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INTRODUCTION N 

Adequatee patient selection for revascularization procedures of coronary lesions is of 

utmostt importance, in view of the potential procedural complications and the occurrence of 

restenosis.. ' There is accumulating evidence that preoccupation with coronary "luminology" may 

bee misguiding, especially in patients with intermediate coronary lesions in the presence of multi-

vessell  coronary artery disease. Therefore, objective evidence for functional severity (i.e. 

ischemia)) is considered mandatory for clinical decision-making in patients with coronary artery 

disease.. " 

Inn general, apart from clinical patient information, two types of strategy are available for 

selectionn of patient for percutaneous transluminal coronary angioplasty (PTCA) or coronary 

arteryy bypass grafting (CABG): a non-invasive strategy (e.g. stress echocardiography, myocardial 

perfusionn scintigraphy) and an invasive strategy (i.e. coronary angiography, assessment of 

intracoronaryy hemodynamic parameters). The purpose of this article is to provide a brief 

overvieww of the currents methods, used for clinical decision-making in patients with coronary 

arteryy disease. 

BACKGROUND D 

CoronaryCoronary angioplasty in Europe 

Inn 1996, over 327,000 percutaneous transluminal coronary angioplasty (PTCA) procedures were 

performedd in Europe. The annual growth rate in Europe increased during the last decennium, 

upp to approximately 20% per year (figure 1) ; that would implicate more than 650,000 procedures 

inn 2000. It can be anticipated that the number of coronary angioplasty procedures will further 

increasee due to alterations in the indication for this procedure and aging of the population. The 

majorityy (50-70%) of the patients eligible for PTCA have multi-vessel coronary artery disease. An 

intermediatee (40-70% diameter stenosis) coronary lesion was encountered in 30% of these 

patients.. The rate of multi-vessel PTCA (i.e. more than 1 PTCA within a patient during the same 

procedure;; 15-20%) and 'ad-hoc' PTCA (i.e. PTCA performed at the time of the diagnostic 

catheterization;; 20-30%) is increasing over the past years. The rapid increase of coronary 

revascularizationn procedures, together with restricted financial resources, warrants an appropriate 

selectionn of the patients. The aim of risk stratification is to distinguish patients with a high 

likelihoodd of future major cardiac events who may benefit from invasive treatment. Therefore, 

forr clinical decision-making in patients widi coronary artery disease, it is important to 

demonstratee that (1) there is evidence of myocardial ischemia, as a prerequisite for coronary 

revascularization10,, and that (2) deferral of a revascularization procedure is safe, based on a 

normall  (i.e. indicative for absence of myocardial ischemia) test. 
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Europe e 

FIGUREFIGURE 1: Development of cardiac interventions during the 1990s in Europe. Data are obtained from the coronary circulation working 

groupgroup of the European Society of Cardiology and represent more than 30 European countries (total population: > 500 million people). 

ASSESSMENTT OF CORONARY STENOSIS SEVERITY 

1.1. Non-invasive diagnostic methods 

Non-invasivee stress testing is frequently used for the evaluation of coronary artery disease (CAD) 

inn patients with anginal complaints. This includes: electro-cardiographic exercise testing, 

myocardiall  perfusion scintigraphy, stress-echocardiography and positron emission tomography 

(PET).. These diagnostic techniques for documentation of myocardial ischemia should be applied 

priorr to diagnostic cardiac catheterization. ' 

Electro-cardiographicc exercise testing 

Electro-cardiographicc exercise testing is easy to perform and often applied for documentation of 

myocardiall  ischemia; it is in most cases accurate for documentation of myocardial ischemia in 

singlee vessel disease. However, this technique is of limited value in patients with an abnormal 

restt ECG, patients who performed submaximal exercise, and, more in general, in women and the 

elderlyy (>70 years). It is used for screening of patients with anginal complaints. In case of non 

conclusivee test results or (suspected) multi-vessel coronary artery disease, complementary stress-

echocardiographyy or myocardial perfusion scintigraphic stress testing is in general performed to 

determinee presence, extent and location of myocardial ischemia. 

Myocardiall  perfusion scintigraphy 

Thee role of nuclear cardiology in clinical decision-making is important, especially for the 

diagnosiss of coronary artery disease and risk stratification. Among the various techniques of 

nuclearr cardiology, stress myocardial perfusion scintigraphy (MPS) is the most widely applied 
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diagnosticc technique Its purpose is to assess the adequacy of myocardial blood flow during 

stresss conditions. MPS can be performed with either planar or tomographic imaging techniques 

(nowadayss more or less the standard). The latter has distinct advantages, as the heart is 

reconstructedd out of series of planar projection images. The relative distribution of the 

radiotracerr (e.g. thallium-201, technetium-99m) within the myocardium is then analysed in 

tomographicc slices in several orientations. This allows the separation of individual territories. 

