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1 Introduction 

In the past decades, there is a growing body of understanding about the pathophysiology of 

CAD. The dynamic nature of this disease is defined by the atherosclerotic plaque, endothelial 

function and an interaction of cellular elements with the vessel wall. The severity and 

consequences of myocardial ischemia is influenced by several anatomical, pathophysiological, 

and pharmacological factors. All of these significantly modify the clinical picture of CAD, 

and the long-term outcome of the disease. This diversity of the clinical appearance is 

determined among the others by (1) variability of progression of coronary artery 

atherosclerosis, (2) different functional significance of apparently similar coronary stenoses, 

(3) influence of specific metabolic and pathophysiologic conditions of the heart on adaptation 

to myocardial ischemia, and (4) pharmacological modification of the ischemic response. 

Currently, despite of the rapidly developing non-invasive diagnostic methods, the evaluation 

of coronary anatomy and function, the severity and extent of coronary stenosis is still 

performed mainly during cardiac catheterization. In patients with symptomatic and even 

asymptomatic ischemic heart disease the progression of CAD assessed by angiography, 

appears to be neither linear nor predictable (1–6). Coronary angiography is still the most 

accepted standard means for assessing the progression of atherosclerotic plaque formation 

(7,8), however, due to its invasive nature, repeated cardiac catheterizations can not be a 

routine method for the follow-up of progression of CAD. A non-invasive recognition of 

progression of CAD by stress testing would obviously be valuable. Encouraging data on 

limited populations of patients have been obtained with serial perfusion imaging by 

dipyridamole-positron-emission tomography (9,10) and exercise thallium (11–13) scanning. 

Theoretically, pharmacological DET might be an optimal candidate for non-invasive 

prediction of progression of CAD, since the timing, extent and severity of the abnormalities of 

wall motion induced are reasonably well related to the extent and severity of the underlying 

CAD (14–18). 

While DET seems to be an optimal synoptic diagnostic method of the global progression of 

CAD, it might be inferior to other non-invasive methods targeting a specific vessel segment in 

post-PCI cases of possible restenosis. In this situation the suspected vessel of the coronary 
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stenosis is well known from the interventional history. If this segment can be visualized, and 

even the flow reserve capacity can be measured with a non-invasive method, with this 

diagnostic strategy a somewhat more exact information could be obtained on the restenosis 

process, and let to make decision on the indication of repeated cardiac catheterization. In a 

normal situation, coronary blood flow elevates approximately 4- to 6-fold to meet the 

increasing myocardial metabolic demands. This effect is mediated by vasodilation of the 

arteriolar bed, which reduces vascular resistance thereby increasing coronary flow. CFR 

represents the capacity of the coronary circulation to dilate following an increase in 

myocardial metabolic demands, and can be expressed by the difference between the 

hyperemic flow and the resting flow curves. In 1974 Gould and Lipscomb proposed the 

relationship between the anatomic condition and the behavior of coronary hyperemic flow, 

whereby an inverse curvilinear relationship exists between the narrowing of the lumen of the 

coronary artery and hyperemic capacity, up to a complete annulment or absence of CFR for 

stenosis >90%. (19) Coronary flow reserve is affected by micro- and macrovascular resistance, 

extravascular compressive forces (pathological LV hypertrophy), hypertension, metabolic 

factors. Several echocardiographic methods are suitable for the evaluation of CFR, including 

contrast echocardiography (20) and direct Doppler measurement during transthoracic or 

transesophageal measurements (21,22) The original protocol of transesophageal Doppler CFR 

measurement in the LAD coronary artery was described by Iliceto et al. (22). Theoretically, 

this method can be used for a semi-invasive follow-up for functional evaluation and 

prediction of long-term success of PCI. Sytematic use of STEE for follow-up of post-PCI 

patients can help us selecting subjects with significant restenosis and high-risk ischemia and 

referring them to a repeated invasive study. By this way, DET can alleviate the risk caused by 

the variable nature and dynamics of restenosis. The diverse clinical appearance of CAD is 

resulted not only from the variable nature of atherosclerosis progression and/or restenosis 

process, but also from the individual differences in response of myocardium to ischemia. This 

diversity is, at least in part, due to the preconditioned state of the myocardium to ischemia. 

Ischemic preconditioning was originally defined as an endogenous adaptive response to brief 

periods of ischemic stress that protects the myocardium against the severe consequences of a 

subsequent more prolonged ischemic insult. Since the first description of this phenomenon by 

Murry et al. (23) in anesthetized dogs, the effects of preconditioning have been extensively 

examined in various animal studies (24-26). There is now good clinical evidence that repeated 
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brief ischemic episodes can also be protective in the human myocardium (27). One of the 

models of ischemic preconditioning most frequently applied in humans is PCI, where, 

consecutive brief periods of balloon inflation provide an opportunity to perform and assess the 

effects of preconditioning. 

Although preconditioning provides a remarkable cardioprotection, its effectiveness is 

attenuated in some animal models of diseases, including hyperlipidemia, diabetes, nitrate 

tolerance, heart failure, and aging (28,29). The loss of classic preconditioning was 

subsequently confirmed in hearts of cholesterol-fed rats in which no signs of atherosclerosis 

were observed (30). Other animal studies also confirm that hyperlipidemia, independently 

from the development of coronary atherosclerosis, attenuates the cardioprotective effect of 

preconditioning (28,29,31,32). However, little is known about the effects of 

hypercholesterolemia on preconditioning in humans.  

Other data suggest that not only short ischemic episodes, but additionally certain 

pharmacological agents, such as adenosine, nitroglycerine or nicorandil, can also precondition 

the myocardium, or at least potentiate the protective effects of preconditioning (33-35). This 

phenomenon is termed ‘pharmacological preconditioning’ (36). There is strong evidence, 

mainly from experimental studies, that the protection associated with preconditioning 

involves the early release of bradykinin and the subsequent activation of bradykinin B2 

receptors (26,37,38). Such a protective role for ischemia-induced bradykinin release has been 

confirmed in patients. Elevated kinin levels have been found in the arterial and coronary sinus 

blood of patients undergoing cardiopulmonary bypass surgery, suggesting that kinins can be 

generated rapidly even after short periods of ischemia and that the levels reached can 

sometimes be considerable (39). The protective effect of intracoronary infusions of 

bradykinin, administered prior to angioplasty, has been described in patients with severe 

coronary artery disease (40). Leesar et al. recently reported that intracoronary enalaprilat 

administered before PCI in patients with stable angina mimics the protective effect of 

ischemic preconditioning (41). These results suggest that locally administered ACE inhibitors 

have beneficial effects against myocardial ischemia in both acute coronary syndromes and 

chronic conditions of ischemic heart disease.  

Overall, the aim of thesis was to determine the clinical value of different procedures in 

invasive cardiology for the accurate and case-specific assessment and mechanical or 
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parmacological relief of myocardial ischemia in the variable environment of CAD progression 

and ischemia sensitivity. 

 

2 Primary goals 

1. To test the role of non-invasive functional tests (DET, TEE-CFR) in the appropriate 

timing of coronary angiography follow-up in patients with known ischemic heart disease and 

in post-PCI patients. The difficulty of this question is the great variability and the 

unpredictable nature of atherosclerosis progression. This makes difficult to plan the regular 

invasive follow-up of patients with borderline coronary artery stenoses and/or diffuse 

atherosclerotic disease. Two series of clinical investigations were performed to work out a 

less invasive follow-up strategy in patients with CAD. 

a) Analysis of the results of repeated dipyridamole-stress echocardiography to predict the 

angiographic progression of coronary artery disease. 

We hypothesized that changes resulting from repeated dipyridamole-echocardiography tests 

(DET) mirror non-invasively the changes in coronary-artery atherosclerosis assessed 

independently by coronary angiography. In a retrospective analysis of prospectively acquired 

data, 60 in-hospital patients with stable angina pectoris were examined. These patients 

underwent both DET and coronary angiography within one week during two separate 

admissions to hospital separated by 45 ± 31 (range 3–144) months. 

b) Repeated semi-invasive coronary flow velocity reserve measurements by 

transoesophageal echocardiography for prediction of restenosis following PCI. 

We presumed that reduced CFR measured semi-invasively during TEE as a functional 

characteristic of LAD stenosis and microvascular integrity may have a prognostic value to 

predict the necessity of invasive procedures in patients who underwent PCI previously. 

2. Demonstration of the variable ischemic responses of the myocardium by beat-to-beat 

analysis of intracoronary ECG. With this human experimental model of ischemic and 

pharmacologic preconditioning we intended to prove that 

a) the adaptive response of the myocardium to ischemia is attenuated by different 

pathologic states, eg. hypercholesterolemia; 
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In both hypercholesterolemic and normocholesterolemic patients consecutive balloon 

inflations during PCI were performed and the time course of intracoronary ST-segment shifts 

during repeated balloon inflations and deflations were assumed. 

b) pharmacologic stimuli – e.g. ACE inhibitor pretreatment – may have a potential for 

improving the protective effect of ischemic preconditioning. 

In order to evaluate this, intracoronary infusion of enalaprilat prior to the second balloon 

inflation was administered in patients who do not respond with protection to the initial 

balloon inflation during PCI. 

