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Abstract: The fractional flow reserve (FFR) is a simple, reliable, and reproducible physiologic index of lesion severity. In 

patients with intermediate stenosis, FFR 0.75 can be used to safely defer percutaneous coronary intervention (PCI), and 

patients with FFR 0.75 have a very low cardiac event rate. Coronary pressure measurement can determine which lesion 

should be treated with PCI in patients with tandem lesions, and PCI on the basis of FFR has been demonstrated to result in 

an acceptably low repeat PCI rate. FFR can identify patients with equivocal left main coronary artery disease who benefit 

from coronary bypass surgery. Coronary pressure measurement distinguishes patients with an abrupt pressure drop pattern 

from those with a gradual pressure drop pattern, and the former group of patients benefit from PCI. Coronary pressure 

measurement is clinically useful in evaluating sufficient recruitable coronary collateral blood flow for prevention of 

ischemia, which affects future cardiac events. FFR is useful for the prediction of restenosis after PCI. As an end-point of 

PCI, FFR 0.95 and 0.90 would be appropriate for coronary stenting and coronary angioplasty, respectively. In 

summary, if you encounter a coronary stenosis in doubt you should measure pressure rather than dilate it. 

Keywords: Coronary pressure, fractional flow reserve, intermediate stenosis, tandem lesions, left main coronary artery, 
collateral blood flow. 

INTRODUCTION 

 Percutaneous coronary intervention (PCI) is often per-
formed without objective evidence of myocardial ischemia. 
Usually, a percent diameter stenosis of 50% as determined 
by quantitative coronary angiography is regarded to be sig-
nificant stenosis [1]. However, necropsy and intravascular 
ultrasound studies demonstrate that coronary lesions are 
often highly complex, exhibiting markedly distorted or 
eccentric luminal shapes [2-4]. This complex morphology 
impairs the ability of coronary angiography to accurately 
depict coronary anatomy. The problem of coronary artery 
remodeling and the validity of a normal reference segment 
further limit the ability of coronary angiography [5]. Thus, 
coronary angiography has considerable limitations in evalua-
ting coronary artery stenosis.  

 The fractional flow reserve (FFR) is a simple, reliable, 
and reproducible physiologic index of lesion severity [6]. 
Several studies demonstrate that the FFR is strongly related 
to inducible myocardial ischemia established by rigorous 
comparisons to different clinical stress testing modalities [6-
9]. Based on these considerations, FFR can be useful for 
evaluating coronary artery stenosis in various pathological 
conditions of coronary artery disease. 

 In this review we provide a short overview of the 
background of FFR and focus on its clinical application, both 
for diagnostic and therapeutic catheterization. 
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CONCEPT AND CHARACTERISTICS OF FFR 

 FFR is defined as maximum myocardial blood flow in 
the presence of a stenosis divided by the theoretical maxi-
mum blood flow in the same region in the absence of 
stenosis (Fig. 1). This index represents the fraction of normal 
maximum blood flow that is achievable despite the presence 
of the epicardial coronary stenosis [6, 7, 10]. 

FFR= Q
S 

/ Q
N
 

Q
S
: maximum myocardial blood flow in the presence of a 

stenosis 

Q
N
: normal maximum myocardial blood flow 

Q
N
=(Pa-Pv)/R 

Pa: mean aortic pressure, Pv: mean central venous pressure 

R: myocardial resistance at maximum vasodilation 

Q
S
=(Pd-Pv)/R 

Pd: hyperemic distal coronary pressure 

FFR=Pd-Pv/Pa-Pv 

 Because generally, central venous pressure is close to 
zero, this equation can be simplified to, 

FFR=Pd/Pa 

 The advantages of FFR are as follows; 1) it has an 
uniform normal value of 1.0 for every patient and every 
coronary artery, 2) it s independent of changes in blood 
pressure, heart rate, and contractility, 3) it has a clear cut-off 
value of 0.75 to discriminate significant from non-significant 
stenosis, and 4) it needs no control coronary artery, and 5) it 
accounts for collateral blood flow. 
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 Regarding cut-off value of FFR, several studies have 
convincingly demonstrated that FFR of 0.75 accurately 
discriminates lesions with inducible reversible ischemia from  
those without inducible reversible ischemia [6-9]. An FFR 
<0.75 identified coronary stenosis in patients with inducible 
myocardial ischemia with high sensitivity (88%), specificity 
(100%), positive predictive value (100%), and overall 
accuracy (93%) [6]. 

TECHNICAL ASPECTS OF CORONARY PRESSURE 

MEASUREMENT 

 A pressure guide wire is zeroed, calibrated and advanced 
through the catheter into the coronary artery and positioned 

as distally as possible. Maximal hyperemia is then induced 
by intracoronary or intravenous continuous infusion of 
hyperemic agents (papaverine, adenosine, and adenosine 
triphosphate, Table 1). FFR is then calculated at the 
maximum hyperemia from the simultaneously recorded 
aortic (Pa) and distal coronary pressure (Pd) by the ratio of 
Pd/Pa. Thereafter the pullback pressure tracing from a point 
as distal as possible to the proximal part of the coronary 
artery under steady-state maximum hyperemia is obtained 
and recorded at paper speed of 5mm/sec. The pullback 
pressure tracing is performed twice to confirm the accuracy 
of FFR obtained. Continuous intravenous infusion is the best 
method to obtain stable maximum hyperemia and provides 
an excellent pull-back curve. Pullback curve at maximum 

 

Fig. (1). Concept of FFR. 

Q
S
: maximum myocardial blood flow in the presence of a stenosis 

Q
N
: normal maximum myocardial blood flow 

Pa: mean aortic pressure 

Pd: hyperemic distal coronary pressure 

Table 1. Pharmacological Agents for Coronary Hyperemia 

 

 Papaverine Adenosine Adenosine Triphosphate 

Increase in CBF 4-6 times 4-6 times 4-6 times 

Half-life 60-90sec <20sec <20sec 

Plateau ic 30-60sec  5-10sec 5-10sec 

iv  <1-2min <1-2min 

Dose    

ic RCA 10mg 30μg 30μg 

LCA 15-20mg 40-80μg 40-80μg 

iv  140-160μg/kg/min 140-160μg/kg/min 

Side Effect QT prolongation angina-like chest pain angina-like chest pain 

 VT/Vf BP decrease by 10-15% BP decrease by 10-15%  

Abbreviations:  

BP; blood pressure, CBF; coronary blood flow, ic; intracoronary, iv; intravenous, LCA; left coronary artery, RCA; right coronary artery, VT; ventricular tachycardia, Vf; ventricular 
fibrillation. 
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hyperemia is the most accurate, most convincing, and most 
reliable way to study the functional status of every part of a 
coronary artery (Fig. 2) [11, 12]. 

