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Abstract 

Background: 

Acute coronary syndrome is known for its effect on cardiac function and can 
lead to impaired segmental and even global myocardial function. Evidence 
exists that myocardial revascularisation whether pharmacological, interventional 
or surgical results in improvement of systolic and diastolic left ventricular (LV) 
function, particularly that of the long axis which represents the sub-endocardial 
function, known as the most sensitive layer to ischaemia.  

Objective: 

We sought to gain more insight into the early effect of pharmacological and 
interventional myocardial revascularisation on various aspects of cardiac 
function including endocrine, electrical, segmental, twist, right ventricular (RV) 
and left atrial (LA) function. In particular, we aimed to assess the response of 
ventricular electromechanical function to thrombolysis and its relationship with 
peptides levels. We also investigated the behaviour of RV function in the setting 
of LV inferior myocardial infarction (IMI) during the acute insult and early 
recovery. In addition, we aimed to assess in detail LA electrical and mechanical 
function in such patients. Finally, we studied the early effect of surgical 
revascularisation on the LV mechanics using the recent novel of speckle 
tracking echocardiography technology to assess rotation, twist and torsion and 
the strain deformation parameters as a tool of identifying global ventricular 
function. 

Methods: 

We used conventionally available Doppler echocardiographic transthoracic 
techniques including M-mode, 2Dimentional, myocardial tissue Doppler, 
speckle tracking techniques. Commercially available SPSS as a software was 
used for statistical analysis. 

Results: 

1- The elevated peptide levels at 7 days post-myocardial infarction 
correlated with the reduced mechanical activity of the adjacent non-infarcted 
segment thus making natriuretic peptides related to failure of compensatory 
hyperdynamic activity of the non-infarcted area rather than the injured 
myocardial segments. 
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2- RV segmental and global functions were impaired in acute IMI, and 
recovered in 87% of patients following thrombolysis. In the absence of clear 
evidence for RV infarction the disturbances in the remaining 13% may represent 
stunned myocardium with its known delayed recovery. 

3- LA electromechanical function was impaired in acute inferior STEMI and 
improved after thrombolysis. The partial functional recovery suggests either 
reversible ischaemic pathology or a response to a non-compliant LV segment. 
The residual LA electromechanical and pump dysfunction suggest intrinsic 
pathology, likely to be ischaemic in origin. 

4- LV function was maintained in a group of patients with multivessel 
coronary artery disease who underwent coronary artery bypass graft (CABG) 
surgery. Surgical myocardial revascularisation did not result in any early 
detectable change in the three functional components of the myocardium, 
including twist and torsion, as opposite to conventional percutaneous coronary 
intervention (PCI). 

Conclusion: 

The studied different materials in this thesis provide significant knowledge on 
various aspects of acute ischaemic cardiac pathology and early effect of 
revascularisation. The use of non-invasive imaging, particularly 
echocardiography with its different modalities in studying such patients should 
offer immediate thorough bed-side assessment and assist in offering optimum 
management. 
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Abbreviations & Acronyms�
 

A wave  Peak late diastolic velocity 

ACS   Acute coronary syndrome 

AF   Atrial fibrillation 

AVC   Aortic valve closure 

A PTT  Activated partial thromboplastin time 

ANP   Atrial natriuretic peptide 

BNP   B-type natriuretic peptide 

CNP   C-type natriuretic peptide 

CABG  Coronary artery bypass graft 

CAD   Coronary artery disease 

CBF   Coronary blood flow 

CHF   Congestive heart failure 

E   Peak early diastolic velocity 

E’   Myocardial peak early diastolic velocity 

E/A   Ratio of E and A velocity 

E/E’   Ratio of early diastolic blood flow to myocardial velocity 

ECG   Electrocardiogram 

EDD   End diastolic diameter 

EDV   End diastolic volume 

ESD   End systolic diameter 

ESD   End systolic volume 

EF   Ejection fraction 
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ETT   Exercise tolerance test 

FMC   First medical contact 

FS   Fractional shortening 

GFR Glomerular filtration rate 

GISSI Gruppo Italiano per lo Studio della Sopravvienza nell' Infarto 
Miocardico 

GLS Global longitudinal strain 

GLSRs Systolic global longitudinal strain rate 

GLSRe Early diastolic global longitudinal strain rate 

GPIIb/IIIa Glycoprotein IIb/IIIa inhibitor 

GUSTO Global Use of Strategies To Open occluded coronary arteries 
in acute coronary syndromes 

IHD Ischaemic heart disease 

ISIS   International Study of Infarct Survival 

IVRT   Isovolumic relaxation time 

LA   Left atrium 

LAD   Left anterior descending artery 

LAX   Long axis 

LCx   Left circumflex artery 

LMC   Left main coronary artery 

LV   Left ventricle 

LVD   Left ventricular dysfunction  

LVOT  Left ventricular outflow tract  

MI   Myocardial infarction 
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MONICA Multinational MONItoring of trends and determinants in 
CArdiovascular disease 

MVO2 Myocardial oxygen consumption 

NRMI National Registry for Myocardial Infarction 

NSTEMI Non ST elevation myocardial infarction 

NT-proBNP N-terminal prohormone b-type natriuretic peptide 

OM Obtuse marginal 

PCI Percutaneous coronary intervention 

PVs Pulmonary veins 

RAS Renin- angiotension system 

RCA Right coronary artery 

ROI Region of interest 

RV Right ventricle 

S’ Myocardial peak systolic velocity 

SR Strain rate 

STE Speckle tracking Echocardiography 

STEMI ST elevation myocardial infarction 

SV Stroke volume 

TAPSE Tricuspid annulus peak systolic excursion 

TDI Tissue Doppler imaging 

TNK Tenecteplase 

t-IVT Total isovolumic time 

t-PA Tissue plasminogen activator 

VTI Velocity time integral 

WHO World Health Organization 
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Introduction 

I. Anatomy 
 
a) Left Ventricular anatomy: 
The normal left ventricle (LV) consists of an inlet portion comprising the 
mitral valve apparatus, an outlet portion leading to the aortic valve, and an 
apical portion containing fine trabeculations. Its shape approximates to a cone 
with the right ventricle hugging it. The septal component of the ventricular 
wall is curved. Normally, the LV free wall is thickest at the cardiac base and it 
gradually becomes thinner 1-2 mm towards the apex. The endocardial aspect 
of the ventricle is characterised by a criss-crossing meshwork of thin muscle 
bundles (trabeculations) at the apical third of the ventricle (1). In contrast, the 
outlet portion of the septum is relatively smooth whereas relatively thick 
muscle bundles line the anterosuperior, postero-inferior, and posterior walls. 
The ventricular septum in the normal heart is curved, convexing into the right 
ventricular cavity. It is muscular except for a small portion immediately 
beneath the aortic valve which is a thin fibrous structure, the ventricular 
component of the membranous septum. Together with the right fibrous trigone, 
this thin component forms the central fibrous body that encases the atrio-
ventricular conduction bundle and is an anatomical landmark for the 
emergence of the conduction bundle onto the crest of the muscular septum.�The 
papillary muscles supporting the mitral valve are an integral component of the 
LV wall. There are usually two groups of papillary muscles disposed in 
anterolateral and posteromedial locations of the LV when it is seen in short-
axis cuts (1). 

The myocardium 

The bulk of the myocardium is formed by the contractile cardiac myocytes. 
The adult myocyte is usually 120 μm long and 20–30 μm in diameter. The 
ends of each myocyte branches and adjoin adjacent myocytes to produce a 
complex three-dimensional network, or syncytium, of anastomosing fibres. In 
any attempt to relate structure to function, however, one should not ignore the 
network of interstitial connective tissue (Figure 1). A fine network of 
fibrocollagenous connective tissue, the endomysium, surrounds each myocyte 
providing it with the supportive frame work. The endomysial weave coordinate 
the transmission of force and prevent slippage between cells. A network of 
thicker connective tissue surrounds groups of myocytes. Known as the 
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perimysium, this weave bears the shearing forces between groups of 
cardiomyocytes and its lateral strands prevent malalignment between bundles 
(2). Abnormal accumulation and/or change in the quality of the connective 
tissue increases myocardial stiffness (3). 

 

Figure 1. Diagram showing the network like arrangement of the connective tissue matrix 
around individual myocytes and groups of myocytes. (personal permission from Prof S Y 
Ho) 

 

Ventricular fibre architecture 

Ventricular fibre architecture is complex. The inlet and outlet long axes are 
separated by 30 degrees in the left ventricle, and 45 degrees in the right 
ventricle (4), respectively. The thickest part of the left ventricular wall is at the 
base. At the apex there is potential endo-and epicardial continuity. The 
presence of trabeculae caused considerable variation in wall thickness with 
striking variation was found in the arrangement of subepicardial muscle fibres. 
Most pronounced was the contrast between the longitudinal arrangement of 
fibres on the oblique margin. On the diaphragmatic surface of the left ventricle, 
fibres near the crux and apex run circumferentially while those in between ran 
obliquely; those on the diaphragmatic surface of the right ventricle also ran 
circumferentially. Deeper in the myocardium the arrangement is simpler. In the 
mid-wall of the LV fibres are circumferential, best developed towards the base 
and in the upper part of the septum. Near the LV apex and in the mid-wall of 
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the right ventricle such fibres are sparse. The subendocardial region consists of 
longitudinally directed fibres forming the trabeculae and papillary muscles, 
while fibres deep to and between the trabeculae course more obliquely (4). 
 

Ventricular septum 

The septum belongs to the left ventricle by virtue of its thick middle layer. It is 
formed from the subendocardial fibres of the right and left ventricle together 
with the middle layer composed of circumferential fibres continuous with the 
corresponding layer of the free wall of the left ventricle. Circumferential septal 
fibres are lacking towards the apex (4). The more apical trabecular septum is 
mostly made up of coapted subendocardial layers as they turn in from the 
ventricular vortices. 

Blood supply: 

The major epicardial vessels supplying the myocardium are the left main 
coronary artery (LMC) that divides into the Left anterior descending artery 
(LAD) and Left circumflex artery (LCx), and the right coronary artery (RCA). 
These arteries lie on the epicardial surface and supply smaller branch vessels 
that eventually give rise to the microvascular network supplying the 
myocardium. 

The LAD provides blood supply to the anterior wall of the left ventricle. As it 
courses through the anterior intraventricular groove it provides multiple septal 
branches to the interventricular septum and diagonal branches to the anterior 
lateral wall. The LAD then courses to the ventricular apex and in some patients 
wraps around the apex to supply a small part of the posterior apex. The LCx 
courses around the lateral or left atrio-ventricular groove and gives rise to 
multiple marginal or lateral branches. The branches are termed obtuse marginal 
(OM) or lateral branches which supply the LV lateral wall (high lateral, lateral, 
posterior lateral) (5).  

 

b) Right Ventricular anatomy: 
The right ventricle (RV) is the most anterior cardiac chamber and is located 
immediately behind the sternum (6). RV muscle mass is approximately one-
sixth that of the LV explained by different loading conditions, as it pumps 
against approximately one-sixth the resistance of the LV. The RV is thin 
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walled (3–4 mm) and crescent shaped (7). Furthermore, the RV is 
anatomically, structurally and functionally divided into three components: 

•  The inlet portion with the tricuspid valvular apparatus (tricuspid valve, 
chordae tendineae and papillary muscles); 

•  The trabeculated apical myocardium; 

•  The outlet portion with the infundibulum or conus, which corresponds 
to the smooth myocardial outflow region (8). 

Sir Arthur Keith described the RV as having only one wall, the lateral with its 
septal wall being part of the left ventricle (9). The RV is provided with a 
highly developed internal musculature passing longitudinally from its apex to 
its base, explaining why the systolic movement of the base is more marked on 
the right side than on the left side of the heart (10). This dominant longitudinal 
motion brought about by the RV is opposed by the well -developed set of 
pectinate muscle in the lateral wall of the right atrium. In atrial systole the 
pectinate muscle contracts and so elongates the longitudinally arranged 
apicobasal fibres of the RV and in ventricular systole the opposite occurs (9).  

From the above description it can be deducted that the motion of the atrio-
ventricular ring is controlled by the function of two groups of longitudinally 
arranged muscle fibres; the subendocardial fibres in the ventricles and deep 
and pectinate muscle in the atria. Both groups originate peripherally and insert 
into the central fibrous body or mitral and tricuspid annuli, respectively. Thus 
the longitudinal function of both ventricles and atria is directly reflected in that 
of the mitral and tricuspid annuli. This characteristic arrangement of 
myocardial anatomy has clear functional implications.  

Blood supply:  

The RV is supplied by the left (LCA) and right coronary arteries (RCA) 
(Figure 2). The RCA branches into the conus, the sinoatrial nodal branch, and 
in its mid portion gives rise to acute marginal branches that supply two-thirds 
RV blood flow. The LCA supplies the remaining one-third of RV blood flow 
(11). Most individuals have a dominant RCA, which terminates in a posterior 
descending artery and at least one posteroventricular branch, supplying left 
ventricular inferior and posterior walls. 
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Figure 2. Coronary angiography of the right coronary artery in a normal patient. 
Panel (a) is taken in left anterior oblique projection Panel (b) is taken in right anterior oblique projection. The 
AM branches provide the majority of the blood supply to the right ventricle, the remainder coming from the 
left coronary system. AM, acute marginal branch; C, conus branch; PDA, posterior descending artery; PV, 
posteroventricular branch; SA, sinoatrial branch. 
 

c) Atrial anatomy and musculature: 
The left atrium (LA) has a venous component that receives the pulmonary 
veins (PVs), a finger-like atrial appendage, and shares the septum with the 
right atrium. The major part of the atrium, including the septal component, is 
relatively smooth-walled whereas the appendage is rough with pectinate 
muscles. The smoothest parts are the superior and posterior walls that make up 
the pulmonary venous component, and the vestibule. Seemingly uniform, the 
walls are composed of one to three or more overlapping layers of differently 
aligned myocardial fibres, with marked regional variations in thickness. The 
superior wall, or dome, is the thickest part of the LA (3.5–6.5 mm), whereas 
the anterior wall just behind the aorta is usually the thinnest (1.5–4.8 mm). 
Also the posterior wall, especially between the superior PVs, is thin. Normal 
LA end-systolic dimensions as measured on cross-sectional echocardiography 
in the four-chamber view demonstrate the major axis to range from 4.1 to 6.1 
cm (mean 5.1 cm) and from 2.3 to 3.5 cm/m2 when indexed to body surface 
area. The minor axis ranges from 2.8 to 4.3 cm (mean 3.5 cm) and from 1.6 to 
2.4 cm/m2 when indexed (12). 
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The atrial walls consist of intermingling circumferential and longitudinal 
muscular bundles. The circumferential muscles surround the base of the atria, 
mirroring the arrangement of the ventricular circumferential muscle fibres 
which surround mainly the base of the ventricles. The circumferential atrial 
muscles are most distinct anteriorly, where they cross transversely to the 
posterior atrial base as a thin and incomplete layer (13,14). The main 
longitudinal muscular bundles are internal and deep fibres which pass over the 
roof of each atrium to the corresponding atrio-ventricular ring. The terminal 
crest and terminal pectinate muscles of the right atrium are stronger than those 
in the left atrium in order to enforce the thin parietal appendage. The terminal 
crest is absent in the left atrium and the terminal pectinate is less pronounced. 
Instead the left atrial wall is composed of a series of muscles, Bachmann’s 
bundle and septoatrial bundle (14). 