 

3 Methods 

3.1 Study populations and protocols 

3.1.1 Non-invasive prediction of angiographic progression of coronary artery disease 
by dipyridamole-stress echocardiography 

From the Institute of Clinical Physiology National Research Council stress-echocardiography 

data bank (1983–1998), we initially selected in a retrospective manner a series of 156 patients 

for whom DET and diagnostic coronary angiography had been repeated in our unit over a 

period of 15 years. For all patients, the referring cardiologist required the angiographic 

evaluation to be repeated. All of the 156 patients satisfied the main criteria for inclusion in our 

study, having been subjected to DET and subsequent coronary angiography, within 1 week of 

each other, during two distinct periods in hospital. From this initial cohort of patients, 96 were 

excluded for one of the following reasons: at least one of the two coronary angiography films 

was of inadequate quality or incomplete for quantitative evaluation (n = 8); intercurrent 

coronary artery bypass surgery had been performed (n = 21); intercurrent PCI had been 

performed between the two DET (n = 47), or readmission for angiographic reassessment after 

a recent PCI had occurred (n = 16); and less than two months had elapsed between the two 

periods in hospital (n = 4). A history of previous PCI was not a criterion for exclusion from 

our study. The remaining 60 patients were enrolled in the study. 



 11 

During the follow-up, all patients were administered anti-anginal medication prescribed by 

the treating physician, which consisted of combinations of antiplatelet agents, calcium 

antagonists, nitrates and beta-receptor blocking agents. The reasons for re-hospitalization 

were changes in symptomatic status with increase in Canadian Cardiovascular Society Scale 

angina (54) by > 1 grade (n = 49 patients); need for angiographic reassessment because of 

revascularization, due to a symptomatic status that, although remaining unchanged, had 

become unacceptable for the patient's lifestyle, compliance with or tolerance of the drug 

regimen being too poor, or choice of elective angioplasty after a period on a waiting list (n = 

5); need for re-evaluation after intercurrent myocardial infarction (n = 4); and need to assess 

asymptomatic patients with positive results of exercise-stress tests (n = 2). Echocardiograms 

and coronary angiograms were recorded and interpreted independently by separate reviewers 

blinded to the results of the other tests. 

3.1.2 The coronary flow velocity reserve measured by stress transoesophageal 
echocardiography evaluates the success of coronary interventions 

The study population comprised 31 patients (13 women and 18 men) with significant 

proximal LAD stenosis; they were enrolled between October 1997 and August 2000. None of 

the patients had previous PCI (Table 4). After the first coronary angiography, all of them 

underwent LAD-PCI including bare-metal stent implantation within 2 weeks. In consequence 

of their clinical signs, 9 patients required rePCI, while a CABG operation was performed in 2 

additional cases within 6 months (group 1). The reason for reintervention was primary failed 

procedure in 3 cases and restenosis in 8 cases. In all patients, the main symptom was the 

reappearance of angina pectoris. In group 1, the eventual symptom free interval was 75±20 

days. The clinical status of the remaining 20 cases improved during the follow-up and they 

remained stable and angina-free within six months (group 2). Patients underwent STEE on 

average 8±13 days before PCI and on average 5±4 weeks after it. For the patients with a 

stable clinical status, a third control STEE examination was also performed, 33±20 weeks 

after the successful PCI. During the follow-up, a total of 54 STEE measurements were 

performed for CFR assessment in this patient population. All patients were controlled and 

undergone telephone consultation according to their medical history and clinical signs 58±10 

months after PCI. The study complied fully with the Declaration of Helsinki. The written 
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study protocol was approved in advance by the locally appointed ethics committee, and 

informed consent was obtained from each patient prior to the procedure. 

3.1.3 The effect of hypercholesterolemia on anti-ischemic effect of preconditioning 
during coronary angioplasty 

The study protocol was approved by the Ethics Committee of the University of Szeged. A 

written informed consent was obtained from all patients enrolled in the study. The 

investigations were carried out in single-vessel coronary disease patients elected for PCI 

(Table 7). Exclusion criteria were as follows: (1) angina pectoris or other signs of myocardial 

ischemia 1 week before intervention; (2) Lown 3–4 ventricular arrhythmia before the 

intervention; (3) left ventricular dysfunction (<35% ejection fraction or greater than New 

York Heart Association functional circulatory stage II); (4) treatment with adenosine 5-

triphosphate–sensitive potassium channel inhibitors; (5) history of myocardial infarction or 

baseline ST-segment abnormalities; (6)  serum electrolytes out of the physiologic range; (7) 

serum creatinine level <150 µmol/L; (8) hypothyreosis; and (9) angiographically visible 

collateral vessels interfering with the treated coronary artery. Based on the exclusion criteria, 

41 patients were included in our study. A further 11 patients were excluded from the study 

due to unsuccessful registration of intracoronary ECG, such as lack of ST-segment elevation 

during the first occlusion in 5 patients, occurrence of arrhythmias that made the beat-to-beat 

evaluation of ST segments impossible in 4 patients, and poor quality of recordings in 2 

patients. The remaining 30 patients were classified into normocholesterolemic (3.5 to 5.3 

mmol/L, n = 15) and hypercholesterolemic (5.5 to 7.8 mmol/L, n = 15) groups. Our boundary 

cholesterol value (5.3 mmol/L) is associated with borderline high risk of ischemic heart 

disease according to various recommendations including the National Cholesterol Education 

Program. Time to normalization of the ST segment during reperfusion could be assessed 

onlyin 13 patients in each group due to various technical problems unrelated to the end points 

ofthe study. 

3.1.4 Myocardial protection with enalaprilat in patients unresponsive to ischemic 
preconditioning during percutaneous coronary intervention 

Patients referred for elective PCI with stable angina and single-vessel coronary artery disease 

were selected for the study. All of them had a reduction >70 % and <90 % in the vessel 
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diameter, as assessed by digital caliper method (Siemens Hicor system). The criteria for the 

exclusion of patients from the study: (i) angina pectoris or other signs of myocardial ischemia 

within 2 days before the intervention, (ii) Lown 2-4 ventricular arrhythmia before or during 

the intervention, (iii) a decreased LVEF and/or symptoms of left heart failure (<35% LVEF or 

greater than NYHA II functional circulatory stage), (iv) treatment with ATP-sensitive 

potassium channel inhibitors, (v) a history of myocardial infarction in the territory of the 

dilated vessel, (vi) angiographically visible collateral vessels interfering with the treated 

coronary artery, (vii) a bundle branch block or baseline ST-segment abnormalities, (viii) 

serum electrolytes out of the physiological range, (ix) serum creatinine >176 µmol L-1. This 

was a single-center, investigator-blinded, randomized study. The 20 patients included in the 

investigation were randomly allocated to either the control group or the enalaprilat group, in 

such a way that each group contained 10 patients. All 20 patients were treated with aspirin 

(100 mg) and clopidogrel (75 mg) daily for at least 2 days before the commencement of PCI. 

Long-acting nitrates were stopped 2 days, and any ACE inhibitors 5 days before angioplasty. 

Other antianginal medication was not discontinued before the study. The study was performed 

in accordance with the 1983 revision of the Declaration of Helsinki, and adhered to local 

guidelines for good clinical practice. Permission was obtained in advance from the Local 

Research Ethics Committee, all 20 patients provided their written, informed consent before 

participation in the study. 

3.2 Diagnostic and interventional methods applied in the studies 

3.2.1 Coronary angiography 

Diagnostic coronary arteriography was carried out with the use of standardized projections. 

Several views of each coronary artery were obtained, including craniocaudal views. All 

coronary arteriograms were reviewed and analysed visually by two independent observers. 

When there was disagreement between the two observers, a third observer reviewed the 

angiogram and his judgement was binding. The stenosis was evaluated from multiplane 

projections and was considered significant in the event of a lumen area reduction > 75%. 

Description of the coronary anatomy is presented in Figure 1. For the study to evaluate 

prediction of angiographic progression of coronary artery disease, the following extra 

measurements were performed. For any given stenosis and both angiograms, end-diastolic 
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frames were selected and the diameter narrowings were evaluated also by an automatic edge-

detection system (Mipron II, Kontron, Berlin, Germany). 

 

Figure 1 Schematic representation of the right (left side) and left (right side) 
coronary arteries according to the 15-segment AHA coronary artery model. Each 
coronary segment was analyzed in multiple  projections for obstructive lesions. In 
this figure right coronary artery is depicted in left anterior oblique (LAO) 
projection, left coronary artery system in right anterior oblique (RAO) 
projection.projections for obstructive lesions. In this figure right coronary artery is 
depicted in left anterior oblique (LAO) projection, left coronary artery system in 
right anterior oblique (RAO) projection. 

Matching segments and narrowings in these two coronary angiograms were carefully selected 

by use of identical projections. The intra-observer and inter-observer variabilities of the 

method had previously been found to be 7 and 6%, respectively, in our laboratory (42). On the 

basis of a-priori criteria, patients were defined as angiographic progressors if any progression 

of stenosis to occlusion was detected visually and if there was any stenosis > 30% for which > 

20% progression of stenosis was measured by quantitative coronary angiography (43-45). 

