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1 Introduction

In the past decades, there is a growing body otrstanding about the pathophysiology of
CAD. The dynamic nature of this disease is defibgdhe atherosclerotic plaque, endothelial
function and an interaction of cellular elementghwihe vessel wall. The severity and
consequences of myocardial ischemia is influengeskleral anatomical, pathophysiological,
and pharmacological factors. All of these signifita modify the clinical picture of CAD,
and the long-term outcome of the disease. Thisrsitye of the clinical appearance is
determined among the others by (1) variability afogsession of coronary artery
atherosclerosis, (2) different functional significa of apparently similar coronary stenoses,
(3) influence of specific metabolic and pathophi@iac conditions of the heart on adaptation

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

Currently, despite of the rapidly developing nomasive diagnostic methods, the evaluation
of coronary anatomy and function, the severity axdent of coronary stenosis is still
performed mainly during cardiac catheterization. patients with symptomatic and even
asymptomatic ischemic heart disease the progressioBAD assessed by angiography,
appears to be neither linear nor predictable (18®yonary angiography is still the most
accepted standard means for assessing the pragressatherosclerotic plaque formation
(7,8), however, due to its invasive nature, repkatardiac catheterizations can not be a
routine method for the follow-up of progression ©AD. A non-invasive recognition of
progression of CAD by stress testing would obvigusé valuable. Encouraging data on
limited populations of patients have been obtaiveith serial perfusion imaging by
dipyridamole-positron-emission tomography (9,108 &xercise thallium (11-13) scanning.
Theoretically, pharmacological DET might be an opti candidate for non-invasive
prediction of progression of CAD, since the timiegient and severity of the abnormalities of
wall motion induced are reasonably well relatedhi® extent and severity of the underlying
CAD (14-18).

While DET seems to be an optimal synoptic diageostethod of the global progression of
CAD, it might be inferior to other non-invasive rhetls targeting a specific vessel segment in

post-PCI cases of possible restenosis. In thisatsiio the suspected vessel of the coronary
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stenosis is well known from the interventional brgt If this segment can be visualized, and
even the flow reserve capacity can be measured aithon-invasive method, with this
diagnostic strategy a somewhat more exact infoonatbuld be obtained on the restenosis
process, and let to make decision on the indicatiorepeated cardiac catheterization. In a
normal situation, coronary blood flow elevates appnately 4- to 6-fold to meet the
increasing myocardial metabolic demands. This effeamediated by vasodilation of the
arteriolar bed, which reduces vascular resistahegeeby increasing coronary flow. CFR
represents the capacity of the coronary circulationdilate following an increase in
myocardial metabolic demands, and can be exprebgedhe difference between the
hyperemic flow and the resting flow curves. In 19Géuld and Lipscomb proposed the
relationship between the anatomic condition andbileavior of coronary hyperemic flow,
whereby an inverse curvilinear relationship existsveen the narrowing of the lumen of the
coronary artery and hyperemic capacity, up to apteta annulment or absence of CFR for
stenosis >90%. (19) Coronary flow reserve is affedity micro- and macrovascular resistance,
extravascular compressive forces (pathological Lypentrophy), hypertension, metabolic
factors. Several echocardiographic methods araldaifor the evaluation of CFR, including
contrast echocardiography (20) and direct Doppleasarement during transthoracic or
transesophageal measurements (21,22) The origioaol of transesophageal Doppler CFR
measurement in the LAD coronary artery was desdrtbelliceto et al. (22). Theoretically,
this method can be used for a semi-invasive follpvfor functional evaluation and
prediction of long-term success of PCIl. Sytemase of STEE for follow-up of post-PCI
patients can help us selecting subjects with sant restenosis and high-risk ischemia and
referring them to a repeated invasive study. By Wy, DET can alleviate the risk caused by
the variable nature and dynamics of restenosis. diierse clinical appearance of CAD is
resulted not only from the variable nature of abselerosis progression and/or restenosis
process, but also from the individual differenaesasponse of myocardium to ischemia. This
diversity is, at least in part, due to the precbaded state of the myocardium to ischemia.
Ischemic preconditioning was originally definedaeesendogenous adaptive response to brief
periods of ischemic stress that protects the myfaar against the severe consequences of a
subsequent more prolonged ischemic insult. Sineditst description of this phenomenon by
Murry et al. (23) in anesthetized dogs, the effedtpreconditioning have been extensively

examined in various animal studies (24-26). Themow good clinical evidence that repeated
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brief ischemic episodes can also be protectivehentuman myocardium (27). One of the
models of ischemic preconditioning most frequerdlyplied in humans is PCI, where,
consecutive brief periods of balloon inflation pide an opportunity to perform and assess the

effects of preconditioning.

Although preconditioning provides a remarkable @#pbtection, its effectiveness is

attenuated in some animal models of diseases,dimguhyperlipidemia, diabetes, nitrate
tolerance, heart failure, and aging (28,29). Thesl®mf classic preconditioning was
subsequently confirmed in hearts of cholesterolfid in which no signs of atherosclerosis
were observed (30). Other animal studies also wonthat hyperlipidemia, independently
from the development of coronary atherosclerodignaates the cardioprotective effect of
preconditioning (28,29,31,32). However, little isndwn about the effects of

hypercholesterolemia on preconditioning in humans.

Other data suggest that not only short ischemicsoelgis, but additionally certain
pharmacological agents, such as adenosine, nitreghe or nicorandil, can also precondition
the myocardium, or at least potentiate the proteatiffects of preconditioning (33-35). This
phenomenon is termed ‘pharmacological precondiigni36). There is strong evidence,
mainly from experimental studies, that the protectiassociated with preconditioning
involves the early release of bradykinin and thbssguent activation of bradykinin B2
receptors (26,37,38). Such a protective role fonesia-induced bradykinin release has been
confirmed in patients. Elevated kinin levels haeefound in the arterial and coronary sinus
blood of patients undergoing cardiopulmonary bypasgery, suggesting that kinins can be
generated rapidly even after short periods of istaeand that the levels reached can
sometimes be considerable (39). The protective ceffef intracoronary infusions of
bradykinin, administered prior to angioplasty, Heesen described in patients with severe
coronary artery disease (40). Leesar et al. recarported that intracoronary enalaprilat
administered before PCI in patients with stableimagmimics the protective effect of
ischemic preconditioning (41). These results sugtped locally administered ACE inhibitors
have beneficial effects against myocardial ischemi@oth acute coronary syndromes and

chronic conditions of ischemic heart disease.

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

invasive cardiology for the accurate and case-fipeeissessment and mechanical or
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parmacological relief of myocardial ischemia in tfagiable environment of CAD progression

and ischemia sensitivity.

2 Primary goals

1. To test the role of non-invasive functional $edET, TEE-CFR) in the appropriate
timing of coronary angiography follow-up in patienwith known ischemic heart disease and
in post-PCI patients. The difficulty of this questi is the great variability and the
unpredictable nature of atherosclerosis progresdibis makes difficult to plan the regular
invasive follow-up of patients with borderline coeyy artery stenoses and/or diffuse
atherosclerotic disease. Two series of clinicakestigations were performed to work out a

less invasive follow-up strategy in patients witAIZ

a) Analysis of the results of repeated dipyridansitess echocardiography to predict the

angiographic progression of coronary artery disease

We hypothesized that changes resulting from regedifgyridamole-echocardiography tests
(DET) mirror non-invasively the changes in coronariery atherosclerosis assessed
independently by coronary angiography. In a retecpe analysis of prospectively acquired
data, 60 in-hospital patients with stable anginatqres were examined. These patients
underwent both DET and coronary angiography witbime week during two separate

admissions to hospital separated by 45 + 31 (r&rd44) months.

b) Repeated semi-invasive coronary flow velocityserse measurements by

transoesophageal echocardiography for predictiorsiénosis following PCI.

We presumed that reduced CFR measured semi-inlyasikeing TEE as a functional
characteristic of LAD stenosis and microvasculdegnty may have a prognostic value to

predict the necessity of invasive procedures ireptg who underwent PCI previously.

2. Demonstration of the variable ischemic respomddbe myocardium by beat-to-beat
analysis of intracoronary ECG. With this human ekpental model of ischemic and

pharmacologic preconditioning we intended to prihag

a) the adaptive response of the myocardium to m@hds attenuated by different

pathologic states, eg. hypercholesterolemia;



In both hypercholesterolemic and normocholestermematients consecutive balloon
inflations during PCI were performed and the timearse of intracoronary ST-segment shifts

during repeated balloon inflations and deflatiorsenassumed.

b) pharmacologic stimuli — e.g. ACE inhibitor peditment — may have a potential for

improving the protective effect of ischemic precibioding.

In order to evaluate this, intracoronary infusidneaalaprilat prior to the second balloon
inflation was administered in patients who do nespond with protection to the initial

balloon inflation during PCI.