Blood supply: 

The LA is supplied mainly by the left circumflex coronary artery. The oblique 
vein of the LA is partly responsible for venous drainage; it derives from the 
embryonic left superior vena cava (13). 

 

II. Physiology 
          Chambers interaction: 

a) Atrio-ventricular interaction 
During ventricular systole, long axis (LAX) function has a major role in 
maintaining normal ejection fraction and associated changes in left ventricular 
cavity shape. However, it also has an impact in determining atrio-ventricular 
interactions as the motion of the two valve rings towards the cardiac apex 
during ventricular systole has the effect of correspondingly increasing the 
capacity of the two atria as their floors move downwards (15). This leads to an 
increase in the atrial volume and a fall in atrial pressure, a combination that can 
only be the result of external work on the atrium and not of any passive effect. 
Blood is thus drawn into the atria from the caval and pulmonary veins (16) 
thus providing a mechanism for forward systolic flow in both.  
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b) The interventricular septum 
The right and left ventricles interact, via the interventricular septum as well as 
through change in the intra-pericardial pressures. Under normal intra-
pericardial pressures, the high pressured chamber affect the low pressured one. 
In patients with pulmonary hypertension the interventricular septum functions 
as part of the RV rather than the left, causing dyssynchronous septal function.  
 

Coronary Blood Flow (CBF) 

The function of the coronary circulation is to supply oxygenated arterial blood 
and metabolic substrates to the myocardium and remove end-products of 
metabolism. Myocardial contractile function is closely dependent on coronary 
flow, and reductions of as little as 10-20% will impair systolic function 
(17,18). The intimate relationship between CBF and myocardial oxygen 
consumption (MVO2) is implicit in the Fick equation 

MVO2 = Total coronary blood flow x Arteriovenous Oxygen difference.  

The determinants of CBF are: 1) Driving pressure (aortic diastolic pressure- 
right atrial pressure). 2) Extravascular pressure. 3) Diastolic time per minute. 
4) Coronary vascular resistance. 

Although the majority of coronary arterial flow occurs during diastole, it has 
been demonstrated that about 20-30% occurs in systole (19).  

 

Long Axis Physiology: 

The normal pattern of long axis motion is characteristic. Shortening of the long 
axis slightly precedes that of the minor axis (20), accounting for the 
characteristic change in cavity shape during isovolumic contraction. Peak 
inward motion of the long axis is synchronous with that of the minor axis and 
aortic closure. The proportional shortening of the long axis is, however, less 
than that of the short axis so that the ventricle becomes less spherical during 
contraction (21). 

Normal diastolic lengthening of the long axis commences promptly following 
mitral opening with a slight delay of 20 ms. There is little change in the LAX 
during diastasis, but atrial contraction pulls the annulus up, with further 
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lengthening before subsequent systolic shortening. Thus examination of 
longitudinal axis M- mode echocardiograms can provide useful information 
regarding mechanical atrial activity (22). Both mitral and tricuspid annular 
motion may be examined in this way. The systolic descent of the annulus 
corresponds to systolic venous inflow into the atrium, whether it is right or left. 
In this way mitral annular motion is related to pulmonary venous flow (16), 
and tricuspid annular motion to systemic venous inflow down the superior 
vena cava (23,24). The timing and coordination of events is characteristically 
disturbed in coronary artery disease with delayed onset of contraction, 
prolonged shortening beyond aortic valve closure, and abnormal lengthening 
during early systole. These effects can be reversed by successful coronary 
angioplasty (25). These abnormalities are so characteristic to the extent that 
identifying them can predict coronary disease in a group of patients undergoing 
peripheral vascular surgery (26). Furthermore, analysis of these abnormalities 
indicates that disturbances during isovolumic relaxation are in fact the direct 
consequence of incoordination. 

It has been appreciated since the time of William Harvey that the function of 
the LV depends on the coordinate action of circumferentially and 
longitudinally oriented myocardial fibres (27). The latter, can readily be 
studied by echocardiography, are very sensitive to the presence of coronary 
artery stenoses. In patients with stable angina, ventricular LAX disturbances 
are present in the absence of symptoms (20), and tend to normalise after 
successful coronary angioplasty (25). In unstable angina, these LAX 
disturbances are more severe and more generalised, and their severity is related 
to that of the symptoms rather than that of the coronary artery disease itself 
(28). 

Ventricular LAX disturbances involve both systole and diastole. In systole, 
there is a reduction in total LAX excursion, delayed onset of shortening with 
respect to the Q wave of the ECG, and reduced shortening velocity. In diastole, 
the onset of lengthening with respect to end-ejection is delayed, early diastolic 
lengthening velocity reduced, and relative A wave excursion increased (29). 

It must be mentioned that normal LV dimensions fall by 25-40% during 
ejection, while the normally loaded sarcomere shortens by only 10-12% (30). 
Therefore, without the longitudinal myocardial component, normal sarcomere 
shortening would result in a shortening fraction of 12% and an ejection 
fraction of less than 30%. Thus, even normal changes in minor axis with 
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ejection can be explained on the basis of the combined action of the 
circumferential and longitudinal fibres (9).  

Finally, cardiac apex has been shown more than 60 years ago by Hamilton to 
be fixed with respect to the chest wall (31). Changes in long axis are therefore 
measured by changes in the position of the atrio-ventricular rings. As single 
structures, their position can be followed directly by M- mode 
echocardiography (32) and their velocity determined by myocardial Doppler 
(33). 

LV electromechanical delay: 

This is a physiological phenomenon which demonstrates the delay of the onset 
of mechanical motion with respect to the onset of electrical depolarisation. The 
onset of the long axis shortening normally precedes that of the minor axis by 
20±45 ms, though peak shortening rate of both axes are synchronous, 
approximately 420 ms from the Q wave. In early diastole, peak lengthening 
rate of long and short axes again are effectively synchronous, within 100 ms 
from end-ejection (20). The onset of the LAX lengthening of the LV normally 
occurs 60 ms after aortic valve closure (AVC) while that of RV is effectively 
synchronous with pulmonary valve closure. 

 

Endocrine function: 

The natriuretic peptide family comprises atrial natriuretic peptide (ANP), BNP, 
C-type natriuretic peptide (CNP), and D-type natriuretic peptide. ANP and 
BNP are synthesised in the heart, CNP is produced mainly in vessels, and D-
type natriuretic peptide has been isolated in plasma and atrial myocardium. 
The precursor prohormone of each natriuretic peptide is encoded by a separate 
gene. BNP is a 108 amino acid pro-hormone that, after cleavage by the 
proteolytic enzyme furin, is separated into a 32 amino acid carboxi-terminal 
biologically active portion (BNP) and a 76 amino acid amino terminal part 
without biological activity (NT-proBNP) (Figure 3). 

ANP and BNP exert their effects through interaction with specific high affinity 
receptors on the target cells. Three effective receptors have been identified at 
target sites and kidneys. These receptors, located on cell membranes, although 
not reflecting their affinity for the different peptides, are termed: natriuretic 
receptor type A, natriuretic receptor type B, and type C—a clearance receptor. 
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Most cardiovascular and renal effects of ANP and BNP result from cyclic 
guanylmonophosphate formation which acts as a second messenger 
responsible for the cellular physiological responses to natriuretic peptide 
stimulation (34). 

Natriuretic peptides are cleared from plasma by binding to natriuretic peptide 
receptors and through proteolysis by peptidases. NT-proBNP has a longer half- 
life than BNP (118 v 18 minutes). Renal excretion is currently regarded as the 
main clearance mechanism of NT-proBNP. Relative concentrations of NT-
proBNP and BNP may shift when healthy individuals are compared to heart 
failure patients (34). The significance of this shifting is not well understood, 
but changes in BNP production and shift in the degradation and half- life 
caused by receptor regulation may be the aetiology of this observation. 

�

 

Figure 3. Synthesis and secretion of B-type natriuretic peptide (BNP). 
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Effects of Natriuretic Peptides: 

Natriuretic peptides play a key role in the homeostasis of pressure and volume. 
Increased secretion of natriuretic peptides reduces blood pressure and plasma 
volume through coordinate actions in the brain, adrenal gland, kidney, and 
vasculature. ANP and BNP produce a dose dependent fall in blood pressure, in 
part from direct vasodilatation and in part from a reduction in cardiac preload 
caused by increased venous capacitance and shifting of intravascular volume 
into the extravascular compartment due to increased permeability of the 
vascular endothelium and increased hydraulic pressure in the capillary bed. 
Suppression of the renin–angiotensin–aldosterone system, diuresis and 
natriuresis are also mechanisms related to the decrease in preload. ANP and 
BNP secretion lead to reduction of sympathetic tone through suppression of 
central sympathetic outflow, dampening of baroreceptors, and suppression of 
catecholamines from autonomic nerve endings. Anti-mitogenic action of both 
ANP and BNP has been documented in the cardiovascular and other systems. 
Renal actions of ANP and BNP lead to natriuresis and diuresis through direct 
tubular actions and haemodynamic modulation. An increase in glomerular 
pressure leads to an increase in glomerular filtration (through dilatation of the 
afferent renal arterioles and constriction of the efferent arterioles) and the 
relaxation of mesangial cells increases the surface area for filtration. ANP and 
BNP inhibit angiotensin II stimulated sodium and water transport in proximal 
convoluted tubules, inhibit water transport in collecting ducts by antagonising 
vasopressin, and block sodium reabsorption in the inner medullary (35).�

 

Pathophysiology 

An increase in plasma levels of ANP has been reported in patients with acute 
myocardial infarction (MI), in association with elevation of atrial pressure. It 
has also been shown to correlate positively with pulmonary capillary wedge 
pressure and inversely with cardiac index. Several reports have shown that 
peak plasma ANP level occurs 2-7 days after the onset of acute MI. However, 
in patients with normal cardiac function after the MI or in those who received 
early recanalization by thrombolytic therapy, ANP is not necessarily elevated 
several days after the MI (36). Therefore the early fall in plasma ANP level 
may be taken in general terms as a result of early recanalization and/or normal 
left atrial pressure. 
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A negative correlation has also been observed between plasma BNP and LVEF 
at the acute phase, thus reflecting the extent of acute myocardial damage rather 
than atrial overload. It is known that LV hypertrophy following MI occurs as 
an important means of compensating for the damaged myocardium, in order to 
preserve overall cardiac function, and the magnitude of hypertrophy is related 
to infarct size and to the extent of ventricular overload after MI. However, 
there is no direct evidence that BNP is secreted from the hypertrophied 
myocardium after MI. Another possible mechanism that may explain the 
increased plasma level of BNP is the slow clearance of BNP from the 
circulation. It has been reported that the half-times of plasma disappearance of 
human BNP are longer than those of �-human ANP. It is possible, therefore, 
that the circulating levels of BNP at the acute and chronic phase of MI are 
partly affected by the slow clearance of BNP in the impaired state of 
ventricular function (37). 

 

Biological determinants of BNP measurements 

Blood concentrations of BNP and NT-proBNP increase with age, presumably 
as a result of LV stiffness, and progressive deterioration of renal function. 
Uniformly across community cohorts women have higher BNP values than 
men of the same age. Patients with severe lung disease, hypertension, and 
diabetes may have higher BNP and NT-proBNP concentrations than age 
matched controls. Patients with impairment of renal function (glomerular 
filtration rate (GFR) < 60 ml/min) also have higher BNP concentrations than 
age matched controls. The observation of lower concentrations of BNP in 
obese people remains unexplained (Table 1). Drugs used in heart failure 
treatment can modify circulating concentrations of BNP. Diuretics and 
vasodilators decrease BNP concentrations rapidly (together with falling 
intracardiac filling pressures); angiotensin converting enzyme (ACE) 
inhibitors, angiotensin II receptor antagonists, and spironolactone also lead to 
decreases in BNP concentrations. The effects of beta-blockers on BNP are 
more complex. On one hand, because adrenergic stimulation inhibits the 
release of BNP, initiation of beta- blockers will slightly increase natriuretic 
peptide concentrations. On the other hand, long term concentrations of BNP 
fall because of improvement in neurohumoral ambient, haemodynamic 
variables and left ventricular function. 
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III.  Pathology: 
 
Acute Coronary Syndromes: 

As early as 2600 BC, Egyptian papyrus scrolls recorded that patients with 
acute chest pain were at high risk of death. Today, the term acute coronary 
syndrome (ACS) is used to denote the acute phases of ischaemic coronary 
artery disease with or without myocardial cell necrosis. This term is preferred 
to earlier symptom-related terminology because it encompasses the common 
underlying pathophysiology. ACS describes the spectrum of clinical 
manifestations which follow disruption of a coronary arterial plaque, 
complicated by thrombosis, embolization, and varying degrees of obstruction 
to myocardial perfusion. The clinical features depend upon extent and severity 
of myocardial ischaemia. Complete coronary occlusion in the absence of 
collateral perfusion results in ST elevation myocardial infarction (STEMI) or 
non ST elevation myocardial infarction (NSTEMI). Transient or partial 
coronary occlusion may also result in myocyte necrosis as a result of 
embolization of thrombus and plaque fragments into the distal coronary 
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circulation and changes in vascular tone. The release of sensitive markers of 
myocardial necrosis (troponins) is regarded as indicative of myocardial cell 
necrosis and fulfils the definition of myocardial infarction (38). If no rise in 
markers is detected, the term unstable angina is used and non-cardiac 
differential diagnoses must be considered (39). 

Incidence and prevalence of acute coronary syndromes 

Internationally, robust information is documented for coronary heart disease 
deaths and for acute MI with specific ECG and enzyme/marker characteristics. 
The American Heart Association estimates that 1.1 million myocardial 
infarctions occur in the USA alone and that 40% of these patients will die. 
Approximately half of the deaths occur prior to the patient receiving medical 
attention (40). Taken together with corresponding figures for MI in the UK 
(41), these data suggest that the incidence of acute MI is in the range of 1 per 
250 to 1 per 500 of the population per year. To date, there are no reliable 
estimates for Europe as a whole, because of the absence of a common centre 
for centralised health statistics. 

 

The prevalence of non ST elevation (NSTE) -ACS, relative to STEMI, has 
been determined from multiple surveys and registries (42, 43). Overall, data 
suggest that the annual incidence of NSTE-ACS is higher than that of STEMI. 
Based on registry data, the incidence for all ACS is approximately threefold 
the incidence of STEMI (44). Thus, the annual incidence of ACS in Europe is 
estimated at between 1 per 80 to 1 per 170 of the population per year. The 
incidence of chest pain leading to hospital assessment for suspected ACS may, 
however, be substantially higher and varies regionally, depending on the 
threshold for referral or presentation to an emergency department. The ratio 
between NSTE-ACS and STEMI has changed over time, as the rate of NSTE-
ACS increased relative to STEMI, without any clear explanation (45). This 
change in the pattern of NSTE-ACS could be linked to changes in the 
management of disease, and greater efforts in prevention of CAD over the last 
20 years (46, 47). 

 

An apparent paradox exists with respect to the prevalence of ACS. Although 
age-adjusted death rates from coronary artery disease (CAD) are falling in 
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many economically developed communities, the prevalence appears to be 
rising. This apparent contradiction is explained by increased awareness in both 
the public and primary care physicians of ACS, especially suspected MI, 
together with lowered thresholds for presentation and evaluation of suspected 
ACS. This now includes patients of advanced age and those with significant 
comorbidity. Previously, many of these patients may not have presented for 
evaluation of suspected ACS. Thus, although the true incidence of ACS may 
follow the declining trends for myocardial infarction, the higher prevalence is 
accounted for by more patients being evaluated. 

