
Abstract

Coronary angiography is an imperfect tool for
assessing the functional significance of lesions;
while this may be determined non-invasively

using myocardial perfusion scanning or stress
echocardiography, it is often not done. In these
circumstances the coronary pressure-derived fractional
flow reserve (FFR) serves as an alternative,
lesion-specific means of assessing physiological
importance.

FFR is an invaluable tool not only in determining
whether a lesion is functionally significant and should
be tackled, but it also ensures that the appropriate
physiological outcome is obtained from coronary
intervention.

Key words: fractional flow reserve (FFR), coronary flow
reserve (CFR), coronary pressure wire, percutaneous coronary
intervention (PCI), coronary artery disease (CAD), intravascular
ultrasound (IVUS).
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Introduction
Coronary blood flow is autoregulated between aortic pressures
of 50–150 mmHg. Between these values an increase in coronary
perfusion pressure is counterbalanced by an increase in arteriolar
sphincter tone, and vice versa, to maintain constant coronary
flow. Outside this range autoregulation will fail and changes in
aortic pressure will lead to similarly directed changes in myocar-
dial blood flow.1 Stenosis sufficient to cause resistance to coro-
nary blood flow will therefore induce arteriolar vasodilatation in
an effort to maintain resting blood flow.

In an attempt to provide a measure of the degree of ‘surplus
flow’ available to the myocardium by this mechanism, Gould
defined coronary flow reserve (CFR) in 1974 as the ratio of max-
imum achievable coronary flow to resting flow.2 A reduction in
CFR could be due to a reduction in maximal flow, an increase in

resting flow or a combination of both. The application of CFR in
clinical practice is limited for several reasons: often increases in
heart rate, contractility and blood pressure are observed in the
catheter lab and these can alter CFR. In addition, pathological
conditions such as myocardial infarction, valvular heart disease
and left ventricular hypertrophy can affect resting flow.
Furthermore, CFR is not lesion-specific as it is influenced by both
epicardial and microvascular resistance, whereas only the epicar-
dial part of the coronary circulation can be treated in the catheter
lab. It follows, therefore, that CFR is significantly limited as a clin-
ically applicable tool, in that its dependence on resting flow
makes it difficult to define a threshold value for distinguishing
between functionally significant and functionally insignificant
stenosis.

In contrast to CFR, the pressure-derived fractional flow
reserve (FFR) is based on maximal myocardial perfusion only, as
assessed by coronary pressure measurement. FFR is defined as
the ratio of maximum achievable blood flow in the presence of
a stenosis to maximum achievable normal flow.3-8 The exercise
level at which myocardial ischaemia will occur is a function of
this maximum achievable flow through the stenotic vessel, not
of resting flow or CFR. The determination of FFR at maximal
hyperaemia theoretically renders it independent of baseline
haemodynamic changes. The advantages of FFR are listed in
table 1.

This paper provides an introduction to the theory underlying
the determination of FFR and gives a brief overview of the liter-
ature concerning both the theoretical and practical aspects of its
application. The main objective, however, is to emphasise the
real and practical problems that the fractional flow reserve helps
the interventionist to address.
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Table 1. Advantages of FFRmyo

● It is a lesion-specific index of epicardial stenosis severity

● It is independent of heart rate, blood pressure and contractility

● A value of 0.75 distinguishes functionally significant and insignificant 
lesions with an accuracy of 95%

● It can be applied in single vessel, multivessel and left main coronary 
artery disease, and there is no need for a normal coronary artery for 
comparison

● FFRmyo has an unequivocal normal value of 1.0 for every patient, 
every coronary artery and every myocardial distribution

● It can easily be obtained during interventional procedures
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Limitations of coronary angiography
Over the past four decades, coronary angiography has played an
important role in the diagnosis and treatment of patients with coro-
nary heart disease.9,10 A number of well-recognised limitations do
exist, however, not least inter- and intra-observer error.11 Automated
techniques do not solve this problem as studies have confirmed a
poor correlation between computerised determination of coronary
narrowing and physiological measures of coronary function, espe-
cially in ranges between 50–90% stenosis.12 The angiogram has
also been shown to be a poor judge of true stenosis severity, as
judged by pathological findings at autopsy.13-15 In patients with coro-
nary disease that appeared significant on angiography, outcome
was related to the extent of inducible ischaemia, not to the anatom-
ical degree of narrowing.16,17 Quality of life and prognosis, therefore,
depend upon the functional significance of a lesion, which cannot
be determined reliably from an angiogram alone.18 A functionally
significant lesion is one that limits maximum achievable coronary
flow to such an extent that myocardial ischaemia can be induced in
that arterial territory if the patient is sufficiently stressed.

Coronary angiography is also limited in its ability to construct
complicated spatial structures from orthogonal projections.19 In
judging stenosis severity the diseased segment diameter is com-
pared to the adjacent (apparently normal) segment diameter,
which may not be normal at all, as demonstrated repeatedly by
intravascular ultrasound studies.20 Stenoses of equal angiograph-
ic severity may have different impacts on blood flow dynamics as
a result of differences in stenosis shape and eccentricity.21 The
physiological impact of a stenosis on coronary blood flow is also
dependent on other factors, such as aortic pressure, central
venous pressure, collateral circulation, resistance and size of the
dependent myocardial bed.22,23

In an attempt to overcome these limitations, techniques such
as coronary angioscopy, intravascular ultrasound, intracoronary
Doppler flow velocity measurements and intracoronary pressure
measurements have been developed. These in turn have a num-
ber of significant problems, however. The limitation of the current
Doppler probe method is that only changes in flow velocity, rather
than absolute velocity or volumetric flow, are measurable. The
change in flow velocity is directly proportional to changes in volu-
metric flow only when vessel dimensions are constant at the site
of the sample volume. Furthermore, there is concern that changes
in luminal diameter and arterial cross-sectional area during inter-
ventions are not reflected in measurements of flow velocity, thus
potentially causing underestimation of the true volume flow.24