FFR IN MICROVASCULAR DISEASE 

 FFR has one theoretical limitation, which is micro-
vascular disease. In patients with microvascular disease such 
as myocardial infarction, left ventricular hypertrophy, and 
diabetes mellitus, epicardial blood flow will not be as high as 
it would be in the case of normal microvascular function, 
which leads to overestimated FFR values. However, from a 

practical standpoint, FFR will still indicate to what extent the 
epicardial stenosis contributes to the limitation of the 
maximal perfusion in a given patient and to what extent the 
removal of the epicardial stenosis would lead to the 
improvement regardless of microvascular response. 

 In fact, there are several studies regarding the usefulness 
of FFR after myocardial infarction. De Bruyne et al. 
performed myocardial perfusion single photon emission 
scintigraphy (SPECT) and FFR measurement in 57 patients 
with myocardial infarction 6 days earlier [13]. The 
sensitivity and specificity of the 0.75 values of FFR to detect 

 

 

Fig. (2). Usefulness of pull back pressure tracing. A. A 65-year-old woman had a 72% stenosis in the distal segment of the right coronary 

artery and FFR was 0.57. B. After coronary stenting percent diameter stenosis improved to 8% but FFR improved only to 0.81. Pull back 

curve showed that there was no pressure gradient at the stented segment and pressure gradient was found at the proximal portion of the right 

coronary artery, to which we performed coronary angioplasty three months earlier. 
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flow maldistribution at SPECT imaging were 82% and 87%, 
respectively. Further, the concordance between the FFR and 
SPECT imaging was 85%. Another study examined 48 
patients 3.7 1.3 days after myocardial infarction [14]. The 
sensitivity, specificity, positive and negative predictive 
value, and concordance of FFR 0.75 for detecting true 
reversibility on SPECT were 88%, 93%, 88%, 93%, and 
92%, respectively. The optimal FFR value for discriminating 
inducible ischemia was 0.78. Therefore, FFR of the infarct-
related artery accurately identifies reversibility on non-

invasive imaging early after myocardial infarction.  

CLINICAL APPLICATION OF CORONARY 

PRESSURE MEASUREMENT (TABLE 2) 

1. Intermediate Stenosis 

 Fig. (3) shows the relationship between percent diameter 
stenosis and FFR in our 417 patients with intermediate 
coronary stenosis, which is defined as percent diameter 
stenosis (% DS) between 40% and 70%. Our results show 
that considerable number of patients with intermediate 
stenosis had functionally non-significant stenosis. Our 
results also showed that coronary angiography could not 
discriminate between significant and non-significant stenosis 
in intermediate stenotic lesions. There was a large overlap of 
%DS between patients with normal FFR and those with 
abnormal FFR and the relationship between %DS and FFR 
in all patients was modest. Similar to our results, a study 
measured FFR in 83 patients with intermediate stenosis and 
compared the results with visual assessment and quantitative 
coronary angiography (QCA) of angiography. They found 
that neither visual assessment by experienced interventional 
cardiologist nor QCA could accurately predict the signi-
ficance of intermediate stenosis [15]. These results indicate 
that FFR is clinically useful to evaluate the severity of 
intermediate stenosis accurately. 

Table 2. Clinical Application of Coronary Pressure 

Measurement 

 

1. Intermediate stenosis 

2. Tandem lesions 

3. Equivocal left main coronary artery disease 

4. Diffuse coronary artery disease 

5. Multivessel disease 

6. Assessment of collateral blood flow  

7. Determining end point of PCI 

 

 In patients with normal FFR the coronary event rate is 
lower with medical therapy as compared with coronary 
intervention. Eight previous studies, which included 24 to 
150 patients, reported a coronary event rate, defined as 
death, myocardial infarction, PCI, bypass surgery, of 8% to 
21% (mean 11%) during follow-up period of 11 to 29 (mean 
16.3) months, which means the annual event rate was 5.7% 
[16-23]. They also reported the annual hard event rate, 
defined as death and myocardial infarction, of 1% per year. 
This very low hard event rate is comparable with that of 
patients with normal stress myocardial perfusion imaging, 
which is reported to be 0.6-1.0% per year [24-26]. Recently 
Pijls et al. reported the five-year follow-up data of the 
DEFER (Deferral versus Performance of PTCA in patients 
without Documented Ischemia) study [27]. Event-free 
survival was not different between patients with normal FFR 
and deferred PCI and those with normal FFR and performed 
PCI (80% and 73%, NS, respectively). Composite rate of 
cardiac death and myocardial infarction was 3.3% and 7.9%, 
respectively (NS). 

 Taken together, in patients with intermediate stenosis 
FFR 0.75 can be used to safely defer PCI, and that patients 
with FFR 0.75 have a very low cardiac event rate. 

 

Fig. (3). The relationship between percent diameter stenosis (%DS) and fractional flow reserve (FFR). 
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2. Tandem Lesions 

 In tandem lesions, evaluation of the severity of each 
lesion by coronary angiography is often difficult because of 
the complicated hydromechanics across tandem lesions. It is 
especially difficult to determine the severity of the tandem 
lesions when one or both lesions show intermediate stenosis 
[28]. Several noninvasive methods, such as stress myocardial 
perfusion imaging, are performed to evaluate the myocardial 
ischemia. However, these tests cannot determine which 
lesion of the two is responsible for reversible ischemia. 
Simple and reliable methods for evaluating the functional 
severity of the lesions are essential for decision making for 
PCI, especially in patients with equivocal tandem lesions. An 
animal study demonstrated that FFR of each lesion in a 
tandem lesion case could not be calculated using the 
equation for isolated stenosis applied to each lesion 
separately [29]. Another clinical study also indicated that the 
FFR of each stenosis would have been significantly 
overestimated without accounting for stenosis interaction 
[30].  

 To resolve this issue, Hirota et al. measured coronary 
pressure in 72 patients with tandem lesions [31]. For patients 
with FFR 0.75 across the tandem lesions they deferred PCI. 
When FFR was <0.75 across the tandem lesions, they perfor-
med PCI for the angiographically more severe stenosis. If 
FFR after PCI for the first lesion was 0.75, they deferred 
PCI for the second lesion. If FFR after PCI for the first 
lesion was <0.75, they performed PCI for the second lesion. 
As a result they deferred PCI for 26 patients (36.1%), 
performed PCI for one lesion in 19 patients (26.4%), and 
PCI for both lesions in 27 patients (37.5%). Among patients 
in whom PCI was deferred, only two patients (7.7%) 
required PCI during the follow-up period. This rate was not 
significantly different from that in the 46 patients who 
underwent PCI for one or two lesions (six patients, 13.0%). 
Thus this study showed that in patients with tandem lesions, 
FFR could clearly discriminate functionally significant 
stenosis and safely deferred PCI in those with normal FFR. 