 

Analysis of data from the MONICA centres over a 10-year trend indicates an 
average 4% annual reduction in CAD mortality for men and women. However, 
this varies from a 7–8% annual reduction in some countries, e.g. Australia, 
Finland, and Sweden, to annual increases in some geographic regions (48). The 
decline in death rates from coronary heart disease amongst developed 
economies in Europe, North America, Australia, and New Zealand (between 
39 and 52% fall in age-adjusted death rates in men and women from 1989–
1999) is contrasted with an increase in mortality in several countries of Eastern 
and Central Europe, most notably countries of the former USSR. For example, 
in Ukraine between 1989–1999 age-adjusted death rates rose by 60% in both 
men and women. In the UK a 36% fall in age-adjusted death rates has occurred 
over the past decade; for men aged 35–74 years the death rate from coronary 
heart disease per 100,000 of the population fell from 364 to 199 (41). The most 
rapid fall in death rates has occurred amongst men and women aged 55–64 
years with lesser falls demonstrated in older and younger age groups. Recent 
large-scale multinational surveys and registries have used predefined case 
definitions and methods to minimize the influence of bias on patient inclusion 
and have provided robust information for the full spectrum of ACS (43, 44). 

 

Longitudinal studies within specific regions can provide important insights into 
changes over time. In south-western France, the 28-day case fatality rate has 
fallen between 1985-1993 by about 3% a year for first MI (49). It was 
concluded that this mainly reflects improvements in acute management rather 
than in prevention. Similarly, longitudinal studies in Sweden between 1984-
1991 demonstrated that 2-year mortality after acute MI fell from 36% to 25%. 
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Most of the reduction in mortality occurred during the in-hospital phase (50). 
Considering the decline in coronary heart disease mortality in Scotland, it was 
estimated that 40% of the decline was attributed to improved therapeutic 
treatments and 51% to measurable risk factor reductions (51). Whereas the in-
hospital mortality is significantly higher in STEMI-patients, the long-term 
mortality is higher in NSTEMI-patients (Figure 4) 

 

 

Figure 4. Long term survival of patients discharged alive after ST elevation  
myocardial infarction or non-ST elevation myocardial infarction according  
to EuroHeart Survey. 
 

Myocardial infarction: 

MI is defined as necrosis of the heart muscle due to acute interruption of its 
blood supply, caused by occlusion of a major coronary artery by thrombus 
superimposed on an atheromatous plaque (52). The traditional clinical 
definition of MI by the WHO did not require elevations of biochemical 
markers, and hence was revised by the Joint European Society of 
Cardiology/American College of Cardiology Committee. The new acute MI 
definition was based on biomarker criteria, namely troponin elevation as a 
result of irreversible cell damage, combined with clinical features (53). This 
concept has been reinforced by the ‘Universal definition of MI’ in 2007 (38). 
According to this document, a MI is defined by a typical rise or fall of cardiac 
troponins together with one of the following clinical signs of myocardial 
ischaemia: typical symptoms, ECG changes, loss of viable myocardium, or 
regional wall motion abnormalities detected by imaging techniques. 
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Furthermore, a classification of five types of myocardial infarction was 
introduced reflecting the mechanism of cell injury. The changed definition 
increased the frequency of the diagnosis of MI and has important implications 
for the interpretation of epidemiological research and clinical trials as well as 
for clinical care. Although many physicians had conceptual difficulties with 
the translation of this change in paradigm into clinical practice, the increased 
risk in patients with elevated troponin levels justifies the revised criteria (54). 

Electromechanical abnormalities in myocardial infarction: 

It has previously been shown that the exact location of Q wave MI has an 
important effect on overall LV function particularly on its electromechanics. 
Ventricular LAX function has proved to be particularly sensitive to ischaemia 
(25, 29) as well as to conduction disturbances (55) even when minor axis 
behaviour remains normal. The reason for this high vulnerability may be that 
the longitudinal fibres run subendocardially within the myocardial mass and 
compose the layer which accommodates the conduction system. In a 
comparison study between two groups of patients with established anterior and 
inferior Q wave MI on 12 lead ECG, it was observed that the normal septal q 
wave in V5 and V6 was absent in 94% of patients with anterior MI but only 
8% of those with inferior MI. Isovolumic relaxation time (IVRT) was longer in 
inferior MI compared with anterior MI and controls. The disturbance of 
ventricular LAX function was widespread in both groups. In systole, the 
amplitude of motion and peak shortening rate were reduced and the onset of 
shortening delayed with respect to the onset of electrical systole globally, 
regardless of the infarct location (56). In addition, the onset of the mechanical 
function of the LV free wall was delayed compared with that of posterior wall 
regardless of the infarct site. In diastole, the onset of lengthening was delayed 
with respect to end-systole and peak lengthening rate reduced at all sites. The 
only signs of localization were that of the segmental post-ejection shortening 
which was confined to the septum with anterior MI whereas it was generalised, 
affecting all segments in inferior MI, which might reflect significant 
involvement of the basal part of the papillary muscles which have the same 
anatomical basis as the LAX incoordination seen after sectioning of the 
papillary muscle during mitral valve replacement surgery (20). The latter was 
associated with significant prolongation of IVRT. The delay in the onset of 
septal shortening and lengthening was also more pronounced in anterior MI 
group, such pattern suggests a delay in local activation, which causes a 
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significant phase shift of septal contraction with respect to the remainder of the 
ventricle (56). 

Another study conducted by the same group of investigators to assess the 
nature of the LV electromechanical and segmental disturbances in Q-compared 
to non-Q wave anterior MI. It showed a close relationship between ECG 
findings of myocardial damage in anterior MI and LV electrical and 
mechanical dysfunction (57). Q wave infarction was associated with a 
generalised broadening of the QRS complex and absence of the normal septal 
q waves in 84% of patients. In addition to dilated LV cavity, impaired systolic 
function and reduced overall performance and scarred anteroseptal wall, LV 
long axis was globally abnormal both in systole and diastole as previously 
mentioned in more than one LAX segment. The controversial effect of Q wave 
MI being localised in LV minor axis and generalised in LAX dysfunction 
suggests evidence for subendocardial remodelling. Time relations of the LAX 
mechanical function seem to associate the electrical changes according to the 
presence of a pathological Q wave. In the absence of a Q wave infarction the 
onset of shortening was delayed by 20 ms with respect to the onset of 
depolarisation, resulting in a simultaneous delay in the onset of lengthening 
with respect to end-ejection in a localised fashion limited to the ischaemic 
segment. This disturbance has been shown to be reversible in nature after 
successful revascularisation (58). In the presence of pathological Q wave, the 
extent of LAX mechanical delay was doubled, suggesting an additional effect 
of the Q wave itself on the segmental delay (57). 

 

Left ventricular remodelling after myocardial infarction 

Left ventricular dysfunction (LVD) with subsequent congestive heart failure 
(CHF) constitutes the final common pathway for a host of cardiac disorders. 
Coronary artery narrowing or ischaemic heart disease is the dominant cause of 
heart failure and is often associated with acute or prior MI. Heart failure is an 
enormous problem. Data from the Framingham heart study shows that it 
develops in approximately 30% of both sexes who have MI (59). Interestingly, 
over the second half of the 20th century there has been a striking increase in 
the frequency of coronary artery disease and diabetes as aetiological factors for 
CHF, whereas the impact of hypertension and rheumatic valve disease has 
declined (60). 
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LV remodelling is the process by which ventricular size, shape, and function 
are regulated by mechanical, neurohormonal, and genetic factors (61,62). 
Remodelling may be physiological and adaptive during normal growth or 
pathological due to MI, cardiomyopathy, hypertension, or valvular heart 
disease. LV remodelling is also defined as the ability to reconstruct the heart 
as a result of myocardial damage, with changes in ventricular thickness and 
size. These apply to the subcellular, cellular, the tissue, and the chamber levels 
of the heart (60). Following MI, one phenomenon that is known to occur is 
ventricular expansion. With expansion of the ventricle there is dilatation and 
thinning which can occur without additional necrosis. There is also a distortion 
in the shape of the heart from an elliptical to a more spherical form. This 
contributes to substantial mechanical inefficiency and worsening of CHF. 
There is an important relation between the size of the heart and patient 
outcome, with a progressive rise in mortality as end systolic and end diastolic 
volume increase (63). Reperfusion is critically important for ventricular 
healing and reducing the risk of ventricular aneurysm, which is an important 
precursor of CHF. 

Pathophysiology 

Post infarction LV remodelling 

The acute loss of myocardium results in an abrupt increase in loading 
conditions that induces a unique pattern of remodelling involving the infarcted 
border zone and remote non-infarcted myocardium. Myocyte necrosis and the 
resultant increase in load trigger a cascade of biochemical intracellular 
signalling processes that initiates and subsequently modulates reparative 
changes, which include dilatation, hypertrophy, and the formation of a discrete 
collagen scar. Ventricular remodelling may continue for weeks or months until 
the distending forces are counterbalanced by the tensile strength of the 
collagen scar. This balance is determined by the size, location, and 
transmurality of the infarct, the extent of myocardial stunning, the patency of 
the infarct-related artery, and local tropic factors (61, 64). 

 

MI results in the migration of macrophages, monocytes, and neutrophils into 
the infarct zone; this initiates intracellular signalling and neurohormonal 
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activation, which localizes the inflammatory response. Changes in circulatory 
hemodynamics are determined primarily by the magnitude of myocyte loss, the 
stimulation of the sympathetic nervous system and renin-angiotensin-
aldosterone system, and the release of natriuretic peptides. Post infarction 
remodelling has been arbitrarily divided into an early phase (within 72 hours) 
and a late phase (beyond 72 hours). The early phase involves expansion of the 
infarct zone (65), which may result in early ventricular rupture or aneurysm 
formation. Late remodelling involves the LV globally and is associated with 
time-dependent dilatation, the distortion of ventricular shape, and mural 
hypertrophy. The failure to normalise increased wall stresses results in 
progressive dilatation, recruitment of border zone myocardium into the scar, 
and deterioration in contractile function (61, 66). 

 

Early Remodelling 

Infarct expansion occurs within hours of myocyte injury (64), results in wall 
thinning and ventricular dilatation, and causes the elevation of diastolic and 
systolic wall stresses. Increased wall stress is a powerful stimulus for 
hypertrophy mediated by mechanoreceptors and transduced to intracellular 
signalling, partly via angiotensin II release, which initiates the increased 
synthesis of contractile assembly units (67). LV wall stress is also a major 
determinant of ventricular performance. Adaptive responses are invoked that 
preserve stroke volume by involving the non-infarcted remote myocardium 
(68). Infarct expansion causes the deformation of the border zone and remote 
myocardium, which alters Frank-Starling relations and augments shortening 
(68). Perturbations in circulatory hemodynamics trigger the sympathetic 
adrenergic system, which stimulates catecholamine synthesis by the adrenals 
and spillover from sympathetic nerve terminals, activates the renin-
angiotensin-aldosterone system, and stimulates the production of atrial and 
brain natriuretic peptides (ANP and BNP) (69). Augmented shortening and 
increased heart rate from sympathetic stimulation result in hyperkinesis of the 
non-infarcted myocardium and temporary circulatory compensation. In 
addition, the natriuretic peptides reduce intravascular volume and systemic 
vascular resistance, normalise ventricular filling, and improve pump function 
(70). 
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Late Remodelling 

Remodelling involves myocyte hypertrophy and alterations in ventricular 
architecture to distribute the increased wall stresses more evenly as the 
extracellular matrix forms a collagen scar to stabilize the distending forces and 
prevent further deformation. Myocyte hypertrophy is demonstrable 
microscopically, with an up to 70% increase in cell volume (71) and mural 
hypertrophy by in-series sarcomeric replication, without a change in sarcomere 
length. 

Remodelling and hypertrophy post MI 

Hypertrophy is an adaptive response during post infarction remodelling that 
offsets increased load, attenuates progressive dilatation, and stabilizes 
contractile function (61). Myocyte hypertrophy is initiated by neurohormonal 
activation, myocardial stretch, the activation of the local tissue renin-
angiotensin system (RAS), and paracrine/autocrine factors. Hypotension after 
infarction activates the RAS-aldosterone axis, catecholamine production by 
adrenal medulla, the spillover from sympathetic nerve terminals, and the 
secretion of natriuretic peptides. Enhanced norepinephrine release contributes 
directly and indirectly to the hypertrophic response (70). 

 

Revascularisation: 

Over the last 50 years, the treatment of acute STEMI has considerably changed 
the outcome of this life-threatening condition. The introduction of 
defibrillators and coronary care units in the 1960s reduced hospital mortality 
from about 30% to 15%. In the late 1970s and early 1980s the introduction of 
reperfusion with fibrinolytic therapy was associated with hospital mortality 
rates ranging from 7–10%. A further reduction to around 5% occurred with the 
use of mechanical reperfusion and optimal adjunctive therapies (at least in 
randomised studies). In the ‘real world’ mortality rates are much higher due to, 
among others, the absence of reperfusion therapy in around 30% of STEMI 
patients. For patients with the clinical presentation of STEMI within 12 hours 
after onset of symptoms and with persistent ST-segment elevation or new or 
presumed new left bundle-branch block, early mechanical percutaneous 



�
���

coronary intervention (PCI) or pharmacological reperfusion should be 
performed unless clear contraindications are present (54). 

 

There is general agreement that reperfusion, i.e. primary PCI, should also be 
considered after 12 hours, if there is clinical and/or electrocardiographic 
evidence of ongoing ischaemia, since occlusion is a dynamic process and the 
patients’ information is often unclear. This paradigm change is supported by a 
meta-analysis of ten studies in which patients presenting later than 12 hours 
after onset of symptoms were randomized between medical treatment or PCI. 
Patients who underwent PCI benefited with a significantly better LV function 
and improved clinical outcome (72). 

 
1- Thrombolytic Therapy: (Fibrinolytic treatment) (Figure 5) 
 
The benefit of fibrinolytic therapy is well established (73): approximately 30 
early deaths are prevented per 1000 patients treated within 6 hours of symptom 
onset. Overall, the largest absolute benefit is seen among patients with the 
highest risk. Several factors like the fibrinolytic agent, adjunctive medication, 
and timing of treatment have an impact on the result. 
 
Fibrinolytic agents: 

Streptokinase was the first fibrinolytic agent and it is still used in many 
countries. GISSI (Gruppo Italiano per lo Studio della Sopravvivenza 
nell'Infarto Miocardico)-1 (11,806 patients; published in 1986) and ISIS 
(Second International Study of Infarct Survival)-2 (17,187 patients; published 
in 1988) are the major landmark studies of fibrinolytic therapy, demonstrating 
a 23% reduction in 30-day mortality among patients randomized to 
streptokinase compared to control therapy (74,75). Fibrinolysis with 
streptokinase was also associated with a small, but significant, excess risk of 
intracranial haemorrhage (0.4% vs. 0.1%) events. In the GUSTO (Global Use 
of Strategies To Open occluded coronary arteries in acute coronary syndromes) 
trial (76) an accelerated infusion of the fibrin-specific agent t-PA (alteplase) 
with concomitant aPTT (activated partial thromboplastin time) adjusted 
intravenous heparin resulted in 10 fewer deaths per 1000 patients treated when 
compared to streptokinase at the cost of 3 additional strokes. In assessing the 
net clinical benefit of t-PA (survival without a neurological deficit) one must 
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take into account that only one of these additional strokes survived with a 
residual neurological deficit. Several mutants of t-PA were developed with a 
longer half-life, so that these agents could be administered via bolus injection. 
Double-bolus r-PA (reteplase) does not offer any advantage over accelerated t-
PA except for its ease of administration (77). Single-bolus weight-adjusted 
TNK-tPA (tenecteplase) is equivalent to accelerated t-PA with respect to 30-
day mortality and is associated with a significantly lower rate of non-cerebral 
bleedings and less need for blood transfusion (78). Thus, the bolus fibrinolytic 
agents have a similar effectiveness, and have a slightly more favourable 
(tenecteplase) safety profile than alteplase. Their use should facilitate pre-
hospital administration.  