Intravascular ultrasound (IVUS) is a safe,25 accurate26 and
reproducible27,28 method of detecting vessel wall pathology29

which lends insight into the dynamic changes before, after and
late after PCI.30,31 The two-dimensional tomographic images pro-
vided by IVUS also permit 360 degrees characterisation of arter-
ial lumen dimensions in regions that are difficult to assess using
conventional angiography, such as the left main coronary artery
and the ostia of the left anterior descending, left circumflex and
right coronary arteries.32 Nevertheless, a number of factors have
limited the widespread use of IVUS during PCI, including its cost,
its cumbersome setup for occasional IVUS users, the steep learn-

ing curve for online IVUS interpretation, and the improved out-
comes associated with the routine use of stents. Current
catheter-based IVUS systems are also limited by their inability to
assess lumen diameters smaller than 1.0 mm, owing to the
catheter size and ring down artefact.33,34 Also, the limited spatial
resolution of a 30-MHz imaging transducer (theoretical spatial
resolution, 80 µm; usual spatial resolution, 120–150 µm) makes
routine IVUS usage somewhat problematic.

Coronary angioscopy complements angiography by charac-
terising plaque composition and illuminating the presence of
thrombus or endoluminal irregularities, such as ulcerations, fis-
sures or tears. It has its limitations, though, the most significant
being the need to create a blood-free field. This is achieved with
a proximal occluding balloon, which itself can create complica-
tions, the most devastating of them including coronary rupture,
dissection, thrombosis or arrhythmia. The alternative system uses
a smaller catheter to flush saline continuously in front of the
angioscope to displace blood transiently, but this technique
requires removal of the guidewire before acquisition of each
image. The catheter design (3.0 to 5.0F) of both systems pre-
cludes angioscopic evaluation of small vessels (< 2 mm) and ren-
ders assessment of cross-stenotic lesions difficult. Moreover, the
subjectivity of colour interpretation has been criticised, so efforts
have been made to develop an automated analysis system of
angioscopic images. Finally, angioscopy visualises only the lumi-
nal surface, and although changes in the vessel wall are reflect-
ed on the surface, this might not be sufficiently sensitive to
detect subtle alterations in plaque composition, a feature that
has been raised in recent comparisons of imaging modalities.35

Determination of FFR
A diagram to illustrate determination of FFR is given in figure 1.

Ohm’s law states that in the presence of constant resistance
(R), a pressure gradient (P) across a circuit is proportional to the
flow (Q):

R is myocardial resistance at maximum vasodilatation, which
is constant, minimal and cancels out, hence:

Pv is mean central venous pressure obtained at maximal
hyperaemia. It is close to zero and can be treated as such as a
mathematical approximation, hence:
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FFRmyo = Maximum myocardial blood flow in the presence 
of a stenosis (Qs)

Normal maximum myocardial blood flow (Qn)

R = P or Q = P 
Q    R

Therefore Qs =  Pd – Pv and Qn = Pa – Pv
R           R

FFRmyo = Pd – Pv
Pa – Pv

FFRmyo = Pd
Pa
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As Pd and Pa can be measured continuously using the coro-
nary pressure wire and guide catheter respectively (see figure 2),
it follows that FFRmyo can be determined continuously in the
catheter lab.

When the coronary wedge pressure (Pw) is known, the coro-
nary fractional flow reserve (FFRcor) can be described as:

The difference between FFRmyo and FFRcor is FFRcoll (FFR col-
lateral):

The FFR as a guide to practical decision-making
The decision whether to carry out percutaneous coronary inter-
vention (PCI) on a severely or minimally occluded vessel is an easy
one. The real question arises with stenoses of intermediate sever-
ity, and this is where FFR has carved its niche. How do we deter-
mine that an intermediate lesion is functionally significant and

responsible for the patient’s symptoms? Despite the availability of
non-invasive tests to help answer this question, patients still
come to the catheter laboratory without any functional data.36 It
has been shown that in a randomly selected group of asympto-
matic 60-year-old men the prevalence of apparently significant
coronary stenosis is 20%.37 Therefore, one must assume that, in
a number of such patients, the presence of a lesion may be coin-
cidental and that the relation between lesion and symptoms is
unclear.

FFR is a functional index of stenosis severity and it has been
well demonstrated that the cut-off value of 0.75 discriminates
between functionally significant and insignificant stenoses.6,7 The
diagnostic accuracy of FFR for this purpose is over 90% and is
higher than for any other invasive or non-invasive test, with a
specificity of 100%4-7 (see also table 2).

That the FFR is feasible, safe, reliable and reproducible was
also demonstrated in the Deferral of PTCA Versus Performance
of PTCA (DEFER) trial,38 which prospectively randomised 325
patients referred for elective percutaneous transluminal coronary
angioplasty (PTCA) of an angiographically significant de novo
stenosis (> 50% diameter stenosis by visual assessment) in a
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Figure 1. Determination of fractional flow reserve

AO

AO

100 100

100 70

0 mmHg

0 mmHg

Qmax, stenonsis = (Pd-Pv)/Rmin

ΔP

At maximum vasodilation

Qmax, normal = (Pd-Pv)/Rmin

Pa Pv

Pa PvPd

Pa = mean aortic pressure
Pd = mean hyperaemic distal coronary pressure
Pv = mean hyperaemic central venous pressure. It is not zero but can be
treated as such as a mathematical approximation
R = Myocardial resistance
ΔP = Translesional pressure gradient

In this example at maximal vasodilatation, myocardial perfusion pressure
would be 100 mmHg if no stenosis was present. As a result of stenosis this
pressure has decreased to 70 mmHg. Therefore, at maximal vasodilatation
the ratio between maximum achievable flow in the presence of that stenosis
and normal maximal flow is (70-0)/ (100-0).
This is the fraction of normal maximum flow that is preserved despite the
presence of stenosis and is called FFRmyo. In this case it is 0.70.
It is this fraction that determines the functional effect of stenosis on
myocardial blood flow, not the hyperaemic pressure gradient (ΔP).