3.1 Study populationsand protocols

3.1.1 Non-invasive prediction of angiographic progression of coronary artery disease
by dipyridamole-stress echocar diogr aphy

From the Institute of Clinical Physiology NatiorRRésearch Council stress-echocardiography
data bank (1983-1998), we initially selected irtaspective manner a series of 156 patients
for whom DET and diagnostic coronary angiographgl baen repeated in our unit over a
period of 15 years. For all patients, the referroagdiologist required the angiographic
evaluation to be repeated. All of the 156 patisatssfied the main criteria for inclusion in our
study, having been subjected to DET and subsequeahary angiography, within 1 week of
each other, during two distinct periods in hospitbm this initial cohort of patients, 96 were
excluded for one of the following reasons: at leas# of the two coronary angiography films
was of inadequate quality or incomplete for quatitie evaluation (n = 8); intercurrent
coronary artery bypass surgery had been performed 21); intercurrent PCI had been
performed between the two DET (n = 47), or readimisfor angiographic reassessment after
a recent PCI had occurred (n = 16); and less twanntonths had elapsed between the two
periods in hospital (n = 4). A history of previoBE€1 was not a criterion for exclusion from

our study. The remaining 60 patients were enrahetie study.
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During the follow-up, all patients were administtranti-anginal medication prescribed by
the treating physician, which consisted of comborst of antiplatelet agents, calcium
antagonists, nitrates and beta-receptor blockingntsg The reasons for re-hospitalization
were changes in symptomatic status with increaggaimadian Cardiovascular Society Scale
angina (54) by > 1 grade (n = 49 patients); needafmiographic reassessment because of
revascularization, due to a symptomatic status, tallhough remaining unchanged, had
become unacceptable for the patient's lifestylengimnce with or tolerance of the drug
regimen being too poor, or choice of elective aplgisty after a period on a waiting list (n =
5); need for re-evaluation after intercurrent mydcd infarction (n = 4); and need to assess
asymptomatic patients with positive results of eisg-stress tests (n = 2). Echocardiograms
and coronary angiograms were recorded and intexgbiatiependently by separate reviewers

blinded to the results of the other tests.

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

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

proximal LAD stenosis; they were enrolled betweartoDer 1997 and August 2000. None of
the patients had previous PCI (Table 4). After fingt coronary angiography, all of them

underwent LAD-PCI including bare-metal stent impé&ion within 2 weeks. In consequence
of their clinical signs, 9 patients required reP@hijle a CABG operation was performed in 2
additional cases within 6 months (group 1). Thesoeafor reintervention was primary failed
procedure in 3 cases and restenosis in 8 casedl patients, the main symptom was the
reappearance of angina pectoris. In group 1, tleateal symptom free interval was 75+20
days. The clinical status of the remaining 20 casgsoved during the follow-up and they
remained stable and angina-free within six mongrsyp 2). Patients underwent STEE on
average 8+13 days before PCI and on average Sx&swedféer it. For the patients with a
stable clinical status, a third control STEE exaation was also performed, 33+20 weeks
after the successful PCI. During the follow-up, cdat of 54 STEE measurements were
performed for CFR assessment in this patient pdpualaAll patients were controlled and

undergone telephone consultation according to themlical history and clinical signs 58+10
months after PCI. The study complied fully with tBeclaration of Helsinki. The written
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study protocol was approved in advance by the pc@bpointed ethics committee, and

informed consent was obtained from each patient poi 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 Cdtemiof the University of Szeged. A
written informed consent was obtained from all @i enrolled in the study. The
investigations were carried out in single-vessalonary disease patients elected for PCI
(Table 7). Exclusion criteria were as follows: éh)gina pectoris or other signs of myocardial
ischemia 1 week before intervention; (2) Lown 3-dntvicular arrhythmia before the
intervention; (3) left ventricular dysfunction (<#bejection fraction or greater than New
York Heart Association functional circulatory stafg (4) treatment with adenosine 5-
triphosphate—sensitive potassium channel inhihit(g¥ history of myocardial infarction or
baseline ST-segment abnormalities; (6) serumrelgtés out of the physiologic range; (7)
serum creatinine level <150mol/L; (8) hypothyreosis; and (9) angiographicallisible
collateral vessels interfering with the treatedooary artery. Based on the exclusion criteria,
41 patients were included in our study. A furthérdatients were excluded from the study
due to unsuccessful registration of intracorona@G: such as lack of ST-segment elevation
during the first occlusion in 5 patients, occurrernd arrhythmias that made the beat-to-beat
evaluation of ST segments impossible in 4 patieats] poor quality of recordings in 2
patients. The remaining 30 patients were classiiidd normocholesterolemic (3.5 to 5.3
mmol/L, n = 15) and hypercholesterolemic (5.5 #® mmol/L, n = 15) groups. Our boundary
cholesterol value (5.3 mmol/L) is associated withrderline high risk of ischemic heart
disease according to various recommendations imguithe National Cholesterol Education
Program. Time to normalization of the ST segmenindureperfusion could be assessed
onlyin 13 patients in each group due to varioubneml problems unrelated to the end points
ofthe study.

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

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

were selected for the study. All of them had a ctidu >70 % and <90 % in the vessel
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diameter, as assessed by digital caliper methaam@&is Hicor system). The criteria for the
exclusion of patients from the study: (i) angin&tpds or other signs of myocardial ischemia
within 2 days before the intervention, (ii)) Lownd2ventricular arrhythmia before or during
the intervention, (iii) a decreased LVEF and/or pyoms of left heart failure (<35% LVEF or
greater than NYHA Il functional circulatory stage)y) treatment with ATP-sensitive
potassium channel inhibitors, (v) a history of mgalial infarction in the territory of the
dilated vessel, (vi) angiographically visible ctdlel vessels interfering with the treated
coronary artery, (vii) a bundle branch block or ddaee ST-segment abnormalities, (viii)
serum electrolytes out of the physiological ran@g, serum creatinine >17gmol L-1. This
was a single-center, investigator-blinded, randeshigtudy. The 20 patients included in the
investigation were randomly allocated to either ¢batrol group or the enalaprilat group, in
such a way that each group contained 10 patierdt20Apatients were treated with aspirin
(100 mg) and clopidogrel (75 mg) daily for at leastlays before the commencement of PCI.
Long-acting nitrates were stopped 2 days, and a0k Ahibitors 5 days before angioplasty.
Other antianginal medication was not discontinuefbte the study. The study was performed
in accordance with the 1983 revision of the Detianaof Helsinki, and adhered to local
guidelines for good clinical practice. Permissioaswobtained in advance from the Local
Research Ethics Committee, all 20 patients provithedr written, informed consent before

participation in the study.

3.2 Diagnostic and interventional methods applied in the studies

3.21 Coronary angiography

Diagnostic coronary arteriography was carried oithwthe use of standardized projections.
Several views of each coronary artery were obtaimecduding craniocaudal views. All

coronary arteriograms were reviewed and analysedally by two independent observers.
When there was disagreement between the two oliseraethird observer reviewed the
angiogram and his judgement was binding. The stenmas evaluated from multiplane
projections and was considered significant in tkiené of a lumen area reduction > 75%.
Description of the coronary anatomy is presentedrigure 1. For the study to evaluate
prediction of angiographic progression of coronamyery disease, the following extra

measurements were performed. For any given stemaosisboth angiograms, end-diastolic
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frames were selected and the diameter narrowings asaluated also by an automatic edge-
detection system (Mipron I, Kontron, Berlin, Gemya

place of coronary flow
velocity measurements
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Figure 1 Schematic representation of the right (lefide) and left (right side)
coronary arteries according to the 15-segment AH&ra@nary artery model. Each
coronary segment was analyzed in multiple projeas for obstructive lesions. In
this figure right coronary artery is depicted in fie anterior oblique (LAO)

projection, left coronary artery system in right #erior obligue (RAO)

projection.projections for obstructive lesions. this figure right coronary artery is
depicted in left anterior oblique (LAO) projectiorieft coronary artery system in
right anterior oblique (RAO) projection.

Matching segments and narrowings in these two @goangiograms were carefully selected
by use of identical projections. The intra-obseraad inter-observer variabilities of the
method had previously been found to be 7 and 68pgatively, in our laboratory (42). On the
basis of a-priori criteria, patients were definsdaagiographic progressors if any progression
of stenosis to occlusion was detected visuallyiatitere was any stenosis > 30% for which >
20% progression of stenosis was measured by ga@witcoronary angiography (43-45).
From the raw data a quantitative measure of thenéxdf CAD was also evaluated by means
of the Duke scoring system. The Coronary Arterye@se Prognostic Index (Duke score)
considers the number of the diseased vessels wnegr three as well as left-main-artery
disease) and also the involvement of the proxiraghgent and the severity of stenosis (i.e. >
95% narrowing of diameter). The range of the pragicaveight is a 0—100-grade scale (46).
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3.2.2 PCI protocol

A percutaneous femoral or transradial approach wezsl for PCI. After placement of the
guiding catheter into the target vessel, a baselimenary angiography was performed, and a
bolus of 100 IU kg-1 heparin was administered wgreously. Nonionic contrast medium
(loversol 350, Mallinckrodt Inc., St. Louis, MO) waised in all patients. Intracoronary nitrate
administration was avoided during the study; whemais required due to a clinically relevant
coronary artery spasm, the patient was excludeu fite study. The coronary artery lesion
was crossed with a 0.014-in guidewire. PCI was goaréd with semicompliant balloon
dilatation catheters ranging in diameter from .85 mm. Balloon sizes were determined by
measuring the distal reference segment of the eoyoartery adjacent to the stenosis (digital
caliper method; Siemens Hicor, Erlangen, Germatfger the balloon had been positioned in
the lesion, the patients underwent repeated ballofhations, with periods of reperfusion,
during which the balloon was deflated and withdrapnoximal to the lesion with the
guidewire remaining across the lesion. In the pndad@ning studies the completeness of the

coronary occlusion was assessed by a short infeoficontrast material.

