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Abstract Recent clinical trials directed at imaging of
coronary artery disease (CAD) have demonstrated a par-
adigm shift away from endpoints related to detection of
CAD in favor of those related to clinical outcomes. The
objective of such trials has been to determine whether
physiological metrics are superior to anatomical ones for
guiding therapy and improving outcomes in patients
with known or suspected CAD. The present review fo-
cuses on selected trials in this area in particular DEFER,
FAME 1 and 2, a meta-analysis comparing FFR to an-
atomically guided treatment outcomes and COURAGE
SPECT MPI sub study. The rationale for using physio-
logical as opposed to anatomical endpoints to optimize
patient management, in particular coronary revasculari-
zation decisions, is emphasized. The results of the FFR-
based trials are concordant and indicate physiological
metrics are superior to anatomical ones for guiding ther-
apy and improving clinical outcomes in patients with
known or suspected CAD.
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Introduction

Though it has been appreciated for many years that
apparent anatomical stenosis severity generally corre-
lates poorly with its physiological severity [1, 2••,
3••], only in the past 10–15 years have the combination
of advances in technology (e.g., intra-coronary pressure
and velocity sensor-tipped guide wires and more recent-
ly thermodilution capable volumetric flow wires [4])
and application of basic physiological principles
governing coronary pressure flow relations, previously
confined to study in the animal lab, been more routinely
adopted for assessment of human subjects in the cardiac
catheterization laboratory [5]. The ability to make such
measurements, in particular fractional flow reserve
(FFR) [6–8], has fostered clinical trials designed to test
the hypothesis that the physiological index of stenosis
severity would prove superior to anatomical assessment
in guiding the decision for coronary revascularization
and result in improved clinical outcomes. It is important
to note in this regard that PET measurements of abso-
lute myocardial blood flow (MBF) are equally, perhaps
better, suited to physiological characterization of coro-
nary stenosis severity and of course do so in noninva-
sive fashion [8, 9, 10••]. PET measurements of absolute
MBF also are superior to PET quantitative measure-
ments of tracer uptake or myocardial flow reserve for
coronary stenosis detection [11, 12••, 13, 14••] but do
not yet have randomized clinical trial data to demon-
strate improved outcomes re: decision making for coro-
nary revascularization. A brief review of pertinent coro-
nary physiology related to FFR and related concepts is
important before discussing the results of clinical trials
based on this metric and is provided below.
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FFR and Related Concepts: a Brief Review

In a simple hydraulic system, the pressure loss across a ste-
notic segment of pipe (dP) is given by the equation [15, 16]:

dP ¼ A*Q þ B*Q2 ð1Þ

Where:

A constant related to Pousille resistance
B constant related to stenosis geometry
Q fluid flow (ml/min) or velocity (cm/s)

What is important to note from the view of understanding
FFR is that flow rate contributes heavily to the pressure drop
across any given stenosis and absent any stenosis the constant
BA^ and BB^ are nil and thus dP also is zero. FFR is measured
under conditions of maximal coronary vasodilation, typically
with adenosine though other primary dilators (e.g.,
dipyridamole, regadenoson, and papaverine) have been used,
to null as much as possible impedance to flow distal to the
stenosis and thereby assess dP across the stenosis independent
of downstream influences. Absent a stenosis, there is no pres-
sure drop across the epicardial, conduit coronary vessels until
the microvascular level is reached (~200 μ) [17]. Thus, the
ratio of mean aortic to distal coronary pressure is one. In a
simple system, interposition of a stenosis between the aortic
and conduit segment of a coronary vessel will result in a pres-
sure drop across the stenosis as described by Eq. (1). In prac-
tice, it has been shown that the resulting ratio of mean distal
coronary to mean aortic pressure provides a functional mea-
sure of the hemodynamic severity of the stenosis. The ratio is
termed the FFR [6, 7] since the value of the fraction reflects
the relative loss of flow reserve attributable to the stenosis in
comparison with a normal vessel in which the ratio (distal/
aortic pressure) is one. It is understood that a variety of phys-
iological factors are known to impact the ratio [18] and have
been considered in detail by others [19]. Suffice it to say, the
list is long and includes prevailing hemodynamic conditions,

presence of diffuse coronary, or microvascular disease, as well
as the presence of serial stenoses in a given vessel [20]
(Table 1). Nonetheless, despite known limitations, the simple
ratio has proved very useful, as will be reviewed below, in
helping to guide clinical decision making regarding coronary
revascularization.