Figure 2. Instrumentation for determination of fractional flow reserve 
(FFR)

Pressure wire

BAFF pressure

0.014” guide wire - RADI medical 
Piezoelectric crystal at proximal part of radio-opaque tip measures pressure
FFR is continuously derived from the ratio of the wire pressure to the guide
catheter pressure
Pullback across lesion to confirm that FFR normalises 

FFRcor = Pd – Pw
Pa – Pw

FFRcoll = Pw – Pv
Pa – Pv

Table 2. Correlation studies between FFR and standard non-invasive 
tests to detect the optimal cut-off value for discrimination of 
ischaemia

Author No. of pts Non-invasive Cut-off Correlation
Journal/year stress test value

De Bruyne et al. 60 Negative <0.72 87%
Circulation 1995 exercise test

Pijls et al. 60 Positive >0.74 98%
Circulation 1995 exercise test

Bartunek et al. 75 Negative <0.75 95%
JACC 1996 dobutamine echo

Pijls et al. 45 Negative/positive <0.75/ 93%
NEJM 1996 exercise test, >0.75

dobutamine echo,
and SPECT 
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native coronary artery with reference diameter > 2.5 mm and no
prior objective evidence of ischaemia. Patients with an FFR ≤ 0.75
had PTCA, whereas those with an FFR > 0.75 were randomised
into a ‘perform group’ and a ‘defer group’. The event-free sur-
vival rates were similar for all groups (figure 3) and the improve-
ment in angina was no different (figure 4). Of particular note was
the fact that not one patient with an FFR of > 0.75 who under-
went angioplasty derived any symptomatic benefit. This trial
demonstrates the utility of FFR in predicting those patients who
will and will not benefit from PTCA.

It is generally accepted that coronary artery bypass surgery
(CABG) prolongs life for patients with significant left main coro-
nary artery (LMCA) stenosis.39-41 However, in patients with inter-
mediate LMCA stenosis the decision on whether to perform
CABG is more difficult as early surgery could lead to the inap-
propriate use of available graft material and premature occlusion
of either native vessel or graft.42 Unfortunately, non-invasive tests
for reversible ischaemia often fail to differentiate between
ischaemia arising from LMCA stenosis and that from elsewhere
in the coronaries.43,44 It has been shown that deferring CABG in
patients with LMCA stenosis and FFR > 0.75 was accompanied
by excellent survival, freedom from events at up to five years of
follow-up and similar outcomes compared to those patients in
whom CABG was performed based on FFR < 0.75.45

Multivessel coronary artery disease can be of intermediate
severity in all those vessels involved or can show a mixture of
intermediate and severe stenoses. Whatever the case, identifying
the culprit vessel(s) responsible for patients’ symptoms can help
to determine whether a patient should have a PCI or CABG.
Non-invasive imaging is limited in its ability to localise ischaemic
zones accurately in multivessel CAD.46 In contrast, FFR, by deter-
mining which vessels have functionally significant or insignificant
lesions, serves as an invaluable guide in determining which revas-

cularisation procedure is appropriate for a particular patient and
also whether revascularisation is necessary at all.47,48

An abstract by Botner et al. looked at the value of FFR in
guiding revascularisation in multivessel CAD. One hundred
patients referred for CABG had FFR assessment of 272 lesions.
Patients with more than three vessels with haemodynamically
significant zones on FFR, of which at least two were considered
supplied by type C lesions, underwent CABG. Patients with
fewer than two vessels showing haemodynamically significant
FFR and with one or no type C lesion had targeted PCI. Follow-
up at two years showed similar rates of event-free survival (74%
vs. 72%, p=NS) and freedom from angina (76% vs. 77%, p=NS)
in the two groups.

Long-term outcome after PCI can be predicted with the use
of FFR whereas visual and quantitative coronary angiography
(QCA) are poor predictors of clinical outcome before and after a
PCI.49,50 Immediately after PCI a value of FFR > 0.75 will be suffi-
cient to prevent reversible ischaemia and can be called an initial-
ly successful functional result. In the days, weeks and months fol-
lowing a PCI considerable changes in stenosis morphology may
occur, with some loss of initial luminal gain,51-53 hence the value
of FFR immediately after a PCI should be significantly higher than
0.75 to ensure successful long-term outcome. 

Pijls et al. investigated the relationship between optimum
physiological stent implantation as assessed by post-stent FFR
and outcome at six months.54 In 750 patients who had under-
gone stent implantation with good angiographic results, the
post-stent FFR was related to major adverse cardiac events
(including target vessel revascularisation) at six months. In 36%
of the patients FFR was > 0.95 (event rate 4.9%); 32% of
patients had FFR 0.90–0.95 (event rate 6.2%); 32% of patients
had FFR < 0.90 (event rate 20.3%); 6% of the patients had FFR
< 0.80 and their event rate was 29.5% (p<0.001). The investi-

Figure 3. Event-free survival rates in the DEFER trial
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Figure 4. Rates of patients free from angina in the DEFER trial
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gators concluded that FFR post stenting is a strong independent
predictor of outcome at six months. 

