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The introduction of coronary angiography more than 50 years
ago led to a major shift in the diagnosis and management of coro-
nary artery disease. As the first technique to visualize the se-
verity and location of obstructive lesions in the coronary arter-

ies of living patients, coronary
angiography enabled the de-
velopment of coronary revas-

cularization by coronary artery bypass graft (CABG) surgery
and percutaneous coronary intervention (PCI), arguably 2 of
the most important advances in cardiovascular medicine.

Despite its central role in the management of coronary
syndromes, as a 2-dimensional contrast “luminogram,”
a coronary angiogram has well-recognized and important
limitations. Coronary angiograms may overestimate or
underestimate lesion severity, and as early as the 1980s,
it was recognized that coronary angiography has a limited
ability to predict the physiologic significance of individual
lesions, especially for intermediate narrowing in the 40% to
70% diameter stenosis range.1 Yet, not unlike in the first
years after it was introduced, visual interpretation of a coro-
nary angiogram has remained the most commonly used tool
for making clinical decisions regarding revascularization
for a patient with obstructive lesions of the coronary arteries.
Because patients’ symptoms and outcomes are more re-
lated to the physiologic consequence (myocardial ischemia)
from a coronary artery lesion than to its mere presence, and
the magnitude of benefit of revascularization appears
directly related to the baseline extent of ischemia,2 there
remains a problematic disconnect between an approach to
decision-making for revascularization based on imprecise
visual estimation of anatomy and the expectation of a physi-
ologic benefit of PCI.

Advances in guidewire sensor technology in the 1990s
allowed for the direct measurement of lesion-related coro-
nary physiology in patients undergoing cardiac catheteriza-
tion. These advances included the incorporation of a pres-
sure sensor into a 0.014-inch guidewire and the development
of the concept of fractional flow reserve (FFR), a pressure-
derived measure of maximal myocardial blood flow beyond
a stenosis divided by the theoretical normal maximal flow in
the absence of a stenosis, such that FFR in a vessel with no
obstruction is 1.0.3 FFR can be simplified as the ratio of pres-
sure measured distal to a lesion over the aortic pressure at
peak hyperemia (blood flow at maximal vasodilation). It is
measured by advancing the guidewire pressure sensor
adequately beyond the stenosis in question and maximally
vasodilating the resistance vessels by administering a potent
vasodilator, usually adenosine. FFR has been validated as

a reproducible, lesion-specific measure of stenosis severity
that strongly correlates with rigorously determined ischemia
by noninvasive testing.3,4

However, the result of lesion assessment by FFR, and there-
fore potentially the decision to perform revascularization, may
be discordant with visual impression of the angiogram about
65% of the time when assessing intermediate coronary artery
lesions of 50% to 70% diameter stenosis and about 20% of the
time when assessing lesions of 70% to 90% diameter steno-
sis, traditionally judged by visual estimation to be unequivo-
cally severe.5 Clinical trials have shown that measurement of
FFR can allow safe deferral of PCI for lesions judged angio-
graphically severe that are found to have a nonischemic FFR
value of greater than 0.756; that among patients with multi-
vessel disease referred for PCI, when compared with angio-
graphic guidance, selection of lesions for revascularization
based on an FFR threshold of 0.80 or less provided improved
clinical outcomes7; and that among patients with stable ische-
mic heart disease, FFR-guided PCI improved outcomes when
compared with medical therapy alone.8

