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Abstract Background. The clinical significance of cor-
onary-artery stenoses of moderate severity can be diffi-
cult to determine. Myocardial fractional flow reserve (FFR)
is a new index of the functional severity of coronary ste-
noses that is calculated from pressure measurements
made during coronary arteriography. We compared this
index with the results of noninvasive tests commonly
used to detect myocardial ischemia, to determine the
usefulness of the index.

Methods. In 45 consecutive patients with moderate
coronary stenosis and chest pain of uncertain origin, we
performed bicycle exercise testing, thallium scintigraphy,
stress echocardiography with dobutamine, and quantita-
tive coronary arteriography and compared the results
with measurements of FFR.

Results. In all 21 patients with an FFR of less than
0.75, reversible myocardial ischemia was demonstrated

N patients with chest pain and stenosis of moderate
severity as assessed by coronary angiography, eval-
uation and treatment are challenging. Often, many di-
agnostic tests are performed and no clear diagnosis of
the cause of the chest pain results. In a considerable
number of patients, coronary revascularization is per-
formed without definite evidence that the coronary ste-
nosis is causing the symptoms."?

On the basis of pressure—flow analysis of coronary
stenoses during maximal flow,>* the concept of myocar-
dial fractional flow reserve (FFR) has been developed
as an invasively determined index of the functional se-
verity of coronary stenoses.”” FFR is defined as the
maximal blood flow to the myocardium in the presence
of a stenosis in the supplying coronary artery, divided
by the theoretical normal maximal flow in the same
distribution. This index represents the fraction of the
normal maximal myocardial flow that can be achieved
despite the coronary stenosis.

FFR can be derived easily from the ratio of the mean
distal coronary-artery pressure to the aortic pressure
during maximal vasodilatation.>® This index is inde-
pendent of changes in systemic blood pressure and
heart rate and is unaffected by conditions known to in-
crease the base-line myocardial flow.” In addition, FFR
takes into account the contribution of the collateral
blood supply to maximal myocardial perfusion.>® The
normal value of the index is 1.0, regardless of the pa-
tient or the specific vessel studied.” Furthermore, in se-
lected patients undergoing percutaneous transluminal
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unequivocally on at least one noninvasive test. After cor-
onary angioplasty or bypass surgery was performed, all
the positive test results reverted to normal. In contrast,
21 of the 24 patients with an FFR of 0.75 or higher tested
negative for reversible myocardial ischemia on all the
noninvasive tests. No revascularization procedures were
performed in these patients, and none were required dur-
ing 14 months of follow-up. The sensitivity of FFR in the
identification of reversible ischemia was 88 percent, the
specificity 100 percent, the positive predictive value 100
percent, the negative predictive value 88 percent, and
the accuracy 93 percent.

Conclusions. In patients with coronary stenosis of
moderate severity, FFR appears to be a useful index of the
functional severity of the stenoses and the need for coro-
nary revascularization. (N Engl J Med 1996;334:1703-8.)
01996, Massachusetts Medical Society.

coronary angioplasty an FFR of less than approximate-
ly 0.75 identified functionally important stenoses —
that is, stenoses associated with inducible myocardial
ischemia. %1

We investigated the usefulness of FFR in making
clinical decisions concerning patients with ambiguous
clinical symptoms, contradictory or inconclusive results
of noninvasive testing, and moderate stenosis in one
large coronary artery as determined angiographically.

METHODS
Study Patients

The study population consisted of 45 consecutive patients (28 men
and 17 women) with a mean (£SD) age of 54*8 years (range, 36 to
74). To be eligible for the study, each patient was required to have
chest pain; an angiographically detectable stenosis of moderate sever-
ity (defined as approximately 50 percent by visual examination) in the
proximal part of one major coronary artery; normal left ventricular
function; and uncertainty about whether the chest pain was related to
reversible ischemia caused by the moderate stenosis. The study pro-
tocol was approved by the institutional review board, and informed
consent for all tests was obtained from all the participants.

Study Protocol

All medications were stopped for seven days, except that patients
were allowed to take 80 mg of aspirin daily. Within 48 hours after the
end of the seven-day period, bicycle exercise testing, thallium scintig-
raphy, stress echocardiography with dobutamine, and coronary arte-
riography with intracoronary-pressure measurements and the calcu-
lation of FFR were performed in all patients. The clinical decision to
perform myocardial revascularization (percutancous transluminal
coronary angioplasty or bypass surgery) was made when the FFR was
less than 0.75, a value selected on the basis of the results of earlier
studies.”!? In the patients in whom revascularization procedures were
performed, all the noninvasive tests that had yielded positive results
were repeated within six weeks after the procedure. None of the pa-
tients had previously undergone any form of revascularization.