A large multicentre prospective trial in patients with current
generation stents found that the best FFR cut-off to correlate
with IVUS was 0.96. The study concluded that FFR can be used
to evaluate optimal stent deployment in the absence of diffuse
CAD and serial stenosis.55

Slow coronary flow (SCF) is a phenomenon characterised by
delayed opacification of coronary arteries in the absence of epi-
cardial occlusive disease. It has been demonstrated that FFR in
patients with SCF is significantly reduced. Upon IVUS investiga-
tion the common finding was longitudinally extended massive
calcification throughout the epicardial arteries, with increased
intimal thickness consistent with diffuse atherosclerotic dis-
ease.56,57

Multiple lesions
In multiple sequential stenoses, we have a situation where the
haemodynamic significance of a stenosis is influenced by the
presence of the other(s), thus confounding the calculation of FFR
for each stenosis. Consequently, for stenoses in series, FFR deter-
mined by the simple ratio Pd/ Pa for a single stenosis does not
predict the extent to which a proximal lesion will influence
myocardial flow after complete relief of the distal stenosis, and
vice versa. The predicted FFR (FFRpred) for each stenosis in serial
stenoses is instead derived from a formula which also takes into
account the pressure between stenoses (Pm) and coronary
wedge pressure (Pw) (see figure 5). This FFRpred bears a close rela-
tion to the true FFR (FFRtrue) that will have been obtained assum-
ing the other stenoses were physically absent, and this formula

has been validated in human and animal studies.58,59 This
approach facilitates the selection of lesions for PCI and assesses
the functional result of each intervention, thereby minimising
unnecessary additional procedures on haemodynamically
insignificant lesions with increased risk of complications but
without patient benefit.

Use of this formula implies that Pw must be measured, not
estimated, and it does not take into account the effect of a large
side branch between stenoses, which may modify the haemody-
namic influence of one stenosis on the other. Branches between
serial stenoses may inhibit maximal hyperaemia because of
‘branch steal’ and can increase the gradient across the proximal
stenosis by increasing flow while reducing the distal lesion gradi-
ent because of ‘steal’ by the branch. Dilating the distal stenosis
may not alter the hyperaemic gradient across the proximal steno-
sis; dilating the proximal stenosis may subsequently increase the
gradient across the distal lesion. A similar situation exists for
bifurcation lesions.

Recently, the reliability of applying FFR measurement in
patients with previous myocardial infarction (MI) has attracted
the attention of several researchers. Claeys et al.60 provide data
that FFR is minimally affected (5%) in patients with severely
impaired microvascular function and may still be applied to
patients with recent MI. De Bruyne and colleagues have demon-
strated that FFR assessment criteria are also valid in detecting
reversible ischaemia in patients at least six days after an MI.61

Even though there is a grey area of FFR measurements between
0.75–0.80, an FFR value of 0.75 is still applicable and reliable for
distinguishing patients with positive from patients with negative
myocardial scintigraphy, with a sensitivity of 82% and specificity
of 87% in the case of prior MI. An FFR of < 0.75 invariably indi-
cates inducible ischaemia; FFR > 0.80 excludes ischaemia in
about 90% of cases, making the grey zone very limited. This is
important for clinical decision-making in an individual patient.62

Another study conducted by Usui et al.,63 comparing FFR and
thallium-201 myocardial imaging, also showed that pressure-
derived FFR is reliable in assessing coronary artery stenosis in
patients with previous MI, with a sensitivity of 79% and speci-
ficity of 79%. 

In the case of prior MI, two concerns remain: (1) the mass of
viable myocardium is smaller; and (2) impairment of resistance
vessels might blunt pharmacologically-induced maximal hyper-
aemia. However, as both the decrease of viable myocardium and
impairment of coronary resistance vessels are matched in the
infarcted area, FFR is still a reliable indicator for predicting
inducible ischaemia, even if the angiographic image of a steno-
sis might be more severe. In the acute phase of MI, FFR mea-
surement should not be used due to serious microvascular
impairment, and treatment should be guided by the clinical
symptoms and ECG. Pressure measurements are useful only after
the artery has stabilised. 

The ideal means of assessing patients with microvascular
disease is a combination of coronary flow reserve (CFR) and FFR
measurements. A low FFR and CFR indicate significant epicar-
dial disease, whereas a high FFR and low CFR indicate signifi-

Figure 5. Calculation of predicted fractional flow reserve (FFRpred) in 
distal stenoses

A B

Pa Pm Pd Pv

A = stenosis A
B = stenosis B
Pa = mean aortic pressure
Pd = mean hyperaemic distal coronary pressure
Pv = mean hyperaemic central venous pressure. It is not zero but can be
treated as such as a mathematical approximation
Pm = mean hyperaemic pressure between stenoses
Pw = coronary wedge pressure

FFR(A)pred =   Pd – (Pm / Pa) Pw

(Pa–Pm)+(Pd-Pw)

FFR(B)pred = 1- (Pa- Pw)(Pm- Pd)  
Pa(Pm- Pw)
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cant microvascular disease. Recent technological advances
have made available a new pressure wire equipped with both
pressure and temperature sensors to measure both FFR and
CFR.

The 0.75 cut-off value of FFR has been assessed in patients
with stable angina. For patients with unstable angina, it is com-
monly believed that maximal hyperaemic flow may be lower
than in patients with stable angina. Consequently, the 0.75 cut-
off value of FFR might not be valid in these patients and the
appropriate value needs to be determined. However, a recent
study by Leesar et al.64 of patients with unstable angina or non-
ST-segment elevation myocardial infarction (NSTEMI) demon-
strated that the FFR assessment criteria are also valid in this
patient group. A decision-making strategy based on the 0.75
cut-off is superior to a more conservative approach based on
myocardial perfusion scintigraphy.