From the raw data a quantitative measure of the extent of CAD was also evaluated by means 

of the Duke scoring system. The Coronary Artery Disease Prognostic Index (Duke score) 

considers the number of the diseased vessels (one, two or three as well as left-main-artery 

disease) and also the involvement of the proximal segment and the severity of stenosis (i.e. > 

95% narrowing of diameter). The range of the prognostic weight is a 0–100-grade scale (46). 
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3.2.2 PCI protocol 

A percutaneous femoral or transradial approach was used for PCI. After placement of the 

guiding catheter into the target vessel, a baseline coronary angiography was performed, and a 

bolus of 100 IU kg-1 heparin was administered intravenously. Nonionic contrast medium 

(Ioversol 350, Mallinckrodt Inc., St. Louis, MO) was used in all patients. Intracoronary nitrate 

administration was avoided during the study; when it was required due to a clinically relevant 

coronary artery spasm, the patient was excluded from the study. The coronary artery lesion 

was crossed with a 0.014-in guidewire. PCI was performed with semicompliant balloon 

dilatation catheters ranging in diameter from 2.5 to 3.5 mm. Balloon sizes were determined by 

measuring the distal reference segment of the coronary artery adjacent to the stenosis (digital 

caliper method; Siemens Hicor, Erlangen, Germany). After the balloon had been positioned in 

the lesion, the patients underwent repeated balloon inflations, with periods of reperfusion, 

during which the balloon was deflated and withdrawn proximal to the lesion with the 

guidewire remaining across the lesion. In the preconditioning studies the completeness of the 

coronary occlusion was assessed by a short injection of contrast material. 

 

 

Figure 2 The study design to evaluate the protective effect of enalaprilate in 
patients unresponsive to ischemic preconditioning during PCI. (Abbreviations: 
PPREP: preparation of the patient; CAG: coronary angiography; ICECG: 
intracoronary electrocardiogram; OCCL: coronary artery occlusion by balloon 
inflation.) 

The study design to evaluate the protective effect of enalaprilate in patients unresponsive to 

ischemic preconditioning during PCI is outlined in Figure 2. A continuous intracoronary 
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infusion of saline (control group; n = 10) or enalaprilat (enalaprilat group; n = 10) was started 

immediately after deflation of the first balloon occlusion using the guiding catheter. The 

enalaprilat (Enap; Krka Pharmaceutical Co., Novo Mesto, Slovenia) infusion was freshly 

prepared just before the commencement of the study. The content of the original vial was 

diluted in normal saline to a concentration of 50 µg ml-1, which was infused at a rate of 50 µg 

min-1 over 10 min. This dose and rate of enalaprilat infusion have been found to result in 

coronary ACE inhibition (47) without producing arterial hypotension (48). The control group 

received an equivalent volume of physiological saline. After termination of the infusion the 

balloon was again led into the lesion segment and the second 2-min occlusion was performed. 

One min after each occlusion, coronary angiography was commenced in order to assess the 

result of the dilation. After cessation of the second inflation, the study protocol was 

terminated, and decisions regarding further inflations or other interventional procedures were 

made on an individual basis. 

3.2.3 Quantitative assessment of myocardial ischemia during PCI 

In the studies to evaluate the preconditioning and pharmacological protection myocardial 

ischemia was assessed by measurement of the intracoronary ST-segment elevation. Lead C1 

of the ECG monitoring system was connected to the coronary guidewire. Intracoronary ECG, 

and intraaortic blood-pressure signals were recorded online with Wsmon Application Version 

3.3 software throughout the procedure. Every beat was evaluated by an independent physician 

in a blinded arrangement. The ST-segment elevation was defined as the difference between 

voltage values measured 80 ms after the J point and that in the PQ segment. The total 

ischemic burden was characterized by measuring the mean ST-segment deviation (mV) and 

the peak ST-segment elevation (mV). The dynamics of the evolution of ischemia was 

characterized with the time to reach 0.5 mV ST-segment elevation. The aortic pressure curve 

during the procedure was obtained from the guiding catheter, and was recorded by the 

hemodynamic monitoring system (Siemens Cathcor). 

3.2.4 Transthoracic and stress transoesophageal echocardiography 

Transthoracic echocardiography was performed with commercially available imaging systems 

at rest. The left ventricular internal dimensions were measured by 2-dimensional directed M-

mode echocardiography. The ejection fraction was calculated by the method of Teichholz et 
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al. (50). TEE was performed with a Toshiba Powervision 8000 echocardiography equipment 

using multiplane transoesophageal transducer. TEE-derived CFR measurements were carried 

out according to the standard protocol proposed by Iliceto et al. (22). In all patients, the aortic 

root and the proximal portion of the LAD were visualized in the transversal plane. The 

biphasic coronary flow waveform in the LAD was recorded by pulsed Doppler. Flow 

measurements were made under baseline conditions and after the administration of 0.56 

mg/kg dipyridamole during 4 minutes. The peak velocities were measured at maximal 

vasodilation at 6 minutes. In each case, five consecutive cycles were measured and averaged.  

The CFR was calculated as the ratio of the APV during hyperemia to the resting APV 

(Figures 3 and 4). Blood pressure was continuously monitored throughout the stress. 

 

 

Figure 3 Typical biphasic coronary waveform recorded by pulsed Doppler in the 
left anterior descending coronary artery and the place of measurement in 
transversal plane during transesophageal echocardiography 
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Figure 4 CFR measurement before PCI of LAD. Typical biphasic coronary 
waveform: lower systolic and higher diastolic flow. In this case, 40 cm/s diastolic 
coronary flow velocity could be measured at resting condition, which increased to 
54 cm/s during the maximal vasodilation. The calculated coronary flow velocity 
reserve (CFR) is 54/40=1.35. 

3.2.4.1 DET protocol 

Two-dimensional echocardiographic and 12-lead electrocardiographic monitoring were 

performed in combination with infusion of dipyridamole at an initial rate of 0.56 mg/kg over 

4 min. The maximal cumulative dose achieved was 0.84 mg/kg over 10 min. In cases of 

negative results of tests, 40–70 mg aminophylline was administered over 1 min during the 

15th minute. Two-dimensional echocardiograms were continuously obtained during and up to 

5 min after administration of dipyridamole. Blood pressure and the electrocardiogram were 

recorded each minute. Echocardiographic diagnostic end point was the development of 

obvious echocardiographic positivity. The test was stopped in the absence of diagnostic end 

points, if sub-optimal results [intolerable symptoms and limiting asymptomatic side effects, 

including hypotension (relative or absolute: > 30 mmHg decrease in blood pressure] were 

obtained. 

Regional wall motion was assessed according to the recommendations of the American 

Society of Echocardiography with a 16-segment model of the left ventricle (53). Left 

ventricular segments were assigned to pre-determined coronary vascular territories according 
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to generally accepted pre-defined criteria (53). In all studies, segmental wall motion was 

semiquantitatively graded as 1, normal; 2, hypokinetic, marked reduction of endocardial 

motion and thickening; 3, akinetic, virtual absence of inward motion and thickening; and 4, 

dyskinetic, paradoxical wall motion away from the centre of the left ventricle in systole. The 

wall-motion-score index was derived by dividing the sum of scores for individual segments 

by the number of segments for which data were interpretable. Positivity of a result of a test 

was defined as the occurrence of at least one of these conditions: new dys-synergy in a region 

with normal resting function (i.e. normokinesis becoming hypokinetic, akinetic or dyskinetic); 

and worsening of a resting dys-synergy (i.e. hypokinesia becoming akinesia or dyskinesia). 

Inadequately visualized segments were not scored. For patients with dysfunction at rest, 

positivity of a result of a test was defined as ‘remote’ (or ‘heterozonal’) ischemia when the 

development of asynergy was not directly adjacent to the area of infarction and was assumed 

to be related to another vascular region (53). 

Echocardiographic criteria for progressors and non-progressors. According to DET criteria, 

progressors were defined according to the satisfaction of at least one of two criteria: (1) a 

negative result of DET in initial testing and a positive result of DET in second testing; (2) 

positive results both of initial and of second tests, with the latter having a peak WMSI 0.12 

greater than that in the former. Non-progressors were defined according to the satisfaction of 

at least one of three criteria: (1) negative results of DET both in initial and in second tests; (2) 

a positive result of initial test and a negative result of second test; (3) positive results both of 

initial and of second tests, with the latter having a peak WMSI 0.12 less than that of the 

former. The cut-off point of peak WMSI variations was chosen post hoc on the basis of ROC 

analysis providing the optimal sensitivity and specificity in DET results for identification of 

angiographic progressors. 

3.3 Statistical analysis 

Statistical analysis was performed by using analysis of variance or the two-tailed Student's t 

test for paired data as appropriate. The unpaired Student t test was applied for between group 

comparisons. For dichotomous variables, Fisher’s exact test was used. Data are reported as 

meansstandard deviation; 95% confidence intervals are also given. P < 0.05 value was 

considered statistically significant. Correlation of [kappa] indices was used when appropriate. 
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The sensitivity, specificity and positive and negative predictive value were calculating using 

standard formulae. A SPSS 7.0 package (Statistical Package for the Social Sciences (SPSS) 

Inc., Chicago, Illinois, USA) running on a personal computer was applied for the statistical 

analysis. In the enalaprilate study, the statistical analysis was performed with MedCalc for 

Windows Version 8.2.0.3 (MedCalc Software, Mariakerke, Belgium). In DET study, ROC 

analysis was performed to identify the stress-echocardiographic parameter providing the best 

accuracy. To establish the predictioning power of the CFR early after PCI, ROC curve was 

constructed and the area under curve was reported. For the preconditioning studies, ECG 

recordings were analyzed using software (WinDaq Version 1.78; Dataq Instruments; Akron, 

OH). The number of heart beats in each ischemic period were separated into 15-s intervals, 

and the ST-segment elevation values of each cardiac cycle in the 15-s periods were averaged 

to get an eight-point curve. The effects of repeated occlusions were analyzed by RM-ANOVA 

with Greenhouse-Geisser adjustment if needed (SPSS version 11.0; SPSS; Chicago, IL); p 

values were corrected according to Bonferroni for repeated measurements. Effect of repeated 

occlusions on time to normalization of the ST segment in the normocholesterolemic group 

was also analyzed by RM-ANOVA. Confidence intervals in pairwise comparisons were 

adjusted to multiplications according to the Sidak formula. 