Att present, single photon emission computed tomography (SPECT, see figure 2) is most 

frequentlyy used in daily clinical practice. The sensitivity and specificity of this technique is high in 

thee diagnosis of coronary artery disease. The overall sensitivity and specificity of SPECT 

approximatess 90% and 80% respectively with lower values for individual vessel allocation. ' 

FIGUREFIGURE 2: Hxample of myocardial perfusion scintigraphy. Single photon emission computed tomography (SPECT) is performed during 

restrest and after infusion of dipyridamole; an infero-postero-lateral reversible perfusion defect is appreciated. 

Nextt to the diagnostic value of MPS, several studies have addressed the prognostic value of a 

normall  SPECT examination. In a review of Iskander and Iskandrian, the results of several large 

trialss on risk assessment are summarized. They conclude that patients with stable chest pain 

syndromess and normal stress SPECT images have a very low (0-2%) risk of death and non-fatal 

myocardiall  infarction during a mean follow-up period of 20 months. It is highly unlikely that 

coronaryy revascularization can improve survival in these patients. The cardiac event rate at 1 year 

wass lower in high risk patients with a normal versus abnormal SPECT (1.4% versus 8.6%, 

respectively).. Similarly, a normal SPECT predicts a low event rate (0.88% / year) during a long 

termm follow-up (6 years) in a large population of patients with low-to-intermediate likelihood of 

coronaryy artery disease." On the other hand, the extent of perfusion image abnormalities is 

positivelyy associated with the risk for cardiac complications. However, the presence of just one 

abnormall  territory does not exclude the presence of left main or multi-vessel coronary artery 

disease,, that is known to be associated with an enhanced cardiac r isk." 

Inn general, it is accepted that pharmacological induced stress yields similar results as 

physicall  exercise." "" This is of use in certain patient groups (e.g. for those who are unable to 
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performm sufficient exercise). Pharmacological stress agents fall into two categories: coronary 

vasodilatingg agents such as dipyridamole and adenosine, and cardiac positive inotropic agents 

suchh as dobutamine and arbutamine. * For both, in the presence of CAD, perfusion image 

abnormalitiess result from heterogeneity of coronary blood flow reserve. For MPS, usually 

vasodilatingg agents are used; they work directly on the coronary vessels to increase blood flow. 

Thesee agents have high accuracy's for diagnosing coronary artery disease, and they have excellent 

safetyy records with acceptably low occurrences of side effects. The choice of the pharmacological 

stresss will depend on local expertise and availability. ' 

Stress-echocardiography y 

Stress-echocardiographyy provides an alternative technique for the diagnosis of coronary artery 

diseasee yielding similar diagnostic accuracy rates as SPECT in experienced laboratories. ' ' 

Stress-inducedd new wall motion abnormalities are used for the diagnosis of myocardial ischemia. 

Smartt et al. concluded that stress-echocardiography may be advantageous in patients with lower 

probabilitiess of CAD, because of a greater specificity than SPECT. Combining the results of 

stress-echocardiographyy and SPECT did not improve the diagnostic accuracy. Advantages of 

thiss technique include: no radiation, and the easiness to incorporate stress-echo in daily 

cardiologyy practice. 

Usually,, pharmacological induced stress is used for stress-echocardiography, using cardiac 

positivee inotropic agents. Inotropic agents work indirectly by increasing myocardial work load, 

whichh then leads to vasodilatation and, hence, an increase in coronary blood flow. 

Positronn emission tomography 

Cardiacc positron emission tomography (PET) has flourished over the past 20 years, but it is only 

moree recently that cardiology has begun to benefit from the advantages provided by PET. The 

uniquee features of PET are clearly described by Camici. The applications of PET to cardiology 

includee quantification of myocardial blood flow, myocardial metabolism, and identification of 

hibernatingg myocardium. 

Quantificationn of regional myocardial blood flow can be performed using oxygen-15 

labelledd water and nitrogen-13 labelled ammonia during rest or pharmacological induced 

vasodilatation.. In this way, it is possible to determine the coronary vasodilator reserve, which is 

ann useful index for assessment of functional significance of coronary narrowings. PET is up till 

noww the most reliable non-invasive test to determine the functional significance of coronary 

arteryy stenoses. ' However, this technique is laborious and expensive. More important, the 

equipmentt is present in a limited number of institutions, restricting the application of this 

techniquee for clinical purposes. 
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2.2. Invasive diagnostic methods 

Coronaryy angiography 

Invasivee coronary angiography is considered the "gold standard" for the diagnosis of CAD. 