If there is evidence of persistent occlusion, re-occlusion or reinfarction with 
recurrence of ST-segment elevations after fibrinolysis, the patient should be 
immediately transferred to a centre with PCI capabilities. If rescue PCI is not 
available, a second administration of a non-immunogenic fibrinolytic agent 
(not streptokinase) may be considered only in case of a large infarct and 
provided the risk of bleeding is not high (79). However, this approach has not 
yet proven to be efficient (80). 

 

 

Figure 5. Reperfusion strategies. Thick arrow indicates preferred strategy. 



�
�
�

2- Percutaneous coronary interventions (PCI): 
 
The role of PCI during the early hours of STEMI can be divided into primary 
PCI, PCI combined with pharmacological reperfusion therapy (facilitated PCI), 
and ‘rescue PCI’ after failed pharmacological reperfusion. 

 
a) Primary percutaneous coronary interventions: 
Primary PCI is defined as angioplasty and/or stenting without prior or 
concomitant fibrinolytic therapy, and is the preferred therapeutic option when 
it can be performed expeditiously by an experienced team including 
interventional cardiologists and a skilled supporting staff. This means that only 
hospitals with an established interventional cardiology programme (24 hours/7 
days) should use primary PCI as a routine treatment option for patients with 
STEMI. Lower mortality rates among patients undergoing primary PCI are 
observed in centres with a high volume of PCI procedures (81, 82). Primary 
PCI is effective in securing and maintaining coronary artery patency and 
avoids some of the bleeding risks of fibrinolysis. In randomized clinical trials 
comparing timely performed primary PCI with in-hospital fibrinolytic therapy 
in high-volume, experienced centres have shown more effective restoration of 
patency, less re-occlusion, improved residual LV function and, most 
importantly, a better clinical outcome with primary PCI (83) (Figure 6). 

 

 

Figure 6. Death at 30-day follow-up in randomised trials of primary PCI (dark blue bars) vs 
fibrinolytic therapy (light blue bars) in patients with ST-elevation acute coronary syndrome. 
Results are shown from selected trials that randomised at least 200 patients. Overall results 
are based on all 22 trials that were conducted between 1990 and 2003. 
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Routine coronary stent implantation in patients with STEMI decreases the need 
for target-vessel revascularisation but is not associated with significant 
reductions in death or re-infarction rates (84) compared to primary angioplasty. 
In addition, several randomized clinical trials with medium-term follow-up, 
including patients with STEMI, have shown that drug-eluting stents reduce the 
risk of re-intervention compared to bare metal stents, without having a 
significant impact on the risk of stent thrombosis, recurrent MI or death (85-
87). These findings have recently been challenged by a large-scale registry, 
which demonstrated a significantly reduced mortality in patients who were 
treated for acute MI with drug-eluting stents in comparison to bare metal stents 
(88).  

 

Long delay before primary PCI has been shown to be associated with a worse 
clinical outcome (89,90) (Figure 7). Time delay is defined as time from 
symptom onset to first medical contact (FMC), time from FMC to arrival in 
cath lab, time from FMC to balloon inflation. The ‘PCI-related delay time’ is 
the difference between the times of FMC to balloon inflation minus the 
theoretical time from FMC to start of fibrinolytic therapy. The extent to which 
the PCI-related time delay diminishes the advantages of PCI over fibrinolysis 
has been the subject of many analyses and debates. Because no specifically 
designed study has addressed this issue, caution is needed when interpreting 
the results of these post-hoc analyses. A number of randomized trials have 
calculated that the PCI-related time delay potentially mitigating the benefit of 
the mechanical intervention varies between 60min (91) and 110min (92). 
Another analysis of these trials calculated a benefit of primary PCI over 
fibrinolytic therapy up to a PCI-related delay of 120min (93). In 192,509 
patients included in the NRMI 2-4 registry (94) the mean PCI-related time 
delay where mortality rates of the two reperfusion strategies were equal was 
calculated at 114min. This study also indicated that the time delay varied 
considerably according to age, symptom duration and infarct location: from <1 
hour for an anterior infarction in a patient <65 years presenting <2 hours of 
symptom onset to almost 3 hours for a non-anterior infarction in a patient >65 
years presenting >2 hours after symptom onset. Although these results were 
derived from a post-hoc analysis of a registry and reported delay times are 
sometimes inaccurate, this study suggests that an individualised rather than a 
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uniform approach for selecting the optimal reperfusion modality could be more 
appropriate when PCI cannot be performed within a short timeframe. 

 

 

 

Figure 7. Death at 30- day follow-up in randomized trials of fibrinolytic therapy (dark blue 
bars) vs control (light blue bars) in patients with ST-elevation acute coronary syndrome, in 
subgroups according to time from symptom onset to treatment. 

 
Taken all available data together, primary PCI (balloon inflation) should be 
performed within 2 hours after first medical contact in all cases and within 90 
min in patients presenting early with a large amount of viable myocardial at 
risk. Patients with contraindications to fibrinolytic therapy have a higher 
morbidity and mortality than those eligible for this therapy. Primary PCI can 
be performed with success in these patients (95). Primary PCI is also the 
preferred treatment for patients with cardiogenic shock (96). Only the culprit 
lesion should be dilated in the acute setting, except for patients in shock. 
Complete revascularisation of the non-culprit lesions may be performed at a 
later time point depending on the remaining ischaemia. 
 

b) Facilitated percutaneous coronary interventions: 
Facilitated PCI is defined as a pharmacologic reperfusion treatment delivered 
prior to a planned PCI, in order to bridge the PCI-related time delay. Full-dose 
lytic therapy, half-dose lytic therapy with a GPIIb/IIIa inhibitor and GPIIb/IIIa 
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inhibitor alone have been tested for this indication. Despite the fact that pre-
PCI patency rates were higher with lytic-based therapies there was no evidence 
of as clinical benefit with lytic-based treatments on mortality benefit but more 
bleeding complications were observed. The pre-PCI patency rates with upfront 
abciximab and tirofiban were not higher than with placebo. Also with this 
strategy no significant benefit was observed. Therefore, facilitated PCI as it has 
been tested in these trials cannot generally be recommended. 

 
c) Rescue percutaneous coronary interventions: 
Rescue PCI is defined as PCI performed on a coronary artery, which remains 
occluded despite prior fibrinolytic therapy. The non-invasive identification of 
failed fibrinolysis remains a challenging issue, but <50% ST-segment 
resolution in the lead(s) with the highest ST-segment elevations 60–90min 
after start of fibrinolytic therapy has increasingly been used as a surrogate. 
Rescue PCI has been shown to be feasible and relatively safe. A recent meta-
analysis showed that rescue PCI is associated with a significant reduction in 
heart failure and re-infarction and a trend towards lower all-cause mortality 
compared to a conservative strategy, at the cost, however, of an increased risk 
of stroke and bleeding complications (97). Rescue PCI should be considered 
when there is evidence of failed fibrinolysis based on clinical signs and 
insufficient ST–segment resolution (<50%), when there is clinical or ECG 
evidence of a large infarct and when the procedure can be performed within a 
reasonable time delay (up to 12 hours after onset of symptoms). 

 

Effect of thrombolytic treatment in MI on LV LAX function 

Assessment of LV LAX function during the cardiac cycle has been shown to 
offer a new means of evaluating cardiac performance (98). The maximal 
systolic amplitude of motion can be visualised with the aid of 
echocardiography, contrast ventriculography, isotope-angiography and 
magnetic resonance imaging (99,100). Calculating the mean value of 
amplitude of motion at different mitral annulus sites (lateral, septal, inferior 
and anterior walls) therefore represents the global LV function. A good linear 
correlation was found between LAX mean value and LV ejection fraction 
(LVEF) in patients with CAD (58). Thus, quantification of the LAX systolic 
excursion provides a simple method for estimating EF. Moreover, it is highly 
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sensitive and specific to predict normal LVEF (� 55%) when a systolic 
amplitude mean of 10 mm or more is used as a cut-off point. It has been shown 
also a good linear correlation between the echocardiographic mean amplitude 
of systolic motion and the isotope –angiographic LVEF in patients with 
chronic severe congestive heart failure (101). Thrombolytic therapy for 
limiting myocardial damage in MI has gained acceptance. Thrombolysis at an 
early stage has been shown to reduce infarct size, improve LV function and 
reduce mortality (102). Several parameters have been used to analyse 
effectiveness of the therapy and to assess LV function. As the amplitude of 
systolic motion toward the apex represents the systolic shortening of the LV 
along its longitudinal direction (103), any reduction of the amplitude of motion 
that might be associated with acute MI (98, 104) may show some restoration 
following successful thrombolytic therapy. Patients with anterior MI treated 
with a thrombolytic agent and having non-invasive signs of early reperfusion 
show an improvement in both global and regional myocardial function as 
judged from the changes in LAX function following MI. The improvement 
could be demonstrated after 1 week. Patients with inferior MI, however, 
showed improvement of only the regional function of the affected area. The 
LV and LA, on the other hand, dilated significantly during the 2-month period 
in both anterior and inferior MI (105). 
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Objectives 

 

The objectives of this thesis include assessment of: 

 

1- Response of ventricular electromechanical function to thrombolysis and 
its relationship with peptide level during acute presentation and early 
recovery after myocardial infarction. 

 

2- Test the hypothesis that RV function is abnormal in inferior MI, and to 
determine the frequency and nature of these abnormalities during acute 
presentation and early recovery. 

 

3- To explore acute changes in left atrial function in patients presenting 
with acute inferior MI. 

 

4- Early effect of surgical revascularisation on global and segmental 
ventricular function, particularly rotation and twist. 
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Subjects and Methods 

I. Subjects: 

Study I 

The study cohort consisted of 44 patients with first acute presentation of MI 
admitted to accident and emergency (A&E) who received thrombolytic 
therapy. There were 13 patients who presented with anterior MI and 31 who 
sustained inferior MI. Mean age of group I was; 57±12 years, all males and 
that of group II was 58±12 years; 26 males, Exclusion criteria were those 
presented with symptoms or signs of heart failure, cardiogenic shock, and 
history or clinical manifestations of significant valve disease or previous MI, 
pericardial effusion or persistent arrhythmias.  

Study II 

Thirty patients were included in this study, (mean age 56±12 years, 27 male) 
presented with acute inferior MI, based on conventional clinical and 
electrocardiographic criteria. All patients, but one fulfilled the criteria for 
receiving thrombolysis, within 6 hours from the onset of chest pain. 
Streptokinase was given to 25 patients, and three of whom received tissue 
plasminogen activator (rtPA) subsequently due to consistent chest pain and 
persistently shifted ST segment in the infarct related inferior territory.  

Study III 

The study population consisted of 32 patients with acute presentation of non-
complicated inferior STEMI to Accident &Emergency department. The mean 
patient age was 57±13 years, 27 male, and all were treated pharmacologically 
with thrombolysis. Thirty age and gender matched healthy volunteers were 
also recruited as controls.  

Study IV 

In this study we recruited, 14 patients who were admitted to Umea Heart 
Centre for surgical revascularisation. They were all males; mean age 64±10 
years who underwent coronary angiogram which demonstrated multivessel 
CAD.  
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Table 2. Patient characteristics in studies I-III 

 

Variables 
Study I 

Study II Study III 
Anterior MI Inferior MI 

Number     13    31    30    32 
Age (years) 57±12 58±12 56±12 57±13 
Gender (male)     13    26    27     27 
Smoking 7 (54%) 16 (52%) 17 (57%) 17 (53%) 
Diabetes Mellitus 1 (8%)   5 (16%)   3 (10%)   4 (13%) 
Hypertension 2 (15%) 11 (35%)   8 (27%) 10 (31%) 
Family history of IHD 6 (46%) 11 (35%)   10(33%) 12 (38%) 
Heart rate (bpm) 87±24 76±21 72±18 76±21 
Systolic BP (mm Hg) 135±20 140±23 140±19 138±20 
Diastolic BP (mm Hg) 78±9 83±15 83±14 80±15 
Thrombolytic therapy 
(SK: tPA) 

2:11 28:3† 25:4 27:4 

Peak CK 
IU/L 
 

1421 (899-4489) 1359 (495-1971)* 1401±1136 1462±1126 

Values are mean±SD. 
CK: creatine kinase; MI: myocardial infarction; SK: streptokinase; tPA: tissue plasminogen 
activator. 
* CK values were expressed as median and interquartile range. † p<0.001 Chi square. 

The studies protocols were approved by the local Ethics Committee. All 
participants (patients and controls) gave informed written consents. 

Normal controls: 

Long axis function has been known to be similar in morphology in all normal.  

In the first study, we assessed 21 healthy volunteers, with a mean age 58±11 
years, 16 male. None of them had any history of cardiovascular disease, 
previous history of chest discomfort or coronary artery disease, hypertension or 
diabetes. All controls underwent non-invasive testing including transthoracic 
echocardiography to exclude chamber dilatation, asymptomatic ventricular 
dysfunction, or evidence for myocardial hypertrophy. An exercise tolerance 
test (ETT) and/or perfusion scan was also conducted to exclude asymptomatic 
ischaemia. Additional exclusion criteria were history of exertional 
breathlessness, valve heart disease, or abnormal electrical conduction 
abnormalities as left bundle branch block on resting ECG, atrial fibrillation 
(AF) or other arrhythmias. I also excluded those with significant respiratory 
disease which would compromise exercise tolerance, anaemia, chronic renal or 
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hepatic impairment, significant abnormal laboratory results or those receiving 
cardioactive treatment. 

In the second study, fifteen normal subjects, of mean age 55±14 years, 8 
females, served as controls. None of these subjects had suffered ischaemic 
heart disease (IHD) or any other systemic or cardiac diseases. A critical history 
was taken to rule out risk factors for IHD i.e hypertension, diabetes mellitus or 
dyslipidaemia. 

 

In the third study, thirty healthy volunteers, mean age 60±11 years, 12 male 
were used as controls. These individuals had no history of cardiovascular 
disease, and any cardiac pathology was rigorously excluded using non-invasive 
investigations. A transthoracic echocardiogram excluded cardiac structural and 
functional abnormalities, together with ETT or myocardial perfusion scan 
excluded any evidence for asymptomatic coronary artery disease.  

In the fourth study, 28 age- and sex- matched healthy individuals age 60±10 
years, 13 male served as controls, randomly selected from the Umeå 
population were studied using same Doppler echocardiographic protocol. None 
of them suffered of cardiovascular or systemic diseases or had cardiovascular 
risk factors.  

 

II. Methods: 

The important contribution of longitudinally arranged fibres to overall 
ventricular function has been recognised for many years. Drugs which improve 
longitudinal function can produce beneficial effects in patients with ventricular 
disease. LAX motion as shown by the atrio-ventricular rings reflects 
longitudinal ventricular shortening and lengthening, the extent and timing can 
easily be assessed with M mode echocardiography. The velocity of shortening 
and lengthening can be measured using digitised M- modes or tissue Doppler. 
Because the majority of the longitudinally arranged fibres are located in the 
subendocardium, LAX function therefore largely reflects subendocardial 
function. This is useful in assessing the consequences of ischaemia, to which 
the subendocardium is particularly sensitive. Cross sectionally guided M- 
mode echocardiograms of the left ventricular LAX was obtained by 
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longitudinal placement of the M-mode cursor through the lateral aspect of the 
mitral annulus and central fibrous body, visualised on the apical four chamber 
view. Similarly, right ventricular LAX function can be obtained by placing the 
cursor through the lateral aspect of the tricuspid annulus. 