 

4 Results 

4.1 Non-invasive prediction of angiographic progression of coronary 
artery disease by dipyridamole-stress echocardiography 

Clinical history. The clinical characteristics of the patients at entry to our study are reported in 

Table 1. 
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Table 1. Baseline clinical characteritics of 60 patients involved in the study 

During our second assessment 53 patients were identified clinically as ‘progressors’ (i.e. with 

worsening of Canadian Class Angina by > 1 grade or with intercurrent myocardial infarction). 

Resting echocardiography. By resting echocardiography, 27 patients were identified as 

‘progressors’ (i.e. patients with worsenings of > 0.12 in baseline regional WMSI). Coronary 

angiography. The extents of CAD detected by first and second evaluations are reported in 

Table 2. The number of diseased vessels was higher at the time of the second evaluation 

(Table 2). Angiographic progressors amounted to 44 of 60 patients (73%) and angiographic 

non-progressors to 16 of 60 patients (27%). For progressors, the Duke score was significantly 

increased with respect to that in the first angiography (from 37±17 to 51±15, p<0.001); for 

non-progressors the Duke score did not change significantly (from 26±20 to 24±19, n.s.). 
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Table 2. Data obtained from coronary angiography 

Dipyridamole-stress echocardiography. Resting WMSI was 1.06 ± 0.12 at first and 1.10 ± 

0.22 (NS) at second testing. Results of DET were positive for 30 of 60 patients at first and 46 

of 60 patients at second testing (50 versus 77%, P < 0.001). According to previously specified 

criteria, 40 of 60 patients were ‘progressors’ in terms of stress-echocardiographic criteria. For 

20 patients we found negative results of DET at first testing and positive results of DET at 

second testing; for an additional 26 patients we found positive results both at initial and at 

second testing, with the latter having a peak WMSI 0.12 greater than that of the former (i.e. a 

more severe dysfunction at peak stress). 

Comparison of data from coronary angiography and clinical, resting and stress 

echocardiography. Taking the coronary-angiographic evolution as the reference standard, the 

agreement ([kappa]) for each of the three levels of assessment (medical history, resting 

echocardiography and stress echocardiography) was computed (Table 3; identifying 

‘progressors’ according to the previously defined criteria). The coefficient of agreement 

([kappa]) with coronary angiography was poor for resting echocardiography ([kappa] = 0.144), 

moderately high for clinical variables ([kappa] = 0.266), and substantial for stress 

echocardiography ([kappa] = 0.764). The concordance of stress-echocardiographic data with 

respect to coronary-angiography progressors was found for 39 of 44 cases (89%). The 

remaining 20 patients were ‘non-progressors’ in terms of stress-echocardiographic criteria. An 

example of an angiographic stress-echocardiographic ‘non-progressor’ is shown in Figure 5. 

Different groups of patients could be identified according to the variation in DET response 

between the first and second test. An excellent rate of concordance was achieved with a 
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positive DET response becoming negative (four of four, 100%) and with a negative DET 

response becoming positive (18 of 19, 95%). The concordance was 100% (six of six for non-

progressors and 20 of 20 for progressors) for patients for whom the peak variations in WMSI 

and DET were chosen post hoc on the basis of ROC analysis. 

 

 

 

Table 3 Indices of kappa correlations of results of dipyridamole-stress-
echocardiography testing, clinical variables and resting echocardiography with 
respect to data from coronary angiography 

 



 24 

 

Figure 5. An example of a ‘non-progressor’, identified by concordance of 
angiographic (upper panels) and stress-echocardiographic (lower panels) criteria. 
Normal coronary-angiographic findings at the time of the initial evaluation (left-
hand upper panel). . Stress-echocardiographic finding: the end-systolic frame at 
peak stress exhibits a normal thickening of septal, apical and lateral walls (left-
hand lower panel). Six years later: There was no change in the coronary-
angiographic findings at the time of the second evaluation (right-hand upper 
panel). The stress-echocardiographic finding shows the end-systolic frame at peak 
stress exhibiting a normal echocardiographic systolic thickness (right-hand lower 
panel). 
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Figure 6. An example of a ‘progressor’, identified by concordance of angiographic 
(upper panels) and stress-echocardiographic (lower panels) criteria. Coronary 
angiography at the time of the initial evaluation (left-hand upper panel): occluded 
right coronary artery and patent left anterior descending coronary artery. The 
stress-echocardiographic finding (left-hand lower panel): the end-systolic frame at 
peak stress exhibits a normal thickening of septal, apical and lateral walls. Five 
years later: Coronary-angiographic findings (right-hand upper panel): tight 
stenosis of left anterior descending coronary artery, which was absent from the 
first evaluation. The stress-echocardiographic finding (right-hand lower panel) 
shows the end-systolic frame at peak stress exhibiting an obvious akinesia of 
medium anterior and septo-apical wall as well as of latero-apical wall. The new 
abnormality of regional wall motion detected by repeated testing is in agreement 
with the angiographic progression of disease. 

For 13 of the 20 ‘progressors’, the echocardiographic pattern of repeated testing was also 

characterized by a ‘remote’ type of positivity, correctly identifying instances of multivessel 

disease with angiographic progression in a vessel different from the ischemia-producing one 

at initial testing. An example of a ‘progressor’ pattern is shown in Figure 6. 

Sensitivity of the ‘progressor-pattern’ of stress-echocardiography test for predicting 

progression of CAD was 87%, specificity was 93%, positive predictive value was 96%, 

negative predictive value was 77% and accuracy was 90%. 
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4.2 The coronary flow velocity reserve measured by stress 
transoesophageal echocardiography evaluates the success of coronary 
interventions 

Demographic and clinical data on the patients and echocardiographic parameters are 

presented in Table 4. 

 

Table 4. Demographic and clinical data of the patients and echocardiographic 
parameters. (p>0.05) 

There was no significant difference in the prevalence of risk factors between the groups. The 

medications applied in patient groups before LAD-PCI were also found to be similar (Table 

5). After the PCI, the residual coronary area stenosis evaluated by coronary angiography was 

48±12% in group 1 and 25±5% in group 2. 

Dipyridamole stress transoesophageal echocardiography. No major side-effect of the infusion 

of dipyridamole or severe discomfort from the STEE examination was reported. The resting 

and maximal hyperemic diastolic coronary flow velocities before and after LAD-PCI are 
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presented in Table 6. The CFR in group 2 increased continuously during the follow-up, 

whereas that in group 1 remained unchanged. 

Result of the statistical analysis in predicting coronary reintervention. The CFR early after 

PCI (ROC area, 78%, p < 0.04) was found to exhibit good prognostic value in predicting 

patients with reintervention (Figure 7). 

 

 

Figure 7 CFR early after PCI (ROC area, 78%, p < 0.04) was found to exhibit 
good prognostic value in predicting patients with reintervention. 

The CFR < 1.87 found to have optimal accuracy selected as cut off value with 69% sensitivity 

and 86% specificity. 

Results of the 5-year follow-up study. The success rate of the 5-year follow-up was 97% (30 

of 31). The missing patient was from group 2. From patients who required rePCI or CABG 

(group 1), two patients died: one male patient from colon tumor with pulmonary metastasis 46 

months after the PCI (non-cardiac death) and one female patient from acute anterior 

myocardial infarction 29 months after the PCI (cardiac death). From group 2, only one 

woman had a myocardial infarction 30 months after the PCI, no other coronary events were 

found in this patient group. New coronary interventions were not performed within the 5-year 

follow-up in group 2 and after the rePCI or CABG in group 1; all living patients are clinically 

stable now. 
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Table 5 The most important medications applied before PCI. Values are expressed 
as number (%) unless otherwise indicated. p=ns 

2.14±0.28*2.09±0.46*1.73±0.45CFR

107.4±28.9120.8±27.786.1±36.6Dmax

51.5±17.359.8±18.052.1±20.5Drest

2

-1.68±0.421.66±0.37CFR

-105.5±41.1115.5±29.2Dmax

-66.3±29.870.3±15.4Drest

1

33±20 weeks 
after PCI

5±4 weeks
after PCI

Before PCIVelocityGroup

2.14±0.28*2.09±0.46*1.73±0.45CFR

107.4±28.9120.8±27.786.1±36.6Dmax

51.5±17.359.8±18.052.1±20.5Drest

2

-1.68±0.421.66±0.37CFR

-105.5±41.1115.5±29.2Dmax

-66.3±29.870.3±15.4Drest

1

33±20 weeks 
after PCI

5±4 weeks
after PCI

Before PCIVelocityGroup

 

Table 6 Diastolic coronary flow velocities and CFR before and after LAD-PCI 
(expressed in cm/s) *p<0.05 in comparison with the before LAD-PCI (groups 1 
and 2) and 5±4 weeks after LAD-PCI (group 1). Abbreviations. CFR: coronary 
flow velocity reserve, Dmax: diastolic velocity measured at the peak of stress, 
Drest: diastolic velocity measured at rest, LAD: left anterior descending coronary 
artery, PCI: percutaneous coronary intervention 
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4.3 The effect of hypercholesterolemia on anti-ischemic effect of 
preconditioning during coronary angioplasty 

With the exception of the fasting blood cholesterol values, there was no difference between 

the demographic, clinical and angiographic parameters of the two groups (Table 7). 