3. Equivocal Left Main Coronary Artery Disease 

 Assessment of left main coronary artery (LMCA) disease 
by coronary angiography is often suboptimal [32, 33]. It is 
often difficult to make the decision of whether coronary 
revascularization for equivocal LMCA disease is required or 
not. Pathological studies demonstrated that atherosclerosis 
diffusely involves the coronary arteries and recent intra-
vascular ultrasound (IVUS) studies confirmed this finding in 
vivo [3, 34]. Intravascular ultrasound studies also found that 
coronary remodeling frequently occurs, which prevents the 
narrowing of the coronary arterial lumen through com-
pensatory enlargement of the coronary artery [5]. These 
findings indicate that a true reference segment cannot be 
identified by coronary angiography. In fact, Cameron et al. 
studied the reliability of angiographic assessment of LMCA 
stenosis [33]. They reviewed 106 coronary angiograms and 
found that there was only 41% to 59% agreement on the 
severity of the lesion among three groups of angiographers. 
Another study performed intravascular ultrasound study in 
60 patients [35]. While significant LMCA stenosis was 
present in 2 patients IVUS demonstrated plaques in 27 of 60 
LMCAs, six of them in patients with normal angiograms. 

When the LMCA lesion is immeasurably short, diffusely 
diseased, or obscured by overlapping vessels, determination 
of severity of the LMCA by angiography is especially 
difficult. Therefore, angiographic assessment is not reliable 
for the accurate evaluation of LMCA stenosis. 

 Furthermore, if an LMCA stenosis is not functionally 
significant, a bypass graft will be occluded and unnecessary 
bypass surgery will be performed. There is a study that 
followed 122 patients with moderate ( 50% diameter 
stenosis) LMCA stenosis for one year [36]. The lesion site 
minimum lumen diameter by quantitative coronary 
angiography correlated moderately with IVUS (r=0.364) and 
they found that one-year event rate was only 14%, and only 
four patients died. This study indicates that most patients 
with moderate LMCA stenosis do not benefit from CABG 
and that these patients may not have functionally significant 
LMCA stenosis.  

 If LMCA stenosis is not functionally significant and 
functionally significant coronary stenosis exists in the other 
part of coronary artery, PCI for this lesion should be the 
appropriate treatment. LMCA stenosis has been known to be 
frequently associated with coronary stenosis in the other part 
of coronary artery [37]. Non-invasive tests, such as myocar-
dial perfusion imaging, often fail to differentiate between 
ischemia caused by LMCA stenosis and that caused by 
coronary stenosis located in the other part of the coronary 
artery. 

 Most of these problems in evaluating LMCA stenosis can 
be solved by using coronary pressure measurement. There 
are several studies which selected treatment strategy based 
on FFR results in patients with equivocal LMCA disease. 
Suemaru et al. studied 15 patients with equivocal LMCA 
stenosis [38]. Eight patients with FFR 0.75 received medical 
therapy and seven patients with FFR <0.75 underwent 
CABG. During the follow-up period of 32.5 9.7 months, 
no adverse cardiac event occurred in patients with medical 
therapy. Two patients with CABG were hospitalized with 
congestive heart failure. Bech et al. measured FFR in 54 
patients with equivocal LMCA stenosis and assigned 24 
patients with FFR 0.75 to medical treatment and 30 patients 
with FFR <0.75 to CABG [39]. Event-free survival at three 
years was not significantly different between the medical 
group and surgical group (76% vs. 83%, respectively). In 
medical group two patients underwent coronary angioplasty 
and three patients underwent CABG. These results clearly 
show that FFR can accurately evaluate the severity of 
LMCA stenosis. Careful follow-up of patients with medical 
therapy is very important. Rupture of coronary plaque in the 
LMCA followed by thrombus formation will likely result in 
a catastrophic event [40, 41]. Therefore, patients with medi-
cal therapy should be carefully observed with intensive 
medical therapy, including statin and ACE inhibitors. 

 As for coronary pressure measurement of LMCA 
stenosis, the position of the catheter is critical for the 
accurate assessment. The tip of the catheter should not be 
engaged in LMCA but rather should be slightly removed 
from the ostium of LMCA, which enables the precise 
measurement of the proximal coronary pressure of the 
LMCA stenosis. Then the pressure wire is gradually pulled 
back under fluoroscopy. Caution should be made to not 
allow deep engagement of the tip of the catheter into the 
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LMCA during gradual pull-back of pressure wire. These 
careful coronary pressure measurements provide precise FFR 
measurement across the LMCA lesion. 

 Taken together, coronary pressure measurement can 
identify patients with equivocal LMCA disease who benefit 
from coronary bypass surgery. 

4. Diffuse Coronary Artery Disease 

 Atherosclerosis usually involves the entire coronary 
artery tree to various extents [42, 43]. Diffuse atherosclerotic 
involvement of coronary arteries is one of the major factors 
affecting morbidity and mortality in patients with coronary 

artery disease [44, 45]. Thus detection and evaluation of the 
physiological significance of diffuse coronary artery disease 
have important therapeutic implications. 

 Coronary angiography again has some limitations for 
evaluating diffuse stenosis of the coronary arteries [28, 46, 
47]. Current quantitative coronary angiographic measure-
ment of percent diameter stenosis does not account for the 
true normal coronary arterial size because only the lumen of 
the reference segment is used for comparison [47]. The true 
size of an artery is often obscured because of coronary 
arterial remodeling [5]. Thus interpretations of coronary 
angiography severely underestimate mild or diffuse coronary 
atherosclerosis and overestimate the severity of stenosis with 

 

 

Fig. (4). Abrupt pressure drop pattern. 

Pull back pressure tracing in a patient with an abrupt pressure drop pattern before (A) and after (B) treatment with PCI. An abrupt drop of 

coronary pressure was observed and FFR was 0.47. Six months after PCI, the pressure difference was reduced and FFR improved to 0.79. 
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>50% diameter narrowing [44, 48]. Many studies have 
shown that visual interpretation of coronary angiography 
severely underestimates mild or diffuse coronary artery 
disease [28, 46, 47]. Seiler et al. showed that in patients with 
even mild segmental stenosis, the luminal diameters of 
coronary arteries over a broad region are 30-50% smaller 
than they should be for the regional mass served [49, 50]. 
Thus, coronary angiography is not a reliable method to 
determine the severity of diffuse coronary artery disease. 

