0.57

2.04 ± 0.73

EJ

-0.94 ± 0.22

-0.87 ± 0.23

E

1.71 ± 0.78

1.94 ± 0.68

A

2.51 ± 0.93

2.40 ± 0.66

A, Late relaxation strain rate; E, early relaxation strain rate; EJ, peak ejection strain rate; SC, sonomicrometry crystal.
There were no statistically significant differences in all measured strain rate variables between baseline and after SC
insertion

Postsystolic shortening of small magnitude was present in 30% of anterior apical, 40% of
midposterior, and 30% of midlateral segments at baseline and in 20%, 40%, and 30% of the segments,
respectively, after SC insertion. There were no statistical differences in strain contraction parameters
(ES, PkS) or in systolic SR (peak ejection). Regional diastolic SRs E and A were not different after SC
insertion from those measured at baseline. In the control midlateral segment, all strain and SR
parameters remained unchanged as well.
Intraobserver and interobserver variabilities were, respectively, 13.6% and 16.6% for SL, 11.4% and
12.7% for ES, 10.9% and 13.1% for PkS, 10.7% and 12.8% for PSS, 10.1% and 12.4% for peak
ejection, 11.0% and 13.2% for E, and 15.5% and 17.5% for A. Linear regression analysis of SR
echocardiography and sonomicrometry indicated high correlation (r = 0.91, P < .0001) and the BlandAltman agreement analysis showed only a small bias (bias ± 2SD, -1.0 ± 7.5%).

Figure 7.3 Examples of strain curves obtained before (A) and after (B) sonomicrometry crystal (SC)
insertion into apical anterior region of left ventricle. Yellow arrows point to position of sample volume used for
strain and strain analysis. Dotted lines, Phases of cardiac cycle: 1, isovolumic contraction; 2, ejection; 3,
isovolumic relaxation; 4, diastolic filling phases. Dashed box (C) depicts magnified region of SC insertion;
white arrow, inserted crystal; yellow ovoid, sample window for strain and strain rate analysis. Pattern of strain
curve did not change after embedding of SC into myocardium. There was no systolic lengthening or
postsystolic shortening present before and after implantation of SC. No change in pattern of strain curve was
observed after SC embedding into inner half of apical anterior wall.
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Table 7.3 Strain parameters by echocardiography
Segment
Apical anterior

Midposterior

Midlateral

Parameter

Baseline, s–1

After SC insertion, s–1

EJ

-0.70 ± 0.12

-0.66 ± 0.17

E

0.98 ± 0.25

1.07 ± 0.76

A

0.81 ± 0.43

0.94 ± 0.41

EJ

-0.82 ± 0.21

-0.82 ± 0.23

E

1.63 ± 0.85

1.44 ± 0.55

A

1.89 ± 0.57

2.04 ± 0.73

EJ

-0.94 ± 0.22

-0.87 ± 0.23

E

1.71 ± 0.78

1.94 ± 0.68

A

2.51 ± 0.93

2.40 ± 0.66

A, Late relaxation strain rate; E, early relaxation strain rate; EJ, peak ejection strain rate; SC, sonomicrometry crystal.
There were no statistically significant differences in all measured strain rate variables between baseline and after SC
insertion

Biochemical Detection of Myocardial Injury

At baseline, the troponin I levels were below 0.01 µg/L, but increased significantly to 0.129 ±
0.138 µg/L (P < .005) after SC insertion.

7.4

DISCUSSION

Although elevated troponin I levels indicated myocardial injury, this study demonstrates that
careful embedding of SCs does not measurably alter systolic or diastolic regional myocardial function
as assessed by Doppler SR echocardiography and does not cause or lead to an increase in the
magnitude of systolic lengthening or postsystolic shortening.
Potential Mechanisms of Regional Myocardial Alteration Function Caused by SC Insertion

The initial epicardial puncture and the following SC insertion and tunneling can injure both
myofibers and vessels. Some damage to myocyte integrity was, indeed, present and signaled by a
significant increase of troponin I levels in peripheral blood. However, there was no alteration of strain
or SR magnitudes or patterns in the implantation region. Although the areas with superficially
positioned coronary arteries and their branches were avoided, SC insertion could injure coronary
arteries or veins within the myocardial wall. However, there was not any remarkable bleeding from
needle puncture before SC insertion or from a tunnel formed by SC insertion. Moreover, 2dimensional echocardiography, which is suitable for identification of intramural hematoma,15 did not
reveal any noticeable intramural bleeding.
Strain and SR Analysis in Identification of Myocardial Functional Alteration

Strain and SR echocardiography are sensitive to changes in regional myocardial deformation
induced by an ischemic injury6,9 or just by selective inhibition of myocardial energy metabolism.10
Regional dysfunction induced by these factors can include diminishing of strain and SR magnitudes,
development of systolic lengthening, and shifting of myocardial contraction to the postsystolic period
with generation of postsystolic shortening. However, SL and PSS of low magnitudes have been found
to be physiologic phenomenon16 that help the LV to reshape during isovolumic phases of cardiac
cycle.5,17 In this study, the presence of PSS was in 30% of evaluated segments, which corresponds with
a previous report.16 SL and PSS related to ischemic regional myocardial injury can be clearly
distinguished from those occurring in normal myocardium based on magnitudes and timings of their
peaks.16 Even though injuries caused by SC insertion may not be remarkable or identified, it is
conceivable that an incompressible foreign object, such as a SC with its connecting wire, could
produce a mechanical obstacle to normal myocardial motion.
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However, we did not observe any increase in the magnitudes of SL or PSS after SC insertion;
neither did we find alteration in any other parameter of regional mechanical function measured by
strain and SR echocardiography.
Mechanical Myocardial Injury and Troponin Levels

An increased troponin level in peripheral blood is a sensitive biomarker of myocardial injury
and necrosis, and this test is routinely used for diagnosis of acute coronary syndromes. However,
troponin levels do not discriminate between ischemic and nonischemic (eg, traumatic) causes of
myocardial injury. Increased levels of troponin I were reported in various conditions, even without
apparent myocardial dysfunction.18-20 Similarly, in this study, troponin I levels were elevated after
insertion of SCs, but no measurable alterations in regional myocardial function were present.
Limitations

Considering 3-dimensional myocardial architecture, alterations of LV torsion and
circumferential strains by SC insertion are possible and were not measured in our study. We also did
not assess the long-term impact of SC insertion. This would require an experimental model with a
surviving animal, but selective evaluation of the functional impact of SC insertion would be
complicated because of the development of postoperative adhesions. We have not evaluated the extent
of necrosis by the commonly used method of triphenyltetrazolium chloride staining, neither did we
perform microscopic analyses of myocardial injury. Our study was focused on functional changes and
the histological description of limited necrosis was provided by others.7

7.5

CONCLUSIONS

Careful insertion of ultrasonic crystals into myocardium does not cause alterations in regional
systolic or diastolic myocardial function measurable by SR and strain echocardiography, although the
related microinjury can be detected with biochemical markers, such as elevated troponin I levels in
peripheral blood.
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Two-Dimensional Strain –
A Doppler - Independent Ultrasound Method for
Quantitation of Regional Deformation:
Validation in Vitro and in Vivo
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ABSTRACT
Background: A new 2-dimensional strain echocardiography (2DSE) method has been
introduced that measures myocardial deformations by tracking localized acoustic markers.
We compared strains measured in vitro and in vivo by 2DSE with those obtained by
sonomicrometry.
Methods: For the in vitro study, a tissue-mimicking gelatin block was cyclically compressed
and longitudinal strains obtained by 2DSE and sonomicrometry crystals. For the in vivo
study, arrays of crystals were implanted into the apical anteroseptal (test region) and
midposterior (control region) in 16 open-chest pigs and strains measured by 2DSE and
crystals at baseline and after acute ischemia.
Results: In vitro, pooled data demonstrated good correlation (r = 0.99, P < .0001) and
close agreement (bias ± 2SD = 0.7 ± 2.2%) of 2DSE and sonomicrometry. For a
combination of low testing strains (5.4%) and strain rates (0.8 and 1.2 Hz), 2DSE
overestimated strains by sonomicrometry. In vivo, linear regression analysis of pooled
measurements demonstrated again a good correlation (r = 0.94, P < .0001) and agreement
(-1.1 ± 7.5%) of 2DSE with sonomicrometry with a trend toward lower absolute values of
strains by 2DSE.
Conclusion: The 2DSE demonstrated good overall correlation and agreement with
sonomicrometry for the tested in vitro and in vivo values. Some caution with 2DSE
measurements is needed for combinations of low strains and strain rates.

The manuscript reproduced with permission from Korinek et al.14
In J Am Soc Echocardiogr 2005;18:1247-1253.
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8.1

INTRODUCTION

Doppler tissue imaging is the method of choice for noninvasive assessment of regional
myocardial function.1 Based on a Doppler technique, strain and strain rate measurements were
introduced to clinical practice to evaluate regional myocardial deformation magnitude and rate,
respectively. Doppler based strains and strain rates were validated both experimentally with ultrasonic
crystals2 and clinically with tagged magnetic resonance imaging,3 and are considered to be less
affected by tethering, translational artifacts, and traction than Doppler measurements of myocardial
velocities. However, strain and strain rate are inherently limited to a 1-dimensional, angle-dependent
analysis of myocardial deformation. Recently, a 2-dimensional (2D) strain echocardiography (2DSE)
method has been introduced that determines myocardial deformation from continuous frame-by-frame
tracking of a small image block of “natural acoustic markers”.4 The appearance of these acoustic
markers is considered to be relatively stable between subsequent image frames, whereas a change in
their position is assumed to follow tissue motion. Tracking is based on searching the new location of
the marker in the subsequent frame using a block-matching algorithm.5,6 Two-dimensional strain and
strain rate are then calculated from the displacement and rate of displacement of each marker. The aim
of the study was to compare results from the novel 2DSE method with measurements obtained using
sonomicrometry crystals under controlled in vitro and in vivo conditions of a wide spectrum of strain
magnitudes and rates. The tests were accomplished by using a tissue-mimicking (gelatin) phantom and
an open-chest pig model of acute ischemia.

8.2

METHODS

In Vitro Model

We prepared a tissue-mimicking phantom as previously described and depicted.7 Briefly, a 9x 9- x 10-cm (width x diameter x height) phantom block consisted of 13% gelatin, 10% graphite, and
10% formaldehyde. This composition simulated stiffness and acoustic backscatter properties of
myocardium. Two sonomicrometry crystals were embedded 15 mm from the bottom and 20 mm apart
vertically before the gelatin cured to measure longitudinal (1-dimensional) strain. A servo-hydraulic
system (MTS Systems Corp, Minneapolis, Minn) with a 15- x 15-cm flat surface piston formed a
platform for the gelatin block and generated cyclic compressions from the bottom of the phantom. An
approximately 1-cm thick ultrasound-absorbing rubber pad was interposed between the gelatin block
and the metal piston to avoid reflections. An ultrasound probe was mounted onto a stationary platform
with an opening for the transducer. A stiff but ultrasound signal transparent plastic membrane was
used to cover the platform and the face of the probe to assure the smooth surface of the platform. A
small amount of ultrasound gel maintained acoustic coupling between the probe face and the
membrane. The platform with the probe attached was placed on top of the gelatin block in such a way
that it precompressed the block by approximately 4% of its height. This assured permanent contact of
the gelatin with the piston and platform surfaces during each expansion phase of cyclic compressions
and expansions. A few drops of mineral oil minimized friction of the top and bottom contact surfaces
of the gelatin block with the piston and ultrasound probe platform, respectively.