CAG CAG CAG CAG CAG
CONTROL GROUP 10-min REPERFUSION il
————\ A p— ——
PPREP ICECG v ICECG  TERM
Intracoronary saline infusion
CAG CAG CAG CAG CAG
ENALAPRILAT GROUP 10-min REPERFUSION
R w—— /A p— S —
PPREP  ICECG Vv ICECG TERM

Intracoronary enaraprilat infusion

Figure 2 The study design to evaluate the proteetigffect of enalaprilate in
patients unresponsive to ischemic preconditioningriig PCI. (Abbreviations:
PPREP: preparation of the patient; CAG: coronary giography; ICECG:
intracoronary electrocardiogram; OCCL: coronary aty occlusion by balloon
inflation.)

The study design to evaluate the protective efféanalaprilate in patients unresponsive to

ischemic preconditioning during PCI is outlined Figure 2. A continuous intracoronary
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infusion of saline (control group; n = 10) or emmalkat (enalaprilat group; n = 10) was started
immediately after deflation of the first balloonobgsion using the guiding catheter. The
enalaprilat (Enap; Krka Pharmaceutical Co., Novostde Slovenia) infusion was freshly
prepared just before the commencement of the sflidg.content of the original vial was
diluted in normal saline to a concentration of s0mi-1, which was infused at a rate of 50 pg
min-1 over 10 min. This dose and rate of enalapmfusion have been found to result in
coronary ACE inhibition (47) without producing arte hypotension (48). The control group
received an equivalent volume of physiologicalrealiAfter termination of the infusion the
balloon was again led into the lesion segment badgsécond 2-min occlusion was performed.
One min after each occlusion, coronary angiography commenced in order to assess the
result of the dilation. After cessation of the gmtoinflation, the study protocol was
terminated, and decisions regarding further irdlagi 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 phdrmacological protection myocardial
ischemia was assessed by measurement of the irdrnacy ST-segment elevation. Lead C1
of the ECG monitoring system was connected to tmerary guidewire. Intracoronary ECG,
and intraaortic blood-pressure signals were recbaidine with Wsmon Application Version
3.3 software throughout the procedure. Every beat @valuated by an independent physician
in a blinded arrangement. The ST-segment elevatias defined as the difference between
voltage values measured 80 ms after the J pointthadin the PQ segment. The total
ischemic burden was characterized by measuringnisen ST-segment deviation (mV) and
the peak ST-segment elevation (mV). The dynamicghef evolution of ischemia was
characterized with the time to reach 0.5 mV ST-s&agnelevation. The aortic pressure curve
during the procedure was obtained from the guidiatheter, and was recorded by the

hemodynamic monitoring system (Siemens Cathcor).

3.24 Transthoracic and stress transoesophageal echocardiography

Transthoracic echocardiography was performed wathroercially available imaging systems
at rest. The left ventricular internal dimensionsrgvmeasured by 2-dimensional directed M-

mode echocardiography. The ejection fraction wasutated by the method of Teichholz et
16



al. (50). TEE was performed with a Toshiba Powéonis8000 echocardiography equipment
using multiplane transoesophageal transducer. Té&flretl CFR measurements were carried
out according to the standard protocol proposetlitsto et al. (22). In all patients, the aortic
root and the proximal portion of the LAD were vifped in the transversal plane. The
biphasic coronary flow waveform in the LAD was reded by pulsed Doppler. Flow
measurements were made under baseline conditicthsat®r the administration of 0.56
mg/kg dipyridamole during 4 minutes. The peak vitles were measured at maximal
vasodilation at 6 minutes. In each case, five combee cycles were measured and averaged.

The CFR was calculated as the ratio of the APV mdutyperemia to the resting APV

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

Figure 3 Typical biphasic coronary waveform recomldy pulsed Doppler in the
left anterior descending coronary artery and theapke of measurement in
transversal plane during transesophageal echocagi@phy
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Figure 4 CFR measurement before PCI of LAD. Typicddiphasic coronary

waveform: lower systolic and higher diastolic flown this case, 40 cm/s diastolic
coronary flow velocity could be measured at restiogndition, which increased to
54 cm/s during the maximal vasodilation. The calet#d coronary flow velocity
reserve (CFR) is 54/40=1.35.

3.2.4.1 DET protocol

Two-dimensional echocardiographic and 12-lead weleatdiographic monitoring were
performed in combination with infusion of dipyridata at an initial rate of 0.56 mg/kg over
4 min. The maximal cumulative dose achieved wadg @g)/kg over 10 min. In cases of
negative results of tests, 40—70 mg aminophyllirgs \@administered over 1 min during the
15th minute. Two-dimensional echocardiograms wergicuously obtained during and up to
5 min after administration of dipyridamole. Bloodepsure and the electrocardiogram were
recorded each minute. Echocardiographic diagnastid point was the development of
obvious echocardiographic positivity. The test waspped in the absence of diagnostic end
points, if sub-optimal results [intolerable symp®@and limiting asymptomatic side effects,
including hypotension (relative or absolute: > 3thHg decrease in blood pressure] were
obtained.

Regional wall motion was assessed according tordsemmendations of the American
Society of Echocardiography with a 16-segment maafelthe left ventricle (53). Left

ventricular segments were assigned to pre-detethgoeonary vascular territories according
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to generally accepted pre-defined criteria (53).alhstudies, segmental wall motion was
semiquantitatively graded as 1, normal; 2, hypdkinemarked reduction of endocardial
motion and thickening; 3, akinetic, virtual absemtenward motion and thickening; and 4,
dyskinetic, paradoxical wall motion away from trentre of the left ventricle in systole. The
wall-motion-score index was derived by dividing th@mn of scores for individual segments
by the number of segments for which data were pnétable. Positivity of a result of a test
was defined as the occurrence of at least oneegktbonditions: new dys-synergy in a region
with normal resting function (i.e. normokinesis being hypokinetic, akinetic or dyskinetic);
and worsening of a resting dys-synergy (i.e. hypegia becoming akinesia or dyskinesia).
Inadequately visualized segments were not scored.phBtients with dysfunction at rest,
positivity of a result of a test was defined asriote’ (or ‘heterozonal’) ischemia when the
development of asynergy was not directly adjacernhé area of infarction and was assumed

to be related to another vascular region (53).

Echocardiographic criteria for progressors and pagressors. According to DET criteria,
progressors were defined according to the satisfadf at least one of two criteria: (1) a
negative result of DET in initial testing and a pios result of DET in second testing; (2)
positive results both of initial and of second $estith the latter having a peak WMSI 0.12
greater than that in the former. Non-progressonewefined according to the satisfaction of
at least one of three criteria: (1) negative rasoftDET both in initial and in second tests; (2)
a positive result of initial test and a negativeute of second test; (3) positive results both of
initial and of second tests, with the latter havengpeak WMSI 0.12 less than that of the
former. The cut-off point of peak WMSI variationsasvchosen post hoc on the basis of ROC
analysis providing the optimal sensitivity and speity in DET results for identification of

angiographic progressors.

3.3 Statistical analysis

Statistical analysis was performed by using anslgsivariance or the two-tailed Student's t
test for paired data as appropriate. The unpaitedest t test was applied for between group
comparisons. For dichotomous variables, Fisheracetest was used. Data are reported as
means]standard deviation; 95% confidence intervals as® given. P < 0.05 value was

considered statistically significant. Correlatidnkappa] indices was used when appropriate.
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The sensitivity, specificity and positive and négatpredictive value were calculating using
standard formulae. A SPSS 7.0 package (Statidiaekage for the Social Sciences (SPSS)
Inc., Chicago, lllinois, USA) running on a persorcaimputer was applied for the statistical
analysis. In the enalaprilate study, the statikcwlysis was performed with MedCalc for
Windows Version 8.2.0.3 (MedCalc Software, MaridiegrBelgium). In DET study, ROC
analysis was performed to identify the stress-eatographic parameter providing the best
accuracy. To establish the predictioning powerhaef CFR early after PCI, ROC curve was
constructed and the area under curve was repdfdthe preconditioning studies, ECG
recordings were analyzed using software (WinDagsMer 1.78; Dataq Instruments; Akron,
OH). The number of heart beats in each ischemimgevere separated into 15-s intervals,
and the ST-segment elevation values of each caogide in the 15-s periods were averaged
to get an eight-point curve. The effects of repgaieclusions were analyzed by RM-ANOVA
with Greenhouse-Geisser adjustment if needed (SR8&$on 11.0; SPSS; Chicago, IL); p
values were corrected according to Bonferroni &meated measurements. Effect of repeated
occlusions on time to normalization of the ST segirie the normocholesterolemic group
was also analyzed by RM-ANOVA. Confidence intervaispairwise comparisons were

adjusted to multiplications according to the Siftaknula.