 The frequency and fluid dynamic severity of diffuse 
coronary artery narrowing in patients with coronary artery 
disease have not been previously described. Coronary flow 
reserve measured distally by intracoronary Doppler or 
pressure guide wires is lower than that measured proximally 
and correlates better with stress perfusion defects than with 
proximal measurements of coronary flow reserve [7, 51, 52]. 
A study examined 1001 patients with documented coronary 
artery disease by positron emission tomography [53]. The 
study showed that 43% of patients with or without segmental 
perfusion defects demonstrated a graded, longitudinal, base-
to-apex myocardial perfusion gradient, indicating dynami-
cally significant diffuse coronary artery disease. 

 Pijls reported two patients with two different patterns  
of coronary pullback pressure in angiographically diffuse 
coronary artery stenosis [54]. One patient showed a local 
pressure drop pattern and the other showed a gradual 
pressure drop pattern. We measured coronary pressure of the 
left anterior descending coronary artery in 83 patients with 
diffuse coronary artery disease. The abrupt pressure drop 
pattern was observed in 47 patients (57%), while the remain-
ing 36 patients (43%) showed the gradual pressure drop 
pattern (Figs. 4, 5). Patients with an abrupt pressure drop 
pattern would benefit from localized therapy, which means 
PCI. CABG for gradual pressure drop lesions may provide 
some positive effects through the elevation of coronary 
perfusion pressure to the peripheral coronary artery tree. 

 Taken together, coronary pressure measurement can 
distinguish patients with an abrupt pressure drop pattern 
from those with a gradual pressure drop pattern, and the 
former group of patients would benefit from PCI. 

5. Multivessel Disease 

 In multivessel disease accurate lesion selection for PCI is 
important. Some noninvasive studies demonstrated that 
SPECT fails to correctly indicate all ischemic area in 90% of 
patients. In one third of such patients, no perfusion defect 
was present because of balanced ischemia [55]. 

 There is a study that measured FFR in 102 patients with 
multivessel disease, in whom PCI of at least two vessels was 
contemplated [56]. In all of them at least one vessel was 
treated by PCI, whereas at least one other vessel was 
deferred based on an FFR >0.75. No death occurred during 
the follow-up. The rate of major adverse cardiac event was 
not significantly different between treated and deferred 
arteries (p=0.64). Similarly, another study examined 137 
patients with multivessel disease [57]. In 57 patients FFR 
measurement of all vessels were performed and PCI of 
stenoses with FFR <0.75 was performed (FFR-PCI group). 
The remaining 80 patients underwent PCI by visual 
estimation of the stenoses (conventional PCI group). The 
average number of vessels per patient that underwent PCI 
was greater in the conventional PCI group than in the FFR-
PCI group (2.27 0.50 vs. 1.12 0.30 vessels, p<0.001). 
The 30-month event-free survival rate was significantly 
higher in the FFR-PCI group than in the conventional PCI 
group (89% vs. 59%, p<0.01). Thus, these studies suggest 
that in patients with multivessel disease, PCI of hemodyna-
mically non-significant stensoses can be safely deferred, and 
FFR measurement is a cost-effective method. Currently the 
Fractional Flow Reserve versus Angiography for Multivessel 
Evaluation (FAME) study is underway to examine the role 
of measuring FFR in patients undergoing multivessel PCI 
[58]. 

 

Fig. (5). Gradual pressure drop pattern. 

Pull back pressure tracing in a patients with a gradual pressure drop pattern. A gradual drop of coronary pressure was observed and FFR was 

0.62. 
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6. Collateral Blood Flow 

 Collateral circulation potentially offers an important 
alternative source of blood supply when the original vessel 
fails to provide sufficient blood [59, 60]. There have been 
controversial results regarding the cardioprotective effects of 
angiographically present collaterals. Much of the argument is 
likely attributed to the blunt method of gauging human 
coronary collaterals by coronary angiography. Coronary 
angiography has been reported to be not a reliable method to 
evaluate collateral blood flow [28]. Recent studies which 
directly compare the angiographic scoring system and 
quantitative functional measures of collateral supply, such as 
pressure- or Doppler-derived collateral flow indexes, found 
only a very weak correlation, or none at all [61-63]. In 
contrast experimental and clinical studies, which measured 
coronary wedge pressure during coronary occlusion and 
directly determined collateral blood flow, demonstrated the 
close relationship between coronary wedge pressure and 
collateral flow [61, 64, 65]. Furthermore, a close relation 
between coronary wedge pressure and myocardial perfusion 
by positron emission tomography and 

99m
Tc-sestamibi has 

been reported [66, 67]. These studies support that the 
coronary wedge pressure measured by a pressure guide wire 
is reliable and valid for the assessment of coronary collateral 
flow. Angiographic collateral quantitation has been perfor-
med to look for spontaneously visible instead of recruitable 
collaterals, the latter of which appear in response to 
occlusion of the collateral receiving vessel and reflect 
collateral supply more comprehensively than the former. 

 During balloon inflation, coronary wedge pressure (Pw) 
is continuously recorded with the pressure guide wire. Aortic 
pressure (Pa) is also recorded through the guiding catheter. 
Recruitable collateral blood flow (Qc/Q

N
) is expressed as a 

fraction of normal maximum myocardial perfusion (Q
N
): 

Qc/Q
N
 = (Pw-Pv)/(Pa-Pv), where Pv is central venous 

pressure.  

 Regarding the cutoff value that indicates sufficient 
collateral blood flow to prevent ischemia during coronary 
occlusion, a Qc/Q

N
 value of 0.20 to 0.30 has been reported 

by different methods [68, 69]. A physiological study 
demonstrated that one-quarter of the resting coronary flow 
meets the basal metabolic requirements for maintaining the 
metabolic integrity of the cardiac cells [70]. 

 Kamikawa et al. measured coronary pressure during 
coronary occlusion with PCI in 119 patients with left 
anterior descending coronary artery stenosis [71]. A 
significant relationship between Qc/Q

N
 and maximum ST 

elevation was observed (r=-0.455, p<0.0001). Also Qc/Q
N
 

was significantly correlated with the sum of the maximum 
ST elevation in leads V2-V4 (r=-0.477, p<0.0001). Thus, 
recruitable collateral blood flow determined by coronary 
pressure measurement correlated with myocardial ischemia 
estimated by electrocardiographic changes during coronary 
occlusion. 