Recognition that FFR has its limitations, not least that it is
invasive, a ratio susceptible to multiple influences and in the
case of multi-vessel CAD may require instrumentation of
more than one coronary artery for decision-making purposes,
has provided the impetus to find a more comprehensive, direct
method for determining coronary vasodilator capacity. PET
measurement of absolute MBF provides a non-invasive meth-
od for determining maximal MBF in all coronary territories
and subterritories simultaneously [2••, 11, 12••, 13, 14••, 21].
Since the myocardium is dependent on augmenting MBF to
meet the demands of increased work and since reasonable
estimates of that quantity are known [21–23], the argument
can and has been made for measuring the real quantity of
interest (i.e., maximal MBF) and not a surrogate ratio such
as FFR or coronary flow reserve (CFR), which themselves
may provide discordant information for reasons discussed in
detail by others [24••, 25]. As noted, clinical outcome data for
such an approach is still lacking but preliminary work sug-
gesting feasibility will be discussed.

Clinical Trials

A) DEFER [26, 27]:
The DEFER study was the first relatively large-scale,

randomized clinical trial designed to compare clinical
outcomes following the decision to perform PCI based
on anatomical versus functional coronary stenosis sever-
ity. The outcomes, defined as a composite of adverse
events including all cause mortality, myocardial infarc-
tion, CABG, PCI, and CCS angina status were tallied at 2
(primary end point) and 5 years (secondary end point)

Table 1 Factors potentially
influencing FFR measurement Variable Impact

Arterial pressure Increased pressure = >increased flow= >increased stenosis gradient= >lower
distal coronary pressure= >lower FFR and vice versa

Diffuse and microvascular CAD Reduced flow = >decreased stenosis gradient = >increased distal
coronary pressure= >higher FFR

Serial stenoses (example 2) No change for the 2 taken together: (Pd /Pa) where Pd is most
distal and coronary back pressure ignored

Overestimated (i.e., higher value) for each individual lesion
unless modified equations used and backpressure
(coronary wedge) measured (per Ref #20)

Technical Inadequate vasodilator response to adenosine, dipyridamole,
or regadenoson due to caffeine or methylxanthine interaction
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after patient entry.
The patients enrolled and treated in the study between

1997 and 1998 all had been referred for elective PCI of
chronic stable angina and had single-vessel disease, de-
fined by visual analysis as ≥50 % lumen diameter
narrowing. QCA of the target lesion also was performed
as was FFR measurement. Patients were randomized ei-
ther to Bdefer^ or Bperform^ PCI groups (bare metal
stents only available at the time) after which they had
cardiac catheterization and FFR determination. If FFR
was <0.75, then randomization assignment was ignored
and PCI performed in what was designated the
Breference^ group. If FFR was ≥0.75, then PCI either
was deferred or performed based on prior randomization
assignment. The authors indicated the randomization and
treatment protocol adopted was designed to determine if
clinical outcomes would be improved by performing PCI
of anatomically Bintermediate^ severity stenoses.

The most important results of the study were as fol-
lows. First, performance of PCI on what the authors re-
ferred to as non Breversible ischemia^ causing lesions
(i.e., FFR ≥0.75) failed at 5 years to improve clinical
outcomes defined either as (1) event-free survival or (2)
combined cardiac mortality and myocardial infarction or
(3) percent free of angina. Especially noteworthy was the
fact that QCA-determined anatomical stenosis severity
overlapped entirely (range ~30–70 % diameter reduc-
tion) between the Bdefer^ and Bperform^ groups and al-
most completely for the Breference^ group as well, which
had only a small minority (<10 %) in the 70–90 % range.

Second, and equally important, PCI in the Breference^
group (i.e., FFR <0.75) not only failed to prevent cardiac
death or acute MI but in fact was associated with a 5×
increase incidence of these outcomes compared to med-
ical therapy alone of similar anatomical appearing lesions
(~15 vs ~3 %) [27]. The authors opined that use of bare
metal stents (BMS) could not explain the results since
prior studies had shown that drug-eluting stents (DES)
also failed to reduce the incidence of cardiac death or MI
(3–5 % in the initial year after placement) [27]. They
simply concluded the presence of a functionally signifi-
cant coronary stenosis even if treated successfully with
PCI nonetheless was a marker for increased risk of sub-
sequent cardiac death or MI especially in comparison
with medical treatment of non-ischemia-inducing
lesions.