Compression System

A servo-hydraulic, programmable compression system (MTS Systems Corp) was used to
generate cyclic compressions of the gelatin block in the longitudinal direction with respect to the
transducer at defined strains (5.4%, 10.8%, 16.1%, 21.5%) and frequencies of piston compressions
(0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2 Hz) to mimic a wide range of magnitudes and rates of cardiac muscle
deformations. The system has a high-fidelity position sensor that measures and digitally outputs
excursions of the piston position at a rate of 250 samples/s.
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In Vivo Model

All animal experiments were approved by the institutional animal care and use committee.
Sixteen adolescent swine weighing 45 to 60 kg were studied under general anesthesia induced with an
intramuscular injection of ketamine hydrochloride (20 mg/kg) and xylazine (2 mg/kg) and maintained
with an intravenous infusion of ketamine hydrochloride (2 mg/kg/L), fentanyl (0.02 mg/kg/L), and
etomidate (0.08 mg/kg/L). Each animal was intubated, mechanically ventilated (Servo Ventilator
900C, Siemens, Danvers, Mass), and normal ranges of blood gases maintained by periodic checks.
After sternotomy, a pericardial cradle was constructed. Introducer sheaths (Terumo Medical Corp,
Elkton, Md) were placed in both common carotid arteries, both internal jugular veins, and the left
femoral artery for obtaining blood samples, administration of anesthesia and fluids, and insertion of
catheters for blood pressure monitoring. The animals were fully anticoagulated (activated clot times >
240 seconds) with repeated bolus injections of heparin, and 7F catheters (Millar Instruments Inc,
Houston, Tex) were placed by the sheaths in carotid arteries into the left ventricle (LV) and ascending
aorta. Positioning of catheters was accomplished under epicardial ultrasound guidance.8
Electrocardiography traces and LV and aortic pressures were monitored and recorded continuously to
a dedicated personal computer by an analog-to-digital converter (CardioSoft, Sonometrics Corp,
London, Ontario, Canada). In 13 animals, mid-left anterior descending coronary artery (LAD) was
ligated for 45 to 60 minutes to induce acute myocardial ischemia and regional wall-motion
abnormalities.
One triplet of crystals was implanted into the inner (subendocardial) layer of the apical
anterior or anteroseptal LV wall (testing region) and another triplet was placed into the midposterior
wall (control region). Two crystals in each triplet were aligned approximately 15 mm in direction
parallel to the LV long axis to measure longitudinal strains. The third crystal in each triplet was placed
about 15 mm next to the proximal crystal of the longitudinal pair to form a right triangle and allow the
measurement of circumferential strains. We calculated strains throughout a cardiac cycle from
instantaneous distance measurements by the longitudinal and circumferential crystal pairs.
Sonomicrometry System

Spherical miniature ultrasound crystals (approximately 2 mm in diameter) were each
connected by a thin wire to a sonomicrometry system (Sonometrics Corp). An ultrasound time-offlight principle is used in this system to measure approximately 250 samples/s of mutual distance
between any two connected crystals. From these data, we calculated instantaneous (Lagrangian) strains
in both models. In the model in vitro, the peak compressive longitudinal strain was calculated with
respect to the point of transition from expansion to compression. In the model in vivo, the peak
systolic strain was measured with respect to the end-diastolic status.
2DSE

The 2DSE method uses serial gray scale (B-mode) sector images and is based on frame-byframe tracking of small rectangular image blocks with stable speckle patterns.4 Frame rate in our
setting ranged from 75 to 79 frames/s. The tracking process and conversion to Lagrangian strains was
performed offline in dedicated software (EchoPAC PC–2D strain, GE Healthcare, Milwaukee, Wis).
In vitro scans were performed (Vivid 7, GE Healthcare, Milwaukee, Wis). A 3.5-MHz
ultrasound probe was vertically oriented so that the center line of the sector plane interrogated the
gelatin block nearly through the embedded sonomicrometric crystals and gray scale images recorded
for offline analysis of shortening and lengthening by 2DSE. Direct interrogation of crystals was
avoided to prevent ultrasound signal reverberations.
In vivo scans were obtained using the same ultrasound system and probe. Apical 2-chamber
and 3-chamber long axis views and apical and midventricular short-axis views were obtained in
accordance with the guidelines of the American Society of Echocardiography.9 These projections
interrogated the testing and control regions embedded with sonomicrometric crystals. Digital image
loops were recorded for offline longitudinal and circumferential strain measurements with software
(EchoPAC, GE Healthcare).4,10
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Table 8.1 Comparison of peak compressive strains measured in a gelatin block
Rate (Hz)

Method

0.8

2DSE

-9.0 ± 0.1

-11.5 ± 0.9

-16.9 ± 0.4

-23.0 ± 0.6

Sono

-5.8 ± 0.2

-12.1 ± 0.2

-17.0 ± 0.1

-22.5 ± 0.5

2DSE

-10.4 ± 0.5

-13.3 ± 0.4

-18.7 ± 0.3

-23.8 ± 0.1

Sono

-5.8 ± 0.1

-12.0 ± 0.2

-17.2 ± 0.2

-22.4 ± 0.1

1.6

2DSE

-6.8 ± 0.7

-2.6 ± 0.1

-8.0 ± 0.3

-23.3 ± 0.3

Sono

-.9 ± 0.2

-11.6 ± 0.2

-17.4 ± 0.2

-22.3 ± 0.9

2.0

2DSE

-5.7 ± 0.3

-11.5 ± 0.3

-17.8 ± 0.4

-22.7 ± 0.1

Sono

-5.7 ± 0.1

-11.9 ± 0.5

-17.2 ± 0.5

-23.2 ± 0.1

2.4

2DSE

-6.4 ± 0.1

-12.0 ± 0.1

-7.9 ± 0.3

-3.0 ± 0.4

Sono

-5.8 ± 0.3

-11.5 ± 0.1

-17.5 ± 0.3

-23.0 ± 0.1

2.8

2DSE

-6.2 ± 0.1

-2.2 ± 0.4

-17.6 ± 0.5

-23.1 ± 0.6

Sono

-5.6 ± 0.0

-11.5 ± 0.0

-17.6 ± 0.3

-22.9 ± 0.3

3.2

2DSE

-5.9 ± 0.1

-11.8 ± 0.1

-17.6 ± 0.3

-22.9 ± 0.4

Sono

-5.7 ± 0.2

-1.6 ± 0.3

-17.4 ± 0.2

-22.4 ± 0.6

0.8–3.2

Piston

-5.4

-0.8

-6.1

-1.5

1.2

Strain magnitude, %

Piston shows compressive strains to which the entire gelatin block was subjected.
Measurements are presented as mean ± SD.
2DSE, 2-dimensional strain echocardiography; Sono, Sonomicrometry.

Figure 8.1 Linear regression and Bland-Altman analysis of strains by 2-dimensional (2D) echocardiography
(echo) compared with sonomicrometry in tissue-mimicking phantom.

Contrast Echocardiography

In every animal, a bolus of 1 mL of ultrasonic contrast agent (Definity, Bristol-Myers Squibb,
New York, NY) was injected into the jugular vein to delineate the extent of perfusion defect after LAD
occlusion and verify that the placement of the apical triplet of crystals and echocardiographic
projections approximated the testing region.
Statistical Analysis

Data from both in vitro and in vivo tests are presented as mean ± SD of 3 measurements;
negative values represent compression or contraction strains, positive values indicate expansion strains
or bulging. Paired Student t tests were used to assess whether in vivo data after intervention (ischemia)
were statistically different. Linear regression analysis with a least squares method and Bland-Altman
test11 were performed to assess the precision and accuracy, respectively, of data obtained by 2DSE in
vitro and in vivo and compared with those measured by sonomicrometry. In addition, 1-way and 2way analysis of variance tests were used for analysis of the in vitro data. Intraobserver and
interobserver variability was assessed as the difference between measurements expressed as a
percentage of the mean. P values less than .05 were considered statistically significant.
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Table 8.2 Hemodynamic findings
Parameter

Baseline

Ischemia

P value

LVEDP pre-A, mm Hg

6.1 ± 1.8

6.6 ± 1.7

<.05

LVEDP post-A, mm Hg

9.0 ± 2.1

9.6 ± 1.7

NS

93.9 ± 10.6

78.4 ± 11.0

<.005

-dP/dt

LVSP, mm Hg

-1746.9 ± 472.3

-1372.1 ± 599.4

<.05

+P/dt

1014.4 ± 252.2

1077.5 ± 522.7

NS

Tau

35.8 ± 3.61

40.0 ± 5.6

<.005

HR, beats/min

81.8 ± 12.3

86.3 ± 20.9

NS

The measurements are presented as mean ± SD.
dP/dt, Time derivative of LV pressure; HR, heart rate; LVEDP, peak left ventricular end-diastolic pressure; LVSP, peak LV
systolic pressure; NS, not significant; pre-A and post-A, LVEDP before and after the atrial component of late diastolic filling,
respectively; Tau, time constant of exponential LV pressure decay.

8.3

RESULTS

There was good reproducibility of all tests: interobserver and intraobserver variability was
5.3% and 3.6% for in vitro and 11.8% and 8.8% for in vivo experiments, respectively.
In Vitro Model

Table 8.1 shows measurements of longitudinal strains by the 2DSE method compared with
those measured from motion of sonomicrometric crystals and excursions of the piston. Linear
regression analysis demonstrates high correlation (Figure 8.1) and the Bland-Altman plot documents a
close overall agreement (bias ± 2SD, 0.7 ± 2.2%) of the pooled measurements (Figure 8.1). One-way
analysis of variance showed that there was a statistically significant difference across the 4 strain
settings (P = .003) when analyzing the difference between 2DSE and sonomicrometry crystals. To
supplement this analysis, pairwise comparisons were performed between each strain level. The 5.4%
strain was significantly different than the 3 other testing strains (P < .002 in each case); there was no
difference between 10.8%, 16.1%, and 21.5% strains (P > .900 in each case). From 2-way analysis of
variance, significantly (P < .001) greater differences were observed between 2DSE and
sonomicrometry at lower strains and lower piston excursion rates (simulating heart rate).
In Vivo Model

Baseline measurements were obtained from 16 adult pigs (45-60 kg). After induction of acute
ischemia by LAD ligation, measurements were obtained from 13 animals; 3 animals died prematurely
because of unmanageable ventricular fibrillation and, therefore, only baseline data were obtained.
Table 8.2 summarizes hemodynamic findings. Peak LV systolic pressure, peak LV end-diastolic
pressure before the A wave, Tau index, and peak negative dP/dt significantly increased in absolute
value, whereas heart rate, positive dP/dt, and peak LV end-diastolic pressure after the atrial wave
remained unchanged. The average heart rate was 82/min at baseline and 86/ min after ischemia, thus,
approximating the rate of 1.4 Hz in the gelatin model. Table 8.3 shows results of peak longitudinal and
circumferential strain measurements by 2DSE and sonomicrometry. In the testing region, dyskinesis
developed after LAD occlusion and strains were statistically different from baseline values, but
remained unchanged in the control region. At baseline (n = 16), linear regression analysis of 2DSE and
sonomicrometry showed regional correlation of peak systolic longitudinal and peak systolic
circumferential strains as follows: anteroseptal region, r = 0.71 (P < .0001) and r = 0.68 (P < .0001),
respectively; and midposterior region, r = 0.73 (P < .01) and r = 0.65 (P < .05), respectively. After
LAD occlusion (n = 13), the correlation of peak systolic longitudinal and peak systolic circumferential
strains was as follows: anteroseptal (ischemic) region, r = 0.65 (P < .05) and r = 0.19 (P = not
significant), respectively; and midposterior region, r = 0.81 (P < .0005) and r = 0.65 (P < .05),
respectively. Figure 8.2 demonstrates that the correlation for 2DSE and sonomicrometry data pooled
from all strain measurements (i.e., longitudinal and circumferential strains, both at baseline and after
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Table 8.3 Comparison of peak systolic strains measured in a beating heart
Strain, %
L - testing region (LAX)
C - testing region (SAXA)
L - control region (LAX)
C - control region (SAXM)