4.1 Non-invasive prediction of angiographic progresson of coronary
artery disease by dipyridamole-stress echocar diography

Clinical history. The clinical characteristics bftpatients at entry to our study are reported in
Table 1.
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Age lyears) 59+ 9

Sex
Male 54 (90)
Female 6 (10)
Risk factors
Hypertension 23 (38)
Smoking 21 (35)
Diabetes 8(13)
Family history of disease 15 (25)
Hyperlipidaemia 20 (33)
Obesity 30 (50)
Previous myocardial infarction 31 (52)
Previous PTCA 15 (25)
Therapy at time of testing
None 44 (74)
Some (B-blockers, calcium antagonists and nitrates) 11 (18)
Variable 5 (8)

Values are expressed as numbers (percentages) and mean + SD.
PTCA, percutaneous transluminal coronary angioplasty.

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

During our second assessment 53 patients werdfiddntlinically as ‘progressors’ (i.e. with
worsening of Canadian Class Angina by > 1 gradsitbr intercurrent myocardial infarction).
Resting echocardiography. By resting echocardidyra®7 patients were identified as
‘progressors’ (i.e. patients with worsenings of .22in baseline regional WMSI). Coronary
angiography. The extents of CAD detected by firsi decond evaluations are reported in
Table 2. The number of diseased vessels was haghtre time of the second evaluation
(Table 2). Angiographic progressors amounted t@#80 patients (73%) and angiographic
non-progressors to 16 of 60 patients (27%). Fogmassors, the Duke score was significantly
increased with respect to that in the first angapdy (from 37117 to 51+15, p<0.001); for
non-progressors the Duke score did not changefisignily (from 26+£20 to 24+19, n.s.).
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First evaluation Second evaluation

Mormal 7 5
One-vessel disease 21 13
Two-vessel disease 23 25
Threevessel disease 9 16
Left-main-artery disease 0 1
Diseased vessels 1.5+ 0.8 1.9 + 0. 9¥*#

Values are numbers of patients and means + SD. *** P < 0.001,
versus first evaluation.

Table 2. Data obtained from coronary angiography

Dipyridamole-stress echocardiography. Resting WM&k 1.06 + 0.12 at first and 1.10 +
0.22 (NS) at second testing. Results of DET wegtpe for 30 of 60 patients at first and 46
of 60 patients at second testing (50 versus 77%0M01). According to previously specified
criteria, 40 of 60 patients were ‘progressors’@mis of stress-echocardiographic criteria. For
20 patients we found negative results of DET &t fiesting and positive results of DET at
second testing; for an additional 26 patients wenfbpositive results both at initial and at
second testing, with the latter having a peak WRISPR greater than that of the former (i.e. a

more severe dysfunction at peak stress).

Comparison of data from coronary angiography andhical, resting and stress
echocardiography. Taking the coronary-angiographimution as the reference standard, the
agreement ([kappa]) for each of the three levelsasgessment (medical history, resting
echocardiography and stress echocardiography) waspuwted (Table 3; identifying
‘progressors’ according to the previously definededa). The coefficient of agreement
([kappa]) with coronary angiography was poor fatireg echocardiography ([kappa] = 0.144),
moderately high for clinical variables ([kappa] =266), and substantial for stress
echocardiography ([kappa] = 0.764). The concordaricgress-echocardiographic data with
respect to coronary-angiography progressors waadfdor 39 of 44 cases (89%). The
remaining 20 patients were ‘non-progressors’ imgeof stress-echocardiographic criteria. An
example of an angiographic stress-echocardiograpbitprogressor’ is shown in Figure 5.
Different groups of patients could be identified@aing to the variation in DET response

between the first and second test. An exceller@ oditconcordance was achieved with a
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positive DET response becoming negative (four afr,fd00%) and with a negative DET
response becoming positive (18 of 19, 95%). Theaaance was 100% (six of six for non-
progressors and 20 of 20 for progressors) for pegtitor whom the peak variations in WMSI
and DET were chosen post hoc on the basis of R@{ysis.

Result of DET Coronary angiography
Positive Negative
Caoronary Angiography
Positive 39 5 44
Negative 1 15 16
DET Total cases 40 20 60
k=0.764
Clinical variables Coronary angiography
Positive Negative
Coronary angiography
Positive 41 3 44
Negative 12 4 16
Clinical variables Total cases 53 7 60
k=0.266
Results of resting echocardiography Coronary angiography
Positive Negative
Caraonary angiography
Positive 22 22 44
Negative 5 11 18
Resting echocardiography Total cases 27 a3 60
k=0.144

DET. dipyridamole-echocardiography test.

Table 3 Indices of kappa correlations of results ofipyridamole-stress-
echocardiography testing, clinical variables andsteng echocardiography with
respect to data from coronary angiography
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Figure 5. An example of a ‘non-progressor’, ideniid by concordance of
angiographic (upper panels) and stress-echocardeygnic (lower panels) criteria.
Normal coronary-angiographic findings at the timef ¢he initial evaluation (left-

hand upper panel). . Stress-echocardiographic findi the end-systolic frame at
peak stress exhibits a normal thickening of septapical and lateral walls (left-
hand lower panel). Six years later: There was noaclge in the coronary-
angiographic findings at the time of the second &wion (right-hand upper

panel). The stress-echocardiographic finding shotke end-systolic frame at peak

stress exhibiting a normal echocardiographic systathickness (right-hand lower
panel).
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Figure 6. An example of a ‘progressor’, identifiellly concordance of angiographic
(upper panels) and stress-echocardiographic (lowgeinels) criteria. Coronary
angiography at the time of the initial evaluationeft-hand upper panel): occluded
right coronary artery and patent left anterior deseding coronary artery. The
stress-echocardiographic finding (left-hand loweapel): the end-systolic frame at
peak stress exhibits a normal thickening of septapical and lateral walls. Five
years later: Coronary-angiographic findings (rightand upper panel): tight
stenosis of left anterior descending coronary agemhich was absent from the
first evaluation. The stress-echocardiographic fimg (right-hand lower panel)
shows the end-systolic frame at peak stress eximppitan obvious akinesia of
medium anterior and septo-apical wall as well as latero-apical wall. The new
abnormality of regional wall motion detected by mgted testing is in agreement
with the angiographic progression of disease.

For 13 of the 20 ‘progressors’, the echocardiog@plattern of repeated testing was also
characterized by a ‘remote’ type of positivity, i@mtly identifying instances of multivessel
disease with angiographic progression in a vesffereht from the ischemia-producing one

at initial testing. An example of a ‘progressorttean is shown in Figure 6.

Sensitivity of the ‘progressor-pattern’ of stres$w@cardiography test for predicting
progression of CAD was 87%, specificity was 93%sifiee predictive value was 96%,

negative predictive value was 77% and accuracy908és.
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42 The coronary flow velocity reserve measured by stress
transoesophageal echocardiography evaluates the success of coronary
interventions

Demographic and clinical data on the patients acHoeardiographic parameters are

presented in Table 4.

Group 1 Group 2

No. of patients 11 20
Age (years) 60+12 58+0
Male gender (%) 5 (45) 13 (65)
Hypertension (%) 9(82) 13 (65)
Diabetes mellitus (%) 4 (36) 5 (25)
Hyperlipidemia (%) 8(73) 10 (50)
Previous M (%) 5(45) 10 (50)
Smoking (%) 6 (55) 8(40)
BMI (kg/m?) 29144 285152
prePCl area stenosis (%) 8245 B116

Transthoracic echocardiography

EDD (mm) 54.3+7.1 51.0:55
IVS (mm) 11,028 105+13
PW (mm) 11,029 102411

EF (%) 58864 59.7+12.9

LVMI (g/m?) 151852 132.0£31.7

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

There was no significant difference in the preveéeof risk factors between the groups. The
medications applied in patient groups before LAD-R@re also found to be similar (Table
5). After the PCI, the residual coronary area ssenevaluated by coronary angiography was
48+12% in group 1 and 25+5% in group 2.

Dipyridamole stress transoesophageal echocardibgr?yn major side-effect of the infusion
of dipyridamole or severe discomfort from the ST&@&mination was reported. The resting

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

whereas that in group 1 remained unchanged.

Result of the statistical analysis in predictingar@ry reintervention. The CFR early after
PCI (ROC area, 78%, p < 0.04) was found to exhgbibd prognostic value in predicting

patients with reintervention (Figure 7).
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Figure 7 CFR early after PCI (ROC area, 78%, p <0d) was found to exhibit
good prognostic value in predicting patients witlintervention.

The CFR < 1.87 found to have optimal accuracy seteas cut off value with 69% sensitivity
and 86% specificity.