 Recent studies demonstrate a beneficial impact of well-
developed collaterals on the occurrence of future major 
cardiac ischemic events. Billinger et al. studied 403 patients 
with stable coronary artery disease undergoing coronary 
angioplasty and calculated collateral flow index using 
intracoronary pressure or Doppler guidewires [72]. During 

follow-up period of 94 56 weeks, major cardiac ischemic 
event rate was 2.2% in patients with well developed 
collateral blood flow compared with 9.0% in those with 
poorly developed collateral blood flow (p=0.01). Similarly, 
another study reported the beneficial effect of recruitable 
collaterals [73]. They measured coronary pressure in 739 
patients with stable coronary artery disease and calculated 
collateral flow index. Cumulative 10-year survival rate  
was 89% and 71% in patients with well-grown collateral 
group and poorly developed collateral group, respectively 
(p=0.0395). Thus, well-functioning coronary collateral circu-
lation saves lives in patients with stable coronary artery 
disease and accurate determination of collateral blood flow is 
important. 

 Taken together, coronary pressure measurement with use 
of cut off value around 0.30 is clinically useful in evaluating 
sufficient recruitable coronary collateral blood flow for 
prevention of ischemia, which affects future cardiac events. 

 In summary, if you encounter a coronary stenosis in 
doubt you should measure pressure rather than dilate it. 

7. End Point of PCI 

 Restenosis is a major limitation of PCI and even drug-
eluting stents do not eliminate this phenomenon. The reste-
nosis rate after coronary angioplasty is reported to be 30-
50% and that of coronary stenting by bare-metal stent is 20-
30%. A cardiac event occurs in 30% of patients after coro-
nary angioplasty and 15% after coronary stenting [74-77]. 
Recent drug-eluting stent studies show a very low restenosis 
rate. However the restenosis rate is reported to be 5-10% and 
cardiac event occurs in 10% of patients [78, 79]. Many 
studies demonstrate that coronary angiography, including 
quantitative coronary angiography, is poor predictor of 
restenosis [80, 81]. Therefore, alternative approaches to 
assess lumen enlargement, such as intravascular ultrasound, 
have been advocated to better identify patients in whom 
restenosis is less likely [82, 83]. 

 Usefulness of FFR for predicting clinical outcomes after 
coronary angioplasty has been reported [19]. A study 
examined 60 patients who underwent successful coronary 
angioplasty using FFR. Patients with FFR 0.90 and %DS 

35% (optimal group) showed better event-free survival rate 
compared with those FFR <0.90 and/or %DS >35% (subop-
timal group, 92 5% vs. 72 8% at six months, respectively, 
p=0.047). Repeat PTCA rate was 3.8% in the optimal group 
and 15.6% in the suboptimal group at six months after 
PTCA, which was not significantly different. Thus, in 
patients with a residual %DS 35% and FFR 0.90, clinical 
outcome up to 2 years was excellent. 

 Pijls et al. reported the usefulness of FFR to predict 
adverse events after coronary stenting [84]. They reported 
the adverse cardiac events of 750 patients who underwent 
coronary stenting. A significant inverse correlation was 
found between final FFR and occurrence of adverse events 
during follow-up. Also the correlation was significant for 
repeat target vessel revascularization. At 6 months follow-
up, adverse cardiac rate was 4.9% and 6.2% in patients  
with FFR 0.96-1.00 and 0.91-0.95, respectively (p<0.001). 
According to multivariate analysis, FFR after coronary 
stenting was a strong independent predictor of outcome at 6 
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months. Another study enrolled 119 patients who underwent 
coronary stent implantation and studied the predictors of 
cardiac events [85]. They found that final FFR <0.95 and 
reduced left ventricular function remained as significant 
independent predictors in a multivariate analysis.  

 Similarly Fearon et al. measured FFR and made a 
comparison with intravascular ultrasound findings in 84 
patients with stent implantation. They found an optimal FFR 
cutoff point of 0.96 by receiver operator characteristic 
analysis [86]. There is also a study that compared QCA, 
IVUS, and FFR to assess optimal stent deployment in 30 
patients who underwent coil-stent implantation [87]. The 
study found that 91% of FFR and IVUS findings yielded 
concordant results but QCA showed a low concordance rate 
with FFR and IVUS. As for slotted-tube stents substantial 
concordance between FFR and IVUS findings has been 
reported [88]. 

 Taken together, FFR can be used as a good indicator of 
optimal PCI results. As an end point of PCI, FFR 0.90 and 

0.95 would be appropriate for coronary angioplasty and 
coronary stenting, respectively. 

REFERENCES 

[1] Gould KL, Lipscomb K, Hamilton GW. Physiologic basis for 

assessing critical coronary stenosis: instantaneous flow response 
and regional distribution during coronary hyperemia as a measure 

of coronary flow reserve. Am J Cardiol 1974; 33: 87-94. 
[2] Grodin CM, Dydra I, Pasternac L, Bourassa MG. Discrepancies 

between cineangiographic and post-mortem findings in patients 
with coronary artery disease and recent myocardial 

revascularization. Circulation 1974; 49: 703-9. 
[3] Blankenhorn DH, Curry PJ. The accuracy of arteriography and 

ultrasound imaging for atherosclerosis measurement: a review. 
Arch Pathol Lab Med 1982; 106: 483-90. 

[4] Roberts WC, Jones AA. Quantitation of coronary arterial 
narrowing at necropsy in sudden coronary death. Am J Cardiol 

1979; 44: 39-44. 
[5] Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis 

GJ. Compensatory enlargement of human atherosclerotic coronary 
arteries. N Engl J Med 1987; 316: 1371-5. 

[6] Pijls NHJ, de Bruyne B, Peels K, et al. Measurement of fractional 
flow reserve to assess the functional severity of coronary artery 

stenosis. N Engl J Med 1996; 334: 1703-8. 
[7] Pijls NHJ, Gelder BV, van der Voort P. Fractional flow reserve. A 

useful index to evaluate the influence of an epicardial coronary 
stenosis on myocardial blood flow. Circulation 1995; 92: 3183-93.  