The work described in this thesis is mainly based on the use of non-invasive 
assessment of ventricular long axis function by echocardiography, and using 
dedicated off-line commercially available software system (General Electric, 
EchoPAC version 8.0.1, Waukesha, Wisconsin, US) to analyse segmental 
strain and strain rate for the last project. The endocrine function of the heart 
presented by ANP and BNP was assessed by laboratory blood analysis. 

 
1- Laboratory investigations: 

Study I, II& III 

Plasma Natriuretic Peptides: Atrial natriuretic peptides (ANP) and B-type 
natriuretic peptide (BNP) were examined by collecting blood samples into 
tubes containing EDTA as anticoagulant and aprotinin as protease inhibitor, 
with a final concentration of 500 Kallikrein Inactivator Units per ml of blood. 
Whole blood was centrifuged for at least12 min at 1500 G; plasma was 
aspirated, and stored frozen at -30�C until analysis. 

Both plasma ANP and BNP levels were obtained and measured on admission, 
and at 7 and 30 days post-myocardial infarction using commercially available 
solid-phase immunoradiometric kits (Shionoria ANP and BNP, Schering 
Healthcare Ltd., Burgess Hill, West Sussex, UK). Laboratory imprecision was 
assessed by repeated measurement of quality control sera at 2 different 
concentrations for each analyte. Within-batch coefficients of variation for BNP 
of 4.5% at 20.0 pg/ml, and 3.6% at 300.0 pg/ml, and for ANP of 6.5% at 40 
pg/ml, and 4.8% at 300.3 pg/ml, were obtained. Between-batch coefficients of 
variation for BNP of 6.9% at 20 pg/ml, and 6.1% at 300.0 pg/ml, and for ANP 
of 8.7% at 40 pg/ml, and 7.9% at 300.3 pg/ml, were obtained. 
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2- Echocardiographic techniques: 

 
2.1 Physics of the ultrasound 

Pulses of ultrasound energy, generated by a piezo-electric transducer which is 
placed in contact with the body surface, are transmitted into the tissues. At 
each interface between different tissues, some of the incident energy is 
reflected and the remainder is transmitted onwards across the boundary 
depending on the relative densities and velocities of sound of the two media. 
Reflected echoes are either specular, originating from large objects with a 
relatively smooth surface, or scattered from objects that are small compared 
with the wave length of the ultrasound used. Specular reflections are angle 
dependent i.e. they return to the transducer only if the angle of incidence of the 
ultrasound beam to the interface is 90 degrees. Therefore, in order to obtain a 
good quality image, the ultrasound pulses should strike the chosen structure at 
right angles. On the other hand, scattered echoes are reflected in multiple 
directions and only a small percentage of the ultrasound energy returns to the 
transducer. They are thus the dominant means by which objects essentially 
parallel to the transducer are viewed. Demonstration of left ventricular 
endocardium from the apex depends almost entirely on backscatter. Resolving 
power, the ability to visualise objects or interfaces that are close to each other, 
is directly proportional to the frequency of interrogating ultrasound. The 
penetration of the ultrasound however is greater at lower frequencies. For 
adults, the compromise between resolution and penetration results in the use of 
a frequency of 2-3 megahertz (MHz) for adult echocardiography. This results 
in range resolution (along the ultrasound beam) of approximately 1 mm, and 
lateral resolution (perpendicular to the beam) of 2-3 mm. 

 
2.2 M-mode echocardiography 

Following the emission of ultrasound the transducer functions as a receiver. 
After a period, that is long with respect to the duration of the initial burst, 
another impulse of ultrasound is emitted and the cycle is repeated. The rate 
with which the bursts of ultrasound energy are emitted is the pulse repetition 
rate or the pulse repetition frequency of the echocardiograph. Since one 
impulse must have returned to the transducer before the next can be released, 
the maximum repetition rate depends on path length (i.e. patient size) and 
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velocity of sound (approximately 1500m/s). M mode echocardiographs are 
usually designed to give a repetition rate of 1000 to 2000 per second. Two-
dimensional echo instruments have a repetition rate between 3000 and 5000 
per second but require approximately 100 lines per frame. The frame rate of 
such instruments is thus seldom more than 30-50/sec, and may be less with 
wide angle and long path length. A repetition rate of 1000 per second is clearly 
ideally suited for studying disturbances in timing taking place during the 
cardiac cycle thus making M-mode the technique of choice for these studies.  

 
2.3 Two-dimensional echocardiography 

Two-dimensional echo is a cross sectional examination. It is widely used in the 
non-invasive assessment of ventricular function, different chamber size, valve 
morphology and function particularly when combined with Doppler and finally 
as reference for M-mode cursor positioning. However, this technique has its 
limitations. By forming a cross-sectional image, there must be a compromise 
between spatial and temporal resolution, such that what is gained in one is 
taken from the other. Thus images with high spatial resolution can only be 
formed at low frame rates. With a pulse repetition frequency of 3000 per 
second, and for example 120 lines of ultrasound, a frame rate of 25 per second 
would be imposed. One image every 40 ms would be insufficient to detect 
abnormalities of timing and function. Nevertheless, global left ventricular 
function can be assessed visually, so that overall and regional wall motion, 
ventricular dimensions and areas of hypo- and akinesis can be subjectively 
evaluated. Some aspects of regional function such as the overall extent of 
endocardial motion or wall thickening can also be subjectively assessed, and 
once again commercially produced analysis packages may help to improve the 
objectivity of the technique. Such methods of analysis are now being assessed 
with physiological and pharmacological stress echocardiography to detect 
regional abnormalities of function.  

 
2.4 Current techniques 

The first three studies in this thesis were performed using the commercially 
available system Toshiba SSH-160 A echocardiograph equipped with a 2.5 
MHz transducer. The fourth study was performed using a Vivid 7 
echocardiograph (GE Medical Systems, Horten, Norway) equipped with an 
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adult 1.5-4.3 MHz phased array transducer. Cross sectional standard 
examination was performed with the patient lying in the semi-lateral position. 
The best image quality was achieved using the built in GTC (gain, time, and 
compensation) controls while the transmit was almost always kept unchanged. 
A standard left parasternal LAX view was obtained with the transducer at the 
left parasternal edge in order to visualise the LV, mitral valve leaflets, aortic 
valve cusps and LA. From the parasternal short axis view, the aortic cusps 
were studied more clearly, inter-atrial septum and the pulmonary valve. M-
mode images were obtained by moving the cursor to the desired axis then the 
depth was altered in order to demonstrate the finest details of the section. LV 
minor axis recording was obtained just distal to the tips of mitral valve leaflets. 
Mitral leaflets were then recorded at the level of their tips followed by aortic 
valve cusps and LA with the M-mode cursor positioned across the aortic root 
at the level of aortic cusps. By placing the transducer at the apex of the heart, 
in the fifth left intercostal space and the patient half way through the previous 
position and lying flat, the apical four chamber view was obtained. Again, after 
achieving the best imaging quality the four chambers were studied as well as 
the mitral, tricuspid and aortic valves. M-mode four chambers were studied as 
well as the mitral, tricuspid and aortic valves. M-mode recordings of the mitral 
and tricuspid longitudinal ring motion were obtained as shown before, by 
placing the M-mode cursor at the left and septal sites of the mitral ring and 
then the lateral angle of the tricuspid valve ring (Figure 8).  
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Figure 8. A diagram of the apical four chamber view with the cursor at the left, 
septal and right angles of the atrio-ventricular rings. 

 

The apical two chamber view was then obtained by turning the transducer 90 
degree, and the longitudinal M-mode of the inferior (posterior) LV wall was 
recorded (Figure 9). In the same way, like the minor axis, the picture depth 
scale was expanded to the largest scale in order to obtain a single continuous 
echo line throughout the cardiac cycle to represent the regional motion in 
systole and diastole.  
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Figure 9. An apical two chamber view with the M-mode cursor at the posterior 
angle of the mitral ring.  

 

All M-mode traces were recorded on a strip chart printer, at a velocity of 100 
mm/s. Electrocardiogram and phonocardiogram, interfaced appropriately with 
the echocardiograph, were also recorded at the top of each M-mode trace. The 
former was used to show the timing of each cardiac cycle and the latter to 
identify the onset and end systole and diastole guided by the first and second 
heart sounds. A2, the first high frequency component of the second heart sound 
of the phonocardiogram, was routinely identified against the aortic closure 
point on the aortic M-mode trace or the end of the deceleration limb of the 
aortic pulsed Doppler forward flow trace (Figure 10). 
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Figure 10. Four long axes left, septal, right and inferior/posterior lined up with the 
electrocardiogram and phonocardiogram. Calibration; depth 1cm, time 40 and 200 
ms. 
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2.5 Phonocardiogram 

Phonocardiograms were recorded with a Cambridge Leatham microphone and 
a low frequency filter. The microphone was placed at the second right 
interspace, and adjusted to obtain an optimal recording of the two components 
of the second heart sound. It was held in place by suction, and the skin was 
prepared by shaving if necessary. Phonocardiograms were recorded on 
photographic paper, simultaneously with all M-mode and pulsed Doppler 
recordings. The aortic component of the second heart sound was used to mark 
LV end systole and thus as a landmark to time long and short axis motion. 

2.6 Electrocardiogram 

An electrocardiogram was obtained simultaneously with each M-mode in order 
to mark the onset and end of the cardiac cycle. The onset of the q wave was 
taken as marking the onset of ventricular systole.  

          2.7 Digitization 

          The digitization method, used, was developed by Gibson and Brown (1973). A 
continuous recording of the mitral ring motion, throughout the cardiac cycle, is 
essential for digitizing the long axis M-modes. The validity of the digitized 
data obtained thus depends upon the quality of the original tracings. 
Echocardiographic data are digitized by generating coordinate points 
representing, in digital form, the position of echocardiographically defined 
parts throughout the cardiac cycle. The coordinates are stored in computer 
together with time and distance calibrations (106, 107). The data can then be 
handled in different ways to obtain continuous measurements of the LAX 
motion in systole and diastole with the respective rates of change with respect 
to time (equivalent to systolic and diastolic velocities). 

          All three studies described in this thesis were digitized by the first author as 
follows. The M-mode echocardiographic trace was taped to a digitizing table, 
and echoes traced manually using a hand-held crosswire cursor. A terminal 
Display Systems TDS 20 digitizing table was used linked to a Hewlett-Packard 
Vectra 486 computer. The computer program used has been previously 
described and validated (106). To digitize the LAX, the crosswire cursor was 
moved along the M-mode long axis trace representing the longitudinal motion 
of the atrio-ventricular rings during the cardiac cycle. A sampling interval of 
20 ms was used, and time and distance calibrations performed, together with 
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the relevant RR interval. Two timing landmarks were also superimposed on 
each trace, aortic valve closure, represented by the first high frequency 
component of the aortic component of the second heart sound on the 
phonocardiogram and the onset of mitral cusp separation, taken from the M-
mode echogram of the mitral leaflets. Isovolumic relaxation was defined as the 
time interval between A2 and the onset of mitral cusp separation. Peak rate of 
long axis shortening and lengthening velocities were measured. 

 

III. Measurements: 

1- Electrocardiogram (ECG): 

In the third study, a standard twelve-lead surface ECG recordings were 
obtained on the same day of the echocardiographic examination using a 
Hewlett-Packard Xli Page Writer system (Hewlett Packard Co, Andover, 
Mass) with built–in software at a paper speed of 25mm/s and a calibration of 1 
mV/mm. From each ECG recording a number of measurements was obtained. 
The P wave duration was manually measured from lead II. The P wave onset 
was defined as the junction between the isoelectric line and the beginning of P 
wave deflection and its end as the junction between the end of P wave 
deflection and the isoelectric line. The P wave voltage was measured from the 
same lead as the peak electric deflection amplitude between the onset and the 
end of the P wave. Both P wave duration and voltage were measured using an 
electronic “digimetric” caliper (Mitutoya) and a magnifier to ensure accuracy. 

 

2-  Echocardiography: 

In the first three studies, all measurements were undertaken at three different 
time points namely on admission (day of symptoms presentation), day 7 and at 
day 30 post thrombolysis. Whereas the fourth study, measurements were made 
from the echocardiographic studies obtained on the day before surgery and 4-6 
days postoperatively.  
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2.1. Long axis M-modes: 

A number of standard measurements were obtained in all patients in each 
study. From the original long axis M-mode traces the following measurements 
were obtained (Figure 11): 

 

Figure 11. Long axis recording from the left angle of the mitral ring with measurements 
landmarks. OS: onset of systolic shortening, OL: onset of lengthening. 

a- Amplitude of motion 

Total long axis excursion was taken from peak inward point in late systole, 
around the aortic component of the second heart sound, to the outermost point 
in late diastole at the nadir of the A wave, after the P wave of the 
electrocardiogram. Early diastolic excursion was taken as the backward 
displacement of the mitral ring from the peak shortening point to the onset of 
the diastasis. A wave excursion (late diastolic component of total excursion) 
was measured from its onset, after the P wave of the electrocardiogram to the 
bottom of the backward movement during atrial systole. In normal individuals 
the total amplitude of left ventricular LAX excursion is almost similar at the 
the routinely measured sites; left, septal, inferior and anterior. The extent of the 
right ventricular long axis, however, is 1.5 times that of the left and may be 
explained by the anatomical differences in the myocardial fibre orientation in 
the two ventricles. 
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b- Timing 

From the M-mode short axis original traces, the isovolumic relaxation as 
defined and described above is measured and corrected to the heart rate 
presented by the R-R interval of the superimposed ECG and expressed as 
seconds/minute (s/min). 

In the second project, both RV filling and ejection times were measured. The 
RV filling is the total duration of filling from the onset of E wave to the end of 
A wave of the Tricuspid Pulsed Doppler trace. The RV ejection time is the 
duration of the forward pulmonary flow i.e. from the onset of RV ejection 
velocity to the onset of pulsed Doppler artefact of the pulmonary valve closure. 
I also measured the R-R interval on the ECG superimposed on Doppler traces. 

From these timings we measured the following parameters reflecting the global 
RV function: 

i-      Z ratio: is the sum of RV filling and ejection times divided by R-R 
interval.  

ii-      Tei Index (Myocardial performance index): This was calculated as 
the R-R interval minus the sum of total filling and ejection times, 
with respect to ejection time.  

iii-      Total RV isovolumic time (t-IVT): It was calculated as the sum of 
RV filling and ejection times subtracted from R-R interval and 
adjusted in relation to the time as in s/m. 

 

c- Velocities 

From the digitized long axis traces, peak shortening rate in systole and peak 
lengthening rate in diastole were both measured. The peak rate of shortening 
during atrial systole was also measured (Figure 12). 
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Figure 12. Digitized left long axis trace showing peak shortening and lengthening 
rates and a change in dimension during isovolumic relaxation. A: atrial 
displacement, E: systolic amplitude of motion, OS: onset of systolic shortening, OL: 
onset of lengthening. 

 

2.2. Minor axis M-modes:  

From the original left ventricular short axis traces the following standard 
measurements were obtained (Figure 13). 
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Figure 13. M-mode echocardiogram of left ventricular minor axis. Calibration: depth 1 cm, 
time 40 and 200 ms. EDD: end-diastolic diameter, ESD: end-systolic diameter. 