Method

Baseline

Ischemia

P value

2DSE

-11.9 ± 3.1

+4.1 ± 2.0

<.05

Sono

-13.1 ± 5.4

+6.4 ± 3.4

<.05

2DSE

-19.7 ± 4.2

+7.8 ± 2.5

<.05

Sono

-21.9 ± 6.7

+8.6 ± 2.2

<.05

2DSE

-13.7 ± 3.2

-12.8 ± 4.0

NS

Sono

-15.8 ± 3.4

-15.7 ± 4.8

NS

2DSE

-15.0 ± 2.8

-13.4 ± 2.0

NS

Sono

-16.1 ± 3.8

-15.9 ± 4.6

NS

Measurements are presented as mean ± SD.
2D, 2-dimensional; C, circumferential; L, longitudinal; LAX, long axis; NS, not significant; SAXA, short axis apical; SAXM,
short axis mid; Sono, sonomicrometry crystals

Figure 8.2 Linear regression and Bland-Altman analysis of strains by 2-dimensional (2D) echocardiography
(echo) compared with sonomicrometry in tissue-mimicking phantom.

ischemia) was very close (r = 0.94, P < .0001). The Bland-Altman agreement analysis (Figure 8.2)
reflects the effect of scaling from negative to positive strain values and shows only a small bias (bias ±
2SD, -1.1 ± 7.5%). The variability of the mean differences is larger compared with that obtained from
the in vitro study.

8.4

DISCUSSION

The aim of our study was to test the new 2DSE method for a large range of deformations and
deformation rates using a tissue-mimicking phantom, and for a range of systolic negative (contraction)
and positive (bulging) strains in a beating animal heart in situ with experimentally induced acute
ischemia. We found close overall correlation and agreement of 2DSE measurements with those
obtained by the reference sonomicrometry in both settings. In tests with the phantom, we observed a
trend of overestimation of absolute values of strains by the 2DSE method. Data from the beating heart
suggested a wider spread in the mean differences between the 2DSE and reference values, although the
majority of the differences were within an acceptable 3.8% SD range. A small bias in the BlandAltman analysis suggested a small underestimation of strains in the beating heart.
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Sonomicrometry was used as a previously used method for measurements of local strains in
experimental settings.2,12 The setup in vitro maintained motion of the embedded crystals parallel with
the center line of echo scans. The setting allowed control of the cyclically moving piston within a large
range of clinically relevant longitudinal strains and rates of piston excursions. Because the servohydraulic system (MTS Systems Corp) generated compressive forces exceeding the resistance of
gelatin against deformation by several orders of magnitude, piston excursions remained constant (ie,
no variability) for all testing magnitudes and rates. The digitally recorded instantaneous excursions
represented an additional reference, which was independent of (but perfectly consistent with) the
measurements by sonomicrometry crystals (Table 8.1). It is worth noting, however, that strains were
measured by sonomicrometry inside the tissue-mimicking phantom and viscoelastic properties of
gelatin could have affected the actual inner deformations. This explains the small differences between
strains measured by the piston and by sonomicrometry.
In vivo, the triplets of sonomicrometry crystals followed local myocardial motion and, similar
to clinical scans of a region of interest, moved partially in and out of the scan plane. However, by
visualizing the crystals in standard echocardiographic projections we assured that the scans
interrogated the testing and control myocardial regions closely.
2DSE

The 2DSE method is a tool for quantitation of regional myocardial deformation within a scan
plane. Contrary to 1-dimensional strain estimations obtained from Doppler velocities, the new method
is inherently 2D and independent of interrogation angle as it tracks speckle patterns (acoustic markers)
within serial B-mode sector scans. However, currently, 2DSE does not offer an advantage over tagged
magnetic resonance imaging in high temporal resolution, as is otherwise typical for most
echocardiographic applications including Doppler tissue velocity and strain rate imaging. We tested an
early version of 2DSE, however, and further development toward higher frame rates is expected. On
the other hand, a wide view provided by the 2DSE method allowed simultaneous analysis of strains in
multiple myocardial segments.
Results from experiments in vitro suggested that for combinations of low strains and low rates
of piston excursion, the 2DSE technique had a tendency to overestimate the reference values. This can
be explained by a likely occurrence of subpixel displacements at low strain magnitudes and rates.
Under such circumstances, acoustic markers cannot be reliably tracked. For cycling of 1.6 Hz or
higher, 2DSE measured compression strains precisely and accurately for all testing magnitudes. Also,
for compressive strains of approximately 12% or more, 2DSE was precise and accurate independently
of the testing rates. We found close correlation and agreement when data from all testing permutations
of strain magnitudes and rates were pooled (Figure 8.1). In experimental animal studies, pooled 2DSE
measurements correlated and agreed well with those by reference sonomicrometry (Figure 8.2). After
separating the data into groups by time point (baseline vs. ischemia), region (testing vs. control), and
orientation of strains (longitudinal vs circumferential), good correlation of 2DSE with sonomicrometry
remained except for the circumferential strains in the testing region after acute ischemia. Here the
2DSE method showed no correlation with the reference; nevertheless, identification of dyskinesis by
change to positive values of strains was consistent with measurements by sonomicrometry. We
speculate that tracking in the circumferential orientation was more affected by bulging in ischemia as a
result of fiber orientation (which affects acoustic properties).13 As a result, circumferential strain
values showed weaker relationship to sonomicrometry measurements than longitudinal strains, which
correlated well under the condition of ischemic bulging.
Mean absolute values of strains measured by 2DSE in vivo were slightly lower than those
measured by sonomicrometry (Table 8.3 and Figure 8.2). We propose two explanations. Firstly, the
sonomicrometry crystals were placed closer to the endocardium, where measured deformations were
likely higher compared with those captured by the 2DSE method (which encompasses the whole
thickness of myocardium). Secondly, crystals may have approximated the principal strain along fiber
orientation better than tracking by the 2DSE method in standard projections.
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Limitations

We did not test various interrogation angles with respect to the region of interest and
placement of crystals within the cyclically compressed gelatin phantom. Neither did we measure 2D
reference strains, which would have been theoretically obtainable through the use of 4 crystals
arranged in a quadrangular array parallel to the echocardiographic scan plane. In anticipation of in
vivo studies that would address all these limitations, we favored a simple, stable, and well-controlled
setup that preserved the mechanically stressed gelatin phantom through the wide range of tested strain
magnitudes and rates.
We did not test radial LV strains. Based on our practical experience, the relatively small
amount of tissue between subendocardial and epicardial crystals, and possible reverberation artifacts
from crystals, would compromise or prevent tissue tracking by 2DSE. The heart rate in the
experimental animals never deviated into any notably pathologic range. However, this deficit was
addressed by our study in vitro, where we simulated heart rates from 48 to 192/min.
Gelatin phantom, although containing graphite inclusions to induce speckle pattern in ultrasound
scans, cannot simulate acoustic markers of beating heart exactly and could, therefore, influence the
ability of the 2DSE software to track the local patterns.
Clinical Implications

The 2DSE technique is in its infancy and its clinical use is yet to be shown. However,
compared with Doppler tissue–based strain echocardiography, 2DSE is one step closer to local
myocardial strain analysis in all 3 dimensions with a portable, widely available, and relatively
inexpensive system.

8.5

CONCLUSIONS

Acoustic marker tracking in serial 2D echocardiographic tissue images has the potential to
expand the armamentarium of broadly available tools for noninvasive analysis of regional LV
function. These results suggest limitations of the tracking algorithm at combined low strain
magnitudes and rates, but the overall precision and accuracy of the 2DSE method is promising for
prospective clinical use.
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ABSTRACT

Background: We previously found that a 2-dimensional (2D) strain echocardiography
method had some limitations in the assessment of low magnitudes and rates of
deformation. Here, we study whether a recently introduced high spatial resolution speckle
tracking (HRT) method improves accuracy of 2D strain measurements.
Methods: A gelatin block was cyclically compressed by a hydraulic piston. Regional
deformations measured by 2D-HRT were compared with reference strains obtained from
an embedded pair of sonomicrometry crystals. Global deformations (along the gelatin
block) were compared to strains calculated from tracings of piston motion. We tested a
wide range of strains (5.4%-21.5%) and combined each measurement with simulated heart
rates (24-196/min).
Results: Regional deformations measured by 2DHRT demonstrated excellent correlation (r
= 0.99, P < .0001) and agreement (bias ± 2SD = 0.3 ± 1.3%) with sonomicrometry. Close
correlation (r = 0.99, P < .0001) and agreement (bias ± 2SD = 0.5 ± 1.2%) was observed
also for global strains measured by 2D-HRT and compared with tracings of piston motion.
There was good reproducibility of all tests: interobserver and intraobserver variabilities
were 3.2% and 3.4% for regional strains and 3.1% and 3.5% for global strains, respectively.
Conclusion: In our in vitro setting, the 2D-HRT method produced precise and accurate
measurements of strains for clinically relevant ranges of deformation magnitudes and
ranges.
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9.1

INTRODUCTION

Noninvasive evaluation of regional myocardial deformation has been increasingly used in
numerous experimental and clinical settings.1-7 Initially, Doppler tissue imaging was developed, and
after validation in vitro,8 in vivo,9 and in the clinical setting,10 has been used clinically for the
assessment of regional myocardial velocities, strains, and strain rates.11,12 Nevertheless, Doppler-based
strain echocardiography (SE) and strain rate echocardiography still have limitations inherent to all
Doppler methods including angle dependency13 and the inability to quantify more than 1-dimensional
component of deformations in longitudinal, radial, and (less reliably14) circumferential directions.
Recently, 2-dimensional (2D) SE, which is based on speckle tracking, has been introduced15,16
and validated in vitro using a gelatin phantom17 and in vivo in an experimental animal model of acute
ischemia.18,19 The 2D-SE method has also been tested in healthy volunteers and patients with ischemic
heart disease in comparison with strains measured by magnetic resonance imaging.18,20 However, in a
study, which included both gelatin phantom and animal experimental tests, we documented that
noticeable overestimation of longitudinal strains may occur in low strain magnitudes and rates.21 In
response to this finding, GE Healthcare (Milwaukee, Wis) implemented a 2-stage algorithm with 2D
high spatial resolution speckle tracking (HRT), which has been in detail described elsewhere16 and
could improve tissue motion estimation at low strains and strain rates.
The aim of this study was to test, under controlled conditions in vitro and for a wide range of
clinically relevant strain magnitudes and rates, the precision and accuracy of the 2D-HRT algorithm.