Data are presented as mean ±SEM or No.
* p<0.05 vs. Normocholesterolemic group.

911Statin treatment

46.8 ±2.343.8 ±3.0HDL cholesterol, mg/dL

234.7 ±9.8 *166.8 ±17.0Cholesterol, mg/dL

80.8 ±8.755.5 ±10.2Triglyceride, mg/dL

53 ±1.859 ±2.5Left ventricular EF, %

31Previous PCI

24RCA

22CX

119LAD

Target vessel

21Diabetes mellitus

24Smoking

1211Hypertension

8/79/6Male/female gender

61 ±259 ±2Age, yr

Hypercholesterolemic
group (n=15)

Normocholesterolemic
group (n=15)

Features

Data are presented as mean ±SEM or No.
* p<0.05 vs. Normocholesterolemic group.
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53 ±1.859 ±2.5Left ventricular EF, %
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24Smoking

1211Hypertension

8/79/6Male/female gender

61 ±259 ±2Age, yr

Hypercholesterolemic
group (n=15)

Normocholesterolemic
group (n=15)

Features

 

Table 7 Clinical feaures of the patients 

Time course of ST-segment elevation during ischemia. In the normocholesterolemic group, 

ST-segment elevation showed a continuous rise during the 2-min occlusions (Figure 8). 

Repeated occlusions resulted in lower ST-segment elevations, which reached a statistically 

significant level in the last 30-s periods of the occlusions, showing the anti-ischemic effect of 

preconditioning. In the hypercholesterolemic group, a rapid elevation of the ST segment was 

developed in the initial 30 s of the first occlusion, which was not observed in the subsequent 

two occlusions. However, from 45 to 120 s of the occlusions, there was no difference between 

ST-segment elevations. This shows that in hypercholesterolemic patients, preconditioning 

only slowed down the rapid onset of ischemia seen at the initial 30 s of the first occlusion but 
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did not protect against the evolution of ST-segment elevation observed by the end of the 

occlusions. 

 

 

Figure 8 ST-segment elevations during balloon inflation periods in 
normocholesterolemic (top, A) and hypercholesterolemic (bottom, B) patients. 
Values are mean ± SEM of 15-s periods (n=15 in both groups). *p <0.05 (RM-
ANOVA, Bonferroni correction for eight repeats); §p <0.05 vs first occlusion (RM-
ANOVA). 

Time to normalization of the ST segment during reperfusion. We determined the time to 

normalization of intracoronary ST segment during the reperfusion periods on balloon 

deflations as an indicator of the recovery of the heart from ischemia. In normocholesterolemic 
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patients, we observed a significant decrease in time to normalization of the ST segment during 

repeated reperfusions, showing the preconditioning effect (Figure 9). In the 

hypercholesterolemic group, time to normalization of the ST-segment after all the three 

ischemic periods was significantly prolonged as compared to the normocholesterolemic group, 

and repeated occlusion/reperfusion periods did not decrease time to normalization of ST 

segment. This shows the lack of the protective effect of preconditioning in 

hypercholesterolemia. 

 

 

Figure 9 Time to normalization of the ST segment following balloon deflations 
after coronary occlusions in normocholesterolemic and hypercholesterolemic 
patients. Values are mean± SEM (n=13 in both groups). *p <0.05 vs 
normocholesterolemic group (independent-samples t test; Bonferroni correction, p 
= p x 3). §p <0.05 vs first occlusion (pairwise comparisons based on estimated 
marginal means). 

4.4 Myocardial protection with enalaprilat in patients unresponsive to 
ischemic preconditioning during percutaneous coronary intervention 

Clinical data on the study group. Ten patients in the control group and 10 in the enalaprilat 

group satisfied the criteria for inclusion in the study, and yielded technically adequate 

intracoronary ECG recordings associated with complete resolution of the ischemia between 

the balloon inflations. The angioplasty procedure was successfully completed in all subjects; 

no adverse cardiovascular event was detected in any of the patients. Characteristic data on the 
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study subjects are listed in Table 8. There were no significant differences between the groups 

as regards their demographic and clinical parameters. In both groups, the systolic and diastolic 

aortic blood pressures remained unchanged following the release of the first balloon inflation. 

 

Data are presented as mean ±SEM or No.

23RCA

43CX

44LAD

Target vessel

34Diabetes mellitus

65Hypertension

51.4 ±6.557.2 ±6.8LVEF, %

7.6 ±3.66.3 ±2.4Date of last angina 
(days before PCI)

2.2 ±0.52.4 ±0.5Anginal status (CCS 
classification)

32Previous infarction
(remote)

54Hypercholesterolemia

5/56/4Male/female gender

58 ±752 ±6Age, yr

Enalaprilat group
(n=10)

Control group (n=10)Features

Data are presented as mean ±SEM or No.

23RCA

43CX

44LAD

Target vessel

34Diabetes mellitus

65Hypertension

51.4 ±6.557.2 ±6.8LVEF, %

7.6 ±3.66.3 ±2.4Date of last angina 
(days before PCI)

2.2 ±0.52.4 ±0.5Anginal status (CCS 
classification)

32Previous infarction
(remote)

54Hypercholesterolemia

5/56/4Male/female gender

58 ±752 ±6Age, yr

Enalaprilat group
(n=10)

Control group (n=10)Features

 

Table 8 Demographic and clinical data on the patients. There were no significant 
differences between the groups in any of the examined parameters. Values are 
means±SEM. 

The severity of ischemia following consecutive balloon inflations. The beat-to-beat analysis 

of the ST-segment elevations during consecutive balloon inflations in one control and one 

enalaprilat-treated patient is illustrated in Figure 10A and B. 
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Figure 10 A representative figure illustrating beat-to-beat analysis of the ST-
segment elevation (mV) during coronary occlusions in one control (A) and one 
enalaprilat-treated (B) patient. The diagrams of patient B demonstrate a marked 
difference in the evolution of ischemia as measured by the ST elevation on the 
intracoronary ECG. At the first occlusion there was a steeper ascent and higher 
plateau of the ST elevation, while after enalaprilat infusion the evolution of 
ischemia was much slower. Both the peak and the mean ST elevation were less 
during the second than during the first occlusion. 

We assessed the severity of ischemia by measurement of the intracoronary ECG, expressed in 

terms of various parameters, such as the peak ST-segment elevation (Figure 11), the time 

required to reach a 0.5 mV elevation (Figure 12), and the total ischemic burden, the latter 

being evaluated by calculating the mean ST-segment elevation over the entire 2-min 

occlusion period (Figure 13).  
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Figure 11 Changes in peak ST-segment elevation (mV) during the first and the 
second occlusion in the control and enalaprilat-treated patients. As compared with 
the controls, where the peak ST-segment elevation was similar during the 
consecutive balloon inflations, in the patients given enalaprilat the peak ST-
segment elevation was markedly reduced during the second inflation. Values are 
means±SEM. *p<0.05 vs first occlusion. 

In the control patients subjected to consecutive balloon inflations without drug treatment, both 

the magnitude of the peak ST-segment elevation (Peak-ST: 1.61±0.17 vs. 1.61±0.16 mV; 

Figure 11) and the time course of ischemia development (time to reach 0.5 mV ST-elevation: 

16±4 vs. 22±7 s; Figure 12) were almost identical during the first and second balloon 

inflations. In contrast, in the patients infused with enalaprilat the peak ST-segment elevation 

was significantly less (1.41±0.19 vs. 1.80±0.18 mV, p<0.05; Figure 11), and the time to reach 

the 0.5 mV elevation was significantly longer (18±4 vs. 30±4 s, p<0.01; Figure 12) during the 

second than during the first occlusion.  
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Figure 12 Time to reach 0.5 mV ST elevation during the first and second 
occlusions in the control and enalaprilat groups. We characterized the evolution of 
ischemia by the time necessary to reach a predefined (0.5 mV) ST elevation. 
Although the length of this period in both groups was somewhat longer during the 
second occlusion, a significant increase in this time period was found only in the 
enalaprilat  group. Values are means±SEM. 

The total ischemic burdens during the first and second balloon inflations were very similar in 

the control group (mean-ST: 1.03±0.12 vs. 1.02±0.11 mV; Figure 13) whereas in the 

enalaprilat group the burden was significantly lower during the second occlusion (1.04±0.11 

vs. 0.85±0.14 mV; p<0.01; Figure 13). 
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Figure 13 Mean ST elevations during the first and second occlusions in the 
control and enalaprilat groups. In the control group, the mean ST elevations were 
similar when saline was applied between the first and second balloon inflations. In 
contrast, the infusion of enalaprilat significantly decreased the mean ST elevation 
from the first to the second occlusion. Values are means±SEM. 

 

5 Discussion 

These studies were primarily focused to examine the extremely great variability of myocardial 

ischemia and its clinical appearance. This is manifested in the non-linear progression of 

coronary atherosclerosis, and in the limited predictability of post-PCI restenosis, as well. 

Another principal manifestation of this variability is the diverse adaptation capability of the 

myocardium to ischemia. 
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5.1 Non-invasive quantification of myocardial ischemia to improve the 
timing of repeated cardiac catheterization. 

One of the primary goals of the thesis was to test the reliability of different non-invasive 

diagnostic methods for the quantification of myocardial ischemia in this variable environment. 