[8] Meuwissen M, Siebes M, Chamuleau SA, et al. Hyperemic stenosis 
resistance index for evaluation of functional coronary lesion 

severity. Circulation 2002; 106: 441-6. 
[9] Abe M, Tomiyama H, Yoshida H, Doba N. Diastolic fractional 

flow reserve to assess the functional severity of moderate coronary 
artery stenosis: comparison with fractional flow reserve and 

coronary flow velocity reserve. Circulation 2000; 102: 2365-70. 
[10] Pijls NHJ, De Bruyne B. In: Coronary pressure. Dordrecht: Kluwer 

Academic Publishers, 2000; pp. 53-60. 
[11] Pijls NHJ, De Bruyne B. Coronary pressure. Dordrecht: Kluwer 

Academic Publishers, 2000; pp. 125-7. 
[12] Pijls NHJ. Optimum guidance of complex PCI by coronary 

pressure measurement. Heart 2004; 90: pp. 1085-93. 
[13] De Bruyne B, Pijls NHJ, Bartunek J, et al. Fractional flow reserve 

in patients with prior myocardial infarction. Circulation 2001; 104: 
157-62. 

[14] Samady H, Lepper W, Powers ER, et al. Fractional flow reserve of 
infarct-related arteries identifies reversible defects on noninvasive 

myocardial perfusion imaging early after myocardial infarction. J 
Am Coll Cardiol 2006; 47: 2187-93. 

[15] Fischer JJ, Samady H, McPherson JA, et al. Comparison between 
visual assessment and quantitative angiography versus fractional 

flow reserve for native coronary narrowings of moderate severity. 

Am J Cardiol 2002; 90: 210-5. 
[16] Bech GJW, de Bruyne B, Bonnier HJRM, et al. Long-term follow-

up after deferral of percutaneous transluminal coronary angioplasty 
of intermediate stenosis on the basis of coronary pressure 

measurement. J Am Coll Cardiol 1998; 31: 841-7. 
[17] Bech GJW, de Bruyne B, Pijls NHJ, et al. Fractonal flow reserve to 

determine the appropriateness of angioplasty in moderate coronary 
stenosis. A randomized trial. Circulation 2001; 103: 2928-34. 

[18] Rieber J, Schiele TM, Koenig A, et al. Long-term safety of therapy 
stratification in patients with intermediate coronary lesions based 

on intracoronary pressure measurement. Am J Cardiol 2002; 90: 
1160-64. 

[19] Bech GJW, Pijls NHJ, de Bruyne B, et al. Usefulness of fractional 
flow reserve to predict clinical outcome after balloon angioplasty. 

Circulation 1999; 99: 883-8. 
[20] Rieber J, Jung P, Schiele TM, et al. Safety of FFR-based treatment 

strategies: the Munich experience. Z Kardiol 2002; 91 (suppl 3): 
115-9. 

[21] Chamuleau SA, Meuwissen M, Koch KT, et al. Usefulness of 
fractional flow reserve for risk stratification of patients with 

multivessel coronary artery disease and an intermediate stenosis. 
Am J Cardiol 2002; 89: 377-80. 

[22] Hernandez Garcia MJ, Alonso-Briales JH, Jimenez-Navarro M, et 
al. Clinical management of patients with coronary syndromes and 

negative fractional flow reserve findings. J Interv Cardiol 2001; 14: 
505-9. 

[23] Leeser MA, Abdul-Baki T, Yalamanchili V, Hakim J, Kern M. 
Conflicting functional assessment of stenoses in patients with 

previous myocardial infarction. Catheter Cardiovasc Interv 2003; 
59: 489-95. 

[24] Iskander S, Iskandrian AE. Risk assessment using single-photon 
emission computed tomographic technetium-99m sestamibi 

imaging. J Am Coll Cardiol 1998; 32: 57-62. 
[25] Klocke FJ, Baird MG, Bateman TM. ACC/AHA/ASNC guidelines 

for the clinical use of cardiac radionuclide imaging: A report of the 
American College of Cardiology/ American Heart Association 

Task Force on Practice Guidelines (ACC/AHA/ASNC Committee 
to Revise the 1995 Guidelines for the Clinical Use of Radionuclide 

Imaging). 2003 American College of Cardiology Web Site. 
Available at:  

 http://www.acc.org/clinical/guidelines/radio/rnifulltext.pdf. 
[26] Shaw LJ, Hendel R, Borges-Neto S, et al. Multicenter Registry. 

Prognostic value of normal exercise and adenosine (99m)Tc-
tetrofosmin SPECT imaging: results from the multicenter registry 

of 4,728 patients J Nucl Med 2003; 44: 134-9. 
[27] Pijls NHJ, van Schaardenburgh P, Manoharan G, et al. Percuta-

neous coronary intervention of functionally nonsignificant senosis. 
5-year follow-up of the DEFER study. J Am Coll Cardiol 2007; 49: 

2105-11. 
[28] Topol EJ, Nissen SE. Our preoccupation with coronary 

luminology. The dissociation between clinical and angiographic 
findings in ischemic heart disease. Circulation 1995; 92: 2333-42. 

[29] de Bruyne B, Pijls NHJ, Heyndrickx GR, et al. Pressure-derived 
fractional flow reserve to assess serial epicardial stenosis. 

Theoretical basis and animal validation. Circulation 2000; 101: 
1840-7. 

[30] Pijls NHJ, de Bruyne B, Bech JW, et al. Coronary pressure 
measurement to assess the hemodynamic significance of serial 

stenoses within one coronary artery. Validation in humans. 
Circulation 2000; 102: 2371-7. 

[31] Hirota M, Iwasaki K, Yamamoto K, et al. Coronary pressure 
measurement to identify the lesion requiring percutaneous coronary 

intervention in equivocal tandem lesions. Coron Artery Dis 2006; 
17: 181-6. 

[32] Johnston PW, Fort S, Cohen EA. Noncritical disease of the left 
main coronary artery: limitations of angiography and the role of 

intravascular ultrasound. Can J Cardiol 1999; 15: 297-302. 
[33] Cameron A, Kemp HG, Jr., Fisher LD, et al. Left main coronary 

artery stenosis: angiographic determination. Circulation 1983; 68: 
484-9. 

[34] Grodin CM, Dydra I, Pasternac L, Bourassa MG. Discrepancies 
between cineangiographic and post-mortem findings in patients 

with coronary artery disease and recent myocardial revas-
cularization. Circulation 1974; 49: 703-9. 



332    Current Cardiology Reviews, 2009, Vol. 5, No. 4 Iwasaki and Kusachi 

[35] Gerber TC, Erbel R, Gorge G, et al. Extent of atherosclerosis and 

remodeling of the left main coronary artery determined by 
intravascular ultrasound. Am J Cardiol 1994; 73: 666-71. 

[36] Abizaid AS, Mintz GS, Abizaid A, et al. One-year follow-up after 
intravascular ultrasound assessment of moderate left main coronary 

artery disease in patients with ambiguous angiograms. J Am Coll 
Cardiol 1999; 34: 707-15. 