9.2

METHODS

A Tissue-mimicking Phantom

A tissue-mimicking phantom was prepared as previously described and depicted.8 The
phantom (9 x 9 x 10 cm [width x depth x height]) was made up of 13% gelatin, 10% graphite, and 10%
glycerol. This composition of the phantom provided stiffness and acoustic backscatter properties
similar to myocardial tissue. Two sonomicrometry crystals were embedded in the phantom before it
cured. One was placed 15 mm and the second 35 mm from the bottom directly above the other to
measure longitudinal (1-dimensional) strain.
Compression System

A compression system (MTS Systems Corp, Minneapolis, Minn) with a piston and flat (15 x
15 cm) platform was used to generate cyclic compressions. The phantom was placed on the top of the
piston and a layer of ultrasound-absorbing rubber. A stationary platform with its opening covered by
an ultrasound-transparent plastic membrane for placement of an ultrasound transducer was positioned
on the top of the phantom. An ultrasound probe was positioned vertically through the platform opening
and a small amount of ultrasound gel assured acoustical coupling with the ultrasound-transparent
plastic membrane (Figure 9.1). To minimize friction, a few drops of mineral oil were put on the
phantom-piston and phantom-platform contact surfaces.
Cyclic Compression Setting

The programmable, servohydraulic compression system with position sensor (250 samples/s)
was set to initially precompress the phantom (by approximately 4%), which prevented separation of
contact surfaces during the expansion phases. The system was programmed to generate cyclic
compression-expansions of the phantom at defined deformation magnitudes to simulate myocardial
strains of 5.4%, 10.8%, 16.1%, and 21.5%. Global strains for comparison with 2D-HRT were derived
from piston tracings. Each strain setting was tested at frequency rates for the cycle of the piston that
simulated 24, 48, 72, 96, 120, 144, 168, and 196/min. The lowest rate was included to test the 2D-HRT
method for a reserve in measurement accuracy during bradycardia. The highest testing rate was limited
by preserving the mechanical integrity of the phantom.
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Figure 9.1 Schematic drawing of experimental setup. Gelatin phantom was placed on top of piston layered
with ultrasound-absorbing rubber. Stationary platform had opening covered by ultrasound-transparent plastic
membrane. Ultrasound probe was positioned vertically through platform opening. Two sonomicrometry crystals
were embedded in phantom along approximated scan line before gelatin cured. First crystal was placed
15mmand second 35 mm from bottom. Piston cyclically compressed gelatin block (arrow) at experimentally
defined deformation magnitudes.
Two-dimensional SE

Ultrasonic scans were performed using a system (Vivid 7, GE Healthcare) equipped with a
3.5-MHz ultrasound probe. The probe was carefully aligned longitudinally with the direction of
motion of the piston. Gray scale images were recorded for offline analysis of phantom deformation
measured by 2D-HRT. Frame rates ranged from 75 to 79 frames/s. Direct interrogation of
sonomicrometry crystals was avoided to prevent reverberation of ultrasound signals. Digital image
loops were recorded for offline analyses of global and regional strain measurements with dedicated
software (EchoPAC PC-2D strain, GE Healthcare), which included a HRT analysis library16 and
calculated 2D Langrangian strains. Regional longitudinal strains were from the instantaneous mutual
position of the embedded ultrasonic crystals. Global longitudinal strains were assessed for the entire
height of the phantom except for a part within the 5-mm deep, near-field region.
Statistical Analysis

Data are presented as mean ± SD of 3 measurements; negative values represent compression.
Linear regression analysis with a least squares method and Bland-Altman test22 was performed to
assess the precision and accuracy, respectively, of data obtained by 2D-HRT compared with those
measured by sonomicrometry for regional strains and with piston deformations for global strains. In
addition, 2-way analysis of variance (ANOVA) tests were used for analysis of differences between
strains assessed by 2D-HRT and ultrasonic crystals and between 2D-HRT and global gel deformations
induced by piston. Intraobserver and interobserver variabilities were assessed as the difference
between measurements expressed as a percentage of the mean. P values less than .05 were considered
statistically significant.
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Table 9.1 Analysis of peak regional strains
Rate, cycles/min
24
48

Method

Strain magnitude, %

2D-HRT

-5.6 ± 0.1

-12.1 ± 0.2

-16.2 ± 0.3

-21.0 ± 0.7

Sono

-6.0 ± 0.1

-11.5 ± 0.2

-17.3 ± 0.3

-20.9 ± 0.1
-22.1 ± 0.3

2D-HRT

-5.9 ± 1.2

-10.8 ± 0.1

-16.2 ± 0.2

Sono

-5.8 ± 0.2

-12.1 ± 0.2

-17.0 ± 0.1

-22.5 ± 0.4

72

2D-HRT

-5.9 ± 0.4

-11.2 ± 0.3

-16.4 ± 0.1

-23.4 ± 0.4

Sono

-5.8 ± 0.1

-12.0 ± 0.2

-17.2 ± 0.2

-22.4 ± 0.2

96

2D-HRT

-5.6 ± 0.1

-11.3 ± 0.4

-17.5 ± 0.4

-22.4 ± 0.6

Sono

-5.9 ± 0.2

-11.2 ± 0.2

-17.4 ± 0.2

-22.3 ± 0.8

120

2D-HRT

-5.8 ± 0.3

-10.8 ± 0.4

-16.7 ± 0.8

-21.9 ± 0.1

Sono

-5.7 ± 0.1

-11.9 ± 0.5

-17.2 ± 0.5

-23.2 ± 0.1

144

2D-HRT

-6.0 ± 0.2

-12.3 ± 0.1

-16.9 ± 0.1

-22.2 ± 0.5

Sono

-5.8 ± 0.3

-11.5 ± 0.1

-17.5 ± 0.3

-23.0 ± 0.1

168

2D-HRT

-5.5 ± 0.1

-12.0 ± 0.9

-17.6 ± 0.3

-21.0 ± 0.6

Sono

-5.6 ± 0.0

-11.5 ± 0.0

-17.5 ± 0.3

-22.9 ± 0.3

192

2D-HRT

-5.2 ± 0.3

-10.8 ± 0.4

-16.8 ± 0.3

-22.7 ± 0.1

Sono

-5.7 ± 0.2

-11.6 ± 0.3

-17.4 ± 0.2

-22.4 ± 0.6

2D-HRT, Two-dimensional high resolution speckle tracking strain echocardiography; Sono, sonomicrometry measurements
of reference regional strains. Measurements are presented as mean ± SD.

Figure 9.2 Linear regression and Bland-Altman analyses of deformations by 2-dimensional high resolution
speckle tracking (2D-HRT) compared with reference regional strains measured by sonomicrometry (sono)
in tissue-mimicking phantom.

9.3

RESULTS

There was good reproducibility of all tests: interobserver and intraobserver variabilities were
3.2% and 3.4% for regional strain and 3.1% and 3.5% for global strains, respectively.
Table 9.1 shows measurements of regional longitudinal strains by 2D-HRT method compared
with those measured by sonomicrometry. Linear regression analysis demonstrates high correlation and
the Bland-Altman plot documents a close overall agreement (bias ± 2SD, -0.3 ± 1.3%) of the pooled
regional measurements (Figure 9.2). Two-way ANOVA of regional deformation magnitudes and rates
showed a significant difference (P < .0001) between sonomicrometry measurements and 2D-HRT.
However, the actual strain differences ranged only from -1.9% to 1.0% with random distribution in all
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Table 9.2 Analysis of peak global strains
Rate, cycles/min
24
46

Method

Strain magnitude, %

2D-HRT

-5.7 ± 0.1

-11.1 ± 0.0

-15.3 ± 0.2

-20.1 ± 0.1

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.2 ± 0.0

-21.6 ± 0.0

2D-HRT

-6.5 ± 0.1

-10.7 ± 0.3

-16.1 ± 0.1

-22.0 ± 0.4

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.2 ± 0.0

-21.6 ± 0.0

72

2D-HRT

-5.9 ± 0.2

-11.4 ± 0.1

-16.7 ± 0.0

-22.9 ± 0.1

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.2 ± 0.0

-21.6 ± 0.0

96

2D-HRT

-5.6 ± 0.1

-11.4 ± 0.1

-17.3 ± 0.3

-22.7 ± 0.1

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.1 ± 0.2

-21.5 ± 0.0

120

2D-HRT

-6.2 ± 0.5

-11.2 ± 0.1

-16.9 ± 0.1

-21.8 ± 0.3

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.2 ± 0.0

-21.5 ± 0.0

144

2D-HRT

-5.7 ± 0.2

-11.6 ± 0.3

-17.0 ± 0.3

-22.6 ± 0.1

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.1 ± 0.0

-21.5 ± 0.0

168

2D-HRT

-5.8 ± 0.2

-11.4 ± 0.2

-17.2 ± 0.3

-21.7 ± 0.3

Piston

-5.4 ± 0.0

-10.8 ± 0.0

-16.1 ± 0.0

-21.5 ± 0.0

192

2D-HRT

-5.6 ± 0.1

-11.3 ± 0.0

-16.0 ± 0.9

-22.5 ± 0.3

Piston

-5.4 ± 0.0

-10.7 ± 0.0

-16.0 ± 0.1

-21.4 ± 0.0

2D-HRT, Two-dimensional high resolution speckle tracking strain echocardiography; piston, compressive strains to which the
entire gelatin phantom was subjected by the hydraulic system.
Measurements are presented as mean ± SD.

Figure 9.3 Linear regression and Bland-Altman analyses of global deformations by 2-dimensional high
resolution speckle tracking (2D-HRT) compared with reference strains measured from motion of piston that
produced cyclic deformation of entire testing gelatin block.

permutations of deformation magnitudes and rates across the data set. Table 9.2 shows measurements
of global longitudinal strains by the 2D-HRT method compared with those measured from motion of
the phantom deformation- driving piston. Linear regression analysis demonstrates high correlation and
the Bland-Altman plot documents a close overall agreement (bias ± 2SD, 0.5 ± 1.2%) of the pooled
global measurements (Figure 9.3). Two-way ANOVA of global deformation magnitudes and rates
showed significant difference (P < .0001) between 2D-HRT and piston measurements. The actual
difference between global strains calculated form piston tracings and those measured with 2D-HRT
ranged from -1.5% to 1.3%.
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9.4

DISCUSSION

This study, which is a continuation of our previous validation work,21 demonstrates that the
novel 2DHRT approach provides precise and accurate estimates of strains measured in a tissuemimicking phantom. Large ranges of simulated heart rates and deformations were evaluated for both
regional strains (within a small region of the phantom) and global strains (deformation of the entire
gelatin phantom), and close correlation and agreement were found.
We observed a small systematic underestimation of regional strains and small overestimation
of global strains measured by 2D-HRT (Figures 9.2 and 9.3). However, we consider this small bias (0.3% for regional and 0.5% for global strains) as clinically negligible including the limits of agreement
(i.e., 2 SD), which are now less than 1.5%.
Regional Strain Assessment
Noninvasive assessment of regional deformations has been increasingly used clinically since
the advent of Doppler-based strain measurements. However, tissue Doppler SE has been reported to
have higher interobserver and intraobserver variabilities compared with strains assessed by 2DSE.23,24
Our results show very low variabilities, which are, however, similar to those previously reported21 and
are markedly lower than variabilities reported in clinical tests.15,20,23 This can be explained by our use
of a strictly in vitro experimental setting that avoids most of the clinically existing confounding
variables. The advantage of the experimental setting is, however, the opportunity to test the system
with respect to precisely defined reference measurements and for large ranges of deformation
magnitudes and simulated heart rates (cyclical frequency of piston).
Our experimental setting also allowed testing of low deformation rates and our current tests
with the 2D-HRT method show close correlation and tight agreement limits as compared with the
reference sonomicrometry for the entire broad range of testing deformation rates. Although 2-way
ANOVA indicated that individual differences between sonomicrometry and 2D-HRT were statistically
significant, the actual range of strain differences was small (only from -1.9% to 1.0%), with random
distribution in all permutations of simulated heart rates, and without clustering in any particular
combination (i.e., unlike shown previously for low heart rates and low deformations).21 Both strains
measured by 2D-HRT and sonomicrometry were a little higher than deformations defined by piston
motion. We propose that this difference is a consequence of unavoidable residual friction on contact
surfaces of the gel phantom resulting in a heterogeneous distribution of strains along the scan axis.
Global Strain Assessment