The clinical relevance of these diagnostic tests is that theoretically they facilitate to plan the 

optimal timing of repeated catheterization in patients with proved ischemic heart disease or 

already treated by PCI. 

The first two studies proved that both DET and STEE can correctly predict the progression of 

native coronary artery disease or the restenosis process. Both of these non-invasive tests can 

be of great benefit for the invasive cardiologist to correctly assess the indication of repeated 

cardiac catheterization. 

5.1.1 Non-invasive prediction of angiographic progression of coronary artery disease 
by dipyridamole-stress echocardiography 

Serial assessment of repeat dipyridamole-stress-echocardiography results allows one to 

separate angiographic progressors and non-progressors efficiently, by taking into account the 

presence, extent and severity of stress-induced abnormalities of wall motion. The results of 

the present study are consistent with those of several studies showing that the extent and 

severity of induced dysfunction observed during stress echocardiography somewhat mirrors 

the extent and severity of the underlying CAD (51,55). Also the ischemia-free duration under 

stress might be a measure of the severity, being shorter for patients with more advanced forms 

of single-vessel disease, in terms of anatomic and functional criteria (16,56,57). However, the 

ischemia-free duration under stress is related to the severity of disease in the ischemia-related 

vessel, rather than to the extent of the atherosclerotic disease. This could account for the 

briefer duration of the time to ischemia, in comparison with the peak WMSI, in our study's 

model (16). The unique feature of the present study is that coronary-angiography and stress-

echocardiography results were not only assessed horizontally, at one point in time, comparing 

different patients, but also longitudinally, at two different times, using each patient as his or 

her own control in order to assess individual variations in anatomic angiographic progression 

and results of functional stress testing. 
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The rationale of our study is along the line pioneered by Gould et al. (10), who were the first 

to propose an imaging stress test to monitor non-invasively the angiographic progression of 

the disease. They used positron-emission-tomography-perfusion imaging, which is 

technologically demanding and characterized by high cost and low availability. Exercise 

thallium scintigraphy has also been proposed as a means for assessing evolution of 

angiographically assessed CAD. For 18 patients subjected to a regimen of intensive physical 

exercise and a low-fat diet, Schuler et al. found that myocardial perfusion in individual 

patients improved markedly despite there being no change in or a worsening of 

angiographically assessed coronary disease (58). In fact, perfusion imaging detects 

impairment of coronary flow (59), whereas abnormalities of wall motion are consistently 

induced only by impairment of coronary flow reserve due to CAD (57,60), not impairment of 

flow reserve due to microvascular disease in angiographically normal coronary arteries (61). 

Therefore, perfusion imaging might be more suitable for detecting microvascular endothelial 

dysfunction and healing (9,10), whereas results of functional stress testing may be more 

tightly linked to impairment of coronary flow reserve due to coronary-artery stenosis. 

As a functional stress-imaging test, we employed pharmacological dipyridamole-stress-

echocardiography, which has obvious advantages in terms of cost and logistics, and has been 

recognized to be of proven diagnostic and prognostic value for the assessment of patients with 

CAD in the recent guidelines of American College Cardiology/American Heart Association 

(62) and American Society of Echocardiography (63).  This study has a few limitations. We 

employed a quantitative assessment of coronary arteriograms with a widely adopted 

semiquantitative scoring method. Angiography provides a mere luminogram, depicting 

coronary anatomy from a planar two-dimensional silhouette of the lumen. Confounding 

factors include tortuosity of vessels, overlap of structures and the effects of shape of lumen 

(64). Quantitative coronary arteriography, which we employed in the present study whenever 

feasible, is more reproducible, but not necessarily more accurate, than simple visual 

assessment. In addition, results of several studies show that there is a marked disparity 

between the apparent severity of the lesions and their pathophysiological effects, the latter 

being more tightly related to stress-echocardiographic results than are the former. All these 

factors could have introduced sources of errors into the validity of our assumption of 

angiographic assessment of CAD as a standard against which to assess the capability of this 

non-invasive test to predict progression of CAD. Ideally, intravascular ultrasound 
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measurements would have been much more appropriate references. Nevertheless, 

angiography is currently the standard method for diagnosing disease; it has been validated 

widely with regard to its prognostic and therapeutic implications; and it was used in this study 

under especially favourable conditions, with each patient acting as his or her own control. 

Stress echocardiography is based on the subjective assessment of regional wall motion. 

Although there can be substantial inter-centre variability in stress-echocardiographic readings 

even between experienced observers, the agreement is substantially higher when a-priori 

criteria for reading data are developed by a pool of accredited readers with extensive 

experience of joint reading and deliberately ignoring minor forms of questionable hypokinesia 

(63,64). In our experience, this is the best approach for obtaining reliable and consistent 

results with stress-echocardiographic reading (65-68). 

Finally, the criteria for selection of patients should be considered. The design of our study was 

observational and the analysis of the data bank was retrospective. However, the data were 

prospectively acquired and entered in the data bank at the time of execution of our study, by 

observers who remained unaware of the results of the other tests. 

5.1.2 The coronary flow velocity reserve measured by stress transoesophageal 
echocardiography evaluates the success of coronary interventions 

This is the first investigation of the potential usefulness of the STEE-derived CFR in the 

evaluation of the long-term success of LAD-PCI. The CFR of patients with successful LAD-

PCI improved continuously (became >2) and these cases did not require further invasive 

procedures during a 5-year follow-up period (group 2). Patients whose condition required 

rePCI or CABG within half a year, CFR remained unchanged and two patients died during 

this follow-up period (group 1). Transoesophageal echocardiography can be used for a direct 

evaluation of the coronary flow dynamics. Previous studies have examined coronary flow 

velocity patterns during PCI (69,70). There is a good correlation between CFR assessed by 

Doppler guide-wire and that determined by TEE (71). The CFR is reduced in patients with 

significant LAD disease, in case of proximal location or more severe stenosis, further 

impairment can be observed (22,71-77). Paraskevaidis et al. performed several studies with 

stress TEE as CFR measurement for the evaluation of the success of LAD-PCI (72-74). 

Paraskevaidis et al. suggested that TEE can be utilized to evaluate the functional status of 
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LAD-PCI. When the CFR is >2, there is less residual coronary artery stenosis, as detected by 

intravascular ultrasound (72). The CFR is significantly higher early after successful than after 

unsuccessful LAD-PCI, as assessed by STEE. The TEE–CFR may serve as a noninvasive 

index of early postangioplasty restenosis (73). They verified that CFR after PCI of proximal 

LAD can be evaluated serially by TEE. CFR of LAD in patients without restenosis is 

increased 3 months after PCI and remains stable thereafter (75). In contrast, Tsutsui et al. 

found that periprocedural CFR conferred no predictive value for subsequent intrastent 

restenosis (78).  

The possibility now exist for the measurement of the CFR by transthoracic echocardiography 

(79-81). Pizzuto et al. evaluated the flow changes and the CFR in the LAD before and after 

stenting, as measured by transthoracic Doppler echocardiography during adenosine infusion. 

They found that the CFR may identify patients with ≥90% stenosis; and it normalizes early 

after stenting, even in patients with ≥90% stenosis (79). A CFR<2 had 91% sensitivity, 95% 

specificity, and 96% positive and 97% negative predictive values to detect significant stenosis 

in patients with LAD stents (80). Non-invasive CFR assessment by contrast-enhanced 

transthoracic echocardiography is an accurate method for monitoring significant restenosis in 

the LAD when following up patients submitted to elective PCI (81). 

Serruys et al. demonstrated in the DEBATE study (Doppler Endpoints Balloon Angioplasty 

Trial Europe), that using Doppler guidewire the measurement of distal CFR after PCI, in 

combination with diameter stenosis (%), have a predictive value, albeit modest for the short- 

and long-term outcomes after PCI (82). A low postprocedural CFR was associated with a 

worse perprocedural outcome, but there was no significant difference at late follow-up as 

concluded from the DEBATE II study (83). According to the DESTINI study (Doppler 

Endpoint STenting INternational Investigation), when balloon angioplasty is guided by online 

quantitative angiography and Doppler-derived coronary flow reserve, with provisional 

stenting reserved for suboptimal results, early and late clinical outcomes are comparable to 

those achieved by elective stenting of all patients (84). 

The present study verified the prognostic role of TEE-CFR in the long-term functional 

evaluation of the success of PCI. Regarding to its semi-invasivity, the clinical usefulness of 

this method is questionable in the future, the stress transthoracic echocardiography can 

indicate an alternative way. However, it can be stated that more studies are needed to clarify 



 41 

the prognostic role of stress transthoracic echocardiographically-detected CFR in the long-

term evaluation of PCI.  One of the main limitation is that the population sample was 

relatively small. It was not our aim to evaluate the flow velocity changes during the follow-up. 

The evaluation of successful coronary angioplasty was symptom-limited; control coronary 

angiography was performed only in hospitalized patients (group 1). This approach measures 

blood flow velocities, and not the blood flow itself. The measurement of coronary blood flow 

requires an evaluation of the luminal cross-sectional area. Further, there is an angle between 

the ultrasound beam and the vessel direction, as a result of which blood flow velocities 

measured by this approach can be lower than the actual values. However, both the numerator 

and the denominator in the formula for the CFR are measured at the same angle, and thus 

their ratio is not appreciably influenced by the angle or the vessel direction. 