However,, this method has several limitations for functional assessment of coronary lesion 

severity.. First, there are shortcomings in visual interpretations of angiograms due to interobserver 

andd tntraobserver variability. ' The preoccupation with coronary "luminology" may be 

misguidingg as angiography depicts coronary anatomy from a planar two-dimensional silhouette of 

thee lumen. Confounding factors include vessel tortuosity, overlap of structures, and the effects of 

lumenn shape. Furthermore, visual assessment of coronary lesions yields overestimation in lesions 

withh >50% diameter stenosis and underestimation of lesions with <50% diameter stenosis. ' 

Quantitativee coronary angiography (QCA) is performed to overcome these shortcomings of the 

visuall  interpretation of coronary lesions by means of a computer-assisted analysis. Severity of 

coronaryy narrowings can be analysed using this contour detection software. QCA is highly 

reproduciblee demonstrating minimal variations in the geometric measurements (2-3%) on 

sequentiall  repeated studies of the same stenosis. The fluid dynamic equations used for 

predictingg pressure loss across the stenosis by geometric characteristics correlates well with the 

coronaryy flow reserve. ' The assessment of the physiologic significance of a coronary lesion 

usingg quantitative lesion geometry has been tested in several studies. These studies indicated a 

poorr correlation between several parameters (percent area stenosis, percent diameter stenosis) 

withh coronary flow reserve measurements ' or the results of non-invasive stress testing, ' 

whilee these studies exhibited a fair correlation with the minimal cross-sectional area. 

Althoughh quantitative coronary angiography provides additional information compared to 

thee visual interpretation of coronary lesion severity, there are several limitations of this technique. 

Failuress in fully automatic arterial border detection involves coronary lesions at bifurcations, 

diffusee coronary artery disease, excessive vessel tortuosity or overlap or both and poor image 

quality.. Furthermore, calibration and frame selection by the observer contributes to the 

interobserverr variability. ' Finally, the association between QCA parameters and the results of 

PETT demonstrates considerable scatter, indicating that a single measurement in one patient, in 

particularr in intermediate coronary lesions, corresponds to a wide range in myocardial flow levels 
ii  ^ J  ̂ ^u 13,41,44,45 

relatedd to the coronary narrowing. 

Inn summary, angiographical estimations of arterial dimensions (visually or using contour 

detectionn software programs) during coronary angiography have been shown to be poor 

predictorss of functional of coronary narrowings. ' Consequentiy, quantitative coronary 

arteriographyy is of limited value for patient management during cardiac catheterization, in 

particularr for intermediate coronary narrowings. 

30 0 



AdequateAdequate patient selection for coronary revascularisation 

Intracoronatyy derived hemodynamic parameters 

Recently,, intracoronary derived hemodynamic parameters using sensor-tipped angioplasty 

guidewiress have been introduced as an alternative strategy, allowing selective assessment of 

functionall  severity of coronary narrowings during angiography. ' ' A poor correlation between 

anatomicall  information of coronary angiography and these intracoronary derived functional 

hemodynamicc parameters is found. ' Previous validation studies showed good agreement (80-

90%)) between these parameters and the results of non-invasive stress tests. ' The intracoronary 

hemodynamicc techniques facilitate clinical decision-making during diagnostic cardiac 

catheterization,, allowing to perform 'ad-hoc' angioplasty within the same session. Measuring 

CFVRR or FFR offers the advantage of avoiding a repeat cardiac catheterization after non-invasive 

stresss testing. 

Coronaryy lesion severity can be assessed by (1) evaluation of the hemodynamic 

characteristicss of a coronary lesion by spectral analysis of the coronary blood flow velocity 

(parameter:: coronary flow velocity reserve, CFVR), or (2) transstenotic coronary pressure 

gradientt measurements during hyperaemic conditions " (parameter: fractional flow reserve, 

FFR). . 

Maximumm hyperaemia is necessary for determination of both CFVR and FFR. In the 

cardiacc catheterization laboratory, stress can be pharmacologically induced in several ways, for 

instancee using papavarine, adenosine or ATP, administered either intravenously (i.v.) or as an 

intracoronaryy bolus (i.e.). Pharmacological induced hyperaemia is more pronounced than 

reactivee hyperaemia. Side effects of adenosine include mild chestpain (not anginal!) when 

administeredd i.v. and, rarely, atrioventricular block when administered i.c. in the right coronary 

artery.. A recent study showed no difference in hyperaemic response, as measured by 

intracoronaryy Doppler flow velocity, between adenosine and ATP (both intravenously and 

intracoronaryy administered) in comparison with papaverine. These findings indicate that the 

choicee of agent and routing for inducing hyperaemia depends on local expertise and availability. 