Global left ventricular strain measured by 2D-HRT was introduced as a novel index of overall
systolic function and proposed as a possible alternative to a broadly used ejection function.25 However,
until the current study, validation of global strain by 2D-HRT had not been performed. We found
excellent correlation of global strains assessed by 2D-HRT across the cyclically changing thickness of
the entire gelatin phantom with those calculated from motion of the piston that subjected the phantom
to the compression-expansion deformations.
Limitations

Our study tested a wide range of heart rates and deformations only under experimental in vitro
conditions. However, the main purpose of the study was to determine whether or not the accuracy of
the 2D-SE method, which was somewhat compromised in simulated bradycardia, improved by HRT.
We did not test various interrogation angles and we did not evaluate accuracy of radial or
circumferential deformations by 2D-HRT, which were, however, assessed previously.19,21 Finally, we
did not test the accuracy of torsional deformation measurements, which were recently compared with
measurements by magnetic resonance imaging with encouraging results.14
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9.5

CONCLUSIONS

The ultrasound technique with HRT is a promising new tool for the precise assessment of 2D
strains. An advantage of the combined 2-stage algorithm is precise and accurate evaluation of low
deformation levels. Moreover, this approach has the potential to be used in cases of bradycardia, where
the previous implementation of 2D-SE overestimated the true strain magnitudes.
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ABSTRACT

Background: In acute ischemia Tissue Doppler strain echocardiography has been
shown to estimate the adenosine tri-phosphate to di-phosphate ratio (ATP/ADP), a
marker of myocardial energetic status. We hypothesized that two-dimensional high
spatial resolution speckle tracking strain echocardiography (2D-HRT) will enhance the
assessment of ATP/ADP ratio in normal and reperfused myocardium.
Methods: Thirty-two pigs were assigned to 5 groups: 1 baseline, 20 and 150 minutes of
ischemia with or without 90 minutes of reperfusion. Ischemia was induced by left anterior
descending coronary artery occlusion. Longitudinal systolic lengthening (SL), endsystolic
(ES), peak shortening (PkS), and postsystolic shortening (PSS) strains were assessed by
2DSE and ATP/ADP ratio was obtained from myocardial biopsies.
Results: Among all the animals, the relationships between strain parameters and
ATP/ADP ratios were predominantly non-linear. The equation (ATP/ADP = -0.91 x ES +
0.57 x PSS + 0.04 x SL2 -0.05 x PkS2 + 0.55) provided the best estimation of
mechanoenergetic coupling (r = 0.92, P < .005) for all groups.
Conclusions: The present study extends our previous observations and suggests the
potential applicability of 2D-HRT as a novel non-invasive tool for estimating ATP/ADP
ratios over a spectrum of not only ischemic but also normal and reperfused myocardium.

The manuscript is prepared for submission.
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10.1

INTRODUCTION

Myocardial ischemia is primarily a metabolic event1 that is characterized by multiple
alterations of myocardial energetic metabolism including a rapid decline in high energy phosphate
levels such as creatine phosphate, adenosine triphosphate (ATP) and adenosine diphosphate (ADP)
levels.2,3 The status of myocardial energetics during ischemia and reperfusion is closely associated
with myocardial contractile performance and myocyte viability.3,4 Thus, the evaluation of energetic
metabolism currently performed by nuclear imaging techniques5,6 or magnetic resonance spectroscopy7
has broad clinical implications.
Utilizing the close mechanoenergetic relationship, tissue Doppler strain echocardiography
(TDSE) has recently been shown to non-invasively estimate myocardial energetic status characterized
by the ATP/ADP ratio in a porcine model of experimental ischemia.8 A nearly linear relationship
between a decrease of systolic lengthening (SL) and postsystolic shortening (PSS), strain measured by
TDSE, and a decrease of the ATP/ADP ratio during acute progressive ischemia enabled mathematical
estimation of the ATP/ADP ratio. However, the formula was derived exclusively for a period of acute
progressive ischemia but did not include estimation of the ATP/ADP ratio in normal or reperfused
myocardium.8 SL and PSS magnitudes have been reported to increase in the early ischemic period in
comparison to baseline, but decrease with further ischemia9-12 while ATP/ADP ratio decreases in a
monophasic manner.8 These observations suggest that the relationship between the ATP/ADP ratio and
strain parameters for the entire period encompassing normal, progressively ischemic and reperfused
myocardium may be non-linear. TDSE previously used for ATP/ADP estimation has inherent
limitations such that angle dependency13 may limit the precision and accuracy of myocardial strain,
particularly in the apical segments of the left ventricle (LV). Therefore, strain based estimation of the
ATP/ADP ratio could benefit from the use of a Doppler independent technique for strain assessment
such as recently validated two-dimensional high spatial resolution speckle tracking strain
echocardiography (2D-HRT).14
Based on this background and the known close relationship between myocardial mechanics
and energetics under various conditions,2,8,15-17 we hypothesized that noninvasive estimation of the
ATP/ADP ratio could be performed for normal, ischemic and reperfused myocardium by using 2DHRT. To test this hypothesis and define the mathematical mechanoenergetic relationship, we used an
open-chest porcine model of the left anterior descending (LAD) coronary artery occlusion and we
explored various regression models to provide the best fit and to derive the formula for estimating
ATP/ADP ratio for the entire spectrum of normal, ischemic and reperfused myocardium.

10.2

METHODS

This study was approved by the Mayo Institutional Animal Care and Use Committee and
euthanasia was performed in accordance with guidelines set forth by the Panel on Euthanasia of the
American Veterinary Medical Association.
Study Protocol

Thirty-two animals were randomly assigned to 5 groups and studied under general anesthesia.
One group (7 animals) served as the control group and was used for baseline measurements. In two
groups (6 and 6 animals), the mid LAD was occluded for different time periods (20 and 150 minutes,)
without reperfusion. In the remaining two subgroups, the LAD was occluded for 20 minutes (6
animals) and 150 minutes (7 animals), followed by 90-minute reperfusion in both groups.
Hemodynamic measurements and echocardiography scans followed by rapid myocardial biopsies from
testing and control regions were performed at the end of each experiment. After euthanasia, the hearts
were excised, dissected into slices and the myocardial slices were incubated in TTC staining.
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Animal Preparation

General anesthesia was induced with intramuscular injection of Ketamine HCl (20 mg/kg) and
Xylazine (2 mg/kg) and maintained with intravenous infusion of Ketamine HCl (2 mg/kg/l), Fentanyl
(0.02 mg/kg/l) and Etomidate (0.08mg/kg/l). Each animal was intubated and mechanically ventilated
(Servo Ventilator 900C, Siemens, Danvers, MA). After a sternotomy, a pericardial cradle was
constructed and the heart was exposed on the cradle. Vascular sheaths (Terumo Medical Corporation,
Elkton, MD) were placed in both internal jugular veins, both common carotid arteries and one femoral
artery for obtaining blood samples, administration of anesthesia and fluids and insertion of catheters
for blood pressure monitoring. Full anticoagulation (activated clotting time >240 s) was initiated and
maintained with repeated bolus injections of heparin. ECG leads were attached to the animal’s limbs
and tracings were recorded continuously by a personal computer via an analog-to-digital converter
(CardioSoft, Sonometrics Corp., London, Canada). 7-French Millar catheters (Millar Instruments, Inc.
Houston, TX) were inserted via the carotid arteries into the left ventricle (LV) and ascending aorta to
monitor blood pressure.
Hemodynamic Data Analysis

Peak left ventricular pressure (LVP) during systole and end-diastolic LVP were measured and
the peaks of positive and negative time derivative of pressure (dP/dt) and heart rate were calculated
from LVP tracings.
2D high Spatial Resolution Speckle Tracking Strain Echocardiography

Regional myocardial deformation was assessed using tissue speckle tracking
echocardiography.14,18,19 2D gray scale standard apical long axis projections were obtained with a
Vivid 7 ultrasound system (GE Healthcare, Milwaukee, WI) equipped with a 3.5 MHz transducer
placed epicardially and scanning through a small amount of acoustic coupling gel. Images were
recorded with frame rates ranging from 50 to 79 frames/sec and analyzed off-line with 2D strain
software (EchoPAC PC – 2D strain, GE Healthcare, Milwaukee, WI). Endocardial borders were
carefully traced manually from a single end-systolic frame and an optimal width of a region of interest
was defined. Both the border and the region of interest were tracked throughout the cardiac cycle.
Regional longitudinal strains were assessed in the apical anterior wall which represented the testing
region in the LAD coronary artery territory and in the mid posterior myocardium which served as the
control region. Longitudinal systolic lengthening strain (SL), end-systolic strain (ES) and peak
shortening strain (PkS) were expressed as the percent deformation with respect to the preceding enddiastolic state. PSS was measured as the difference between ES and PkS magnitudes.
Lengthening/shortening ratio (L/S) was calculated as SL/(SL-PkS).9 All strain measurements were
averaged from 3 consecutive cardiac cycles.
Contrast Echocardiography

To delineate the extent of the perfusion defect after LAD occlusion and to identify reperfusion,
a bolus of 1 mL of ultrasonic contrast agent (Definity®, Bristol-Myers Squibb, New York, NY) was
administrated via the internal jugular vein.
High Energy Phosphate Analysis from Myocardial Biopsies

ATP, ADP and AMP values (nmol/mg protein) were measured as previously described 8 and
their ratio and the sum of ATP, ADP and AMP were calculated. Briefly, myocardial samples (100 –
200 mg in weight) were quickly dissected from the testing and control regions and immediately
immersed in liquid nitrogen. The frozen samples were grinded, homogenized and centrifuged at 4°C.
The supernatant was neutralized and the precipitate was removed by another centrifugation at 4°C.
Nucleotide concentrations were determined by high performance liquid chromatography (HPLC Series
1100 system, Hewlett-Packard, Waldbronn, Germany).20
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Table 10.1 Hemodynamic measurements
20 minute ischemia
Baseline

150 minute Ischemia

No

90 minute

No

90 minute

reperfusion

reperfusion

reperfusion

reperfusion

Peak LVP

103.3±25.4

88.1±12.8

89.9±10.6

79.9±10.8

84.2±8.5

+dP/dt

1680±708

1282±447

1568±634

1409±463

1563±521

-dP/dt

-2596±1446

-1742±648*

-1960±435

-1051±419*

-1471±530

9.6±1.9

10.8±2.5

9.6±2.8

9.3±4.3

10.2±1.5

84.8±10.4

94.4±11

92±21

103±22.1

100±14.6

ED LVPD
HR

LVP indicates left ventricular pressure; +dP/dt and −dP/dt, peak positive and negative, respectively, rate of pressure
change; ED, end-diastolic; HR, heart rate.
* P < .05 vs. baseline,
† P < .05 vs. 20 minute ischemia-no reperfusion,
‡ P < .05 vs. 20 minute ischemia-90 minute reperfusion,
§ P < .05 vs. 150 minute ischemia-no reperfusion

Viability Analysis by Tissue Staining

After euthanasia, the heart was dissected into approximately 1-cm-thick transverse slices. The
slices were immersed for 5 minutes in 2% triphenyltetrazolium chloride (TTC) solution at 37°C. The
area of necrosis remained unstained, whereas viable myocardium became brick red. Computer
planimetry was used to calculate the extent of necrosis.
Statistical Analysis

Data is presented as mean±SD. One-way ANOVA with Tukey-Kramer pairwise comparison
was used for comparisons among the groups. Various regression models, including linear, quadratic,
higher-order polynomial, logarithmic and exponential, were performed to determine which one best
fits the relationship between the strain and hemodynamic parameters and the ATP/ADP ratio.
Multivariate regression analysis with stepwise elimination21 was employed to explore the relationship
of all strain and hemodynamic parameters obtained at baseline, as well as at 20 and 150 minutes of
acute ischemia with and without reperfusion, in order to find a mathematical formula with the best
predictive value for estimation of ATP/ADP from strain magnitudes. P-values less than 0.05 were
considered statistically significant. All statistical analyses were performed by SAS/STAT version 9.1.3
or JMP version 7.1 (SAS Institute Inc., Cary, NC).