The FFR, in addition to the above, is also a cost-effective tool.
In patients with intermediate coronary lesions, measuring FFR to
guide the decision to perform PCI may lead to significant cost
savings compared to deferring PCI to perform a nuclear stress
study or with simply stenting lesions in all patients.65

Applications
The principal applications for the pressure wire in the catheter
laboratory are: the differentiation of functionally significant from
insignificant lesions in single vessel, multivessel and left main

coronary disease; differentiating focal from diffuse disease to
determine whether spot-stenting of a particular area is likely to
be of benefit; and assessing the results of intervention. A num-
ber of practical examples arising from the authors’ recent prac-
tice are given below. Some of the practicalities associated with
measurement of FFR are given in table 3.

Determination of functionally significant lesions
Example 1
A 67-year-old woman was referred for PCI to a tight lesion of her
AV circumflex going into a large obtuse marginal. It was also
mentioned that she had diffuse disease of her left arterior
descending (LAD), which was thought to be insignificant.

At PCI there was a suspicious-looking mid-LAD lesion (figure
6). In order to be sure, a pressure wire assessment of her mid-
LAD lesion was done. This showed her FFR to be 0.92 (well
above the cut-off of 0.75 for functional significance), meaning it
was indeed an insignificant lesion. Her AV circumflex was then
direct stented, with a good angiographic result.

Example 2  
A 57-year-old man was referred for assessment of his only
remaining vessel, his LAD (figure 7), with a view to doing a PCI
on a mid-vessel lesion. The tortuosity of the LAD at the first
diagonal made it difficult to image with any degree of confi-
dence; there was also a region of haze and apparent disconti-
nuity of the dye in the area of the tortuosity. A pressure wire
assessment of the lesion revealed an FFR of 0.81, meaning that
the lesion was not functionally significant and that his angina
was most likely due to viable myocardium in the territory of the
occluded vessels. PCI (a very high-risk procedure in this partic-

Figure 6. Coronary angiogram, showing a lesion in the left anterior 
descending (LAD) vessel

Table 3. Practicalities of FFR measurement

General

Interventional procedure – requires heparin

Nitrates should be used in all cases

Beware of rough handling of wire. Instances of tip detachment have rarely 
occurred

Company doesn’t recommend radial route because of risk of tip fracture

The wire is much easier to use when disconnected from the hub

Don’t use Hexabrix with papaverine – the two are incompatible  

Vasodilator 

Adenosine

Intracoronary bolus (42 micrograms) convenient but very short-lived66

Intravenous infusion (140 micrograms/kg/minute) needs to be set up 
but can be expensive67

Preferred agent in America

Contrast medium

Easy and convenient but doesn’t work

Papaverine

Recommended dose is now 20 mg for left system and 16 mg for the 
right

Given by intracoronary route

Cheap

Good duration of action

Can get ventricular tachycardia/torsade due to QT prolongation
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ular patient) was not done and the patient was referred to the
refractory angina service.

Example 3  
A 47-year-old man was admitted for PCI to his AV circumflex
and right coronary artery. Pressure wire assessment of the
lesion in his LAD showed an FFR of 0.88, meaning the lesion

was not functionally significant and did not need a PCI since
ostial disease in a small diagonal was the only significant dis-
ease in his LAD system. Direct stenting of the AV circumflex and
RCA was subsequently carried out, with good angiographic
result (figures 8 and 9).

Assessment of result of intervention
Example 1
A 77-year-old man was referred for PCI to his LAD. A pressure
wire study was done to assess the LAD further. This was inter-

Figure 8. Coronary angiogram, showing lesions in the right coronary 
artery and AV circumflex

Figure 9. Angiogram (of the same patient shown in figure 8), after 
stenting of the RCA

Figure 7. Coronary angiogram, showing tortuosity and haziness at the 
first diagonal of the LAD

Figure 10.Coronary angiogram, showing a proximal lesion in the LAD 
and a distal lesion in a septal branch
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esting in that it showed he had significant lesions both proximally
in his LAD and distal to a large septal branch (figure 10). Both
lesions were direct stented and the result checked with the pres-
sure wire (figure 11). Despite the fact that the angiographic
result looked good, the FFR was unsatisfactory at 0.84. This
necessitated post dilatation of both stents and the area between
(which looked slightly nipped), producing a more satisfactory FFR
of 0.94 (figure 12).

Example 2
A 67-year-old woman with previous PCI to the right PDA pre-
sented with atypical chest pain, negative troponin T and no new
ECG changes.

Coronary pressure wire assessment of the previous PCI and a
suspicious lesion at the origin of the left ventricular wall branch
showed no functionally significant lesion.

A suspicious lesion in the proximal circumflex (figure 13)

Figure 11.Angiogram (same patient as figure 10), after direct stenting 
of both lesions

Figure 12.Angiogram (same patient as figures 10 and 11) after post 
dilation of both stents and the area between

Figure 13.Coronary angiogram, showing a suspicious lesion in the 
proximal circumflex

Figure 14.RAO caudal view. White arrows show rather diffuse areas of 
disease which do not appear significant
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yielded an FFR of 0.74 (borderline); a stent was inserted in this
lesion and then post dilated, with excellent angiographic result
and an FFR of 0.98. 