Coronaryy flow velocity reserve (CFVR) 

Coronaryy blood flow velocity assessment using Doppler catheters have been validated in 
57 7 

experimentall  work. However, in the clinical setting, the use of intracoronary Doppler catheters 

waswas restricted to measurements in regions proximal to the stenosis of interest due to the size (3F) 

off  the catheters. The development of a small diameter (0.014 inch) Doppler tipped angioplasty 

guidewiree extended measurements of coronary flow velocity beyond the coronary stenoses. The 

Dopplerr guidewire has comparable features to existing steerable angioplasty guidewires. The 

pulsedd Doppler circuitry emits ultrasound signals at 15 MHz. The blood flow velocity assessment 

hass been validated against electromagnetic flow measurements (1^=0.96-0.99) in vitro and in 

vivo.. * The administration of a potent coronary vasodilator such as adenosine results in more 

thann 3-fold augmentation of coronary blood flow in normal coronary vessels. In the presence 
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off  a severe epicardial stenosis, the maximum vasodilator response is markedly attenuated. After 

assessmentt of the distal flow velocity parameters during baseline and hyperaemic conditions, the 

coronaryy flow velocity reserve (CFVR) can be calculated as the ratio of the hyperaemic and 

baselinee flow velocity (see figure 3). 

FIGUREFIGURE 3: Example of CFVR measurement. The average blood flow velocity (APV) is increasing during maximum hyperemia from 

2424 to 55 cm I sec; thus, the CFVR is 2.3 

Severall  validation studies showed that the diagnostic accuracy of CFVR versus the results 

off  non-invasive stress testing is high, both in single and in multi-vessel disease (75-90%; table 

^^ 50,59-62 y a ] u es 0f  t n e CFVR below 2.0 are highly associated with reversible perfusion defects on 

MPS.. Based on these data, most cardiac catheterizations laboratories adopted a cut-off value for 

CFVRR of 2.0 for decision-making in clinical practice. 

Kernn et al. and Ferrari et al. described the safety to postpone angioplasty in a small group 

off  patients in whom only normal translesional hemodynamic flow velocity data were 

obtained.63'644 Recently, a prospective multi-center study in patients with angina (CCS 2-4) and 

angiographicc proven CAD showed that deferral of PTCA is safe based on a CFVR>2.0 (ILIA S 

study65),, showing low clinical event rates (death, myocardial infarction and revascularization; 6%) 

att 1 year follow-up. 

Fractionall  Flow Reserve (FFR1 

Intracoronaryy pressure derived fractional flow reserve (FFR), introduced by Pijls and De Bruyne, 

iss defined as the maximum myocardial blood flow in the presence of a stenosis, divided by the 

theoreticall  maximum flow in the absence of that stenosis—that is, maximum flow when the 

vessell  is normal.51'5 ' 6 The FFR represents that fraction of normal maximum flow that is still 

achievablee despite the presence of the stenosis (see figure 4). FFR is measured using an ultrathin 

guidewiree (0.014 inch) with a electronic pressure sensor, during maximum hyperemia. It has been 

demonstratedd that a FFR value < 0.75 discriminates functionally significant coronary narrowings 

(tablee I).47-51-67 its diagnostic accuracy to predict inducible ischemia correctly was approximately 

95%. . 
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TABLETABLE 1: Results of previous validation studies for intracoronary derived CFVR and FFR versus the results of 

non-invasivenon-invasive stress testing. Based on these trials, there is consensus of using a cut-off value for CFVR of 2.0 and 

forfor FFR ofO. 75 in daily clinical practice. 