10.3

RESULTS

From a total group of 37 animals, 5 were excluded (4 for sustained arrhythmia and 1 for
perioperative bleeding) and 32 were used in the study.
Left Ventricular Hemodynamic Data

Peak LVP and positive dP/dt tended to be lower in the 20 and 150 minute ischemic groups
without reperfusion and tended to increase with both reperfusion groups (Table 10.1). Compared to
the baseline group, the magnitude of negative dP/dt was significantly lower in both ischemic groups;
however, there was a trend towards an increase in both reperfusion groups. There was no difference in
end-diastolic LVP among the groups. Heart rate tended to be higher compared to baseline in both
ischemic and reperfusion groups.
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Figure 10.1 An example of data obtained from animals at baseline, at 20 minutes of ischemia (ISCH) with
and without reperfusion (REP), and at 150 minutes of ischemia with and without reperfusion. At baseline, no
systolic lengthening (SL) or postsystolic shortening (PSS) were present; endsystolic strain (ES) coincided
with peak systolic strain (PkS) and there was no necrosis detectable by triphenyltetrazolium (TTC) staining.
At 20 minutes of ischemia SL, ES and PSS were the highest, whereas PkS decreased and no necrosis was
detectable. Upon reperfusion after 20 minutes of ischemia, SL and PSS significantly decreased, ES shifted
back to negative values (although not reaching baseline value) and the absolute value of PkS increased.
Necrosis was not detectable at 20 minutes of ischemia with or without reperfusion. At 150 minutes of
ischemia SL, ES, PSS and PkS decreased compared to 20 minutes of ischemia and did not change further
upon reperfusion. Transmural necrosis was present at 150 minutes of ischemia with and without reperfusion
as indicated by the thick white arrow. PSS was calculated as the difference between ES and PkS. The thick
white arrow indicates the testing region for strain measurements on a TTC stained slice of myocardium.

Change in Strain Patterns and Magnitudes and High Energy Phosphate Levels After 20 Minutes
of Ischemia With or Without Subsequent 90 Minutes of Reperfusion

After 20 minutes of LAD occlusion without reperfusion, high magnitudes of SL, PSS (Figure
10.1) and L/S ratio developed, ES shifted from negative values at baseline to positive values and
absolute value of PkS significantly decreased in all testing regions (Table 10.2, Figure 10.2). These
changes in strains corresponded to significant decreases in the ATP level, the ATP/ADP ratio and sum
of ATP, ADP and AMP (Table 10.3). Following 90 minutes of reperfusion, the SL, PSS and L/S ratio
significantly decreased compared to 20 minutes of ischemia without reperfusion, but remained higher
than baseline values. With the decrease in SL and PSS, ES returned to negative values, although the
shortening magnitude remained significantly lower than in the ES baseline group; the magnitude of
PkS demonstrated a trend towards an increase. The changes in strain patterns upon reperfusion were
associated with an increase in the ATP/ADP ratio to nearly baseline values due to the decrease of ADP
level, whereas the ATP level and sum of adenosine phosphates remained unchanged (Figure10.2).
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Table 10.2 2D Strain echocardiographic data
20 minute ischemia
Parameter

Baseline

150 minute ischemia

No

90 minute

No

90 minute

reperfusion

reperfusion

reperfusion

reperfusion

Testing region
SL (%)

0.1±0.1

7.2±2*

3.1±1.3*†

3.8±1.4*†

2.4±0.6*†

ES (%)

-10.2±1.7

5.7±2.5*

-2±0.9*†

3±1.5*†‡

1.3±1*†‡

PkS (%)

-10.3±1.7

-4.2±1.5*

-5.3±1.4*

-1.7±0.9*†‡

-1.4±0.9*†‡

PSS (%)

0.1±0.2

9.9±2.2*

3.4±0.8*†

4.6±1.7*†

2.7±0.9*†

L/S

0.01±0.01

0.63±0.12*

0.36±0.08*†

0.69±0.11*‡

0.66±0.12*‡

Control region
SL (%)

0.4±0.6

0.1±0.3

0.4±0.8

0.3±0.3

0.7±0.9

ES (%)

-11.9±3.5

-12.2±4.3

-11.6±3.8

-11.7±2.3

-12.6±2.1

PkS (%)

-12.8±2.3

-13.9±3.2

-13.7±3.7

-12.2±2.9

-13±2.5

PSS (%)

0.9±1.4

1.7±2.4

2.1±2.6

0.2±0.3

0.5±0.6

L/S

0.03±0.05

0.01±0.02

0.02±0.04

0.02±0.03

0.05±0.06

SL indicates peak systolic lengthening strain; ES, end-systolic strain; PkS, peak shortening strain; PSS, postsystolic
shortening strain; L/S, lengthening-shortening ratio.
* P < .05 vs. baseline,
† P < .05 vs. 20 minute ischemia-no reperfusion,
‡ P < .05 vs. 20 minute ischemia-90 minute reperfusion,
§ P < .05 vs. 150 minute ischemia-no reperfusion

Changes in Strain Patterns and Magnitudes and High Energy Phosphates Levels After 150
Minutes of Ischemia With or Without Subsequent 90 Minutes of Reperfusion

Compared to 20 minutes of ischemia without reperfusion, the SL, PSS, ES and PkS
magnitudes significantly decreased at 150 minutes of ischemia without reperfusion and did not
significantly change following 90 minutes of reperfusion (Figure 10.1, Table 10.2). The decrease in
strain magnitudes with the duration of ischemia was paralleled by the decrease in the ATP level, the
ATP/ADP ratio and sum of adenosine phosphates. The values of these energetic parameters did not
significantly change upon reperfusion (Figure 10.2). L/S ratio did not significantly change from 20 to
150 minutes ischemia and remained unchanged upon reperfusion. When the two reperfusion groups
were compared, L/S ratio was significantly lower and the absolute value of PkS was higher in the 20
minute ischemia/reperfusion group than in the 150 minute ischemia/reperfusion group. SL and PSS
were not significantly different between the reperfusion groups. ES strain was negative after 20
minutes of ischemia and 90 minutes of reperfusion, but slightly positive in the 150 minute
ischemia/reperfusion group. The differences in strain curve patterns between the two reperfusion
groups were associated with differences in high energy phosphate levels and the ATP/ADP ratio.
Strains were higher in the 20-minute ischemia/reperfusion group, compared to the 150minute/reperfusion group. In the control regions, strain parameters and levels of high energy
phosphates did not differ between groups (Table 10.2 and 10.3).
Viability Staining

Necrosis was not detectable at baseline or after 20 minutes of ischemia with or without
reperfusion (Figure 10.1). The presence of viable myocardium in the testing region was associated
with normal or moderately depressed levels of ATP, the sum of adenosine phosphates and the
ATP/ADP ratio. Transmural necrosis (> 90%) was detected following 150 minutes of ischemia with
and without reperfusion in all animals, which corresponded with very low levels of high energy
phosphates and a very low value of the ATP/ADP ratio. The extent of myocardial necrosis tended to
be lower in the group with ischemia followed by reperfusion than in group with ischemia without
reperfusion (27 ± 7% vs. 32 ± 5%, P = .173).
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Figure 10.2 Association of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) ratio with
systolic lengthening (SL), postsystolic shortening (PSS), lengthening to shortening (L/S ratio), peak systolic
(PkS) and endsystolic (ES) strains. Blue, orange, yellow, pink and green colors represent the baseline, 20
minutes of ischemia without reperfusion, 20 minutes of ischemia with reperfusion, 150 minutes of ischemia
without reperfusion, and 150 minutes of ischemia with reperfusion, groups respectively. Horizontal lines show
± standard deviation of the ATP/ADP ratio averages and vertical lines denote ± standard deviation of SL,
PSS, L/S ratio, PkS and ES averages in each animal group.

Regression Analysis of LVP and Strain Parameters or the ATP/ADP Ratio

For all pooled animal groups, linear regression models seemed to be the best fit to explain the
relationships between hemodynamic and strain parameters or ATP/ADP ratio. ES and PkS strains
correlated with peak LVP (r = -0.50, P = .003 and r = -0.60, P = .0003) and with negative dP/dt (r =
0.53, P = .002 and r = 0.64, P < .0001; respectively). Peak SL did not correlate with positive dP/dt (r=0.16, P = .382) or max LVP (r= -0.28, P = .127). There was no correlation between PSS and peak
LVP, negative dP/dt or end-diastolic LVP (r = -0.22, P = .231; r = 0.22, P = .219 and r = 0.06, P =
.752; respectively). L/S ratio correlated with peak LVP and negative dP/dt (r = -0.52, P = .002 and r =
0.57, P = .0006; respectively), whereas it did not correlate either with positive dP/dt or end-diastolic
LVP (r = -0.23, P = .209 and r = 0.01, P = .989; respectively).
The ATP/ADP ratio measured in the testing region modestly correlated with peak LVP and
negative dP/dt (r = 0.45, P = .010 and r = 0.49, P = .005; respectively) and did not correlate with
positive dP/dt or end diastolic LVP (r = 0.17, P = .348; r = -0.02, P = .898 and r = 0.33, P = .062;
respectively).
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Table 10.3 High-energy phosphate levels
20 minute ischemia
Baseline

No
reperfusion

90 minute
reperfusion

150 minute ischemia
No
reperfusion

90 minute
reperfusion

ATP (nmol/mg protein)
Testing wall

30.2±3.3

17.1±6.0*

16.8±6.1*

2±2.1*†‡

1.8±1.3*†‡

Control wall

29.1±3.1

27.4±2.8

26.7±3.7

26.2±4.7

25.8±9.1

Testing wall

4.3±0.6

2.3±0.6*

3.7±0.9†

0.6±0.4*†‡

0.8±0.5*†‡

Control wall

3.7±0.8

3.4±0.9

3.3±0.6

3.3±0.8

3.4±0.7

ATP/ADP

ATP+ADP+AMP (nmol/mg protein)
Testing wall

37.8±3.1

25.3±7.5*

21.6±6.7*

7.2±3.5*†‡

4.2±1.6*†‡

Control wall

38.4±4.3

37.7±1.8

36.2±3.5

36.1±3.3

34.5±11.4

ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate.
* P < .05 vs. baseline,
† P < .05 vs. 20 minute ischemia-no reperfusion,
‡ P < .05 vs. 20 minute ischemia-90 minute reperfusion,
§ P < .05 vs. 150 minute ischemia-no reperfusion

Regression Analysis of the ATP/ADP Ratio and Strain Parameters

For all pooled animal groups, quadratic regression model analyses were shown to be the best
fit to describe the relationship between SL, PSS, ES or L/S ratio and the ATP/ADP ratio among the
various models (Figure 10.3). The relationship between PkS or L/S ratio and the ATP/ADP ratio was
nearly linear (Figure 10.3).
Mathematical Formula Estimating the ATP/ADP Ratio From Strain Parameters For Normal,
Progressively Ischemic, Early and Late Reperfused Myocardium

For all pooled data, the final multivariate regression analyses included all permutations of
strain parameters, their quadratic and linear values as well as linear values of LV pressure parameters
described in this study. Using stepwise elimination techniques, a mathematical formula was derived
and was the best predictive of the ATP/ADP ratio (= -0.91 x ES + 0.57 x PSS + 0.04 x SL2 -0.05 x
PkS2 -0.55) for the spectrum normal, progressively ischemic and early and late reperfused myocardium
(with P < .0001 for ES, P = .0003 for PSS, P = .0023 for SL2 and P < .0001 for PkS2; respectively).