B) FAME 1 and 2 [28, 29••, 30]:
Both FAME 1 and FAME 2 focused on chronic stable

angina patients with multi-vessel CAD who had been
referred for clinically indicated cardiac catheterization
and consideration of PCI. In FAME 1 [28], patients were
randomized to FFR-guided PCI, performed only if FFR
≤0.80, versus angiographic visual assessment only

(≥50 % lumen diameter reduction). Clinical outcomes
included a composite endpoint of Bdeath, non fatal MI,
or repeat revascularization at 1 year^ [28]. PCI when
performed was with DES. In brief, the combined event
rate at 1 year was 18 % in the angiography group and
13 % in the PCI-guided group (P=0.02). While none of
the individual components of the combined event rate
differed significantly between groups, likely a function
of sample size, the combined rate for death or non-fatal
MI was significantly less in the FFR-guided group com-
pared to the angiography only group (7 % versus 11 %,
respectively, P=0.04) [28]. Functional status did not dif-
fer between groups at the end of 1 year though fewer
DES were used in the FFR group (mean 2 versus 3,
P<0.001) and cost of materials was less ($5.3 versus
$6.0 K, P<0.001). Accordingly, the functional approach
to assessment of stenosis severity and decision for PCI
again proved superior to that of anatomical assessment
alone.

FAME 2 [29••, 30] addressed the issue of whether or
not FFR-guided PCI plus best medical therapy could im-
prove clinical outcomes compared to best medical thera-
py alone in patients with clinically stable CAD. Data
from the COURAGE trial [31] indicated in patients with
stable angina that initial optimal medical therapy for an-
giographically significant CAD (≥70 % stenosis), with
subsequent PCI if medical therapy failed, was safe and
associated with similar event rates as initial PCI (plus
optimal medical therapy) based on anatomical stenosis
severity [31]. Initial PCI failed to reduce the incidence
of death or non-fatal MI compared to medical therapy
alone during the course of median follow-up of 4.6 years
[31].

Since anatomical stenosis severity was the guiding
decision-making tool in COURAGE, the FAME 2 inves-
tigators sought to determine if FFR-guided PCI would
improve patient outcomes [30]. Thus, patients with stable
angina who were being considered for PCI were random-
ized to a strategy of FFR-guided PCI (FFR ≤0.80) plus
best medical therapy versus best medical therapy alone
[29••, 30]. All patients had coronary angiography with
visual assessment of stenosis severity and designation
of potential target lesions at the time of cardiac catheter-
ization. Subsequently, all potential targets had FFR deter-
mination, and those assigned to PCI had the procedure
performed if FFR ≤0.80. Those assigned to medical ther-
apy only did not. Those with FFR >0.80 of all potential
targets were treated medically and assigned to a registry
for follow-up purposes. Primary endpoint was a combi-
nation of all cause mortality, non-fatal MI, or urgent re-
vascularization during the initial 2 years of follow-up.

The study was stopped early by the DSMB roughly
19 months after beginning enrollment (n=1230 patients
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at the time) and an average follow-up in each group of
approximately 7 months [30]. The reason for closing en-
try to the study was a statistically significant excess of
urgent revascularization in the medical therapy only
group (12.7 % versus 4.3 % PCI group, hazard ratio
(PCI versus medical) = 0.32, 95 % CI = 0.19–0.53;
P<0.001). Noteworthy was the fact that (1) event rate
in registry patients (~3 %) did not differ significantly
versus PCI; (2) the incidence of death or non-fatal MI
did not differ between PCI and medical therapy groups;
(3) only 1300/1600 (81 %) angiographically significant
stenoses (≥50 % lumen dia) were functionally significant
by FFR; and (4) the authors noted the clinical outcomes
of PCI were Bmore pronounced^ for patients having le-
sions with FFR <0.65 compared to those having only
lesion with Blarger FFR B(P=0.01) [30].