A large body of evidence, therefore, shows that by en-
abling an objective measure of clinically relevant lesion physi-
ologic significance, measurement of FFR can overcome many
of the limitations of angiography for diagnosing and treating
coronary artery disease. On the strength of randomized trial
data, use of FFR received a class IIa recommendation in the
most recent 2011 PCI guideline from the American College of
Cardiology Foundation/American Heart Association/Society for
Cardiovascular Angiography and Interventions9 and a class I
recommendation in the 2018 revascularization guidelines from
the European Society of Cardiology/European Association for
Cardiothoracic Surgery,10 for assessing angiographically in-
termediate coronary lesions to guide revascularization deci-
sions in patients with stable ischemic heart disease. More re-
cently, an index of physiologic lesion significance using resting
translesional hemodynamics that obviates some of the diffi-
culties and cost associated with inducing coronary hyper-
emia with adenosine, the instantaneous wave-free ratio (a ra-
tio of mean pressure distal to the stenosis over aortic pressure
measured during the “wave-free” period of diastole under rest-
ing conditions), has also been validated as a method for ob-
jectively determining lesion physiology for selection of le-
sions for revascularization,11 potentially increasing accessibility
to and ease of use for physiologic lesion assessment to more
laboratories and operators.

Given the improvements in diagnostic lesion assessment
over the past 25 years documented for invasive physiologic test-
ing, what is the current state of decision-making for coronary
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revascularization for patients with coronary artery disease? In
2014, Toth et al12 reported a web-based survey of 495 inter-
ventional cardiologists who were provided 5 angiograms that
contained 12 focal intermediate stenoses for which FFR val-
ues were known but not disclosed and were asked to decide
on revascularization or, if felt necessary, to choose FFR, quan-
titative coronary angiography, or imaging by intravascular ul-
trasound or optical coherence tomography to further assess
lesion significance. Among these cardiologists, 3158 (71%) of
the 4421 revascularization decisions were based on visual in-
terpretation of the angiogram only, and of those decisions, 47%
were discordant from the known functional significance of the
lesion by FFR. In 2019, the investigators repeated their sur-
vey of 411 additional interventional cardiologists, who were
again asked to make decisions on management of 5 angio-
grams with focal intermediate lesions. The results showed that
among these cardiologists, 2237 (60%) of 3749 decisions were
again made solely on the basis of angiographic appearance, and
of those, 39% were discordant with the known functional sig-
nificance of the coronary stenosis by FFR.13

Likewise, in a nationwide survey in Italy conducted in
2017 designed to assess reasons for use and nonuse of inva-
sive coronary physiology assessment in practice among con-
secutive cases performed by 140 invasive cardiologists in 76
catheterization laboratories, most decisions (608 of 1178
[52%]) regarding intermediate stenosis management were
made based on visual assessment only. Further, the most
common reason for not performing physiologic lesion assess-
ment was the cardiologist’s confidence that the clinical and
angiographic data were sufficient to achieve the correct deci-
sion for the patient.14

The reasons interventional cardiologists have not em-
braced more widespread use of invasive physiologic lesion as-
sessment are unknown, but may include misplaced confi-
dence in visual estimation by angiography, costs, lack of
familiarity or experience with the technology, confusion re-
garding the optimal thresholds for the definition of ischemia,
and possibly uncertainty that the results of randomized clini-
cal trials and their selected study populations can be general-
ized to routine practice. Relevant to the last 2 of these con-
cerns, in this issue of JAMA, Sud and colleagues15 report a new
contribution that examined the association between physi-
ologic guidance of percutaneous revascularization decisions
and outcomes in patients with coronary artery disease.

The authors analyzed a large provincial registry in
Ontario, Canada, over a 5-year period from 2013 to 2018.
From nearly 500 000 coronary angiograms available for
analysis, 17 004 had measurements of FFR. After appropriate
exclusions, 9106 patients with single-vessel FFR measured
served as the study population, most of whom presented
with stable coronary artery disease. Of the 2693 patients who
had an ischemic FFR of 0.80 or less, 2029 (75.3%) underwent
PCI and 664 (24.7%) did not undergo PCI and were treated
with medical therapy, whereas of the 6413 patients who
had a nonischemic FFR of greater than 0.80, 810 (12.6%)
underwent PCI. The primary outcome was a major adverse
cardiac event (MACE), which included all-cause death, hospi-
talization for myocardial infarction, hospitalization for

unstable angina, or urgent coronary revascularization,
assessed at 30 days, 1 year, and 5 years. The association
between PCI and outcomes was estimated for each FFR
cohort after adjustment by propensity score inverse probabil-
ity of treatment weighting.