10.4

DISCUSSION

We found that the relationships between strain parameters assessed by 2D-HRT and the
ATP/ADP ratio as a marker of myocardial energetics were predominantly non-linear for the spectrum
of normal, progressively ischemic, early and late reperfused myocardium. Quadratic regression models
best described the relationships. Based on this finding, we conceptualized a mathematical model for
the estimation of the ATP/ADP ratio which combines linear and square values of several strain
parameters measured by 2D-HRT reflecting the non-linear character of the relationship between
changes of high energy phosphate levels and strain patterns. Thus, this experimental study advances
our previous work8 and demonstrates that the estimation of ATP/ADP ratio based on strain
echocardiography for progressively ischemic myocardium can be expanded to the spectrum of normal
and reperfused myocardium.
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Figure 10.3 Linear and quadratic regression analysis for pooled data of all 5 groups (baseline, 20 minutes
and 150 minutes ischemia with and without reperfusion) comparing values of systolic lengthening (SL),
postsystolic shortening (PSS), lengthening to shortening (L/S ratio), peak systolic (PkS) and endsystolic (ES)
strains with myocardial energetic status characterized by the adenosine triphosphate (ATP) to adenosine
diphosphate (ADP) ratio. Blue and pink colors represent linear and quadratic regression analysis,
respectively.

Nonlinear Relationship Between 2D-HRT Derived Strains and the ATP/ADP Ratio During
Progression of Acute Ischemia and After Reperfusion of Stunned and Necrotic Myocardium

Similarly to our previous study8 and to earlier findings reported by others,9-12 we observed
that myocardial deformation changes developed in 2 sequential phases that were characterized by an
increase (early 20-minute ischemia; i.e., first phase) and subsequent decrease (late 150-minute
ischemia; i.e., second phase) of some strain parameters whereas other strain variables as well as the
ATP/ADP ratio decreased in a monophasic manner.
The parallel decrease of the ATP/ADP ratio with a decrease of the SL, PSS, and PKS strain
values during the second phase of ischemia has been previously reported8 and is in agreement with the
results of the present study in which we also observed ES strain shift from positive values towards
zero. Although the magnitude of strain parameters decreased radically in the second ischemic phase,
the overall strain pattern remained unchanged. This observation may explain why the L/S ratio did not
significantly change during progression of ischemia and was not associated with the decrease of the
ATP/ADP ratio during this time period.
Compared to the second phase, the first phase (from baseline to 20 minutes of ischemia) was
characterized by an inverse relationship of the ATP/ADP ratio and the SL, PSS or L/S ratio. Thus,
during early ischemia, the decrease of the ATP/ADP ratio was accompanied by the increase of the SL,
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PSS, L/S ratio and shift of ES to positive values. Reciprocally, with early reperfusion, the ATP/ADP
ratio increased, which was associated with the decrease of the SL, PSS, L/S ratio and ES shift back to
negative values. Likewise, in the second phase, PkS in the first phase decreased in parallel with the
decrease of ATP/ADP ratio.
Predictably, early reperfusion salvaged the myocardium and led to partial functional and
energetic recovery which was expressed as a decrease in SL, PSS and L/S ratio and shifted ES from
positive to negative values with improvement of the ATP/ADP ratio.8 As expected, late reperfusion of
necrotic myocardium did not improve either the myocardial energetic status or mechanical
performance in the testing region.
Thus, the nonlinear relationship between strain parameters and the ATP/ADP ratio for the
whole spectrum of normal, ischemic and reperfused myocardium was primarily driven by the biphasic
course of changes in strain parameters.
We previously suggested that the observed biphasic changes in strain patterns are associated
with changes of the ATP/ADP ratio, however, these are likely to be explained by an interaction of
several factors sequentially or concomitantly occurring during acute progressive ischemia and upon
early or late reperfusion.8 These factors have the potential to affect either active and/or passive
myocardial properties during progressive ischemia and reperfusion. They include a shutdown of
actomyosin contraction-relaxation cycling, ischemic contracture, muscle rigor, edema, cellular and
hemorrhagic infiltrates, changes in calcium homeostasis and necrosis..3,11,22-24
Minimal values of SL and PSS observed at baseline may be present in normal myocardium
and have been shown to be a physiologic phenomenon resulting from variable myofiber orientation
within the LV.25-28 However, the predominant deformation occurring in normal myocardium during
LV systole is shortening, expressed in longitudinal direction as high negative magnitudes of ES and
PkS resulting in very low magnitudes of the L/S ratio. The normal strain pattern corresponded to the
highest levels of high energy phosphates and the ATP/ADP ratio, thus reflecting the normal ATP
production and consumption rate required for normal contraction/relaxation coupling.
Shortly after the onset of severe ischemia, free energy of ATP hydrolysis decreases to the level
at which active contraction-relaxation cycling stops while cellular viability remains preserved.3,24 This
corresponds to an initial decrease of the ATP/ADP ratio and the level of high energy phosphates
observed in this and our previous study.8 Strain pattern changes in passive non-contracting
myocardium are mainly driven by changes of LVP during the cardiac cycle along with a progressive
increase in myocardial stiffness with greater duration of ischemia.8,9 The LVP rise during systole
stretches non-contracting myocardium and generates SL accompanied by a shift of ES strain to
positive values with a fall in LVP during diastole, enabling a passive myocardial recoil and a
subsequent occurrence of PSS.8,9,29 Early reperfusion of the myocardium improves the ATP/ADP ratio
due to a reduction in the ADP level3 but the total adenine pool remains decreased; - possibly due to
slow metabolic recovery with delayed resynthesis of high energy phosphates3,4 after ischemic insult. It
has been reported that ATP consumption in stunned myocardium is preserved. However, due to
transition of cross-bridge cycling to non-force generating states,30 the stunned myocardium produces
lower force,30 which has been speculated to be a plausible explanation for the decrease in SL and PSS
accompanied by ES shift to negative values after early reperfusion as we proposed previously.8
If ischemic myocardium is not reperfused early, it becomes progressively stiffer throughout
the duration of ischemia.8,9 The increasing myocardial stiffness likely limits the motion of passive
myocardium driven by LVP changes during the cardiac cycle. As speculated before, this could explain
the decreased strain parameters at late stages of ischemia.8 Several factors can participate in increasing
myocardial stiffness including the development of muscle rigor and ischemic contracture,22,23 both of
which have been associated with decreasing levels of ATP and the ATP/ADP ratio.3,31,32 Therefore,
the link between the decreasing ATP/ADP ratio and increasing myocardial stiffness via developing
muscle rigor and ischemic contractures, as we previously suggested,8 explains the association of low
ATP/ADP ratio with decreased strain magnitudes during the second phase of ischemia, a finding we
have confirmed in the current study.
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Relationship Between LV Pressure and the ATP/ADP Ratio or 2D-HRT Derived Deformational
Parameters

We speculate that the mild correlation between the ATP/ADP ratio and the peak LVP and
negative dP/dt reflect the impact of regional dysfunction on global systolic and diastolic LV
performance. The ATP/ADP decrease due to acute ischemia is accompanied by regional myocardial
dysfunction, which negatively impacts the global LV performance despite compensatory mechanisms
such as hypercontractility in nonischemic regions. Although there was no significant difference in
LVP parameters across the groups (except for the difference in negative dP/dt), peak LVP tended to
decrease in ischemic and reperfusion groups. This trend may have contributed to the mild correlation
between the ATP/ADP ratio and the peak LVP in our experimental setting.
Estimation of the ATP/ADP Ratio For Spectrum of Normal, Ischemic and Reperfused
Myocardium From 2D-HRT Derived Strain Parameters

We have shown previously that a mathematical equation can be derived for estimation of the
ATP/ADP ratio during acute ischemia due to the nearly linear relationship between the ATP/ADP ratio
and SL and PSS.8 Moreover, the ATP/ADP ratio derived during the ischemic period was indicative of
functional recovery upon reperfusion. However, the formula could not estimate the ATP/ADP ratio for
normal and reperfused myocardium. To overcome this limitation and expand the potential clinical
utility, we proposed in our previous study that the formula might be used along with interpretation of
ES as a differential marker between normal and ischemic myocardium (positive in ischemia and
negative in normal myocardium). However, a negative ES strain value is also present after early
reperfusion, although lower in magnitude compared to that in normal myocardium. This approach
mandated inclusion of two or possibly three additional steps in data interpretation. However, these
additional steps are not required in the analysis proposed in the current investigation as all the
parameters were already incorporated into the requisite formula.
The relationships between the strain parameters and the ATP/ADP ratio for the spectrum of
normal, progressively ischemic and reperfused myocardium were predominantly quadratic. The
quadratic relationships can be problematic if only one strain parameter is used in isolation for
prediction of the ATP/ADP ratio. The decrease of SL, PSS or ES strains from highly positive values
towards zero could be understood as an improvement of function upon early reperfusion associated
with an improvement (increase) of the ATP/ADP ratio. However, similar changes of these parameters
occur with progression of ischemia and could be interpreted as worsening of myocardial dysfunction
with a decrease in the ATP/ADP ratio. On the other hand, a decrease in L/S ratio signified early
reperfusion and improvement in the ATP/ADP ratio, but was not helpful in distinguishing the early
and late phases of progressive ischemia. PkS was the only parameter with a nearly linear relationship
to the ATP/ADP ratio. However, a significant overlap of the PkS values was present especially
between the ischemic groups with and without reperfusion. Clearly, individual interpretation of the
decrease in SL, PSS, ES, L/S ratio or PkS strain magnitude during the course of ischemia and
reperfusion would be ambiguous with regard to the underlying myocardial energetic status. The
combined use of SL, PSS, ES, and PkS strain values in their linear or quadratic form, as determined by
the multivariate analysis, minimizes the ambiguity in estimation of the ATP/ADP ratio in the current
formula.
We used the hemodynamic parameters in the multivariate analysis because some of them
correlated with the ATP/ADP ratio as well as the strain parameters. However, due to weak-tomoderate linear relationships to the ATP/ADP ratios, none of the hemodynamic parameters remained
in the final equation for estimating the ATP/ADP ratio and were eliminated in favor of the strain
parameters. Thus, in our current model we were able to estimate the ATP/ADP ratio without
hemodynamic variables. However, the ranges of values of the hemodynamic variables were relatively
low, and did not allow further explorations of the impact of hemodynamics on the mechano-energetic
relationship in ischemia. Further studies will be required to evaluate such potential relationships.
The final formula did not include L/S ratio which has previously been shown to be helpful in
differentiating viable and necrotic myocardium.9 However, information derived from the L/S ratio was
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conveyed by other parameters (SL, ES and PkS), therefore the possible benefit of L/S ratio
measurement is preserved in the formula.
Clinical Implications