FirstFirst author Year' Year' No.No. of 
patients patients 

NonNon invasive 
stress-test stress-test 

Agreement Agreement Reported Reported 
cut-offcut-off value 

CFVR R 

Miller r 

Joye e 

Deychack k 

Tron n 

Heller r 

Danzi i 

Verberne e 

Chamuleau u 

1994 1994 

1994 1994 60 0 

1995 1995 

1995 1995 

1997 1997 

1998 1998 

1999 1999 

2001 2001 

59 9 

62 62 

33 3 

30 0 

17 7 

62 2 

55 5 

30 0 

37 7 

127 7 

SPECT T 

SPECT T 

SPECT T 

SPECT T 

SPECT T 

Stress-echo o 

SPECT T 

SPECT T 

89% % 

94% % 

96% % 

84% % 

88% % 

87% % 

8 5% % 

7 5% % 

2.0 0 

2.0 0 

1.8 8 

2.0 0 

1.7 7 

2.0 0 

1.9 9 

1.7 7 

FFR R 

Pijls s 

Dee Bruyne 

Pijls s 

Bartunek k 

Abe e 

Chamuleau u 

1995199541 41 

1995199514 14 

1996199651 51 

1997199715 15 

20002000 76 

20012001 62 

60 0 

60 0 

45 5 

37 7 

46 6 

127 7 

X-ECG G 

X-ECG G 

XX ECG & 
SPECTT & 

Stress-echo o 

Stress-echo o 

SPECT T 

SPECT T 

9 8% % 

87% % 

9 3% % 

9 5% % 

911 % 

77% % 

0.74 4 

0.72 2 

0.75 5 

0.68 8 

0.75 5 

0.74 4 

CFVRR indicates coronary flow velocity reserve; FFR, fractional flow reserve; SPECT, Single Photon Emission 
Computedd Tomography; X-ECG, exercise electrocardiography. 
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FIGUREFIGURE 4: FFR is defined as the ratio of the pressure distal to a coronary narrowing and the aortic pressure, both 

measuredmeasured during maximal hyperemia. Hyperemia was induced using a bolus of intracoronary adenosine. The F FR was in 

thisthis case 0.62. 

Bechh et al. reported a retrospective analysis of safe deferral of PTCA on the basis of an 

FFR>0.755 in 100 patients with chest pain, referred for PTCA of an intermediate stenosis.'h 

Recently,, prospective multi-center study in patients (with stable angina and angiographic proven 

CAD)) showed that deferral of PTCA is safe based on a FFR>0.75 (DEFER trial6) showing low 

clinicall  event rates (death, myocardial infarction and revascularization; 7%) at 1 year follow-up. 

I nn the near future, more insight in coronary hemodynamic alterations wil l be obtained by 

combiningg the advantages of both intracoronary derived flow velocity and pressure. 

Simultaneouslyy derived parameters using both wires is not ideal from a practical point of view. 

Therefore,, a combined wire with a Doppler crystal and a pressure sensor, or using pressure and 

thermodilutionn within one wire, are the choices for optimal (invasive) identification of both 

epicardiall  and microvascular resistances. These developments may further improve the diagnostic 

valuee of intracoronary derived hemodynamic parameters. 
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FIGUREFIGURE 5: Anatomy versus functional significance of coronary narrowings: the 'illusion of luminology'. Two 

differentdifferent patients with a narrowing of 60% diameter stenosis in the right coronary artery are depicted. The 

functionalfunctional significance, as measured by the coronary flow velocity reserve (CFVR), is highly abnormal in patient 

22 (CFVR 1.5), in contrast to patient I (CFVR 3.1). 

SUMMARY Y 

Widelyy used non-invasive stress modalities, like exercise electrocardiography, myocardial 

perfusionn scintigraphy and stress echocardiography, are the tests of first choice for the diagnosis 

off  coronary artery disease. It has been shown in numerous studies that non-invasive assessment 

off  perfusion abnormalities is an adequate strategy for risk stratification. Moreover, non-invasive 

stresss testing should be performed before a diagnostic cardiac catheterization to document the 

presencee of myocardial ischemia, as a prerequisite for coronary revascularization. 

Coronaryy angiography is die gold standard for identifying coronary artery disease; however 

thiss technique is limited in Assessing functional severity of coronary narrowings ('illusion of 

luminology';; see also figure 5). The recently introduced intracoronary hemodynamic parameters 

(CFVRR and FFR) can identify functional severity of specific lesions and have shown a good 

agreementt with the results of non-invasive stress test in validation studies. Furthermore, there is 

accumulatingg evidence that it is safe to defer a FTCA procedure, based on normal FFR and 

CFVRR values. As these indices are derived during an invasive cardiac catheterization procedure, 

itss use is recommended during a so called 'ad-hoc' PTCA setting. Furthermore, they are 

particularlyy useful for clinical decision-making in patients with documented multi-vessel coronary 

artery'' disease, as both indices allow selective evaluation of coronary narrowings in different arteries. 

Revascularizationn procedures are costly and always have a potential risk. I t is important to 

bee aware that, using above mentioned methods, unnecessary interventions (lacking potential 

benefit)) may be avoided. 
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