Left ventricle: All dimension measurements were made using leading edge 
methodology i.e. from the anterior boundary of the endocardial echo. End-
diastolic diameter (EDD) was determined at the onset of the q wave of the 
electrocardiogram, as the distance between the leading edge of the 
interventricular septal endocardium to that of the posterior wall. End-systolic 
dimension (ESD) was also measured at A2, between the same two endocardial 
leading edges. From these two measurements, left ventricular fractional 
shortening (FS) was calculated using the following equation and expressed as a 
percentage: 

FS= (EDD-ESD)/EDD x 100 

LV ejection fraction (EF) from LV linear dimensions was used as a systolic 
index parameter in the third study using the following formula: 

Teichholz’s formula= (EDD)3– (ESD)3/ (EDD)3 x 100 

          Left atrial diameter: was measured from M-mode recording of the aortic valve 
echogram, and was taken from the leading edge of the posterior wall of the 
aortic root to that of the posterior LA wall at atrial end-diastole. 
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2.3. 2-D Echo measurements:  

I measured the RV inlet diameter from the frozen 2-D image loop of the apical 
four chamber view in diastole. This is the distance in cm between the upper 
septum and RV basal free wall endocardial border. On the other hand, the RV 
outflow tract was measured from the frozen 2-D short axis view of the outflow 
tract just below the pulmonary cusp level. 

The LA volume was measured using the ellipsoid method of the area-length 
formula, from the apical four and two chamber views at the ventricular end 
systole (maximum LA size) (108).  

Left Atrial Volume= 8/3� [(A1) (A2)/(L)] 

(L) is the shortest of either apical four chamber or two chamber length. 

(A1) and (A2) represent the maximal planimetered LA area acquired from the 
apical four and two chamber views respectively. 

 

3- Doppler echocardiography: 

The velocity of movement of blood within the cardiovascular system is 
determined by the Doppler technique. The Doppler principle, 1842, describes 
the frequency shift that occurs in any wave when the target source is moving 
relative to the receiver. It can be applied to the reflected energy from the 
moving red cells in the blood stream. If the red cells reflecting the ultrasonic 
energy are moving towards the transducer, then the frequency of the ultrasonic 
beam is shifted and the received frequency is increased. The reverse occurs 
when the blood moves away from the transducer. 

The relative change in frequency is proportional to the ratio of the relative 
velocity of motion of the source (v) with respect to the velocity of the sound 
(c). Since the ultrasound waves are reflected from the red cells rather than 
emitted by them, the frequency shift is doubled. Finally, when the direction of 
motion diverges from the axis of the ultrasound beam by an angle (�), 
correction by cos � is required. The relationship between the velocity of the 
target and frequency shift is given in the following equation: 

� F= 2F x v/c x cos � 
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Therefore, the frequency shift depends on the velocity of the motion of the 
target, the velocity of the sound in the medium being examined, the transmitted 
frequency and the angle � between the ultrasound beam and the path of the 
moving target. Since both the velocity of sound in the medium and the 
transmitted frequency are known, velocity is determined from the frequency 
shift and the angle theta. Mathematically, as long as angle theta is 20 degrees 
or less, the cosine is close to one and the angle can be neglected. When the 
angle becomes 90 degrees, the cosine is zero and there is no Doppler shift. 
Thus the best Doppler information is obtained when the ultrasound beam is 
parallel to the moving target (blood stream). 

 

3.1. Pulsed Doppler: 

The basic principle of the pulsed Doppler is exactly as described above but the 
signal is depth gated so that, it has the advantage of obtaining velocities at 
clearly identified points in the heart and the circulation. By positioning the 
time aperture or sample volume at any point within the heart or great vessels 
the incident and reflected echoes can be displayed and hence studied. The 
precision with which the sample volume can be defined depends on the same 
limitations as those determining lateral resolution. It is three dimensional, its 
boundaries are not clearly defined and its size increases with depth. Pulsing 
and frequency shift interact to limit the ability of pulsed Doppler to detect high 
frequency Doppler shifts, a phenomenon called ‘aliasing’. The upper limit of 
frequency shift that can be detected with given pulsed system is known as the 
‘Nyquist’ limit or number. This limit is defined as one half the pulse repetition 
frequency. Aliasing occurs when Doppler frequency is >1/2 pulsed repetition 
frequency i.e. 

Nyquist limit = Pulsed repetition frequency /2 

 

However, this aliasing is not a problem with physiological, non-turbulent flow. 
In my patients I obtained pulsed Doppler flow velocities of the transmitral and 
transtricuspid forward flow using a 2.5 MHz transducer interfaced to the 
Toshiba SSH-160 A echocardiograph. With the patient lying in the semi-lateral 
position and the transducer at the apex of the heart, the apical four chamber 
view was obtained. The sample volume was positioned by the tips of mitral 
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and tricuspid valve leaflets then the pulsed Doppler mode was used to display a 
clear trace of the forward mitral and tricuspid valve flows. Doppler gain, 
baseline and scale controls were used in order to obtain the clearest flow 
pattern morphology. Phonocardiogram and electrocardiogram were also 
recorded on each Doppler trace. All pulsed Doppler traces were recorded on a 
Hewlett Packard printer at a paper speed of 100 mm/sec. 

 

3.2. Tissue Doppler Imaging (TDI): 

It is used in quantifying regional myocardial diastolic function which involves 
the direct recording of mitral annulus motion. The technique was first 
described using M-mode echocardiography (107) but has since evolved to the 
use of pulsed-wave Doppler spectral recordings. In either, its pulsed or colour 
format, it can be used to quantify in-plane regional myocardial velocities. 
Pulsed Doppler measures peak velocities, while colour Doppler (at frame rates 
in excess of 70/s) will resolve and measure mean myocardial velocities. One 
important advantage of using the Doppler pulsing methodology compared to 
standard grey-scale imaging is the far better signal-to-clutter ratio of the former 
method. This means that interpretable myocardial Doppler data may be 
acquired even in patients who are difficult to image (109). 

The TDI mitral annular peak systolic velocity corresponds well with the 
LVEF, as measured by radionuclide angiography (110). The early diastolic 
velocity of the mitral annulus has been reported to be relatively pre-load 
independent (111), and the ratio between early diastolic LV filling velocity and 
annular TDI velocity have been shown to relate well to mean pulmonary 
capillary wedge pressure in patients with heart failure (111).  

Imaging is usually performed from the apical four chamber view with the 
sample volume located at the posterolateral portion of the mitral annulus or in 
the adjacent myocardium, to minimize the effects of translation and rotation of 
the heart, while maximising the longitudinal excursion of the annulus and base. 
Radial and circumferential motion may be neglected as contributing 
significantly to the longitudinal velocity signal, as their motion will be 
insonated at 90� to the ultrasound beam. Care must be taken when placing the 
pulsed Doppler sample volume, to make sure that it remains within the 
myocardial region of interest throughout the cardiac cycle and that the fibrous 
atrio-ventricular valve plane, valve leaflet pericardial or blood pool data are 
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not included (109). Since TD echocardiography involves the assessment of 
motion of the strong signal reflections (myocardium), the high pass filters are 
bypassed. Low gain amplification is also used to eliminate the weaker blood 
flow signals.  

The result is a triphasic signal with forward velocity toward the apex during 
systole, and two away signals during the early (Em) and the atrial (Am) phases 
of diastole (Figure 14). Thus, the diastolic signal appears as a mirror image of 
the transmitral inflow pattern. The Em wave is also referred to as Ea (for 
annulus) or E’ (112). In normal subjects, the Em wave is larger than the Am 
component, but the ratio falls with age (113).  

 

 

Figure 14. Top panel showing myocardial velocities from Tissue Doppler Imaging at the 
LV free wall (lateral), of note shorter time interval Q-S’ (top) compared with Q-peak inward 
displacement of the same segment (bottom). 

 

4. Speckle Tracking Echocardiography (STE): 

STE is a new, non-invasive method for assessment of LV global and regional 
function. STE offers the opportunity to track myocardial deformation 
independently on both cardiac translation and the insonation angle. Because of 
scattering, reflection and interference of the ultrasound beam in myocardial 
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tissue, speckles appear in grey scale 2-D echocardiographic images. These 
speckles represent tissue markers that can be tracked from frame to frame 
throughout the cardiac cycle. These fingerprints are randomly distributed 
throughout the myocardium. Each speckle can be identified and tracked by 
calculating frame to frame changes using a sum of absolute difference 
algorithms. Motion is analysed by integrating frame to frame changes. Out-of 
plane motion occurs due to rotation and motion of the heart into the chest 
cavity, and may cause the disappearance of the speckles over a few frames, but 
rarely within two consecutive frames (114). 

LV twist function: 

It is well known that the heart rotates along its long axis causing a wringing 
(twisting) motion. Non-invasive echocardiographic measurement of rotation 
and twist function is an optimal tool for studying of cardiac mechanics of 
diseased and healthy hearts. Looking from the apex, the LV base rotates 
clockwise (negative value) and the apex rotates counterclockwise (positive 
value), producing a wringing motion (115). The net rotation difference 
between both apex and base is called Twist. From a mathematical point of 
view several parameters of myocardial mechanics can be described (Figure 
15): 

- Rotation (degrees) = angular displacement of a myocardial segment in 
the short axis view around the LV longitudinal axis measured in a single 
plane. 

- Twist or torsion (degrees) which is the net difference between apical and 
basal rotation (calculated from two short axis cross-sectional planes of 
the LV) (116). 

- Torsional gradient (degrees/cm) which is defined as twist/torsion 
normalised to ventricular length from base to apex and accounts for the 
fact that a longer ventricle has a larger twist angle (117). 
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Figure 15. Rotation of left ventricular apex and base during the cardiac cycle. Rot, rotation; 
l, length; diast, diastole; syst, systole; ap, apical; diff, difference. 

 

LV twist can be quantified in short axis views by measuring both apical and 
basal rotation with the help of STE (Figure 16). In addition, it is possible to 
calculate time intervals of contraction/relaxation with respect to torsion or 
rotation and therefore measure the speed of ventricular winding and 
unwinding. In particular, the speed of apical recoil during early diastole seems 
to reflect diastolic dysfunction (118). 

 

Figure 16. Apical and basal rotation during the cardiac cycle. Ordinate, rotation in degrees; 
abscissa, time. 
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While these parameters are assessed with the help of STE derived deformation 
parameters and describe the ‘mechanics’ of the entire heart, deformation 
parameters can also be calculated for individual segments and specific vectors 
of direction. Three different components of contraction have been defined: 
radial, longitudinal, and circumferential. 

- Longitudinal contraction represents motion from the base to the apex. 

- Radial contraction in the short axis is perpendicular to both long axis 
and epicardium. Thus, radial strain represents myocardial thickening and 
thinning. 

- Circumferential strain is defined as the change of the radius in the short 
axis, perpendicular to the radial and long axes. 

Longitudinal deformation is assessed from the apical views while 
circumferential and radial deformations are assessed from short axis views of 
the left ventricle. 

 

Strain and Displacement: 

Through the cardiac cycle, the myocardial fibre length change in longitudinal, 
radial and circumferential direction. These changes can be measured by 
myocardial motion (velocity and displacement) and deformation (strain and 
strain rate). The so-called Langrangian Strain (�) is mathematically defined as 
the change of myocardial fibre length at end systole compared to its original 
length in a relaxed state at end diastole. Strain is usually expressed in percent 
(%). The change of strain per unit time is referred to as strain rate (SR). As the 
ventricle contracts, muscle shortens in the longitudinal and circumferential 
directions (negative value) and thickens or lengthens in the radial direction 
(positive value). As SR (1/s) is the spatial derivative of tissue velocity (mm/s), 
and strain (%) is the temporal integral of SR, all of these three parameters are 
mathematically linked to each other (Figure 17) (119). The measurement of 
myocardial strain and SR offers a series of regional and global parameters that 
are useful in the assessment of myocardial intrinsic function.  
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Figure 17. Mathematical relationship between different deformation parameters and mode 
of calculation for speckle tracking echocardiography and tissue Doppler imaging. STE 
primarily assess myocardial displacement, whereas TDI primarily assess tissue velocity 
 

The velocity and displacement represents the motion of ventricular wall. 
Because of the relatively fixed position of the apex in the thorax, the mitral 
annulus is pulled down toward the apex during systole. As a result, it has a 
base-to-apex gradient with higher velocity and displacement at LV base 
compared with the apex. Beside the amplitude, velocity and displacement also 
have direction and can measure the longitudinal, radial and circumferential 
components which are especially relevant to the characteristics of myocardial 
mechanics. The completely passive segments can show motion due to 
tethering, but without deformation. 

 

Doppler measurements: 

From the transmitral and transtricuspid pulsed Doppler traces I measured peak 
early ‘E’ and late ‘A’ diastolic velocities and hence obtained E/A ratio.  

In addition the area under A wave envelope (A-VTI) was measured in cm and 
corrected to R-R interval.  

I also measured RV outflow tract velocities from the parasternal short axis 
view of the aortic valve with the sample volume positioned below the 
pulmonary valve level, guided by colour Doppler. 
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E/E’ was calculated which indirectly reflect LA pressure. E is the peak early 
diastolic filling velocity of the LV, and E’ is the peak septal myocardial 
lengthening velocity. This is the method I have used in my third project, in the 
absence of Tissue Doppler software on the echocardiograph available at that 
time.  

In the fourth study, myocardial systolic and diastolic velocities were recorded 
using the pulsed wave TDI technique. Velocities were obtained from the apical 
four chamber view. The sample volume was placed at the basal segments of 
the LV free wall, and septum (109). Pulsed TDI was used to measure 
myocardial velocities, as previously shown (120). 

From TDI recordings, the following measurements were made: 

- Peak systolic velocity (S’). 

- Peak early (E’) and atrial (A’) diastolic velocities.  

Speckle tracking echocardiography (STE): 

Grey scale digital cine loops triggered to the QRS complex were acquired from 
the LV apical four chamber view and from the two short axis planes at the 
basal and apical levels. Care was taken to ensure that the basal short axis plane 
contained the mitral valve. The apical plane was acquired as previously 
described (121). Segmental systolic strain, peak displacement and time from 
the onset of QRS to peak displacement were analysed from the LV apical four-
chamber view. Rotation and twist were measured from the short axis views. 

Twist function: 

The twist function was measured before and after surgical revascularisation. 
From the 2D LV short axis planes at the basal and apical levels, rotation and 
twist were measured from STE. The region of interest (ROI) of the LV was set 
between the endocardial and epicardial borders, thus delineating the entire 
myocardial segmental circumference. The ROI width was adjusted as needed 
to fit the wall thickness, as previously described (116). The tracking quality of 
each segment was indicated by the software, and segments with insufficient 
tracking quality were excluded. Averaged apical and basal rotation data were 
used for calculating LV twist as previously proposed (116). Cavity systolic 
twist was calculated as the net difference of peak systolic LV rotation between 
the apical and basal short axis planes. 
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LV global strain and strain rate: 

In the fourth study, we also studied the LV global longitudinal strain (GLS) 
using STE on the grey scale images with a temporal resolution of 
approximately 70 frame/s. From LV apical four-chamber view, the cavity was 
traced manually from the innermost endocardial edge at end-systole. The 
software automatically defined the longitudinal strain throughout the cardiac 
cycle. GLS was measured as the mean of six segments (basal, mid, and apical 
segments of the septal and lateral walls). From the acquired recordings, 
systolic (GLSRs), early (GLSRe) and late diastolic (GLSRa) strain rate values 
were obtained. 
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Statistical Analysis 

All data analysis was processed using the designated Statistical Package for 
Social Sciences software (SPSS versions 11, 13 and 19 SPSS Inc., Chicago, 
Illinois, USA). Categorical variables were presented as absolute values and 
percentages, and comparisons were tested by the Chi-square test. On the other 
hand, continuous parametric variables were analysed using the Kolmogorov-
Smirnov test for normality and were expressed as mean ± SD. 