A separate paper reported the results of recruited and
registry patients at 2 years of follow-up at which time the
major findings of the study were unchanged though exact
percentages as would be expected, had [29••]. Thus, the
key difference in PCI plus medical therapy versus medi-
cal therapy alone remained urgent revascularization
(4.0 % versus 16.3 %, hazard ratio 0.23, 95 %
CI=0.14–0.38, P<0.001). Again, the incidence of death
or non-fatal MI did not differ between PCI plus medical
therapy and medical therapy only groups. The incidence
of the primary combined endpoint in registry patients,
however, had increased from ~3 % at the time recruit-
ment was halted to 9 % at the completion of 2-year fol-
low-up. Though not without controversy [32•], primarily
because of the nature of the endpoint driving the conclu-
sion in favor of PCI plus optimal medical therapy over
medical therapy alone, the outcome, nonetheless, rein-
forced the notion of the importance of FFR determination
in PCI decision making. This is particularly so given the
fact that registry patients all had coronary stenoses which
appeared angiographically significant but with FFR
>0.80 and had primary endpoint risk comparable to that
of PCI plus medical therapy (hazard ratio, PCI regis-
try=0.90, 95 % CI 0.49–1.64, P=0.72) and clearly su-
perior to that of medical therapy only (hazard ratio, med-
ical therapy registry = 2.34, 95 % CI 1.35–4.05,
P=0.002). Thus, FFR measurement was effective in
identifying a relatively low-risk population (FFR >0.80)
which did well on medical therapy alone despite the pres-
ence of angiographically significant CAD.

C) FFR META ANALYSIS [33•]:
A recent meta-analysis has been reported of 51 studies

pertaining to use of FFR versus coronary angiography
alone for revascularization decision-making assistance.
Patient outcomes (MACE=death, MI, revascularization)
were the primary endpoints of the studies which included
>9000 (study level) and almost 7000 (patient level)

coronary lesions with clinical follow up over a median
of roughly 15 months [33•]. The authors recognized a
major limitation of the study, even with appropriate sta-
tistical adjustment, was Bconfounding by indication^
[33•] since revascularization was included in the defini-
tion of MACE, and the studies encompassed a period in
which FFR <0.75–0.80 was viewed, in the appropriate
clinical circumstances, as an indication for revasculariza-
tion of the target lesion(s). Other important limitations
noted by the authors included incomplete data
concerning (1) cause of death (cardiac versus non cardi-
ac), (2) location of MI with respect to target lesion(s) and
(3) whether or not revascularization during follow-up in-
volved target or non-target lesions.

Notwithstanding its limitations, the study provided
several interesting observations at least two of which
were subsequently confirmed by the FAME 2 follow-up
study [29••]. Thus, using a Cox proportional hazard mod-
el for 1-year incidence of MACE (patient level data),
Figure 3B (from [33]) [33•] demonstrated medical thera-
py was associated with an inverse curvilinear relationship
to FFR, increasing from ~7 %/year at FFR = 1.0 to
~23 %/year at FFR=0.40. In contrast, revascularization
(PCI/CABG) was associated with an almost flat relation-
ship (MACE ~13–17 %/year) across the full range of
FFR studied (0.40 to 1.0, Fig. 1). The curves crossed over
at FFR=0.67 [33•], almost precisely the level shown to
provide the greatest benefit in terms of clinical outcomes
for FAME 2 [30]. The meta-analysis [33•] also was con-
firmed by the more general finding of FAME 2 that FFR-
guided revascularization therapy was associated with

Fig. 1 The FFR meta-analysis derived relationship between 1-year
MACE and FFR. Note approximate cross over point (FFR ~0.65)
where MACE rate for revascularization (REVASC) exceeds that for
medical therapy. (Redrawn and modified from Fig 3B with permission;
This figure was published in J Am Coll Cardiol, 64 (16), Johnson NP,
Toth GG, Lai D, et al., Prognostic value of fractional flow reserve: linking
physiologic severity to clinical outcomes, 1641–1654, Copyright Elsevier
[2014]) [33]
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improved clinical outcomes compared to medical therapy
alone for Bischemia causing lesions^ (i.e., FFR <0.80).

Figure 3B (from [33]) [33•], it should be noted, also
indicates that revascularization for lesions with FFR
>0.80 are likely to be associated with greater incidence
of MACE compared with medical therapy alone; a pre-
diction supported at least in part by the DEFER trial [27]
in which patients with FFR ≥0.75 who were treated with
medical therapy only (Bdefer^) had comparable overall
clinical outcomes to those treated with PCI (Bperform^)
but a lesser incidence of death or MI (3.3 versus 7.9 %,
respectively) which failed to reach statistical significance
[27] likely for lack of power. As noted above, in DEFER
angiographic stenosis, severity by QCA demonstrated
complete overlap of the two groups (i.e., Bdefer^ and
Bperform^) over the full range encountered (30–70 %)
[27]. Similarly, in the meta-analysis, QCA-determined
stenosis severity could account for only 31 % of the var-
iance in FFR [33•]. Accordingly, the notion put forward
in the meta-analysis that medical therapy very likely will
be superior to revascularization at FFR >0.75–0.80 is
further supported by results, taken together, of FAME 1
[28] and 2 [29••]. FAME 1 demonstrated improved clin-
ical outcomes for the FFR-guided strategy versus anato-
my notwithstanding comparable anatomy in both groups.
Similarly, in FAME 2 registry patients (FFR >0.80) treat-
ed medically had overall clinical outcomes comparable to
those treated with revascularization for functionally sig-
nificant lesions and superior to that in the medical treat-
ment arm with FFR ≤0.80 despite anatomically compa-
rable stenosis severity.