Results of the 5-year follow-up study. The sucgeass of the 5-year follow-up was 97% (30
of 31). The missing patient was from group 2. Froatients who required rePCIl or CABG
(group 1), two patients died: one male patient fmon tumor with pulmonary metastasis 46
months after the PCI (non-cardiac death) and omeali® patient from acute anterior
myocardial infarction 29 months after the PCIl (tarddeath). From group 2, only one
woman had a myocardial infarction 30 months atter PCI, no other coronary events were
found in this patient group. New coronary intervens were not performed within the 5-year
follow-up in group 2 and after the rePCI or CABGgiroup 1; all living patients are clinically

stable now.
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No. of patients (n) 11 20
B-Blockers (%) 8 (73) 15 (75)
ACE inhibitors (%) 8 (73) 16 (80)
Nitrates (%) 8 (73) 16 (80)
Calcium-antagonists (%) 2(18) 4 (20)
Lipid-lowering therapy (%) 5 (45) 8 (40)
Antidiabetics (%) 1(9) 2(10)
Anti-platelet therapy (%) 11 (100) 20 (100)

Table 5 The most important medications applied bef®Cl. Values are expressed
as number (%) unless otherwise indicated. p=ns

Group Velocity Before PCI S;f‘,:'evrvli%kls 33;5;";;(2'(5
Drest 70.3t15.4 66.3+29.8 -
1 Dmax 115.5+29.2 105.5+41.1 -
CFR 1.66+0.37 1.68+0.42 -
Drest 52.1+20.5 59.8+18.0 51.5+17.3
2 Dmax 86.1+36.6 120.8+27.7 107.4+28.9
CFR 1.73+0.45 2.09+0.46* 2.14+0.28*

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

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

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

Features Normocholesterolemic  Hypercholesterolemic
group (n=15) group (n=15)
Age, yr 59 +2 61 +2
Male/female gender 9/6 8/7
Hypertension 11 12
Smoking 4
Diabetes mellitus 1

Target vessel

LAD 9 11

CX 2 2

RCA 4 2
Previous PCI 1 3
Left ventricular EF, % 59 +2.5 53+1.8
Triglyceride, mg/dL 55.5+10.2 80.8 £8.7
Cholesterol, mg/dL 166.8 £17.0 234.7 £9.8 *
HDL cholesterol, mg/dL 43.8 £3.0 46.8 +2.3
Statin treatment 11 9

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

Table 7 Clinical feaures of the patients

Time course of ST-segment elevation during ischeinighe normocholesterolemic group,
ST-segment elevation showed a continuous rise guitie 2-min occlusions (Figure 8).
Repeated occlusions resulted in lower ST-segmeaviaBbns, which reached a statistically
significant level in the last 30-s periods of theelasions, showing the anti-ischemic effect of
preconditioning. In the hypercholesterolemic groaipapid elevation of the ST segment was
developed in the initial 30 s of the first occlusiavhich was not observed in the subsequent
two occlusions. However, from 45 to 120 s of thelasions, there was no difference between
ST-segment elevations. This shows that in hypeestetolemic patients, preconditioning

only slowed down the rapid onset of ischemia séeheainitial 30 s of the first occlusion but
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did not protect against the evolution of ST-segnaevation observed by the end of the

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

normalization of intracoronary ST segment during treperfusion periods on balloon

deflations as an indicator of the recovery of tearhfrom ischemia. In normocholesterolemic
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patients, we observed a significant decrease ia toonormalization of the ST segment during
repeated reperfusions, showing the preconditionieffect (Figure 9). In the
hypercholesterolemic group, time to normalizatidntloe ST-segment after all the three
ischemic periods was significantly prolonged as parad to the normocholesterolemic group,
and repeated occlusion/reperfusion periods did deatrease time to normalization of ST
segment. This shows the lack of the protective ceffeof preconditioning in

hypercholesterolemia.
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Figure 9 Time to normalization of the ST segmentlléwing balloon deflations
after coronary occlusions in normocholesterolemicné hypercholesterolemic
patients. Values are meant SEM (n=13 in both grodps*p <0.05 vs
normocholesterolemic group (independent-samplesstt Bonferroni correction, p
= p x 3). 8p <0.05 vs first occlusion (pairwise cpamisons based on estimated

marginal means).

4.4 Myocardial protection with enalaprilat in patients unresponsive to
ischemic preconditioning during per cutaneous coronary intervention
Clinical data on the study group. Ten patientshi& ¢ontrol group and 10 in the enalaprilat
group satisfied the criteria for inclusion in thaudy, and yielded technically adequate
intracoronary ECG recordings associated with cotaplesolution of the ischemia between
the balloon inflations. The angioplasty proceduseswsuccessfully completed in all subjects;

no adverse cardiovascular event was detected iofattne patients. Characteristic data on the
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study subjects are listed in Table 8. There wersigoificant differences between the groups
as regards their demographic and clinical parammeketboth groups, the systolic and diastolic

aortic blood pressures remained unchanged followiagelease of the first balloon inflation.

Features Control group (n=10) Enalaprilat group

(n=10)

Age, yr 52 +6 58 +7

Male/female gender 6/4 5/5

Hypercholesterolemia 4 5

Previous infarction 2 3

(remote)

Anginal status (CCS 2.4 +0.5 2.2+05

classification)

Date of last angina 6.3+2.4 7.6 £3.6

(days before PCI)

LVEF, % 57.2 £6.8 51.4 £6.5

Hypertension 5

Diabetes mellitus 4 3

Target vessel

LAD 4 4

CX 3 4

RCA 3 2

Data are presented as mean +SEM or No.

Table 8 Demographic and clinical data on the pattenThere were no significant
differences between the groups in any of the exaeunparameters. Values are
means=SEM.

The severity of ischemia following consecutive baii inflations. The beat-to-beat analysis
of the ST-segment elevations during consecutivéodalinflations in one control and one
enalaprilat-treated patient is illustrated in Feg@OA and B.
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Figure 10 A representative figure illustrating be#&b-beat analysis of the ST-
segment elevation (mV) during coronary occlusions @ane control (A) and one
enalaprilat-treated (B) patient. The diagrams of fient B demonstrate a marked
difference in the evolution of ischemia as measurbg the ST elevation on the
intracoronary ECG. At the first occlusion there was steeper ascent and higher
plateau of the ST elevation, while after enalaptilanfusion the evolution of
ischemia was much slower. Both the peak and the m&X elevation were less
during the second than during the first occlusion.

We assessed the severity of ischemia by measurerhtr intracoronary ECG, expressed in
terms of various parameters, such as the peak @nese elevation (Figure 11), the time
required to reach a 0.5 mV elevation (Figure 12y #he total ischemic burden, the latter
being evaluated by calculating the mean ST-segnedexation over the entire 2-min

occlusion period (Figure 13).

33



2.0 p=0.962 I p=0.025
1.8

I
—

1.4 +

1.2

1.0 +

Peak ST elevation (mV)

0.4

0.2

Control group Enalaprilat group
[] First occlusion [ ] Second occlusion

Figure 11 Changes in peak ST-segment elevation (ntMying the first and the
second occlusion in the control and enalaprilat-ated patients. As compared with
the controls, where the peak ST-segment elevatioaswsimilar during the
consecutive balloon inflations, in the patients giv enalaprilat the peak ST-
segment elevation was markedly reduced during teeand inflation. Values are
meanstSEM. *p<0.05 vs first occlusion.

In the control patients subjected to consecutivba inflations without drug treatment, both
the magnitude of the peak ST-segment elevationk(B&a 1.61+0.17 vs. 1.61+0.16 mV,
Figure 11) and the time course of ischemia devetoyr{time to reach 0.5 mV ST-elevation:
16+4 vs. 22+7 s; Figure 12) were almost identicatiy the first and second balloon
inflations. In contrast, in the patients infusedhaénalaprilat the peak ST-segment elevation
was significantly less (1.41+0.19 vs. 1.80£0.18 rp¥0.05; Figure 11), and the time to reach
the 0.5 mV elevation was significantly longer (1821 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 durintpe first and second
occlusions in the control and enalaprilat groups.&\haracterized the evolution of
ischemia by the time necessary to reach a predefif8.5 mV) ST elevation.
Although the length of this period in both groupsas somewhat longer during the
second occlusion, a significant increase in thisng period was found only in the
enalaprilat group. Values are means+SEM.

The total ischemic burdens during the first ancbeddalloon inflations were very similar in
the control group (mean-ST: 1.03+0.12 vs. 1.02+0m¥; Figure 13) whereas in the
enalaprilat group the burden was significantly lowaring the second occlusion (1.04+0.11
vs. 0.851£0.14 mV; p<0.01; Figure 13).
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Figure 13 Mean ST elevations during the first ancesnd occlusions in the
control and enalaprilat groups. In the control grqy the mean ST elevations were
similar when saline was applied between the firsidasecond balloon inflations. In
contrast, the infusion of enalaprilat significantlglecreased the mean ST elevation
from the first to the second occlusion. Values areans+SEM.

These studies were primarily focused to examinegtieemely great variability of myocardial

ischemia and its clinical appearance. This is nesitéfd in the non-linear progression of
coronary atherosclerosis, and in the limited praditity of post-PCI restenosis, as well.
Another principal manifestation of this variability 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 testreliability of different non-invasive

diagnostic methods for the quantification of myakarischemia in this variable environment.