Application in diffusely diseased vessels
Example
A 63-year-old man presented with a history of cardiac-sounding
chest pain. His MIBI scan revealed an anterior perfusion defect
while the angiogram showed he had a step-down in vessel size
in the LAD after the LMS and there was a more focal lesion in

mid-vessel (figures 14 and 15) but overall the lesions didn’t look
significant. 

Nevertheless, FFR in the LAD was 0.74 and the pullback (fig-
ure 16) showed there was no focal culprit lesion but a gradual
normalisation of the FFR. This indicates that the whole of the
proximal vessel was diffusely diseased (note it does look small –
smaller than the 6F guide, which is unusual for an LAD in a man)
and that stenting one segment of the vessel was unlikely to ben-
efit the patient. In view of this and the ostial disease in the diag-
onal he was referred for surgery.

Conflict of interest
None declared.

References
1. Hoffman JI. Maximal coronary flow and the concept of coronary vascu-

lar reserve. Circulation 1984;70:53-9. 
2. Gould KL. Coronary artery stenosis. Elsevier Science Publishing Co, Inc,

1991. 
3. De Bruyne B, Pijls NH, Paulus WJ, Vantrimpont PJ, Sys SU, Heyndrickx GR.

Transstenotic coronary pressure gradient measurement in humans: in
vitro and in vivo evaluation of a new pressure monitoring angioplasty
guide wire. J Am Coll Cardiol 1993;22:119-26. 

4. 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 angioplas-
ty. Circulation 1993;87:1354-67. 

5. De Bruyne B, Baudhuin T, Melin JA et al. Coronary flow reserve calculat-
ed from pressure measurements in man. Validation with positron emis-
sion tomography. Circulation 1994;89:1013-22. 

6. Pijls NH, Van Gelder B, Van der Voort P et al. Fractional Flow Reserve. A
useful index to evaluate the influence of an epicardial coronary stenosis
on myocardial blood flow. Circulation 1995;92:3183-93. 

7. 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;334:1703-08. 

8. De Bruyne B, Bartunek J, Sys SU, Pijls NH, Heyndrickx GR, Wijns W.
Simultaneous coronary pressure and flow velocity measurements in
humans. Feasibility, reproducibility, and haemodynamic dependence of
coronary flow velocity reserve, hyperaemic flow versus pressure slope
index, and fractional flow reserve. Circulation 1996;94:1842-9. 

9. Sones FM Jr, Shirey EK. Cine coronary arteriography. Mod Concepts
Cardiovasc Dis 1962;31:735-8.

10. Judkins MP. Selective coronary arteriography. I. A percutaneous trans-
femoral technic. Radiology 1967;89:815-24.

11. Beauman GJ, Vogel RA. Accuracy of individual and panel visual interpre-
tations of coronary arteriograms: implications for clinical decisions. J Am

Figure 15.LAO caudal view showing step-down after the LMS and again
diffuse areas of rather non-significant disease

Figure 16.Pullback from the distal LAD, showing the very gradual 
increase in the FFR. This suggested that there was no 
individual focal lesion but rather a very diffusely diseased 
LAD, which overall produced significant stenosis

Key messages

● Fractional flow reserve (FFR) is an invaluable tool for
assessing the functional significance of coronary artery
lesions

● It is particularly helpful for stenoses of intermediate
severity

● It is able to differentiate focal from diffuse disease, and
to assess the results of intervention

WEB-Fisher  14/12/05  12:57 pm  Page 9

COPY
RIG

HT M
ED

IN
EW

S

(C
ARD

IO
LO

GY) L
IM

ITE
D

RE
PR

ODUCTIO
N PR

OHIBI
TE

D

COPY
RIG

HT M
ED

IN
EW

S

(C
ARD

IO
LO

GY) L
IM

ITE
D

RE
PR

ODUCTIO
N PR

OHIBI
TE

D



VOLUME 12 ISSUE 3  . NOVEMBER 2005

Coll Cardiol 1990;16:108-13.
12. Reiber JH, Serruys PW, Kooijman CJ et al. Assessment of short-, medium-,

and long-term variations in arterial dimensions from computer assisted
quantification of coronary cineangiograms. Circulation 1985;71:280-8.

13. Grondin CM, Dyrda I, Pasternac A, Campeau L, Bourassa MG,
Lesperance J. Discrepancies between cine angiographic and post
mortem findings in patients with coronary artery disease and recent
myocardial revascularization. Circulation 1974;49:503-708.

14. Gould KL, Kelly KO, Bolson EL. Experimental validation of quantitative
coronary angiography for determining pressure flow characteristics of
coronary stenosis. Circulation 1982;66:930-7.

15. Isner JM, Kishel J, Kent KM, Ronan JA Jr, Ross AM, Roberts WC. Accuracy
of angiographic determination of left main coronary arterial narrowing.
Angiographic-histologic correlative analysis in 28 patients. Circulation
1981;63:1056-64.

16. Pavin D, Delonca J, Siegenthaler M, Doat M, Rutishauser W, Righetti A.
Long-term (10 years) prognostic value of a normal thallium-201 myocar-
dial exercise scintigraphy in patients with coronary artery disease docu-
mented by angiography. Eur Heart J 1997;18:69-77.

17. Beller GA, Zaret BL. Contributions of nuclear cardiology to diagnosis and
prognosis of patients with coronary artery disease. Circulation 2000;
101:1465-78.

18. Topol EJ, Nissen SE. Our preoccupation with coronary luminology. The
dissociation between clinical and angiographic findings in ischaemic
heart disease. Circulation 1995;92:2333-42.

19. Van der werf T. Coronary arteriography. In: T van der Werf, Ed,
Cardiovascular physiology. Oxford: Oxford University Press, 1980, pp
276-86.