Exercise Testing and Thallium Scintigraphy

Bicycle exercise testing was performed at an initial workload of
20 W, which was increased by 20 W every minute. A 12-lead electro-
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cardiogram was recorded continuously. The test was considered pos-
itive when horizontal or downsloping ST depression of at least 0.1 mV
was recorded 80 msec after the J point by two adjacent leads. At peak
exercise, 2.0 mCi (73 MBq) of thallium chloride T1 201 was adminis-
tered in a large antecubital vein. Exercise was maintained for one
more minute, and then planar imaging was performed in the three
standard views."" After three hours, 1.0 mCi (37 MBq) of thallium
chloride T1 201 was injected again, and redistribution images were ob-
tained.'”? All the images obtained by thallium scintigraphy were eval-
uated independently by two experienced reviewers unaware of any
other study data.

Dobutamine Stress Echocardiography

Stress echocardiography with dobutamine was performed by a four-
screen comparison technique showing identical views.'*!* An intrave-
nous infusion of dobutamine was started at a rate of 10 ug per kilo-
gram of body weight per minute and was increased by 10 ug per
kilogram per minute every three minutes until either wall-motion ab-
normalities were observed or a maximal rate of 50 ug per kilogram
per minute was reached. In patients who did not reach 90 percent of
their age-adjusted maximal heart rates and had no objective signs of
ischemia, 1 mg of atropine was administered intravenously while the
dobutamine infusion was continued.” The occurrence of wall-motion
abnormalities was evaluated as previously described!®!” by two inde-
pendent echocardiographers unaware of any other study data.

Pressure Measurements and Calculation of FFR

At the time of catheterization, a 6-to-8-French coronary catheter
was introduced into one femoral artery and advanced into the ostium
of the coronary artery. A 0.46-mm (0.018-in.) fiberoptic pressure-
monitoring guide wire (Pressureguide, Radi Medical, Uppsala, Swe-
den) was set at zero, calibrated, advanced through the catheter, intro-
duced into the coronary artery, and positioned distal to the stenosis
as previously described.*!%!%? Adenosine was then infused intrave-
nously (140 ug per kilogram per minute) to induce maximal coronary
blood flow, corresponding with minimal distal coronary pressure.?"*
When steady-state hyperemia was achieved, FFR was calculated as
the ratio of the mean distal intracoronary pressure measured by the
wire to the mean arterial pressure measured by the coronary catheter,
as described previously.>®?

If the FFR was 0.75 or higher, no revascularization procedure was
performed. If the FFR was below 0.75, myocardial revascularization
was recommended. If the lesion was suitable for coronary angioplasty,
that procedure was performed during the same session, and FFR was
measured again 15 minutes after successful angioplasty. If the lesion
was not considered suitable for coronary angioplasty (i.e., because of
stenosis of the left main coronary artery or a long ostial stenosis of
the left anterior descending coronary artery), coronary bypass surgery
was performed within four weeks.

Quantitative Coronary Arteriography

Quantitative coronary arteriography was performed in all patients
in two orthogonal views.? The percent stenosis, area of stenosis, ref-
erence diameter of the adjacent normal segment, and minimal lumi-
nal diameter were calculated as the mean of the values obtained in
the two views.

Definition of Inducible Ischemia Based on the Results of
the Noninvasive Tests

Despite the excellent sensitivity and specificity of thallium exercise
testing and stress echocardiography in patients with angiographically
important coronary stenosis, these tests are known to be less accurate
in patients with atypical chest pain or only moderate coronary steno-
ses on angiography.'»"7202 It is thus difficult to establish the value of
any new method to assess the functional severity of coronary artery
disease, because there is no single unequivocal or gold standard. This
is especially true of our study population with moderate stenoses.

To overcome this problem, we compared the value of the new inva-
sive index, FFR, with that of the information derived from a combi-
nation of noninvasive indexes. We postulated that functionally impor-
tant stenoses (indicative of potentially inducible myocardial ischemia)
were present if and only if at least one of the noninvasive tests had a
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Table 1. Characteristics of the Patients, Results of
Noninvasive Tests, and Quantitative Angiographic
Measurements.*

VARIABLE Stupy GrouP
FFR =0.75 FFR <0.75
(N=24) (N=21)
Sex (M/F) 13/11 15/6
Age (yr) 55+9 54*8
Affected artery (no. of patients)
Left main 1 1
Left anterior descending 10 14
Left circumflex 4 2
Right coronary 9 4
Reference diameter (mm) 3.31+0.67 3.10*+0.63
Percent stenosis 44+9 418
Minimal luminal diameter (mm) 1.94+0.47 1.78%0.41
Exercise test and thallium scanning
Heart rate
Beats/min 146+18 16219}
Percentage of age-adjusted rate 95+12 104+12
Positive exercise tests (no.) 2 16
Positive thallium scans (no.) 1 12
Stress echocardiography
Heart rate
Beats/mini 149+11 147+13
Percentage of age-adjusted rate 98+7 95+8
Positive tests (no.) 0 10
Treatment
Medicine only 24 1
Angioplasty 0 13
Bypass surgery 0 7

*Plus—minus values are means =SD.