The clinical relevance of these diagnostic testhias theoretically they facilitate to plan the

optimal timing of repeated catheterization in patsewith proved ischemic heart disease or

already treated by PCI.

The first two studies proved that both DET and ST&E correctly predict the progression of
native coronary artery disease or the restenosiseps. Both of these non-invasive tests can
be of great benefit for the invasive cardiologestcorrectly assess the indication of repeated

cardiac catheterization.

5.1.1 Non-invasive prediction of angiographic progression of coronary artery disease
by dipyridamole-stress echocar diogr aphy

Serial assessment of repeat dipyridamole-stresscaatiography results allows one to
separate angiographic progressors and non-progses8iently, by taking into account the
presence, extent and severity of stress-inducedrataiities of wall motion. The results of
the present study are consistent with those ofrabwtudies showing that the extent and
severity of induced dysfunction observed duringsdrechocardiography somewhat mirrors
the extent and severity of the underlying CAD (5),AIso the ischemia-free duration under
stress might be a measure of the severity, beiagestfor patients with more advanced forms
of single-vessel disease, in terms of anatomicfanctional criteria (16,56,57). However, the
ischemia-free duration under stress is relatetiecstverity of disease in the ischemia-related
vessel, rather than to the extent of the atherastaledisease. This could account for the
briefer duration of the time to ischemia, in comgan with the peak WMSI, in our study's
model (16). The unique feature of the present stadigat coronary-angiography and stress-
echocardiography results were not only assessezbntally, at one point in time, comparing
different patients, but also longitudinally, at twdferent times, using each patient as his or
her own control in order to assess individual \éoTes in anatomic angiographic progression

and results of functional stress testing.
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The rationale of our study is along the line piordeby Gould et al. (10), who were the first
to propose an imaging stress test to monitor ngasively the angiographic progression of
the disease. They used positron-emission-tomogrpphusion imaging, which is

technologically demanding and characterized by hight and low availability. Exercise

thallium scintigraphy has also been proposed as eanm for assessing evolution of
angiographically assessed CAD. For 18 patientsestdyj to a regimen of intensive physical
exercise and a low-fat diet, Schuler et al. fouhdt tmyocardial perfusion in individual

patients improved markedly despite there being m@ange in or a worsening of

angiographically assessed coronary disease (58)fath, perfusion imaging detects
impairment of coronary flow (59), whereas abnortiegi of wall motion are consistently
induced only by impairment of coronary flow resedeee to CAD (57,60), not impairment of
flow reserve due to microvascular disease in angjgcally normal coronary arteries (61).
Therefore, perfusion imaging might be more suitdbfedetecting microvascular endothelial
dysfunction and healing (9,10), whereas resultsuattional stress testing may be more

tightly linked to impairment of coronary flow reserdue to coronary-artery stenosis.

As a functional stress-imaging test, we employe@rpiacological dipyridamole-stress-
echocardiography, which has obvious advantagesrimst of cost and logistics, and has been
recognized to be of proven diagnostic and progoastiue for the assessment of patients with
CAD in the recent guidelines of American Collegerdi@ogy/American Heart Association
(62) and American Society of Echocardiography (6Bhis study has a few limitations. We
employed a quantitative assessment of coronaryriggtams with a widely adopted
semiquantitative scoring method. Angiography presida mere luminogram, depicting
coronary anatomy from a planar two-dimensional ailitte of the lumen. Confounding
factors include tortuosity of vessels, overlap mfictures and the effects of shape of lumen
(64). Quantitative coronary arteriography, which emeployed in the present study whenever
feasible, is more reproducible, but not necessamilgre accurate, than simple visual
assessment. In addition, results of several stuslesv that there is a marked disparity
between the apparent severity of the lesions aanl gathophysiological effects, the latter
being more tightly related to stress-echocardiogi@pesults than are the former. All these
factors could have introduced sources of errors ie validity of our assumption of
angiographic assessment of CAD as a standard agémsh to assess the capability of this

non-invasive test to predict progression of CAD.edllly, intravascular ultrasound
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measurements would have been much more approprieterences. Nevertheless,
angiography is currently the standard method fagdosing disease; it has been validated
widely with regard to its prognostic and therapeutiplications; and it was used in this study

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

Stress echocardiography is based on the subjeasgessment of regional wall motion.
Although there can be substantial inter-centrealmlity in stress-echocardiographic readings
even between experienced observers, the agreementbstantially higher when a-priori
criteria for reading data are developed by a pdolaccredited readers with extensive
experience of joint reading and deliberately igngnminor forms of questionable hypokinesia
(63,64). In our experience, this is the best apgrd@r obtaining reliable and consistent

results with stress-echocardiographic reading @pb-6

Finally, the criteria for selection of patients altbbe considered. The design of our study was
observational and the analysis of the data bank re@mespective. However, the data were
prospectively acquired and entered in the data lbanke time of execution of our study, by

observers who remained unaware of the resultseobtiher tests.

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

This is the first investigation of the potentialefidness of the STEE-derived CFR in the
evaluation of the long-term success of LAD-PCI. T3eR of patients with successful LAD-
PCI improved continuously (became >2) and thesescatsd not require further invasive
procedures during a 5-year follow-up period (grd@)p Patients whose condition required
rePCIl or CABG within half a year, CFR remained wamaed and two patients died during
this follow-up period (group 1). Transoesophage&hioeardiography can be used for a direct
evaluation of the coronary flow dynamics. Previaisdies have examined coronary flow
velocity patterns during PCI (69,70). There is adjaorrelation between CFR assessed by
Doppler guide-wire and that determined by TEE (AMl)e CFR is reduced in patients with
significant LAD disease, in case of proximal looatior more severe stenosis, further
impairment can be observed (22,71-77). Paraskevaidal. performed several studies with
stress TEE as CFR measurement for the evaluatioheofsuccess of LAD-PCI (72-74).

Paraskevaidis et al. suggested that TEE can hbeegtito evaluate the functional status of
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LAD-PCI. When the CFR is >2, there is less residumbnary artery stenosis, as detected by
intravascular ultrasound (72). The CFR is signiftbahigher early after successful than after
unsuccessful LAD-PCI, as assessed by STEE. The CEE-may serve as a noninvasive
index of early postangioplasty restenosis (73).yTVerified that CFR after PCI of proximal
LAD can be evaluated serially by TEE. CFR of LAD patients without restenosis is
increased 3 months after PCI and remains stabledfter (75). In contrast, Tsutsui et al.
found that periprocedural CFR conferred no predictvalue for subsequent intrastent

restenosis (78).

The possibility now exist for the measurement & @FR by transthoracic echocardiography
(79-81). Pizzuto et al. evaluated the flow changed the CFR in the LAD before and after
stenting, as measured by transthoracic Doppleraatmgraphy during adenosine infusion.
They found that the CFR may identify patients wi80% stenosis; and it normalizes early
after stenting, even in patients with0% stenosis (79). A CFR<2 had 91% sensitivity, 95%
specificity, and 96% positive and 97% negative [mteck values to detect significant stenosis
in patients with LAD stents (80). Non-invasive CRsessment by contrast-enhanced
transthoracic echocardiography is an accurate rdefttromonitoring significant restenosis in
the LAD when following up patients submitted toatiee PCI (81).

Serruys et al. demonstrated in the DEBATE studypfider Endpoints Balloon Angioplasty
Trial Europe), that using Doppler guidewire the mwament of distal CFR after PCI, in
combination with diameter stenosis (%), have aipte® value, albeit modest for the short-
and long-term outcomes after PCl (82). A low pastpdural CFR was associated with a
worse perprocedural outcome, but there was nofgignt difference at late follow-up as
concluded from the DEBATE Il study (83). Accordirtg the DESTINI study (Doppler
Endpoint STenting INternational Investigation), wHealloon angioplasty is guided by online
guantitative angiography and Doppler-derived corpnow reserve, with provisional
stenting reserved for suboptimal results, early kel clinical outcomes are comparable to

those achieved by elective stenting of all pati¢d4y.

The present study verified the prognostic role &ETCFR in the long-term functional
evaluation of the success of PCI. Regarding taetmi-invasivity, the clinical usefulness of
this method is questionable in the future, thesstreansthoracic echocardiography can

indicate an alternative way. However, it can beestdhat more studies are needed to clarify
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the prognostic role of stress transthoracic eclioagraphically-detected CFR in the long-
term evaluation of PCI. One of the main limitaticn that the population sample was
relatively small. It was not our aim to evaluate flow velocity changes during the follow-up.
The evaluation of successful coronary angioplasé§ wymptom-limited; control coronary
angiography was performed only in hospitalizedgds (group 1). This approach measures
blood flow velocities, and not the blood flow itséfhe measurement of coronary blood flow
requires an evaluation of the luminal cross-seefi@nea. Further, there is an angle between
the ultrasound beam and the vessel direction, essalt of which blood flow velocities
measured by this approach can be lower than thmalacilues. However, both the numerator
and the denominator in the formula for the CFR ragasured at the same angle, and thus

their ratio is not appreciably influenced by thglaror the vessel direction.