In general, differences in variables between patients and normal controls were 
evaluated using 2-tailed unpaired Student t test or Mann-Whitney U test as 
appropriate. Measurements within the same group were then compared with 
paired Student t test. Sequential changes in the patient group were studied 
using repeated measures ANOVA with Bonferroni’s post hoc analysis. 
Correlations were tested with Pearson’s coefficients. A significant difference 
was defined as p<0.05 (2-tailed).  

Study I 

Peptide levels were expressed as median and interquartile range. They were 
further log transformed and the data normality was tested by D’Agostino-
Pearson method before ANOVA repeated-measures analysis. Mann-Whitney 
U test was used to compare peptide levels between control and patients groups 
on admission, as well as CK levels between anterior and inferior MI groups in 
view of data’s skew distribution. Spearman’s method was used to calculate 
correlation coefficient.  

Study II 

Values outside the 95% confidence interval for RV measurements at the three 
time events were identified and their incidence was assessed by Fisher’s exact 
probability test. 

 

Data Reproducibility 

The reproducibility of the echocardiographic measurements of our lab has 
previously been reported (122,123). 
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Results 

Ventricular endocrine and mechanical function following thrombolysis for 
acute myocardial infarction 

Clinical Presentation: 

In this study, patients and controls were similar in age and gender distribution. 
No significant difference between the two patient groups (anterior and inferior 
MI) with respect to risk factors for CAD, presenting haemodynamics or peak 
CK level. The variation in the type of thrombolytic therapy administered only 
reflected the local guidelines and ACS protocols at the time. The initial effect 
of successful thrombolysis was determined electrographically in the form of 
ST resolution in 95% of the studied population.  

Natriuretic Peptides: 

The BNP levels were significantly raised only in the inferior MI patients 
compared to controls on admission (p=0.02). However ANP levels were not 
different between controls and the two patient groups. We observed a trend of 
significant rise of both ANP and BNP (p=0.002, and p=0.02 respectively) at 
day 7. From the following diagram (Figure 18), both peptides remained 
unchanged in the inferior MI group at day 30 post MI and thrombolysis. On the 
contrary, in patients with anterior MI, BNP fell by 60% (p=0.03), but ANP 
further increased (p=0.002) at 30 day.  
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Figure 18. Natriuretic peptide levels (ANP&BNP) in both controls and patients (anterior 
and inferior MI groups) at the three specified time points. ANP =Atrial Natriuretic Peptide; 
BNP= B-type Natriuretic peptide; MI= Myocardial infarction. 
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The table below summarise the following findings:  

Table 3. Echocardiographic parameters of controls and both patients groups in different 
specified timing  

Variable 
Control 
_______ 

Anterior MI (n=13) 
____________________________ 

Inferior MI (n=31)  

(n=21) Day 1 Day 7 Day 30 Day 1 Day 7 Day 30 

Short axis        

EDD (cm) 4.9±0.5 4.9±0.4** 5.1±0.6 5.2±0.7 5.2±0.6** 5.4±0.5† 5.5±0.5 

ESD (cm) 3.3±0.5 3.6±0.7** 3.7±0.8 3.6±0.7 3.7±0.5* 3.6±0.5 3.8±0.5§ 

Fractional shortening 
(%) 

35±5.0 27±10* 29±9.0 31±8.0‡ 30±6.0* 34±6.0† 31±6.0§ 

        

Long axis 

Total excursion (cm) 

       

Left 1.5±0.25 1.1±0.2* 1.2±0.1 1.2±0.2 1.3±0.3* 1.3±0.3 1.3±0.3 

Septal 1.5±0.3  0.9±0.1* 1.1±0.1† 1.1±0.3 1.2±0.3* 1.1±0.2† 1.1±0.2 

Posterior 1.6±0.2 1.1±0.2* 1.2±0.2 1.3±0.1 1.2±0.3* 1.2±0.3 1.3±0.4§ 

Anterior 1.5±03� 0.8±0.2*� 1.0±0.2†� 1.1±0.3� 1.3±0.3*� 1.1±0.2†� 1.1±0.3�

IVRT (ms) 55±10 76±16*� 61±23†� 60±21 66±24**� 50±15†� 54±21

IVRT (s/min) 3.8±1.1� 6.0±1.5*� 4.0±1.5†� 3.5±1.1� 4.9±2.4** 3.5±1.3†� 3.3±1.5�

 � � � � � � �

Mitral Doppler � � � � � � �

E velocity (m/s) 0.7±0.1� 0.5±0.1*� 0.7±0.2†� 0.6±0.2� 0.6±0.2*� 0.8±0.1†� 0.7±0.2�

A velocity (m/s) 0.5±0.1� 0.6±0.2** 0.6±0.2� 0.6±0.2� 0.6±0.2*� 0.7±0.2� 0.7±0.2�

E/A ratio 1.4±0.4� 1.1±0.5** 1.3±0.5� 1.1±0.6§� 1.1±0.4*� 1.2±0.5� 1.1±0.5�

Measurements are mean + SD. 
*p<0.05, patients on admission vs. controls; **p>0.05, patients at day 1 vs. controls. 
†p<0.05, day 7 vs. day 1; §p<0.05, day 30 vs. day 7. 
‡p<0.0.5, day 30 vs. day 1. 
 
A velocity, late mitral filling velocity; E velocity, early mitral filling velocity; EDD, end diastolic dimension; 
ESD, end systolic dimension; IVRT, isovolumic relaxation time; MI, myocardial infarction; ms, millisecond. 
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LV global function: 

Although LV function represented by fractional shortening (FS) was reduced 
on admission in both groups (p=0.01 for both), it normalised by day 7 
(p=0.001 vs admission) in the inferior MI group and at 30 day in anterior MI 
patients (p=0.02 vs admission). 

Similarly, the LV LAX was globally reduced in all patients compared to 
controls (p=0.05). Specifically, the territories with most obvious LAX 
amplitude depression were those related to the infarct related artery namely 
anterior wall and septum in anterior MI and the posterior wall in inferior MI. 
Such segments improved significantly a week and 30 days after thrombolysis 
respectively (p=0.05 for both), and remained unchanged thereafter. 

Going along with the above findings as markers of ischaemia, the IVRT was 
prolonged in patients (by 20 and 11 ms in anterior and inferior MI patients 
respectively compared to controls). Such delay was markedly shortened by 
15and 16 ms one week after event (p=0.02, and p=0.001) in both groups 
respectively. Similar pattern was noted when IVRT was corrected to heart rate. 

LV filling: 

Notably the peak E wave velocity was slightly reduced only in anterior MI on 
admission (p=0.01). This increased by day 7 in both patient groups (p=0.001), 
however changes in E/A ratio did not achieve significance neither at that point 
nor at day 30.  

Relationship between endocrine and mechanical LV function: 

No relationship was found between peptides and LV mechanical function at 
admission. However, a significant negative correlation between both peptides 
and LV lateral wall amplitude only (both r=-0.7, p=0.01) (Figure 19) was 
present in anterior MI at day 7. BNP was similarly correlated with septal 
amplitude (r=-0.6, p=0.01) and fractional shortening (r=-0.7, p=0.01) at day 
30, but no longer with LV lateral wall.  

In inferior MI, BNP correlated modestly with the septal amplitude (r=-0.4, 
p=0.01) at day 30. 

 



���

  

Figure 19. Relationship between peptide levels (ANP and BNP) and LV lateral long axis 
amplitude at day7 in anterior myocardial infarction. 

 

On the other hand, ANP correlated with LV filling presented by peak E wave 
velocity and E/A ratio (r=0.6, p=0.04 for both) in anterior MI on admission. A 
strong correlation (r=0.8, p=0.001) was found at day 30 between ANP and E 
wave velocity and with E/A ratio (r=0.7, p=0.01) in the same group of 
patients, as shown in (Figure 20). 

 

Figure 20. Relationship between ANP levels, and LV filling at day 30 in Anterior MI. 
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Right ventricular stunning in inferior myocardial infarction 

RV dimension and long axis function: 

Both RV diastolic inlet and outflow tract diameters were not different in 
patients compared to controls, and no further changes noted over the follow up 
period. The RV long axis function was markedly reduced (amplitude of 
motion, shortening and lengthening velocities) (p<0.01 for all) in patients 
compared to controls, which improved (p<0.05) after a week of thrombolysis 
(Table 4). 

Table 4. RV long axis function in controls and patients group 

Variables Control  Inferior MI (n = 30) 

Day 1 Day 7 Day 30 

RV long axis 

  amplitude (cm) 

2.6±0.3  2.09±0.39* 2.28±0.3‡ 2.28±0.38§ 

Peak shortening 

   (cm/s) 

10.0±2.0  8.18±1.8* 10.0±2.70† 8.67±2.43 

Peak lengthening 

   (cm/s) 

10±2.5  6.9±2.7* 8.3±2.16‡ 8.18±2.35

Values are means ± SD. 
*: p<0.01 between controls and patients on admission. 
†: p<0.01, ‡: p<0.05 between admission and day 7, §: p< 0.05 between day 1 and 30. 

 

RV timing: 

Global RV function was significantly impaired in patients in the form of; a 
reduction in Z ratio (p<0.01), increase in Tei index (p<0.001) and prolonged t-
IVT (p<0.01) compared to controls. Although all these parameters did not 
change significantly at day 7, a marked and significant improvement occurred 
at day 30 (Table 5). 
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Table 5. RV global function parameters during the study period 

Variables Control 

(n = 15) 

 Patients with inferior MI (n = 30) 

 Admission Day 7 Day 30 

R-R interval (ms) 841 ± 142  911 ± 211 969 ± 171 1007 ± 125‡ 

RV filling time (ms) 443 ± 116  483 ± 163 539 ± 165 600 ± 138 ‡ 

Tricuspid Doppler      

E velocity (m/s) 0.4 ± 0.15  0.4 ± 0.09 0.45 ± 0.11 0.42 ± 0.10 

A velocity (m/s) 0.2 ± 0.1  0.34 ± 0.11* 0.34 ± 0.09 0.36 ± 0.09 

E/A ratio 1.9 ± 0.4   1.30 ± 0.47* 1.26 ± 0.37 1.22 ± 0.33 

RV ejection time (ms) 317 ± 36  292 ± 42† 296 ± 30 305 ± 26 

Z ratio 0.90 ± 0.04  0.85 ± 0.07* 0.86 ±0.05 0.9 ± 0.05‡,§ 

Tei index 0.3 ± 0.1  0.49 ± 026* 0.47 ± 0.16 0.34 ± 017‡,§ 

Isovolumic time (s/m) 4.8 ± 2.0  8.16 ± 3.9* 8.05 ± 2.40 6.2 ± 2.7	,§ 

Values are mean ± SD. 
*:p<0.01, †:p<0.02 between controls and patients on admission. 
‡:p<0.01 between day 1 and 30, §:p<0.05 between day 7 and 30, 	:p<0.05 between day 1 and 
30. 
A, late diastolic velocity; E, early diastolic velocity; ms, millisecond. 

 

Table 6. Different RV abnormalities at lower 95% CI of normal in individual patients 

 Admission Day 30 

Long axis amplitude <2.0 cm 13 4 

Z ratio <0.82  7 1 

Tei index >0.5 10 1 

t-IVT >8.8 s/min 11 1 

Long axis amplitude or t-IVT 18 5 

t-IVT, total isovolumic time. 
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Figure 21. RV long axis and Tei Index normalisation post thrombolysis in individual 
patients. 

 

We could not find a relationship between peptide levels when compared with 
RV systolic function (amplitude of motion and shortening velocity) to further 
exclude evidence of RV infarction. 
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Electromechanical left atrial disturbances in acute inferior myocardial 
infarction: An evidence for ischaemic dysfunction 

The distribution of infarct related arteries was obtained in twenty patients who 
underwent coronary angiography. The majority of the infarcts were related to 
significant lesions localised to proximal and mid segments of LCx and to RCA. 

LA electrical function: 

While P wave duration and voltage were strongly correlated in controls (Figure 
22), they did not follow the same pattern in patients at any time point 
throughout the study period. We noted an increase in P wave duration in the 
patients group (p<0.01) compared to controls, which soon normalised by day 7 
(p<0.01). The P wave voltage behaved differently, it was higher in patients 
than controls (p<0.01) on admission, and increased further at day 30 compared 
to admission (p<0.05). No electromechanical correlation between either P 
wave duration or voltage with either LA amplitude of motion or velocity at any 
site. 

 

Figure 22. Correlation between P wave duration and amplitude in normal controls. 

LA mechanical function: 

The effect of acute ischaemia on LA systolic amplitude was similar to that of 
LV LAX function. LA systolic amplitude was significantly reduced at the left 
and inferior sites (p<0.01 for both) compared to controls, and almost 
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normalised by day 30 (p<0.01, and p<0.05 respectively) (Figure 23 A). On the 
other hand, the peak LA shortening velocity behaved similarly at admission at 
both sites but only the inferior segment velocities improved at day 7 (p<0.05) 
but yet remained less than normal by day 30, (Figure 23 B). Neither LA 
dimension differed between patients and controls at any study time point, nor 
the LA volume, electrical or mechanical function between patients who 
developed transient arrhythmia during thrombolytic therapy and those who did 
not.  

 

 

Figure 23. Left atrial mechanical function amplitude (A) and systolic velocity (B) at the 
inferior LA wall in controls and patients. 

In controls, LA amplitude of motion correlated with shortening velocity of the 
left (r=0.51, p<0.03) and the inferior sites (r=0.64, p<0.01). Similar pattern 
was found in the patients on admission at the left (r=0.76, p=0.001), and septal 
(r=0.84, p<0.001) sites. Such correlation became weaker at day 7 and was 
confined only to the left segment (r=0.54, p<0.01) at day 30.  

LA pump function: 

No difference in peak tansmitral A wave velocity which represents late LV 
filling or LA stroke distance between patients and controls throughout the 
study. LA VTI corrected to the heart rate in (cm/min) was reduced at 
admission compared to controls (p<0.05), and improved significantly at day 7 
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(p<0.01) with no further change at day 30 though remained significantly less 
than normal (Table 7). 

 

 

Table 7. Atrial electrical and pump function. Values are means±SD  

 Controls Day 1 Patients Day 7 Day 30 

P wave duration (ms) 103.6±12* 118.1±19.1 107.2±13.5* 108.4±18.3† 

P wave voltage (mV) 1.35±0.3* 1.61±0.3 1.75±0.4 1.78±0.4† 

Peak A wave velocity (cm/s) 63.1±13 62.5±14.5 68.4±20.9 68.9±22.2 

LA VTI (cm) 7.1±1.6† 3.6±1.1 4.3±1.9† 4.3±1.7† 

Corrected VTI (cm/min) 0.10±0.04† 0.056±0.03 0.07±0.04* 0.07±0.03* 

*: p<0.01, †: p<0.05 compared to day 1 results. 

 

Correlation between LA function and Peptides: 

On admission, a modest relationship was found between ANP and both atrial 
systolic amplitude (r=0.4, p<0.03), and the ratio between atrial to LV free wall 
amplitude of motion (r=-0.42, p<0.02) of the inferior wall. At day 30 post MI, 
this relationship was lost and became only confined to the ratio between atrial 
shortening and LV lengthening velocities of the inferior wall (r=0.4, p<0.03). 