The authors reported that among patients with lesions with
an ischemic FFR of 0.80 or less, PCI, compared with no PCI,
was associated with a significantly lower incidence of MACE
at 30 days, 1 year, and 5 years, with rates of 2.8% vs 6.0% (haz-
ard ratio [HR], 0.47 [95% CI, 0.30-0.75]), 11.9% vs 15.2% (HR,
0.76 [95% CI, 0.58-0.99]), and 31.5% vs 39.1% (HR, 0.77 [95%
CI, 0.63-0.94]), respectively. Among patients with lesions with
a nonischemic FFR of greater than 0.80, PCI, compared with
no PCI, was associated with a significantly higher incidence
of MACE at 30 days, 1 year, and 5 years, with rates of 3.1% vs
1.5% (HR, 2.11 [95% CI, 1.26- 3.54]), 10.6% vs 6.5% (HR, 1.67
[95% CI, 1.27-2.21]), and 33.3% vs 24.4% (HR, 1.37 [95% CI, 1.14-
1.65]), respectively. The results were consistent in sensitivity
analyses after excluding patients who presented with an acute
myocardial infarction, when examining variable timing of
CABG in follow-up, and when stratifying by numbers of dis-
eased vessels.

These results provide validation of the added value of
invasive physiologic testing to guide decision-making in
clinical practice settings. The findings confirm a significant
early and sustained benefit of revascularization for lesions
found by invasive physiologic assessment to have an FFR of
0.80 or less, and significant harm associated with PCI of le-
sions found nonischemic by an FFR of greater than 0.80. The
results further validate the FFR ischemic threshold of 0.80 or
less as an objective criterion associated with improved out-
come with PCI in everyday practice, as had been observed in
randomized clinical trials.7,8

Several limitations should be considered in the evalua-
tion of the results of the study by Sud et al.15 First, as with
most observational studies, selection bias and residual con-
founding may affect outcome comparisons. Second, the
study was restricted to single-vessel FFR assessment and
intervention, and the findings may not be generalizable to
more complex multivessel physiologic assessment to guide
PCI decisions. Third, the incidence of periprocedural myocar-
dial infarction was not reported, and this may have failed to
capture events that might have theoretically diminished the
benefit of PCI for patients with ischemic FFR or increased
the hazard of PCI for patients with nonischemic FFR. Fourth,
the reasons PCI was not performed despite an ischemic FFR
or that PCI was performed despite a nonischemic FFR were
not collected and are unknown. Physiologic testing by FFR is
only 1 variable in a complex multifaceted decision process for
or against revascularization of any given lesion; there are
many valid reasons that such decisions may have been rea-
sonable and justified.

Nevertheless, as one of the largest population-based,
multicenter studies of invasive physiologic lesion assess-
ment by FFR and its relationship to outcomes across multiple
clinical centers, this study serves as an affirmation that
the application of invasive physiologic testing into routine
clinical practice accompanied by adherence to recommended
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thresholds for deciding to proceed with or defer revascular-
ization is associated with improved outcomes. More broadly,
the findings provide support that a physiologically based
approach to decision-making for coronary revascularization
using validated and widely available pressure wire–based
techniques has advantages compared with visually inter-
preted angiography. Conversely, it follows that failure to
incorporate such physiologic assessment into the routine
practice of diagnostic cardiac catheterization and clinical

decision-making for managing coronary artery disease repre-
sents a missed opportunity to provide better outcomes for
patients with coronary artery disease. The results observed in
the study by Sud et al15 should be welcome news to clinicians
who were awaiting further evidence that in everyday practice
physiologic guidance can help optimize the outcomes of
revascularization by objectively selecting patients who will
benefit from PCI and to avoid the risks of revascularization
by better identifying those who will not.
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