5.2 Limitation of ischemic preconditioning by hypercholesterolemia and 
pharmacological enhancement of myocardial ischemic adaptation 

The object of the second part of our studies was to examine the source of variability in 

ischemia sensitivity in angiographically proved coronary artery disease. It has already been 

published both in animal and human experiments that different pathologic states and aging, as 

well can influence the adaptation capability of the myocardium. The target of these pathologic 

states was hypercholesterolemia in the third part of our investigations, because this is one of 

the most common metabolic disturbances as a risk factor of ischemic heart disease. Our 

results proved that in patients with hypercholesterolemia ischemic preconditioning is limited 

compared to those with normal cholesterol blood level. These data can serve as explanation of 

the clinical observation that the outcome of acute myocardial infarction in patients with 

elevated cholesterol level can be worse compared to normocholesterolemic subjects. This 

observation is a partial explanation of the interindividual variability of preconditioning, 

however it must be considered clinically important, because this raise attention to the fact that 

hyperlipidemia is a “double” risk factor; not only that of coronary atherosclerosis, but for the 

severity of myocardial ischemia, as well. 

This variability of adaptive response to ischemia of myocardium emphasizes the importance 

of therapeutic methods improving the efficacy of ischemic preconditioning. That is why we 
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completed another study on the pharmacologic potentiation of ischemic preconditioining in 

patients, who poorly responded short ischemic epizodes with ischemic adaptation. 

The last phase of our research investigated the therapeutic aspects of the diversity in ischemic 

preconditioning. It is well-known that the adaptive response of the myocardium to brief 

periods of ischemia is extremely variable. We attempted to decrease this variability by 

pharmacological potentiation of the ischemic preconditioning in patients with reduced 

adaptive response to short coronary occlusions. Intracoronary infusion of enalaprilat was 

selected for this purpose by previous animal and human experimental results, which 

demonstrated the role bradykinin B2 receptors. 

The results of this study proved that the myocardium of patients with limited ischemic 

preconditioning can still be protected by combination of the short ischemic episodes with 

intracoronary enalarilate infusion. 

5.2.1 The effect of hypercholesterolemia on anti-ischemic effect of preconditioning 
during coronary angioplasty 

We investigated if hypercholesterolemia attenuates ischemic preconditioning in 30 patients. 

We have shown here for the first time in the literature that in hypercholesterolemic patients, 

there is a rapid elevation of ST segment during the initial 30 s of the first balloon inflation, a 

phenomenon not seen in normocholesterolemic patients. Our results further show that in 

hypercholesterolemic patients, the repeated occlusions although abolished the initial rapid 

elevation of ST segment but did not attenuate ST-segment elevation when measured at 45 to 

120 s, and failed to decrease the time to normalization of ST segment after balloon deflations 

when compared to normocholesterolemic patients. Our results provide clear-cut evidence that 

hypercholesterolemia enhances the evolution of myocardial ischemia on coronary occlusion 

and significantly inhibits the antiischemic effect of preconditioning in humans. A high-

cholesterol diet is regarded as an important factor in the development of ischemic heart 

disease. There is a linear relationship between elevation of serum total cholesterol 

concentration and the incidence of myocardial infarction; furthermore, the heart of 

hyperlipidemic/atherosclerotic patients is hardly capable of adapting to physical exercise or 

other kinds of stress (86,87). This has been attributed solely to the development of 

atherosclerosis, and the possibility of the deterioration of endogenous adaptive mechanisms 
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against myocardial ischemia, ie, preconditioning, has not been considered in 

hypercholesterolemic patients. Although the majority of animal studies (28,29,88) show that 

experimental hypercholesterolemia interferes with the cardioprotective effect of 

preconditioning, little is known about the effect of hypercholesterolemia on human 

preconditioning.  

Our present study provided solid evidences showing that hypercholesterolemia inhibits the 

cardioprotective effect of acute preconditioning in man. We have assessed the time course of 

the evolution of myocardial ischemia and that of the recovery from ischemia by a beat-to-beat 

analysis of the intracoronary ST-segment shifts induced by balloon inflations and deflation 

during PCI and observed that in hypercholesterolemic patients, there is a rapid increase in ST-

segment elevation at the beginning (0 to 30 s) of the first balloon inflation; however, this is 

not seen in the second and third occlusions. This phenomenon could be considered as a 

preconditioning effect; however, if one looks at ST-segment elevation at 45 to 120 s of the 

occlusions, no preconditioning effect can be observed in hypercholesterolemic patients. This 

shows that a week preconditioning effect can be observed in hypercholesterolemic patients,  

but it only slightly delays the evolution of ischemia and does not alleviate the severity of 

ischemia. Our results support that of Kyriakides et al (88) who reported that ST-segment 

elevation on the surface ECG measured at 120 s of balloon inflations was not attenuated 

during repeated occlusions in hypercholesterolemic patients. Furthermore, we have found that 

the time to normalization of the ST segment was decreased after repeated coronary 

occlusions/reperfusion periods in normocholesterolemic patients, showing the beneficial 

effect of preconditioning. However, in hypercholesterolemic patients, time to normalization of 

the ST segment was significantly longer even after the first occlusion, and repeated 

occlusion/reperfusion periods did not decrease this parameter. These results clearly show that 

hypercholesterolemia aggravates ischemia/reperfusion injury and impairs the anti-ischemic 

effect of preconditioning in humans.  

The mechanism by which hypercholesterolemia may influence the severity of myocardial 

ischemia and the effects of preconditioning in humans is not known; however, several 

mechanisms have been suggested in animal studies (28,29), such as deterioration of 

myocardial nitric oxide metabolism (30), increased formation of reactive oxygen species such 

as super- oxide and peroxynitrite (89), disruption of the mevalonate pathway (90), attenuation 
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of heat shock response (91), and the accumulation of cholesterol in the sarcolemmal and 

mitochondrial membranes (92,93). However, it seems that hypercholesterolemia induces very 

complex changes in cellular mechanisms of the myocardium, as our study (94) using DNA 

microarray assay of 3,200 genes showed that hypercholesterolemia leads to significant 

alterations in the expression of 51 genes (4% of the examined genes) in the rat heart. There 

appears a controversy in some studies10–12 on the effectiveness of preconditioning induced 

by PCI in humans. We assume that the reasons for the controversy among others might be the 

following: (1) that hypercholesterolemic and normocholesterolemic patients have not been 

separated in these studies, and (2) that ST-segment elevation in myocardial ischemia was 

evaluated by different ways. Study protocols usually include an arbitrarily selected time point 

to assess ischemia during balloon inflations. Dupouy et al11 failed to show preconditioning 

induced by 2-min balloon inflations when measured intracoronary ST-segment elevation at 90 

s of balloon inflations in 13 patients. Billinger et al10 failed to observe the anti-ischemic 

effect of pharmacologic preconditioning induced by intracoronary adenosine before 

angioplasty when measuring intracoronary ST-segment elevation at 60 s of balloon inflations 

in 30 patients. Laskey and Beach12 studied preconditioning in 382 patients by the assessment 

of the maximal ST-segment elevations on either surface or intracoronary ECG during two 90-

s balloon occlusions, and they could elicit preconditioning only in 80% of their patients. In 

these studies, the reason for the lack of preconditioning was not shown. Our present findings, 

ie, the differences in the time course of ST-segment elevation between normocholesterolemic 

and hypercholesterolemic patients and the limitation of preconditioning in hyper-

cholesterolemic patients, show the necessity to distinguish between normocholesterolemic 

and hypercholesterolemic patients and emphasize the importance of a beat-to-beat analysis of 

ST-segment elevation du ring the entire periods of balloon inflations and deflations in human 

preconditioning studies. It should be noted here that similarly to hypercholesterolemic 

patients, in patients with other diseases such as diabetes, heart failure, and aging, the time 

course of ischemia during PCI may also be altered that can be assessed only by a beat-to-beat 

analysis of ST-segment elevation.  
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5.2.2 Myocardial protection with enalaprilat in patients unresponsive to ischemic 
preconditioning during percutaneous coronary intervention 

The finding of this study supports our previous observation (95) that in patients with severe 

coronary artery disease who undergo elective PCI, a single brief (2-min) period of balloon 

inflation is not sufficient to give rise to significant improvements in the intracoronary ST-

segment changes that occur during a subsequent, similar period of balloon inflation. We have 

now demonstrated for the first time that the administration of enalaprilat to such patients 

during PCI does induce protection, as revealed by significant reductions in the mean and peak 

ST-segment elevation and the onset of ischemic changes during the second coronary artery 

occlusion. From the present study it is difficult to decide whether this protection is due to the 

action of enalaprilat alone or whether it results from the combined effects of the previous 

occlusion and the enalaprilat treatment. Whatever the precise roles of the preceding ischemia 

and enalaprilat in this protection, the primary aim of the study was to examine whether 

patients who seem to be unresponsive to a single balloon inflation and who do not exhibit a 

preconditioning-like effect during the subsequent ischemia, would benefit from acute drug 

administration during PCI. We consider, that this timing of the drug administration could be 

of particular importance in everyday clinical practice, since, a variable degree of myocardial 

ischemia is already present in a substantial proportion of patients with acute coronary 

syndromes who are referred for emergency PCI. In this patient subset, persistence of ischemic 

symptoms demonstrate considerably jeopardized state of the myocardium and, limited 

preconditioning effect of the sequential short ischemic episodes. Our results served indirect 

information that in these high-risk patients – particularly in those with slow flow and no-

reflow phenomenon - the administration of intracoronary enalaprilat can still be 

cardioprotective. Patients with non-ST-elevation myocardial infarction may also have special 

interest in this respect, since in these subjects there are short repeated ischemic attacks 

without considerable preconditioning effect. The potential benefit of intracoronary enalaprilat 

in this clinically relevant population may reproduce the same mechanism, what we 

demonstrated now in elective patients. 