20. Alfonso F, Macaya C, Goicolea J et al. Intravascular ultrasound imaging
of angiographically normal coronary segments in patients with coronary
artery disease. Am Heart J 1994;127:536-44.

21. Pijls NHJ. Meting van de doorbloeding van het myocard. Cardioselecta
1989;7:1-16.

22. Kirkeeide RL, Gould KL, Parsel L. Assessment of coronary stenoses by
myocardial perfusion imaging during pharmacologic coronary vasodi-
latation: VII. Validation of coronary flow reserve as a single integrated
functional measure of stenosis severity reflecting all its geometric dimen-
sions. J Am Coll Cardiol 1986;7:103-13. 

23. Gould KL, Kirkeeide RL, Buchi M. Coronary flow reserve as a physiolog-
ic measure of stenosis severity. J Am Coll Cardiol 1990;15:459-74.

24. Klocke FJ. Measurements of coronary flow reserve: Defining pathophys-
iology versus making decisions about patient care. Circulation 1987;76:
1183-9.

25. Hausmann D, Erbel R, Alibelli-Chemarin MJ et al. The safety of intra-
coronary ultrasound: A multicentre survey of 2207 examinations.
Circulation 1995;91:623-30.

26. Dhawale PJ, Wilson DL, Hodgson JM. Volumetric intracoronary ultra-
sound: Methods and validation. Cathet Cardiovasc Diagn 1994;33:296-
307.

27. Mintz GS, Griffin J, Chuang YC et al. Reproducibility of the intravascular
ultrasound assessment of stent implantation in saphenous vein grafts.
Am J Cardiol 1995;75:1267-70.

28. Fuessl RT, Mintz GS, Pichard AD et al. In vivo validation of intravascular
ultrasound length measurements using a motorized transducer pullback
system. Am J Cardiol 1996;77:1115-18.

29. Rasheed Q, Nair R, Sheehan H et al. Correlation of intracoronary ultra-
sound plaque characteristics in atherosclerotic coronary artery disease
patients with clinical variables. Am J Cardiol 1994;73:753-8.

30. Metz JA, Yock PG, Fitzgerald PJ. Intravascular ultrasound: Basic interpre-
tation. Cardiol Clin 1997;15:1-15.

31. Di Mario C, Gorge G, Peters R et al. Clinical application and image inter-
pretation in intracoronary ultrasound. Study group on Intracoronary
Imaging of the Working Group of Coronary Circulation and of the
Subgroup on Intravascular Ultrasound of the working group of
Echocardiography of the European Society of Cardiology. Eur Heart J
1998;19:207-29.

32. Nissen S, Tuzcu E. Detection and quantification of the atherosclerotic
lesion: Comparison of angiography and intravascular ultrasound. In:
Siegel R (ed): Intravascular Ultrasound Imaging in Coronary Artery
Disease. New York: Marcel Dekker, 1998, pp 133-56.

33. Nissen SE. Principles of radiographic imaging. In: Roubin GS, Califf RM,
O’Neill WW et al. (eds): Interventional Cardiovascular Medicine. New
York: Churchill Livingstone, 1994, pp 409-25.

34. Nissen SE (ed). Principles and Application of Digital Imaging in Cardiac
and Coronary Angiography. 2nd ed. Baltimore: Williams and Wilkins,
1994.

35. Kawasaki M, Takatsu H, Noda T et al. In vivo quantitative tissue charac-
terization of human coronary arterial plaques by use of integrated
backscatter intravascular ultrasound and comparison with angioscopic
findings. Circulation 2002;105:2487-92.

36. Topol EJ, Ellis SG, Delos M et al. Analysis of coronary PTCA practice in the
United States with an insurance-claims database. Circulation 1993;87:
1489-97.

37. Chaitman BR, Bourassa MG, Davis K et al. Angiographic prevalence of
high-risk coronary artery disease in patients subsets. Circulation 1981;
64:360-7.

38. Bech GJ, De Bruyne B, Pijls NH et al. Fractional flow reserve to determine
the appropriateness of angioplasty in moderate coronary stenosis: a ran-
domized  trial. Circulation 2001;103:2928-34.

39. Caracciolo EA, Davis KB, Sopko G et al. for the CASS investigators.
Comparison of surgical and medical group survival in patients with left
main coronary artery disease. Circulation 1995;91:2325-34.

40. Takaro T, Peduzzi P, Detre KM et al. Survival in subgroups of patients with
left main coronary artery disease: Veterans Administration cooperative
study of surgery for coronary arterial occlusive disease. Circulation 1982;
66:14-21.

41. Mock MB, Killip T. Effect of coronary bypass surgery on survival patterns
in subsets of patients with left main coronary artery disease: report of the
collaborative study in coronary artery surgery (CASS). Am J Cardiol 1981;
48:765-77.

42. Hashimoto H, Isshiki T, Ikari Y et al. Effects of competitive flow on arter-
ial graft patency and diameter. Medium term postoperative follow up. J
Thorac Cardiovascular Surg 1996;111:399-407.

43. Janosi A, Vertes A. Exercise testing and left main coronary artery steno-
sis: can patients with left main disease be identified? Chest 1991;100:
227-9.

44. Gibbons RJ, Fyke FE, Brown ML, Lapeyre AC, Zinsmeister AR, Clements
IP. Comparison of exercise performance in left main and three vessel
coronary artery disease. Cathet Cardiovasc Diagn 1991;22:14-20.

45. Bech GJ, Droste H, Pijls NH et al. Value of fractional flow reserve in mak-
ing decisions about bypass surgery for equivocal left main coronary
artery disease. Heart 2001;86:547-52.