5.2 Limitation of ischemic preconditioning by hypercholesterolemia and
phar macological enhancement of myocardial ischemic adaptation
The object of the second part of our studies wasxamine the source of variability in
ischemia sensitivity in angiographically proved amary artery disease. It has already been
published both in animal and human experimentsdtffgrent pathologic states and aging, as
well can influence the adaptation capability of thgocardium. The target of these pathologic
states was hypercholesterolemia in the third pladuo investigations, because this is one of
the most common metabolic disturbances as a ristorfaof ischemic heart disease. Our
results proved that in patients with hypercholed&mia ischemic preconditioning is limited
compared to those with normal cholesterol bloo@lleVhese data can serve as explanation of
the clinical observation that the outcome of acoigocardial infarction in patients with
elevated cholesterol level can be worse comparedotamnocholesterolemic subjects. This
observation is a partial explanation of the intémidual variability of preconditioning,
however it must be considered clinically importdyecause this raise attention to the fact that
hyperlipidemia is a “double” risk factor; not ortlyat of coronary atherosclerosis, but for the

severity of myocardial ischemia, as well.

This variability of adaptive response to ischemfianyocardium emphasizes the importance

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

patients, who poorly responded short ischemic el@gavith ischemic adaptation.

The last phase of our research investigated thrapbatic aspects of the diversity in ischemic
preconditioning. It is well-known that the adaptivesponse of the myocardium to brief
periods of ischemia is extremely variable. We afitad to decrease this variability by
pharmacological potentiation of the ischemic prettoning in patients with reduced
adaptive response to short coronary occlusionsadatonary infusion of enalaprilat was
selected for this purpose by previous animal andhdru experimental results, which

demonstrated the role bradykinin B2 receptors.

The results of this study proved that the myocardiof patients with limited ischemic
preconditioning can still be protected by combioatof the short ischemic episodes with

intracoronary enalarilate infusion.

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

We investigated if hypercholesterolemia attenuéesemic preconditioning in 30 patients.
We have shown here for the first time in the litera that in hypercholesterolemic patients,
there is a rapid elevation of ST segment duringiit@l 30 s of the first balloon inflation, a
phenomenon not seen in normocholesterolemic patigdtir results further show that in
hypercholesterolemic patients, the repeated oarlgsalthough abolished the initial rapid
elevation of ST segment but did not attenuate Sjfreat elevation when measured at 45 to
120 s, and failed to decrease the time to norntadizaf ST segment after balloon deflations
when compared to normocholesterolemic patients.r€sults provide clear-cut evidence that
hypercholesterolemia enhances the evolution of @ybal ischemia on coronary occlusion
and significantly inhibits the antiischemic effest preconditioning in humans. A high-
cholesterol diet is regarded as an important factothe development of ischemic heart
disease. There is a linear relationship betweervagtmn of serum total cholesterol
concentration and the incidence of myocardial utfan; furthermore, the heart of
hyperlipidemic/atherosclerotic patients is hard@pable of adapting to physical exercise or
other kinds of stress (86,87). This has been ateib solely to the development of

atherosclerosis, and the possibility of the detation of endogenous adaptive mechanisms
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against myocardial ischemia, ie, preconditioningas hnot been considered in
hypercholesterolemic patients. Although the mayooit animal studies (28,29,88) show that
experimental hypercholesterolemia interferes withe t cardioprotective effect of
preconditioning, little is known about the effect bypercholesterolemia on human

preconditioning.

Our present study provided solid evidences showuivag hypercholesterolemia inhibits the
cardioprotective effect of acute preconditioningnan. We have assessed the time course of
the evolution of myocardial ischemia and that & tecovery from ischemia by a beat-to-beat
analysis of the intracoronary ST-segment shiftaiced by balloon inflations and deflation
during PCI and observed that in hypercholesteralgratients, there is a rapid increase in ST-
segment elevation at the beginning (0 to 30 sheffirst balloon inflation; however, this is
not seen in the second and third occlusions. Thesnpmenon could be considered as a
preconditioning effect; however, if one looks at-&3gment elevation at 45 to 120 s of the
occlusions, no preconditioning effect can be obsgim hypercholesterolemic patients. This
shows that a week preconditioning effect can beeiesl in hypercholesterolemic patients,
but it only slightly delays the evolution of ischmand does not alleviate the severity of
ischemia. Our results support that of Kyriakidesake{88) who reported that ST-segment
elevation on the surface ECG measured at 120 saltdam inflations was not attenuated
during repeated occlusions in hypercholesterolgratents. Furthermore, we have found that
the time to normalization of the ST segment wasradsed after repeated coronary
occlusions/reperfusion periods in normocholestenaie patients, showing the beneficial
effect of preconditioning. However, in hyperchoérstemic patients, time to normalization of
the ST segment was significantly longer even aftex first occlusion, and repeated
occlusion/reperfusion periods did not decreaseghrameter. These results clearly show that
hypercholesterolemia aggravates ischemia/reperfusiury and impairs the anti-ischemic

effect of preconditioning in humans.

The mechanism by which hypercholesterolemia maluentce the severity of myocardial
ischemia and the effects of preconditioning in hosnas not known; however, several
mechanisms have been suggested in animal stud&29f2 such as deterioration of
myocardial nitric oxide metabolism (30), increasaanation of reactive oxygen species such

as super- oxide and peroxynitrite (89), disruptbthe mevalonate pathway (90), attenuation
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of heat shock response (91), and the accumulatiochalesterol in the sarcolemmal and
mitochondrial membranes (92,93). However, it setmas hypercholesterolemia induces very
complex changes in cellular mechanisms of the mylnem, as our study (94) using DNA
microarray assay of 3,200 genes showed that hyplestierolemia leads to significant
alterations in the expression of 51 genes (4% efetkamined genes) in the rat heart. There
appears a controversy in some studies10-12 onffibetieeness of preconditioning induced
by PCI in humans. We assume that the reasonsdarahtroversy among others might be the
following: (1) that hypercholesterolemic and normolesterolemic patients have not been
separated in these studies, and (2) that ST-segetevaition in myocardial ischemia was
evaluated by different ways. Study protocols ugualtiude an arbitrarily selected time point
to assess ischemia during balloon inflations. Dypetualll failed to show preconditioning
induced by 2-min balloon inflations when measurddhicoronary ST-segment elevation at 90
s of balloon inflations in 13 patients. Billinget @10 failed to observe the anti-ischemic
effect of pharmacologic preconditioning induced Iytracoronary adenosine before
angioplasty when measuring intracoronary ST-segralewiation at 60 s of balloon inflations
in 30 patients. Laskey and Beach12 studied pretiondig in 382 patients by the assessment
of the maximal ST-segment elevations on eitheraserbr intracoronary ECG during two 90-
s balloon occlusions, and they could elicit precooring only in 80% of their patients. In
these studies, the reason for the lack of preciomdgig was not shown. Our present findings,
ie, the differences in the time course of ST-segre&vation between normocholesterolemic
and hypercholesterolemic patients and the limitatiof preconditioning in hyper-
cholesterolemic patients, show the necessity ttindisish between normocholesterolemic
and hypercholesterolemic patients and emphasizenpertance of a beat-to-beat analysis of
ST-segment elevation du ring the entire periodsadibon inflations and deflations in human
preconditioning studies. It should be noted herat thimilarly to hypercholesterolemic
patients, in patients with other diseases suchiasetes, heart failure, and aging, the time
course of ischemia during PCI may also be altenati¢an 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 per cutaneous cor onary intervention

The finding of this study supports our previouseslation (95) that in patients with severe
coronary artery disease who undergo elective PGingle brief (2-min) period of balloon
inflation is not sufficient to give rise to sigraéint improvements in the intracoronary ST-
segment changes that occur during a subsequerigrspariod of balloon inflation. We have
now demonstrated for the first time that the adstiation of enalaprilat to such patients
during PCI does induce protection, as revealeddpnjifgcant reductions in the mean and peak
ST-segment elevation and the onset of ischemicgdsduring the second coronary artery
occlusion. From the present study it is difficadtdecide whether this protection is due to the
action of enalaprilat alone or whether it resutesnf the combined effects of the previous
occlusion and the enalaprilat treatment. Whatelverprecise roles of the preceding ischemia
and enalaprilat in this protection, the primary adthe study was to examine whether
patients who seem to be unresponsive to a sindj@obainflation and who do not exhibit a
preconditioning-like effect during the subsequesghemia, would benefit from acute drug
administration during PCIl. We consider, that timsing of the drug administration could be
of particular importance in everyday clinical piaet since, a variable degree of myocardial
ischemia is already present in a substantial ptaporof patients with acute coronary
syndromes who are referred for emergency PCl.ignghtient subset, persistence of ischemic
symptoms demonstrate considerably jeopardized sthtéhe myocardium and, limited
preconditioning effect of the sequential short eoit episodes. Our results served indirect
information that in these high-risk patients — fgaittrly in those with slow flow and no-
reflow phenomenon - the administration of intrac@ny enalaprilat can still be
cardioprotective. Patients with non-ST-elevationoggrdial infarction may also have special
interest in this respect, since in these subjdutset are short repeated ischemic attacks
without considerable preconditioning effect. Thegmbial benefit of intracoronary enalaprilat
in this clinically relevant population may reproéut¢he same mechanism, what we

demonstrated now in elective patients.