Myocardial energetics can be directly evaluated by several imaging techniques such as
magnetic resonance spectroscopy, single photon emission computed tomography or positron emission
tomography. These techniques have been used experimentally and in clinical practice but their
utilization may be restricted due to high cost, limited availability or radiation burden.
The strengths of echocardiography include safety, portability, low cost and widespread availability
of ultrasound machines, as well as high spatial and temporal resolution. Moreover, echocardiography
is not limited by implanted devices or occurrence of arrhythmias. Thus, strain echocardiography could
be used as a diagnostic alternative to previously described methods. Considering that the mathematical
formula incorporates routinely available measurements of strain and that current echocardiography
systems and analyses are computer-based, its implementation directly into the system software or to an
off-line software package should be straightforward.
Echocardiography is highly operator-dependent with the potential for high inter- and
intraobserver variability and echocardiographic diagnostic accuracy can be hampered in patients with
poor acoustic windows. Nevertheless, novel 2D-HRT is recognized for its lower intra and
interobserver variability in comparison to TDSE,33 thus making itself an attractive option for
assessment of cardiac energetics.34 Furthermore, in the present study we extended the applicability of
the ATP/ADP ratio estimation from ischemic to normal and reperfused myocardium which may be
clinically relevant. Testing for a wide range of hemodynamic changes and comparing to clinical
techniques that measure high energy phosphate levels, such as magnetic resonance spectroscopy,
would be the next steps in translation of our method to a clinical utility.
Limitations

Open-chest experiments performed under general anesthesia alter the loading conditions
compared to those expected in conscious patients undergoing echocardiography and may modify the
magnitude of strain parameters and the strain-energetic relationship. While this limitation does not
diminish the validity of the current experimental mechanoenergetic relationship, its ultimate
application will require definition of the mathematical formula based on echocardiographic strains and
energetic levels measured clinically.
The mathematical formula estimating the ATP/ADP ratio was derived only for normal, acutely
ischemic and reperfused myocardium. This equation does not provide the ATP/ADP ratio estimation
in the setting of chronic coronary artery disease with varying degrees of coronary artery stenosis,
presence of collaterals, multi-vessel disease or varying transmural extent of myocardial necrosis.
2D-HRT also offers an opportunity to analyze strain in circumferential and radial directions.
However, the magnitudes of circumferential strain may vary with the level of short axis scanning, and
higher intra- and inter observer variability has been reported for radial strain analysis.35,36 In the
current study, we therefore restricted our assessment to longitudinal strain which has been reported to
have low intra and inter observer variability.35,36 Further studies are required to explore the mechanoenergetic relationships for the circumferential, radial and rotational mechanics of the LV.

10.5

CONCLUSIONS

This study experimentally establishes a mathematically defined mechanoenergetic relationship
for the spectrum of normal, acutely ischemic and early and late reperfused myocardium. Regional
myocardial mechanics, measured by 2D-HRT echocardiography, is non-linearly associated with the
kinetics of high energy phosphate metabolism, expressed by the ATP/ADP ratio. Considering practical
advantages of echocardiography, our mathematical formula may provide important estimates of
myocardial energetic metabolism that were previously not obtainable at bedside. Further validation is
warranted to confirm the applicability of this echo-computational approach to clinical practice.
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Conclusions of the Thesis,
Clinical Implications and Future directions
In this thesis, we introduced a conceptual approach to the non-invasive estimation of
myocardial energetic status for the spectrum of normal, ischemic and reperfused myocardium by using
strain echocardiography.

11.1

CONCLUSIONS OF THE THESIS

Experimentally induced inhibition of phosphotransfer by IAA led to the impairment of
regional myocardial function characterized by non-ischemic contracture with preserved myocardial
viability. The inhibition of creatine kinase was expressed as decreased systolic and diastolic strain and
strain rate magnitudes measured by TDSE. Thus, TDSE detected selective energy metabolism
inhibition by characterizing regional myocardial systolic and diastolic dysfunction.
Acute progressive ischemia induced by LAD occlusion led to rapid development of high
magnitude SL and PSS strains. Higher values of SL and PSS strain in the early stages of acute
ischemia were associated with a relatively preserved pool of adenine phosphates and higher values of
the ATP/ADP ratio that maintain viability, and such myocardium therefore functionally improved after
reperfusion. With the duration of ischemia, SL and PSS progressively decreased. Lower magnitudes of
SL and PSS strains were associated with depleted adenine phosphates and a further decrease of the
ATP/ADP ratio, the development of myocardial necrosis, and no functional improvement after
reperfusion. A nearly linear relationship between a decrease of SL and PSS strains measured by TDSE,
and a decrease of the ATP/ADP ratio during acute progressive ischemia enabled mathematical
estimation of the ATP/ADP ratio. The formula was derived exclusively for a period of acute
progressive ischemia but did not include estimation of the ATP/ADP ratio in normal or reperfused
myocardium. Higher intra- and interobserver variability for TDSE derived strain parameters were
noticed and could be a potential limitation for the ATP/ADP estimation based on TDSE.
Semiquantitative evaluation of regional myocardial deformation by WMS did not correlate with the
ATP/ADP ratio in ischemic myocardium. These findings support the use of quantitative strain analysis
for the ATP/ADP ratio estimation.
Testing of sonomicrometry crystals prior to the 2DSE validation study showed that careful
insertion of sonomicrometry crystals into the myocardium did not cause alterations in regional systolic
or diastolic myocardial function measurable by TDSE, although the related micro-injury could be
detected by elevated troponin I levels in peripheral blood. These results support applicability of the
SCs use as a reference “gold standard” method for strain evaluation in validation studies.
2DSE closely correlated with sonomicrometry derived regional strains in vitro and in vivo.
With low simulated deformations and low simulated heart rates 2DSE tended to overestimate strain
measured by sonomicrometry. This inaccuracy of the early version of 2DSE could potentially limit its
use for the estimation of myocardial energetic status where measurements of lower deformations
during ischemia and reperfusion are crucial. However, the overall precision and accuracy of the 2DSE
method is promising for prospective experimental and clinical use.
Implementation of a 2-stage algorithm with 2D-HRT significantly improved tissue motion
estimation tested in vitro. The 2D-HRT method produced a precise and accurate evaluation of
clinically relevant ranges of strains including measurements at low deformations and at low simulated
heart rates. Moreover, in contrast to TDSE, both 2DSE and 2D-HRT validation studies showed
relatively low intra- and inter-observer variability which favors their use over TDSE.
The relationships between strain parameters assessed by 2D-HRT and the ATP/ADP ratio as a
marker of myocardial energetics were predominantly non-linear for the spectrum of normal,
progressively ischemic, early and late reperfused myocardium. Quadratic regression models best
described the relationships. Based on this finding, we conceptualized a mathematical model for the
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estimation of the ATP/ADP ratio which combines linear and square values of several strain parameters
measured by 2D-HRT, reflecting the non-linear character of the relationship between changes of high
energy phosphate levels and strain patterns. Considering practical advantages of echocardiography, our
mathematical formula may provide important estimates of myocardial energetic metabolism that were
previously not obtainable at bedside. Further validation is warranted to confirm the applicability of this
echo-computational approach to clinical practice.

11.2

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

The status of myocardial energetic metabolism can be assessed by several imaging techniques
(MRS, SPECT or PET), however their utilization in clinical practice is limited by several factors
including high cost, limited availability, radiation burden, potential restrictions in patients with
arrhythmias, implanted devices such as pacemakers and implantable cardioverter-defibrilators.
Echocardiography, on the other hand, is safe, portable, widely available, and relatively cheaper and
moreover, is not limited by arrhythmias or implanted devices.
The evaluation of strain either by TDSE or 2DSE/2D-HRT has been implemented in numerous
ultrasound systems. Our study shows that TDSE or 2DSE/2D-HRT can be used for the estimation of
myocardial energetic parameters in normal, acutely ischemic and reperfused myocardium. Thus, strain
echocardiography has the potential to be an alternative to other imaging methods for the evaluation of
myocardial energetics and may help in triaging patients with acute coronary syndromes, estimating
functional recovery upon reperfusion or predicting the presence of transmural myocardial necrosis.
Our studies represent a concept of how to estimate the energetic status based on detailed analysis of
myocardial deformation and were conducted only in acute ischemia/reperfusion experimental setting.
To achieve wider applicability of this concept, future studies need to address several important
questions and issues. Strain is load dependent and the myocardial mechanoenergetic relationship has to
be evaluated under various hemodynamic conditions which are known to alter both cardiac energetics
and myocardial deformational patterns and strain magnitudes. Similarly, this approach should also be
tested in other forms of ischemia, such as chronic coronary artery disease with varying degrees of
coronary stenosis, presence of coronary collateral network, multivessel disease or varying transmural
extents of myocardial necrosis. Moreover, myocardial energetics may be altered in many other cardiac
diseases such as hypertensive heart disease, dilated and hypertrophic cardiomyopathy. To address the
role of strain echocardiography in estimation of myocardial energetic status under these conditions,
new studies have to be specifically designed.
There is a multitude of other energetic parameters, including the CrP/ATP ratio, the free
energy of ATP hydrolysis or the phosphorylation potential, which can provide information about
different aspects of myocardial metabolism. Applying the same assumption of close mechanoenergetic
coupling, it could be possible to estimate these energetic parameters from strain curves as well. Thus
more comprehensive information about myocardial energy status could be obtained.
Our study was focused on analysis of longitudinal myocardial deformation; however, regional
circumferential and radial deformation can also be assessed by 2DSE/2D-HRT. Strain parameters
obtained in the circumferential and radial directions may provide distinct information about regional
myocardial energetics, however future studies need to address these important questions. Myocardial
deformation can also be evaluated in subendocardial and subepicardial layers of LV wall, which may
help in the identification of subendocardial alterations of myocardial energetics. 2DSE/2D-HRT offers
assessment of global LV functional parameters such as torsion which may provide additional
information about the global impairment of myocardial energetics.
Although 2DSE/2D-HRT has been reported to have low intra- and interobserver variability,
echocardiography is highly operator-dependent, with the potential of high intra- and interobserver
variability and maybe difficult to perform in some patients. Therefore, further validation studies and
comparisons with other imaging methods are warranted to confirm the applicability of this echocomputational approach estimating the myocardial energy status in clinical practice.
It is expected that three-dimensional analysis of myocardial deformation by echocardiography
will be available in the future, and, advancing our concept, three dimensional strain echocardiography
may improve estimation of myocardial energetic status.
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