46. Lima R, Watson DD, Goode A et al. Incremental value of combined per-
fusion and function over perfusion alone by gated SPECT myocardial per-
fusion imaging for detection of severe 3-vessel coronary artery disease. J
Am Coll Cardiol 2003;42:64-70.

47. 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.

48. Reczuch K, Jankowska E, Telichowski A et al. Measurement of fractional
flow reserve in patients with multivessel coronary artery disease and bor-
derline lesions prevents unnecessary revascularisation procedures.
Kardiol Pol 2004;60:311-21.

49. Rensing BJ, Hermans WR, Vos J et al. Luminal narrowing after percuta-
neous transluminal coronary angioplasty: a study of clinical, procedural
and lesional factors related to long-term angiographic outcome:
Coronary Artery Restenosis Prevention on Repeated Thromboxane
Antagonism (CARPORT) study group. Circulation 1993;88:975-85.

50. Strauss BH, Escaned J, Foley DP et al. Technologic considerations and
practical limitations in the use of quantitative angiography during percu-
taneous coronary recanalization. Progr Cardiovasc Dis 1994;36:343-62. 

51. Serruys PW, Luijten HE, Beatt KJ et al. Incidence of restenosis after suc-
cessful coronary angioplasty: a time related phenomenon. A quantitative
angiographic study in 342 consecutive patients at 1, 2, 3 and 4 months.
Circulation 1988;77:361-71.

52. Mintz GS, Popma JJ, Pichard AD et al. Intravascular ultrasound predictors
of restenosis after percutaneous transcatheter coronary revasculariza-
tion. J Am Coll Cardiol 1996;27:1678-87.

53. Kimura T, Kaburagi S, Tamura T et al. Remodelling of human coronary

WEB-Fisher  14/12/05  12:57 pm  Page 10

COPY
RIG

HT M
ED

IN
EW

S

(C
ARD

IO
LO

GY) L
IM

ITE
D

RE
PR

ODUCTIO
N PR

OHIBI
TE

D

COPY
RIG

HT M
ED

IN
EW

S

(C
ARD

IO
LO

GY) L
IM

ITE
D

RE
PR

ODUCTIO
N PR

OHIBI
TE

D



THE BRITISH JOURNAL OF CARDIOLOGY (ACUTE & INTERVENTIONAL CARDIOLOGY)

arteries undergoing coronary angioplasty or atherectomy. Circulation
1997;96:475-83.

54. Pijls NH, Klauss V, Siebert U et al. Coronary pressure measurement after
stenting predicts adverse events at follow-up: a multicentre registry.
Circulation 2002;105:2950-4. 

55. 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.

56. De Bruyne B, Hersbach F, Pijls NH et al. Abnormal epicardial coronary
resistance in patients with diffuse atherosclerosis but “Normal” coronary
angiography. Circulation 2001;104:2401-06.

57. Pekdemir H, Cin VG, Cicek D et al. Slow coronary flow may be a sign of
diffuse atherosclerosis. Contribution of FFR and IVUS. Acta Cardiol 2004;
59:127-33. 

58. De Bruyne B, Pijls NH, Heyndrickx GR, Hodeige D, Kirkeeide R, Gould KL.
Pressure-derived fractional flow reserve to assess serial epicardial
stenoses: theoretical basis and animal validation. Circulation 2000;101:
1840-7.

59. Pijls NH, De Bruyne B, Bech GJ et al. Coronary pressure measurement to
assess the hemodynamic significance of serial stenoses within one coro-
nary artery: validation in humans. Circulation 2000;102:2371-7.

60. Claeys MJ, Bosmans JM, Hendrix J et al. Reliability of fractional flow
reserve measurements in patients with associated microvascular dys-
function: importance of flow on translesional pressure gradient. Cathet

Cardiovasc Intervent 2001;54:427-34.
61. De Bruyne B, Pijls NH, Bartunek J et al. Fractional flow reserve in patients

with prior myocardial infarction. Circulation 2001;104:157-62.
62. Pijls NH. Guidance of complex PCI by coronary pressure measurement.

Heart 2004;90:1085-93.
63. Usui Y, Chikamori T, Yanagisawa H et al. Reliability of pressure derived

myocardial fractional flow reserve in assessing coronary artery stenosis in
patients with previous myocardial infarction. Am J Cardiol 2003;92:699-
702.

64. Leesar MA, Abdul-Baki T, Akkus NI et al. Use of fractional flow reserve
versus stress perfusion scintigraphy after unstable angina: effect on dura-
tion of hospitalization, cost, procedural characteristics, and clinical out-
come. J Am Coll Cardiol 2003;41:1115-21.

65. Fearon WF, Yeung AC, Lee DP et al. Cost-effectiveness of measuring frac-
tional flow reserve to guide coronary interventions. Am Heart J 2003;
145:882-7.

66. Murtagh B, Higano S, Lennon R, Mathew V, Holmes DR Jr, Lerman A.
Role of incremental doses of intracoronary adenosine for fractional flow
reserve assessment. Am Heart J 2003;146:99-105.

67. De Bruyne B, Pijls NH, Barbato E et al. Intracoronary and intravenous
adenosine 5'-triphosphate, adenosine, papaverine, and contrast medium
to assess fractional flow reserve in humans. Circulation 2003;107:1877-
83.

WEB-Fisher  14/12/05  12:57 pm  Page 11

COPY
RIG

HT M
ED

IN
EW

S

(C
ARD

IO
LO

GY) L
IM

ITE
D

RE
PR

ODUCTIO
N PR

OHIBI
TE

D

COPY
RIG

HT M
ED

IN
EW

S

(C
ARD

IO
LO

GY) L
IM

ITE
D

RE
PR

ODUCTIO
N PR

OHIBI
TE

D