There is an ongoing debate as to whether a sh@rto(220-s) period of balloon inflation in
patients with various degrees of coronary artesease, and with comorbidities such as
diabetes, atherosclerosis, hypercholesterolemigersnsion, etc., is able to produce

protection similar to ischemic preconditioning @), Dupouy et al. (98), using consecutive

45



balloon inflations for a duration of 2 min, founa rsignificant differences between the
occlusions as concerns modification of the intranary ECG or the left ventricular systolic
function. They concluded that such a brief periddischemia is insufficient to produce
protection against the consequences of a subse@at@mic event. There is, of course, a
possibility to increase the duration of the ocabasbut prolongation of the balloon inflation
over a certain period may raise ethical concewtzadsen et al. (99) reported that, on increase
of the duration of the occlusion from 181 s to 30The risk of irreversible myocardial injury
was enhanced, as assessed from a 10-fold incredlse blood troponin T levels. Matsubara
et al. (100) examined the relationship between dheation of balloon inflation and its
effectiveness during PCI, and demonstrated that d80-s, but not shorter occlusions were
effective in inducing a substantial reduction ire tisT-segment alterations during the
subsequent balloon occlusion. In an investigatioth® effects of ischemic preconditioning in
382 patients, Laskey and Beach (101) showed thatesof the patients exhibited a
preconditioning-like protection following two 904salloon occlusions, while the others

remained resistant to these stimuli.

Other studies (41,102), involving the use of 128a#loon inflations revealed marked ST-
segment reductions during repeated occlusions. réasons for the potential success or
failure of preconditioning in patients are not yulinderstood, but the severity of the coronary
artery disease, age and gender differences, deptlograeatures, the existence of
comorbidities, etc, appear to be the most imporfaators, which certainly determine the
ability of the human myocardium to respond with tpobion or with resistance to a brief

period of occlusion.

There is considerable evidence that, in experinheatsimals, various subthreshold
preconditioning stimuli, which are alone insufficieto elicit protection, will result in
significant cardioprotection if they are appliedgeéther (103). Furthermore, endogenous
substances, such as bradykinin (37), adenosing (kQaitric oxide (105) that are released in
the early phase of myocardial ischemia, either frihra cardiac myocytes or from the
coronary vascular endothelium, have been showtatpogtrigger role in the cardioprotective
effects of preconditioning. It is likely that undeonditions where an endothelial dysfunction
is evident (hypertension, atherosclerosis, hypdesterolemia, diabetes, etc.) the ability to

generate such endogenous myocardial protectivetesudes may be impaired. This would
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lead to the attenuation of a major pathway forgutibn and may explain, at least in part, why
short coronary artery occlusions in these patifait$o produce a preconditioning-like effect.
Thus, it might be expected that drugs which are éblreplace the loss of these substances
due to acute or chronic injury (e.g. nitric oxidendrs), or drugs that enhance the production
of these substances (e.g. inhibition of the kinietabolism with ACE and neutral
endopeptidase inhibitors with a subsequent incréagatric oxide production) would be
cardioprotective. Since our studies consistentlyhaee consistently indicated that patients
subjected to two balloon inflations for a duratioh 120 s, did not exhibit a significant
improvement in their ST-segment parameters durimg ¢econd balloon occlusion, the
guestion was raised of whether another, albeiedfit stimulus could elicit protection. Thus,
we selected an ACE inhibitor that is known to inglpceconditioning-like protection (38,106-
108). The dose of enalaprilat was selected fronstheies of Mohri et al. (47). and Rundqvist
et al. (48) who reported that 50 pg min-1 enalapdbes inhibit coronary ACE, but does not
cause arterial hypertension. We then observed rtfusion of enalaprilat between the two
balloon inflations resulted in a marked reduction the development and also in the
magnitude of the ST-segment elevation that occutttgthg the second occlusion. This result
indicated that, in contrast with the controls, epalat, perhaps together with the preceding
ischemic event, serves as an adequate stimulasitiee protection. Leesar et al. (41) recently
reported that a higher dose of enalaprilat, giveorpo the first balloon inflation, was
cardioprotective, mimicking the effect of the fimteconditioning occlusion. We should note
that there are substantial differences betweem &mei our studies. First, the objectives of the
two studies were not the same since the patientlpppns differed substantially. As we have
pointed out above, they worked with patients whepomded with protection to a 120-s
coronary artery occlusion, whereas our patientewert responsive to this stimulus per se.
Secondly, the total dose of enalaprilat that inducardioprotection in the study of Leesar et
al. (41) was 0.75 mg (50ug min-1 over 15 min). Vilgehnow demonstrated that a lower dose
(0.5 mg) is sufficient to evoke protection, eveaugh our patients proved unresponsive to the
ischemic stimulus. The most relevant difference thas$ Leesar et al. infused a high dose of
enalaprilat before the ischemic stimuli, while wdmanistered the drug only after the
ineffective first brief coronary occlusion. We cafex that our experimental set-up provides a
more realistic model as regards clinical practwleen we meet patients who have undergone
recent anginal attacks. The study by Leesar dualished good evidence of the preventive
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effect of enalaprilat against subsequent ischemiaontrast, our model has clearly shown
that, in the event of ongoing ischemia which is sufficient to precondition the myocardium,

enalaprilat administration can still be effectifteis worthy of note that the objective of our

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

balloon inflation, since the length of coronary loson is usually shorter in the everyday
clinical practice, and on the other hand, the domabf a 2-min balloon occlusion has no risk
of irreversible myocardial damage. Instead, oureexpental setup served as a model of
patients with acute coronary syndrome, treated R, and suffering from preceding short
ischemic attacks.

The present study has some limitations. First, ahave mentioned above, in the absence of
an enalaprilat control group, it is difficult to fdee whether the protection in patients treated
with enalaprilat is a consequence of the actioeralaprilat alone or whether the preceding
occlusion also contributes to this effect. The fedinumber of patients selected for this study
did not allow us to perform dose-finding examinaidor enalaprilat. Secondly, the absence
of collateral circulation was assessed only visuali coronary angiograms; the enhancement
of potential recruitable collateral channels wasexamined directly. Moreover, the effect of
enalaprilat on the coronary blood flow was not eattd in this study. However, there is
convincing evidence that collateral circulationuislikely to be a significant factor in the
cardioprotective effect of preconditioning (109pdathat in anesthetized dogs bradykinin
protects against ischemia and reperfusion-inducdd/thmias in a dose (25 ng kg-1 min-1)
that has no effect on the coronary circulation (Fhirdly, the assessment of ischemia during
repetitive coronary occlusions was based on bebe#&b analysis of the ST-segment elevation
on intracoronary ECG. Although this parameter candgarded as a surrogate endpoint, this
is a well-accepted and highly sensitive methodtler quantitative evaluation of myocardial
ischemia (95,110), and the ST-segment shift acelyraeflects the presence of ischemic
preconditioning (111). An additional limitation ofur study is that although we could not
detect any systemic hemodynamic effect of this daisenalaprilat, this case can not be
excluded in patients with acute myocardial infameti This potential side effect must be
evaluated in future studies, and may limit the sp@c of clinical scenery, in which this
cardioprotective measure can be applied.
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6 Conclusions (hew observations)

1. Spontaneous evolution of angiographically agzkssronary artery disease can usefully be
monitored non-invasively through recording variatio in serial dipyridamole-stress
echocardiography. This technique is highly feasiblielely available, of low cost, employing
non-ionizing energy and with a total time for imagiand analysis of < 20 min. This
application can further contribute to the expandisg of stress echocardiography in modern

cardiological practice.

2. CFR is significantly higher early after succesgtfian after unsuccessful PCl as assessed by
STEE. The CFR of patients with successful LAD-P@tdme >2 and suffered no major
clinical events during a 5-year follow-up. In cadt, in those a priori had a low CFR and did
not exhibit an improvement after PCI, further invasprocedures and major events did occur

during this period.

3. Hypercholesterolemia attenuates the anti-ischeiffifiect of preconditioning, accelerates the
evolution of myocardial ischemia, and delays theovery from ischemia on reperfusion in

humans. These findings further emphasize the irapoet of serum cholesterol as a predictive
risk factor for the incidence and severity of myaa ischemic events, and call for the

development of new cardioprotective drugs that nev¢he increased susceptibility of hearts
to ischemic stress and recapture the cardiopreteceffect of preconditioning in

hypercholesterolemic patients.

4. There is a population of patients with severeowary artery disease and assigned to
elective PCI in whom a brief, 120-s period of cagnocclusion fails to produce protection
against the consequences of a subsequent, sinsitexdpof ischemia. We have now further
shown that, in these patients who seem to be uomsspge to this initial preconditioning
ischemia, the administration of intracoronary epalat during the procedure can still elicit
adequate protection. It is our view that the coratam of preconditioning stimuli which are
different in nature (i.e. ischemic and pharmacalaljimay well provide protection even in

patients who do not respond with protection toegithf the stimuli separately.
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