P =0.033 for the comparison with the group with an FFR of 0.75 or
higher.

fAdequate stress-echocardiographic images could not be obtained in
four patients.

clearly positive result and reverted to normal after successful coro-
nary angioplasty or bypass surgery.

We further postulated that there was no functionally important ste-
nosis (and therefore no inducible ischemia) if and only if all the non-
invasive tests were negative. Patients with one or more positive results
of noninvasive testing but in whom the FFR exceeded 0.75 were con-
sidered to have false negative results with respect to FFR.

Composite information from sequentially performed noninvasive
tests has a diagnostic accuracy of almost 100 percent, according to se-
quential Bayesian considerations.**3> FFR values (=0.75 or <0.75)
were compared with the composite test results.

Statistical Analysis

Angiographically determined indexes of stenosis and heart rate
were compared between the two study groups by the two-tailed Stu-
dent unpaired t-test. P values of less than 0.05 were considered to in-
dicate statistical significance. All numerical data are presented as
means =SD.

RESULTS

Clinical Results

The characteristics of the patients, the results of non-
invasive testing, and the angiographic data are shown
in Table 1. All the patients had normal electrocardio-
grams while resting. There was no difference in the
percentage of stenosis or the minimal luminal diameter
between the patients with an FFR below 0.75 and those
with higher values. Figure 1 shows representative coro-
nary angiograms and coronary-pressure tracings typi-
cal of those used to calculate FFR.

The FFR was 0.75 or higher in 24 patients, and in
these patients revascularization was not performed.
The FFR was less than 0.75 in 21 patients. In 20 of
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these 21, coronary angioplasty or bypass surgery was
performed (in 13 and 7 patients, respectively); all non-
invasive tests that had previously been positive were
then repeated, and the results all reverted to normal. In
one patient with an FI'R of 0.40 and a stenosis in the
proximal portion of the left anterior descending coro-
nary artery, revascularization was recommended, but
the patient declined to undergo the procedure.

In the patients who underwent coronary angioplas-
ty, FFR was measured again 15 minutes after the pro-
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cedure. In every case it increased to a value greater
than 0.75 (mean [=SD], 0.87%0.06; range, 0.77 to 0.96),
in accordance with the normal results of noninvasive
testing.

Comparison of FFR with the Results of Noninvasive Tests

The relation between FFR and the results of the non-
invasive tests is shown in Figure 2. In all 21 patients
with an FFR below 0.75, signs of myocardial ischemia
could be induced by at least one noninvasive test. All
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Figure 1. Coronary Angiograms and Simultaneously Obtained Recordings of Aortic and Transstenotic Pressure in
a 65-Year-Old Woman.

The patient had moderately severe stenosis of the left main and left anterior descending coronary arteries (Panels A and B, respec-
tively). The pressure recordings in Panel D were obtained with the sensor located at the tip of the coronary catheter to verify that
equal pressures were obtained at that location by both the catheter and the guide wire. Subsequently, the fiberoptic wire was ad-
vanced across the stenosis in the left main coronary artery and a large resting gradient (22 mm Hg) was found (Panel E), which
increased further after an intravenous infusion of adenosine. At steady-state maximal hyperemia, the aortic pressure was 101 mm Hg
and the transstenotic pressure 52 mm Hg, resulting in an FFR of 0.51, which indicated that the stenosis was functionally important.
Panels C and F show how the wire was slowly advanced across the stenosis and then withdrawn, indicating the site and severity of
the stenosis exactly and reproducibly. The arrow in Panel C indicates the location of the pressure sensor.
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positive tests in this group were repeated after revascu-
larization, and the results reverted to normal.

In 21 of the 24 patients with an FFR of 0.75 or higher,
all the noninvasive tests were negative. Of the remain-
ing three patients, two had positive exercise electrocar-
diograms and one had a positive thallium scan. In these
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Figure 2. Relation between Myocardial FFR in the Study Pa-
tients and the Results of Three Noninvasive Tests.
The test results for each patient are shown on one line accord-
ing to that patient’s FFR. The dashed line representing an FFR
of 0.75 indicates the cutoff between the two groups assessed in
this study. Adequate stress-echocardiographic images could not
be obtained in four patients.
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three patients the FFR method yielded false negative
results, because evidence of inducible ischemia was pres-
ent despite an FFR of 0.75 or higher. The overall sensi-
tivity, specificity, positive and negative predictive val-
ues, and accuracy of FFR were 88, 100, 100, 88, and 93
percent, respectively.