[37] Sukhija R, Yalamanchili K, Aronow WS. Prevalence of left main 
coronary artery disease, of three- or four-vessel coronary artery 

disease, and of obstructive coronary artery disease in patients with 
and without peripheral arterial disease undergoing coronary 

angiography for suspected coronary artery disease. Am J Cardiol 
2003; 92: 304-5.  

[38] Suemaru S, Iwasaki K, Yamamoto K, et al. Coronary pressure 
measurement to determine treatment strategy for equivocal left 

main coronary artery lesion. Heart Vessels 2005; 20: 271-7. 
[39] Bech GJ, Droste H, Pijls NH, et al. Value of fractional flow reserve 

in making decisions about bypass surgery for equivocal left main 
coronary artery disease. Heart 2001; 86: 547-52. 

[40] Goldberg S, Grossman W, Markis JE, et al. Total occlusion of the 
left main coronary artery. A clinical, hemodynamic and angio-

graphic profile. Am J Med 1978; 64: 3-8. 
[41] Iwasaki K, Kusachi S, Hina K, et al. Acute left main coronary 

artery obstruction with myocardial infarction--reperfusion stra-
tegies, and the clinical and angiographic outcome. Jpn Circ J 1993; 

57: 891-7. 
[42] McPherson DD, Hiratzka LF, Lamberth WC, et al. Delineation of 

the extent of coronary atherosclerosis by high-frequency epicardial 
echocardiography. N Engl J Med 1987; 316: 304-9. 

[43] Mintz GS, Painter JA, Pichard AD, et al. Atherosclerosis in 
angiographically "normal" coronary artery reference segments: an 

intravascular ultrasound study with clinical correlations. J Am Coll 
Cardiol 1995; 25: 1479-85. 

[44] Uren NG, Melin JA, De Bruyne B, et al. Relation between 
myocardial blood flow and the severity of coronary-artery stenosis. 

N Engl J Med 1994; 330: 1782-8. 
[45] Falk E, Shah PK, Fuster V. Coronary plaque disruption. Circulation 

1995; 92: 657-71. 
[46] Hermiller JB, Cusma JT, Spero LA, et al. Quantitative and 

qualitative coronary angiographic analysis: review of methods, 
utility, and limitations. Catheter Cardiovasc Diagn 1992; 25: 110-

31. 
[47] Mintz GS, Popma JJ, Pichard AD, et al. Limitations of angiography 

in the assessment of plaque distribution in coronary artery disease: 
a systematic study of target lesion eccentricity in 1446 lesions. 

Circulation 1996; 93: 924-31. 
[48] Hausmann D, Johnson JA, Sudhir K, et al. Angiographically silent 

atherosclerosis detected by intravascular ultrasound in patients with 
familial hypercholesterolemia and familial combined hyperlipi-

demia: correlation with high density lipoproteins. J Am Coll 
Cardiol 1996; 27: 1562-70. 

[49] Seiler C, Kirkeeide RL, Gould KL. Basic structure-function 
relations of the epicardial coronary vascular tree. Basis of 

quantitative coronary arteriography for diffuse coronary artery 
disease. Circulation 1992; 85: 1987-2003. 

[50] Seiler C, Kirkeeide RL, Gould KL. Measurement from 
arteriograms of regional myocardial bed size distal to any point in 

the coronary vascular tree for assessing anatomic area at risk. J Am 
Coll Cardiol 1993; 21: 783-97. 

[51] Kern MJ, Anderson HV. A symposium: The clinical applications of 
the intracoronary Doppler guidewire flow velocity in patients: 

Understanding blood flow beyond the coronary stenosis. Am J 
Cardiol 1993; 71: 1D-70D. 

[52] Donohue TJ, Miller DD, Bach RG, et al. Correlation of 
poststenotic hyperemic coronary flow velocity and pressure with 

abnormal stress myocardial perfusion imaging in coronary artery 
disease. Am J Cardiol 1996; 77: 948-54. 

[53] Gould KL, Nakagawa Y, Nakagawa K, et al. Frequency and 
clinical implications of fluid dynamically significant diffuse 

coronary artery disease manifest as graded, longitudinal base-to-
apex myocardial perfusion abnormalities by noninvasive positron 

emission tomography. Circulation 2000; 101: 1931-9. 
[54] Pijls NHJ, De Bruyne B. Coronary pressure. Dordrecht: Kluwer 

Academic Publishers, 2000; pp. 268-9. 
[55] Botman KJ, Pijls NHJ, Bech JW, et al. Percutaneous coronary 

intervention or bypass surgery in multivessel disease? A tailored 

approach based on coronary pressure measurement. Catheter 

Cardiovasc Interv 2004; 63: 184-91. 
[56] Berger A, Botman KJ, MacCarthy PA, et al. Long-term clinical 

outcome after fractional flow reserve-guided percutaneous 
coronary intervention in patients with multivessel disease. J Am 

Coll Cardiol 2005; 46: 438-42. 
[57] Wongpraparut N, Yalamanchili V, Pasnoori V, et al. Thirty-month 

outcome after fractional flow reserve-guided versus conventional 
multivessel percutaneous coronary intervention. Am J Cardiol 

2005; 96: 877-84. 
[58] Fearon WF, Tonino PAI, De Bruyne B, Siebert U, Pijls NHJ, for 

the FAME Study Investigators. Rationale and design of the 
fractional flow reserve versus angiography for multivessel 

evaluation (FAME) study. Am Heart J 2007; 154: 632-6. 
[59] Sasayama S, Fujita M. Recent insights into coronary collateral 

circulation. Circulation 1992; 85: 1197-1204. 
[60] Schaper W, Ito WD. Molecular mechanisms of coronary collateral 

vessel growth. Circ Res 1996; 79: 911-919. 
[61] Seiler C, Fleisch M, Garachemani AR, Meier B. Coronary 

collateral quantitation in patients with coronary artery disease using 
intravascular flow velocity or pressure measurement. J Am Coll 

Cardiol 1998; 32: 1272-9. 
[62] Van Liebergen RAM, Piek JJ, Koch KT, de Winter RJ, Schotborgh 

CE, Lie KI. Quantitation of collateral flow in humans: a 
comparison of angiographic electrocardiographic, and hemodyna-

mic variables. J Am Coll Cardiol 1999; 33: 670-7. 
[63] Vogel R, Zbinden R, Indermuhle A, Windecker S, Meier B, Seiler 

C. Collateral-flow measurements in humans by myocardial contrast 
echocardiography: validation of coronary pressure-derived colla-

teral-flow assessment. Eur Heart J 2006; 27: 157-165. 
[64] Pijls NH, van Son JA, Kirkeeide RL, De Bruyne B, Gould KL. 