 

LV function: 

LV EF (using the Teichholz’s formula) remained normal and unchanged 
through the course of the follow up. LV LAX amplitude was significantly 
depressed in the inferior wall on admission (p<0.01), and consistently 
improved by day 30 (p<0.01). This is together with the peak diastolic 
myocardial lengthening velocity at the LV lateral (p<0.05) and inferior walls 
(p<0.01) compared to controls and remained unchanged by day 30 post 
thrombolysis. In parallel, the E/E’ was increasing steadily from admission to 
day 30 (p<0.001). 
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Early effect of surgical revascularisation on left ventricular twist function 

 

Compared to controls, patients had significantly reduced LVEF (p=0.01) but 
maintained stroke volume (SV) (p=0.5). Diastolic LV function indices were 
statistically abnormal (p=0.01). LV lateral wall long axis amplitude of motion 
and myocardial systolic velocities were both reduced (p=0.01) as was septal 
amplitude of motion (p=0.05). LV peak global longitudinal strain (GLS) was 
reduced as were systolic (GLSRs) and early diastolic (GLSRe) global 
longitudinal strain rates (p=0.01 for all). LV peak basal and apical rotations, 
twist and torsion were not different. Q-peak basal rotation was shorter than 
controls (p=0.01) (Table 8). 

 

None of these measurements changed after surgery except peak GLS which 
became further reduced (p=0.01). Pre-operatively, SV correlated with global 
LV function in the form of twist (r= -0.65, p=0.01), and LV torsion (r=-0.66, 
p=0.01) but LVEF did not correlate with either. Post-operatively SV correlated 
with E/A ratio (r=0.66, p=0.01), and the time interval Q- peak basal rotation 
rate (r=0.8, p=0.002). LVEF correlated with the time interval Q- peak LV 
twist (r=0.6, p=0.04) (Table 9). 
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Table 8. Effects of surgical revascularisation (CABG) on global and regional LV function.  

Variables Controls 
(n=28) 

Patients             
Pre-CABG (n=14) 

P- value 
controls vs 
patients 

Patients 
Post-
CABG 

P-value       
pre vs post 
CABG 

Heart rate (beats/min) 65±8 56±6 0.01 47±6 0.003 

LV ejection fraction (%) 64±8 56±5.0 0.01 50±12 0.12 

Stroke Volume (ml) 79±14 84±23 0.50 79±26 0.34 

     
MV E deceleration time 
(ms) 

197±66 260±81 0.01 228±54 0.27 

E/A ratio 1.1±0.3 0.84±0.2 0.01 0.97±0.3 0.22 

     
Lateral amplitude (cm) 1.6±0.3 1.3±0.4 0.01 1.2±0.3 0.50 

Lateral S’ (cm/s) 8.2±1.6 5.7±3.4 0.01 7.2±2.0 0.37 

Septal amplitude (cm) 1.5±0.3 1.2±0.5 0.05 1.0±0.4 0.5 

Septal S’ (cm/s) 7.0±1.2 5.7±3.3 0.10 5.4±1.4 0.11 

     
Peak LV GLS (%) -19.4±1.7 -11.7±7.1 0.01 -9.6±4.3 0.01 

GLSRs (1/s) -0.88±0.11 -0.7±0.2 0.01 -0.7±0.3 0.82 

GLSRe (1/s) 1.06±0.31 0.6±0.2 0.01 0.6±0.3 0.39 

      
Peak basal rotation (�) -5.3±2.5 -4.8±3.4 0.50 -4.8±3.8 0.53 

Q -peak basal rotation 
(ms) 

338±93 257±78 0.01 251±76 0.73 

Peak apical rotation (�) 7.6±2.6 8.7±4.2 0.50 7.2±9.9 0.52 

Q-peak apical rotation 
(ms) 

290±82 280±55 0.50 223±82 0.17 

Peak LV Twist (�) 
 

12.9±3.2 11.8±5.5 0.50 12.0±11.0 0.86 

Peak LV Torsion (�/cm) 1.6±0.6 1.4±0.7 0.50 1.3±1.3 0.76 

All Values are mean±SD. 
CABG, coronary artery bypass graft; E, early diastolic filling velocity; E/A ratio, mitral valve early/late 
diastolic velocity; GLS, global longitudinal strain; GLSRs, global longitudinal systolic myocardial strain rate; 
GLSRe, global longitudinal early diastolic strain rate; LV, left ventricle; S’, peak systolic myocardial velocity 
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Table 9. Correlation between global LV systolic function variables pre and post operatively 

 Correlation (r) P value 

 

Pre-operative 

  

   Stroke Volume (ml)   

Twist -0.65* 0.011 

Torsion -0.66* 0.015 

S’ (left)  0.41 0.14 

S’ (Septal)  0.31 0.28 

   LV Ejection Fraction (%)   

Twist -0.18 0.54 

Torsion  0.20 0.52 

S’ (left)  0.38 0.18 

S’ (Septal)  0.29 0.32 

 

Post-operative 

  

   Stroke Volume (ml)   

E/A ratio 0.66* 0.013 

Q- peak basal rotation rate 0.80** 0.002 

Q-peak LV twist 0.03 0.92 

   LV Ejection Fraction (%)   

E/A ratio -0.17 0.58 

Q-peak basal rotation rate -0.39 0.90 

Q- peak LV twist 0.60* 0.04 

 

 
*: p=0.05, **: p=0.01 
S’, peak systolic myocardial velocity. 
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General Discussion 

In the first three studies of this thesis we aimed at assessing the early effect of 
pharmacological revascularisation on cardiac structure and function in patients 
with acute MI. The three studies were based on a group of patients presenting 
with the first MI who had no previous history of cardiac diseases or 
revascularisation procedures; angioplasty or surgery. MI was documented by a 
history of acute onset resting chest pain, typical acute ECG changes and raised 
CK levels. Thrombolysis was administered within the specified local protocol 
set on admission i.e within six hours of the onset of chest pain. A transthoracic 
Doppler echocardiogram was performed during or immediately after 
thrombolysis, and again at day 7 and day 30 of follow up, along with 12 lead 
electrocardiogram and peptides analysis. The fourth study aimed at assessing 
early effect of conventional surgical revascularisation on LV performance 
including rotation and twist function, in a group of patients with preserved 
preoperative LV EF (>50%). None of these patients had additional valve 
disease or heart failure.  

Our results showed that natriuretic peptide levels fluctuate significantly during 
the first month of acute MI and are not related to the size of the infarct based 
on the extent of enzyme rise or myocardial function, as assessed by segmental 
LV long axis amplitude of motion septal, lateral or posterior. However, 
peptides level correlated inversely with the extent of the segmental mechanical 
function, long axis amplitude of motion, of the adjacent segment, to the infarct, 
during the early recovery period. In view of the known fact that peptides are 
related to the extent of wall stress and LV cavity pressure rise, our findings 
suggest that the progressive increase in circulating peptides level, over the first 
week following the MI, likely reflects the increased intra-cardiac pressures 
caused by reduced contractile function of the infarcted segment and/or the 
compromised activity of its adjacent segments. Furthermore, the latter 
relationship may indirectly reflect the size of the MI since the larger the infarct 
size, the wider is the segment adjacent to it. We did not assess the size of the 
adjacent segment related to the infarct due to technical limitation, however we 
believe that the relationship we found is authentic and should, in fact, explain 
some of the clinically well-established facts in patients presenting with acute 
coronary syndrome. Our finding also supports the general belief that the harm 



�
��

from the infarcted area of myocardium is much less than that from the 
dysfunctional adjacent segments which contribute to the clinical instability of 
such patients. The failure of the adjacent segments to compensate for the 
myocardial functional loss by the MI may explain why patients with elevated 
levels of peptides post ACS have an adverse prognosis independent of the 
degree of overt LV dysfunction assessed by conventional methods. This 
suggests that, natriuretic peptides may be considered a potential monitoring 
tool for assessing overall cardiac performance and recovery following acute 
coronary syndrome. 

 

RV function is an integral part of overall cardiac function; in fact it is the main 
predictor of exercise capacity in a number of cardiac syndromes, including 
heart failure (124) and congenital heart disease (125). In inferior MI, RV 
dysfunction has been reported to be involved in 30% of patients, we therefore, 
aimed at assessing the extent of RV dysfunction during the acute presentation 
in patients with inferior MI and its response, over the first month, to 
thrombolysis treatment. In the 30 patients who presented with clear evidence 
for inferior MI RV function was assessed in great detail at admission and 
during the follow up period, according the study design. In this group, there 
was no relationship between peptides level and RV longitudinal function as 
shown by free wall long axis amplitude of motion or tricuspid annular peak 
systolic excursion (TAPSE). TAPSE was reduced in the group as a whole and 
normalised over the course of the first month after thrombolysis. However, 
individual patient’s analysis showed that 13% of them remained with TAPSE 
values below the 95% CI, a month after thrombolysis. These findings suggest a 
potential evidence for either irreversible RV dysfunction or myocardial 
stunning. Despite that, non-of these patients had signs of raised venous 
pressure or right sided decompensation, suggesting that a potential RV 
remodelling process had already started to compensate for the reduced systolic 
function of the free wall, in order to maintain stroke volume. Also, no patient 
developed more than mild tricuspid regurgitation, again suggesting maintained 
overall RV performance. Markers of RV diastolic dysfunction and 
dyssynchrony, e.g. Tei index, failed to differentiate between patients whose 
TAPSE recovered and who did not. We did not assess RV outflow tract 
function because of the technical limitations known in such set up of acute 
presentation, but relied on TAPSE analysis which is conventionally used as a 



	�

representative of overall RV systolic function. Furthermore, we do not have 
long term results of these patients which might have assisted in determining 
the clinical relevance of the RV disturbances we reported and their long term 
prognosis. Our findings therefore, support the use of TAPSE in monitoring 
patients with ACS in order to establish baseline functional assessment which 
should help in the long term follow up.  

 
In view of the well established fact that atrial arrhythmia is a recognised 
complication in acute inferior MI (126), we aimed at assessing LA structure 
and function as well as the exact nature of atrial electromechanical dysfunction 
in our group of patients with inferior MI. This proposal is also supported by the 
fact that early intervention with rescue angioplasty significantly attenuates the 
incidence of atrial arrhythmia (127). We therefore designed the third study to 
assess LA behaviour during acute presentation of inferior MI and following 
thrombolysis therapy. In 32 patients, LA electrical function as shown by the 
depolarisation pattern was different from normal controls. The normal close 
relationship between P wave duration and amplitude was completely lost in 
patients. Despite this, LA volume was normal at admission and remained 
unchanged throughout the study. However, LA mechanical function showed 
significant dynamic changes between admission, day 7 and 30 after 
thrombolysis. LA amplitude of motion and systolic velocities at the inferior 
site were significantly reduced at admission and had a dissociated pattern of 
recovery afterwards. The LA systolic velocities tended to improve at day 7 but 
yet remained significantly reduced at day 30. The amplitude of inferior wall 
motion tended to improve at day 7 and indeed normalised by day 30 of the MI. 
These findings suggest acute suppression of LA electrical and mechanical 
synchronous function in inferior MI. The partial normalisation of these 
disturbances a month after thrombolysis represents either ischaemic LA 
dysfunction or a reflection of ischaemic inferior segmental LV dysfunction. 
Furthermore there was no relationship between LA electrical and mechanical 
function, opposite to what is normally seen in LV disease. Finally, LA ejection 
function, assessed by VTI was also significantly reduced at admission and 
increased at 30 days. This is an additional evidence for LA ischemia related 
dysfunction which again partially recovers after pharmacological 
revascularisation. The residual LA electromechanical and pump dysfunction 
suggest intrinsic pathology, probably related to stunned myocardium. 
Interestingly, a modest relationship was found between ANP at admission and 
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both atrial systolic amplitude of the inferior wall (r =0.4, p=0.03) and also the 
ratio between atrial and LV free wall amplitude of motion (r=-0.42, p=0.02). 
At day 30 after MI, this relationship was lost and became with the ratio 
between atrial shortening velocity and LV lengthening velocity of the inferior 
wall (r=0.4, p=0.03). This dynamic relationship between ANP and mechanical 
LA function supports the notion that LA dysfunction is a partner in the 
pathophysiology of the release of ANP in inferior MI. Furthermore, the pattern 
of relationship between LA dysfunction and ANP levels, particularly at day 30 
of the MI differs from that of the LV. While ANP correlated with relative LA 
functional component to the infarcted segment, it was the adjacent segment to 
the infarct which BNP correlated with, as we have shown in the first study. 
These findings confirm that the left atrial opponent segment to that of the LV 
infarcted segment is an important player in determining ANP secretion with its 
known biochemical role in maintaining LA pressure. In conclusion therefore, it 
seems that in inferior MI significant electrical, mechanical and even endocrine 
disturbances occur. While the first follow a similar pattern to that in LV 
ischaemic dysfunction, the latter differs, thus highlighting a specific role of LA 
segmental function in the early recovery period following inferior MI. 

 
Finally, in 14 patients with multivessel coronary artery disease and maintained 
LV ejection fraction who underwent conventional CABG were studied pre-
operatively and again over the first few days post-operatively, before hospital 
discharge. Before surgery, LV long axis, which reflects subendocardial 
longitudinal function, amplitude of motion was significantly depressed as were 
its velocities. Likewise, intrinsic myocardial function in the form of 
longitudinal strain and strain rate were reduced. In addition, LV rotation, twist 
and torsion function, which reflect oblique myocardial function, were all 
reduced compared to normal behaviour. Despite successful surgical 
revascularisation procedure and satisfactory early post-operative clinical 
recovery, there was no detectable mechanical improvement in any of the three 
myocardial components of function, opposite to what has been shown soon 
after PCI. Furthermore, the relationship between stroke volume and twist and 
rotation LV function before surgery was lost after CABG and instead became 
with basal rotation time relations and LV filling pressures, as reflected by E/A. 
These findings reflect the complexity of the surgical revascularisation 
procedure which may result in early myocardial stunning. Also, the results 
highlight the need for thorough assessment of such patients before surgery. 
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Conclusion 

Significant changes in cardiac function take place during the early period 
following pharmacological revascularisation. A) Natriuretic peptides correlate 
inversely with the long axis segment adjacent to the infarct site, suggesting a 
likely increased intra-cardiac pressures caused by reduced contractile function 
or failure of hyperdynamic activity of the non-infarcted segment or simply 
ischaemic behaviour. These findings may explain the potential risk patients 
with raised peptides after myocardial infarction have; B) Patients with inferior 
infarction ischaemic RV changes appear during acute presentation and recover 
over the first few weeks after thrombolysis, thus excluding evidence for RV 
infarction. Resistant abnormalities in the 13% of patients may represent RV 
free wall myocardial stunning; and C) LA electromechanical function is 
impaired in acute inferior STEMI and improves after thrombolysis. The partial 
functional recovery suggests either reversible ischaemic pathology or a 
response to a non-compliant LV segment. The residual LA electromechanical 
and pump dysfunction suggest intrinsic pathology, likely to be ischaemic in 
origin. The modest relationship between ANP levels and respective inferior LA 
segment suggests a potential compensatory role to control LA pressure. In 
addition in patients with maintained overall LV systolic function coronary 
artery bypass surgery does not result in detectable early change in myocardial 
components function, including twist and torsion, opposite to conventional 
PCI. These findings support the need for critical assessment of cardiac function 
before revascularisation procedures. 
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