There is an ongoing debate as to whether a short (90 to 120-s) period of balloon inflation in 

patients with various degrees of coronary artery disease, and with comorbidities such as 

diabetes, atherosclerosis, hypercholesterolemia, hypertension, etc., is able to produce 

protection similar to ischemic preconditioning (96,97). Dupouy et al. (98), using consecutive 
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balloon inflations for a duration of 2 min, found no significant differences between the 

occlusions as concerns modification of the intracoronary ECG or the left ventricular systolic 

function. They concluded that such a brief period of ischemia is insufficient to produce 

protection against the consequences of a subsequent ischemic event. There is, of course, a 

possibility to increase the duration of the occlusion but prolongation of the balloon inflation 

over a certain period may raise ethical concerns. Johansen et al. (99) reported that, on increase 

of the duration of the occlusion from 181 s to 307 s, the risk of irreversible myocardial injury 

was enhanced, as assessed from a 10-fold increase in the blood troponin T levels. Matsubara 

et al. (100) examined the relationship between the duration of balloon inflation and its 

effectiveness during PCI, and demonstrated that only 180-s, but not shorter occlusions were 

effective in inducing a substantial reduction in the ST-segment alterations during the 

subsequent balloon occlusion. In an investigation of the effects of ischemic preconditioning in 

382 patients, Laskey and Beach (101) showed that some of the patients exhibited a 

preconditioning-like protection following two 90-s balloon occlusions, while the others 

remained resistant to these stimuli. 

Other studies (41,102), involving the use of 120-s balloon inflations revealed marked ST-

segment reductions during repeated occlusions. The reasons for the potential success or 

failure of preconditioning in patients are not fully understood, but the severity of the coronary 

artery disease, age and gender differences, demographic features, the existence of 

comorbidities, etc, appear to be the most important factors, which certainly determine the 

ability of the human myocardium to respond with protection or with resistance to a brief 

period of occlusion. 

There is considerable evidence that, in experimental animals, various subthreshold 

preconditioning stimuli, which are alone insufficient to elicit protection, will result in 

significant cardioprotection if they are applied together (103). Furthermore, endogenous 

substances, such as bradykinin (37), adenosine (104) or nitric oxide (105) that are released in 

the early phase of myocardial ischemia, either from the cardiac myocytes or from the 

coronary vascular endothelium, have been shown to play a trigger role in the cardioprotective 

effects of preconditioning. It is likely that under conditions where an endothelial dysfunction 

is evident (hypertension, atherosclerosis, hypercholesterolemia, diabetes, etc.) the ability to 

generate such endogenous myocardial protective substances may be impaired. This would 
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lead to the attenuation of a major pathway for protection and may explain, at least in part, why 

short coronary artery occlusions in these patients fail to produce a preconditioning-like effect. 

Thus, it might be expected that drugs which are able to replace the loss of these substances 

due to acute or chronic injury (e.g. nitric oxide donors), or drugs that enhance the production 

of these substances (e.g. inhibition of the kinin metabolism with ACE and neutral 

endopeptidase inhibitors with a subsequent increase in nitric oxide production) would be 

cardioprotective. Since our studies consistently we have consistently indicated that patients 

subjected to two balloon inflations for a duration of 120 s, did not exhibit a significant 

improvement in their ST-segment parameters during the second balloon occlusion, the 

question was raised of whether another, albeit different stimulus could elicit protection. Thus, 

we selected an ACE inhibitor that is known to induce preconditioning-like protection (38,106-

108). The dose of enalaprilat was selected from the studies of Mohri et al. (47). and Rundqvist 

et al. (48) who reported that 50 µg min-1 enalaprilat does inhibit coronary ACE, but does not 

cause arterial hypertension. We then observed the infusion of enalaprilat between the two 

balloon inflations resulted in a marked reduction in the development and also in the 

magnitude of the ST-segment elevation that occurred during the second occlusion. This result 

indicated that, in contrast with the controls, enalaprilat, perhaps together with the preceding 

ischemic event, serves as an adequate stimulus to induce protection. Leesar et al. (41) recently 

reported that a higher dose of enalaprilat, given prior to the first balloon inflation, was 

cardioprotective, mimicking the effect of the first preconditioning occlusion. We should note 

that there are substantial differences between their and our studies. First, the objectives of the 

two studies were not the same since the patient populations differed substantially. As we have 

pointed out above, they worked with patients who responded with protection to a  120-s 

coronary artery occlusion, whereas our patients were not responsive to this stimulus per se. 

Secondly, the total dose of enalaprilat that induced cardioprotection in the study of Leesar et 

al. (41) was 0.75 mg (50µg min-1 over 15 min). We have now demonstrated that a lower dose 

(0.5 mg) is sufficient to evoke protection, even though our patients proved unresponsive to the 

ischemic stimulus. The most relevant difference was that Leesar et al. infused a high dose of 

enalaprilat before the ischemic stimuli, while we administered the drug only after the 

ineffective first brief coronary occlusion. We consider that our experimental set-up provides a 

more realistic model as regards clinical practice, when we meet patients who have undergone 

recent anginal attacks. The study by Leesar et al. furnished good evidence of the preventive 
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effect of enalaprilat against subsequent ischemia. In contrast, our model has clearly shown 

that, in the event of ongoing ischemia which is not sufficient to precondition the myocardium, 

enalaprilat administration can still be effective. It is worthy of note that the objective of our 

study was not the myocardial protection from potentially harmful consequences of the first 

balloon inflation, since the length of coronary occlusion is usually shorter in the everyday 

clinical practice, and on the other hand, the duration of a 2-min balloon occlusion has no risk 

of irreversible myocardial damage. Instead, our experimental setup served as a model of 

patients with acute coronary syndrome, treated with PCI, and suffering from preceding short 

ischemic attacks. 

The present study has some limitations. First, as we have mentioned above, in the absence of 

an enalaprilat control group, it is difficult to define whether the protection in patients treated 

with enalaprilat is a consequence of the action of enalaprilat alone or whether the preceding 

occlusion also contributes to this effect. The limited number of patients selected for this study 

did not allow us to perform dose-finding examinations for enalaprilat. Secondly, the absence 

of collateral circulation was assessed only visually on coronary angiograms; the enhancement 

of potential recruitable collateral channels was not examined directly. Moreover, the effect of 

enalaprilat on the coronary blood flow was not evaluated in this study. However, there is 

convincing evidence that collateral circulation is unlikely to be a significant factor in the 

cardioprotective effect of preconditioning (109), and that in anesthetized dogs bradykinin 

protects against ischemia and reperfusion-induced arrhythmias in a dose (25 ng kg-1 min-1) 

that has no effect on the coronary circulation (37). Thirdly, the assessment of ischemia during 

repetitive coronary occlusions was based on beat-to-beat analysis of the ST-segment elevation 

on intracoronary ECG. Although this parameter can be regarded as a surrogate endpoint, this 

is a well-accepted and highly sensitive method for the quantitative evaluation of myocardial 

ischemia (95,110), and the ST-segment shift accurately reflects the presence of ischemic 

preconditioning (111). An additional limitation of our study is that although we could not 

detect any systemic hemodynamic effect of this dose of enalaprilat, this case can not be 

excluded in patients with acute myocardial infarction. This potential side effect must be 

evaluated in future studies, and may limit the spectrum of clinical scenery, in which this 

cardioprotective measure can be applied. 
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6 Conclusions (new observations) 

1. Spontaneous evolution of angiographically assessed coronary artery disease can usefully be 

monitored non-invasively through recording variations in serial dipyridamole-stress 

echocardiography. This technique is highly feasible, widely available, of low cost, employing 

non-ionizing energy and with a total time for imaging and analysis of < 20 min. This 

application can further contribute to the expanding use of stress echocardiography in modern 

cardiological practice. 

2. CFR is significantly higher early after successful than after unsuccessful PCI as assessed by 

STEE. The CFR of patients with successful LAD-PCI became >2 and suffered no major 

clinical events during a 5-year follow-up. In contrast, in those a priori had a low CFR and did 

not exhibit an improvement after PCI, further invasive procedures and major events did occur 

during this period.  

3. Hypercholesterolemia attenuates the anti-ischemic effect of preconditioning, accelerates the 

evolution of myocardial ischemia, and delays the recovery from ischemia on reperfusion in 

humans. These findings further emphasize the importance of serum cholesterol as a predictive 

risk factor for the incidence and severity of myocardial ischemic events, and call for the 

development of new cardioprotective drugs that reverse the increased susceptibility of hearts 

to ischemic stress and recapture the cardioprotective effect of preconditioning in 

hypercholesterolemic patients. 

4. There is a population of patients with severe coronary artery disease and assigned to 

elective PCI in whom a brief, 120-s period of coronary occlusion fails to produce protection 

against the consequences of a subsequent, similar period of ischemia. We have now further 

shown that, in these patients who seem to be unresponsive to this initial preconditioning 

ischemia, the administration of intracoronary enalaprilat during the procedure can still elicit 

adequate protection. It is our view that the combination of preconditioning stimuli which are 

different in nature (i.e. ischemic and pharmacological) may well provide protection even in 

patients who do not respond with protection to either of the stimuli separately. 
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