Experimental basis of determining maximum coronary, myocardial, 
and collateral blood flow by pressure measurements for assessing 

functional stenosis severity before and after percutaneous 
transluminal coronary angioplasty. Circulation 1993; 87: 1354-67. 

[65] De Bruyne B, Pijls NH, Paulus WJ, Vantrimpont PJ, Sys SU, 
Heyndrickx GR. Transstenotic coronary pressure gradient measure-

ment in humans: in vitro and in vivo evaluation of a new pressure 
monitoring angioplasty guide wire. J Am Coll Cardiol 1993; 22: 

119-26. 
[66] De Bruyne B, Baudhuin T, Melin JA, et al. Coronary flow reserve 

calculated from pressure measurements in humans. Validation with 
positron emission tomography. Circulation 1994; 89: 1013-22. 

[67] Matsuo H, Watanabe S, Kadosaki T, et al. Validation of collateral 
fractional flow reserve by myocardial perfusion imaging. 

Circulation 2002; 105: 1060-5. 
[68] Pijls NH, Bech GJ, el Gamal MI, et al. Quantification of recruitable 

coronary collateral blood flow in conscious humans and its 
potential to predict future ischemic events. J Am Coll Cardiol 

1995; 25: 1522-8. 
[69] Seiler C, Fleisch M, Billinger M, Meier B. Simultaneous intracoro-

nary velocity- and pressure-derived assessment of adenosine-
induced collateral hemodynamics in patients with one- or two-

vessel coronary artery disease. J Am Coll Cardiol 1999; 34; 1985-
94. 

[70] McKeever WP, Gregg DE, Canney PC. Oxygen uptake of the 
nonworking left ventricle. Circ Res 1958; 6: 612-23. 

[71] Kamikawa S, Iwasaki K, Yamamoto K, et al. Significant 
correlation of recruitable coronary collateral blood flow determined 

by coronary pressure with ST-segment elevation during coronary 
occlusion. Coron Artery Dis 2005; 16: 231-6. 

[72] Billinger M, Kloos P, Eberli FR, Windecker S, Meier B, Seiler C. 
Physiologically assessed coronary collateral flow and adverse 

cardiac ischemic events: a follow-up study in 403 patients with 
coronary artery disease. J Am Coll Cardiol 2002; 40: 1545-50. 

[73] Meier P, Gloekler S, Zbinden R, et al. Beneficial effect of 
recruitable collaterals . A 10-year follow-up study in patients with 

stable coronary artery disease undergoing collateral measurement. 
Circulation 2007; 116: 975-83. 

[74] Weintraub WS, Boccuzzi SJ, Klein JL, et al. Restenosis Trial Study 
Group. Lack of effect of lovastatin on restenosis after coronary 

angioplasty. N Engl J Med 1994; 331: 1331-7. 
[75] Gibson CM, Goel M, Cohen DJ, et al. Six-month angiographic and 

clinical follow-up of patients prospectively randomized to receive 
either tirofiban or placebo during angioplasty in the RESTORE 



Coronary Pressure Measurement Current Cardiology Reviews, 2009, Vol. 5, No. 4    333 

trial. Randomized efficacy study of tirofiban for outcomes and 

restenosis. J Am Coll Cardiol 1998; 32: 28-34. 
[76] Koning R, Eltchaninoff H, Commeau P, et al. BESMART (BeStent 

in Small Arteries) Trail Investigators. Stent placement compared 
with balloon angioplasty in small coronary arteries. Circulation 

2001; 104: 1604-8. 
[77] Kasaoka S, Tobis J, Akiyama T, et al. Angiographic and intravas-

cular ultrasound predictors of in-stent restenosis. J Am Coll Cardiol 
1998; 32: 1630-5. 

[78] Weisz G, Leon MB, Holmes DR, et al. Two-year outcome after 
sirolimus-eluting stent implantation. Results from the Sirolimus-

Eluting Stent in de Novo Native Coronary Lesions (SIRIUS) Trial. 
J Am Coll Cardiol 2006; 47: 1350-5. 

[79] Morice MC, Colombo A, Meier B, et al. REALITY Trial 
Investigators. Sirolimus- vs Paclitaxel-Elutins Stents in De Novo 

Coronary Artery Lesions. The REALITY Trial: A randomized 
controlled trial. JAMA 2006; 295: 895-904. 

[80] Serruys PW, Foley DF, Kirkeeide RL, King  SB. Restenosis 
revisited: Insights provided by quantitative coronary angiography. 

Am Heart J 1993; 126: 1243-67. 
[81] Lowe HC, Oesterle SN, Khachigian LM. Cronary in-stent reste-

nosis; Current status and future strategies. J Am Coll Cardiol 2002; 
39: 183-93. 

[82] Goldberg SL, Colombo A, Nakamura S, Almagor Y, Maiello L, 

Tobis JM. Benefit of intracoronary ultrasound in the deployment of 
Palmaz-Schatz stents. J Am Coll Cardiol 1994; 24: 996-1003. 

[83] Mehran R, Mintz G, Popma JJ, et al. Mechanisms and results of 
balloon angioplasty for the treatment of in-stent restenosis. Am J 

Cardiol 1996; 78: 618-22. 
[84] Pijls NHJ, Klauss V, Siebert U, et al. for the Fractional Flow 

Reserve Post-Stent Registry Investigators. Coronary pressure 
measurement after stenting predicts adverse events at follow-up. A 

multicenter registry. Circulation 2002; 105: 2950-4. 
[85] Klauss V, Erdin P, Rieber J, et al. Fractional flow reserve for the 

prediction of cardiac events after coronary stent implantation: 
results of a multivariate analysis. Heart 2005; 91: 203-6. 

[86] Fearon WF, Luna J, Samady H, et al. Fractional flow reserve 
compared with intravascular ultrasound guidance for optimizing 

stent deployment. Circulation 2001; 104: 1917-22. 
[87] Hanekamp CEE, Koolen JJ, Pijls NHJ, Michels HR, Bonnier HJR. 

Comparison of quantitative coronary angiography, intravascular 
ultrasound, and coronary pressure measurement to assess optimum 

stent deployment. Circulation 1999; 99: 1015-21. 
[88] Katritsis DG, Ioannidis JPA, Korovesis S, et al. Comparison of 

myocardial fractional flow reserve and intravascular ultrasound for 
the assessment of slotted-tube stents. Catheter Cardiovasc Interv 

2001; 52: 322-6. 

 

 

Received: February 27, 2008                    Revised: February 12, 2009                                                Accepted: February 19, 2009 

 