Clinical Follow-up of Patients with FFR of 0.75 or Higher

Myocardial revascularization was not performed in
the patients with an FFR of 0.75 or higher. Seventeen
were treated with aspirin alone, and seven with a com-
bination of aspirin and a calcium-channel blocker. At
follow-up visits four weeks later, the functional class of
these patients, when measured according to the classi-
fication system of the Canadian Cardiovascular Socie-
ty, had improved substantially, from 2.8 to 1.3. After a
mean follow-up of 14*5 months (range, 5 to 21), there
were 1no ischemic events in any of these patients, no re-
vascularization was necessary, and 17 were asympto-
matic.

DiSCcUSSION

Our study supports the concept that FFR reliably in-
dicates functionally significant coronary stenoses. This
index performed well as compared with standard non-
invasive tests for myocardial ischemia. Decisions made
on the basis of the FFR resulted in excellent clinical
outcomes in the patients in whom unnecessary revascu-
larization was averted. Such decisions are often difficult
in patients with coronary stenoses of moderate severity.

In most patients with coronary artery disease, the de-
cision to perform revascularization procedures should
be based not only on the coronary anatomy but also on
the functional severity of a lesion.’®® This is especially
true in patients with narrowings of intermediate severi-
ty demonstrated on coronary angiograms. If, when such
a lesion is present, myocardial ischemia can be clearly
demonstrated by exercise or pharmacologic stress test-
ing, revascularization is appropriate when medical ther-
apy fails to control symptoms.*’*® In some patients, how-
ever, noninvasive tests are inconclusive. Moreover, both
exercise thallium scintigraphy and stress echocardiog-
raphy have limited sensitivity in such patients. When
chest pain persists despite repeatedly negative tests, con-
fusion often arises about the clinical importance of the
lesions."? Therefore, it would be useful to have a meas-
urement that is easily obtainable at the time of diag-
nostic coronary angiography that would indicate clearly
whether the coronary stenosis is responsible for revers-
ible ischemia.

Myocardial FFR is such an index of the effect of an
epicardial coronary-artery stenosis on maximal myo-
cardial perfusion.>!” In previous studies of selected pa-
tients undergoing percutaneous transluminal coronary
angioplasty, a cutoff FFR value of approximately 0.75
distinguished lesions associated with inducible ischemia
from other lesions, and there was minimal overlap be-
tween the two groups.*'” Our study extends previous
observations by assessing the clinical application of
FFR. The results indicate that FFR performed well in
assessing the functional severity of coronary stenoses.

As previously demonstrated, the risk associated with
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advancing a sensor-tipped guide wire across a coronary
stenosis is extremely low?%%10193940 and is offset by the
important clinical information gained, especially in the
case of a moderate stenosis in the proximal portion of
a large coronary artery. With such a stenosis, omitting
an intervention that is indicated and performing one
that is not indicated can both be harmful.

The calculation of FFR from measurements of pres-
sure is limited by the presence of small-vessel disease,
diffuse coronary artery disease, and left ventricular hy-
pertrophy.>®%1%4 These conditions restrict the increase
in blood flow after pharmacologic vasodilatation and
the corresponding decrease in distal coronary pressure.
Under these conditions, therefore, the severity of the ste-
nosis may be underestimated because of the limited in-
crease in flow and the associated limitation in the pres-
sure gradient. Also, in some patients exercise-induced
vasospasm may occur during physical exercise.*? In
those patients, the hyperemia induced by adenosine in
the catheterization laboratory is not necessarily equiv-
alent to exercise-induced maximal hyperemia in daily
life. This mechanism could have played a part in the
patients with positive exercise tests but FFR values of
0.75 or higher.

Our study indicates that measuring FFR during cor-
onary arteriography is useful in determining whether an
angiographically moderate stenosis is functionally im-
portant and may therefore be responsible for reversible
myocardial ischemia. In this study, the accuracy of FFR
for this purpose was equivalent to that of the informa-
tion provided by a combination of all the noninvasive
tests currently used. We therefore believe that myocar-
dial FFR may be useful in making clinical decisions
about revascularization procedures in patients with mod-
erate coronary stenoses when other objective evidence
of reversible ischemia is lacking.

We are indebted to Morton J. Kern, M.D,, for his constructive com-
ments; to Eduard Van Hagen, R.N., Gert Hendrix, R.N., and Berry
Van Gelder, Ph.D., for their assistance with the invasive procedures;
and to Anne Hol for her assistance in preparing the manuscript.
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