D) COURAGE SPECT MPI SUB-STUDY FOLLOW-UP
[34•]:

This recently reported post hoc analysis of patients
(n=621) enrolled in the COURAGE clinical trial com-
pared baseline reversible ischemic burden as determined
by SPECT myocardial perfusion imaging (MPI) with
baseline angiographic CAD burden (≥50 % stenosis by
QCA) to predict a combined primary clinical endpoint of
death, MI, or NSTEMI-ACS. Left ventricular ejection
fraction at baseline also was considered as a predictor.
The mean duration of follow-up was 4.7±1.7 years.

The results of the analysis may be summarized as
follows. Ischemic burden as determined by SPECT
MPI failed to emerge as an independent predictor of clin-
ical outcome. In contrast, angiographic burden of disease
and LVEF both were found to be independent predictors
of clinical outcome.

The authors recognized a number of study limitations
including technical ones such as (1) its post hoc nature,
(2) small sample size, (3) absence of more detailed CAD
burden score (e.g., SYNTAX [35, 36]), (4) lack of phys-
iological data such as FFR, and (5) use of bare metal

stents. They also acknowledged their results were discor-
dant with that of prior SPECT MPI studies, which indi-
cate that extent of ischemia is an excellent risk predictor
for clinical events such a death and MI [37–40]. The
results of the study also are at odds with the data from
the PROMISE clinical trial [41] (see below).

E) PROMISE CLINICALTRIAL [41, 42]:
The recently reported PROMISE trial [41] randomized

over 10,000 symptomatic patients who were being eval-
uated for known or suspected CAD (pre-test probability
of CAD ~50 %). An initial strategy of anatomical testing
with CT coronary angiography (CTCA) was compared
with that of functional testing, which included stand-
alone exercise treadmill testing, SPECT MPI, or stress
echocardiography. Results of initial testing were then
used to guide further clinical decision making related to
additional diagnostic and therapeutic interventions. Clin-
ical outcomes, primary endpoint of Bdeath, myocardial
infarction, hospitalization for unstable angina, or major
procedural complication^ [41], were compared after
slightly more than 2 years of follow-up.

The results of the study failed to demonstrate superiority
of one diagnostic approach over the other. Thus, frequency
of the primary endpoint (~3 % over median 2-year follow-
up) did not differ significantly between groups [41].

More detailed analysis revealed mixed results. While
more patients in the CTCA group went on to invasive
coronary angiography (ICA) compared to the functional
testing group (12 versus 8 %, respectively), fewer in the
CTCA group were found to have Bnon obstructive^ CAD
by ICA compared to that of the functional testing (3 versus
4 %, respectively, p=0.02). Overall, ionizing radiation
exposure ultimately was greater in the CTA group versus
functional testing since roughly one third of those in the
later group was not exposed at all (12 versus 10 mSv,
respectively, P<0.001). Importantly, there was no differ-
ence between groups in the combined endpoints either of
death or non-fatal MI (hazard ratio—CTA, Function-
al=0.88 (0.67–1.05, p=0.35); or death or non-fatal MI or
hospitalization for unstable angina (hazard ratio—CTA
functional = 1.04 (0.84–1.31, p = 0.70). The authors
concluded, therefore, an initial strategy of CTA failed to
improve clinical outcomes compared to that of functional
testing in symptomatic patients with intermediate prior
probability of CAD.

An accompanying editorial took note of several limita-
tions of the study including (1) the overall low event
rate which in turn was dominated by a Bsoft end-point^,
namely, hospitalization for unstable angina, (2) the high
rate of appropriate medical therapy including statin use in
both groups, which likely contributed to the low overall
event rate in each, (3) the fact that more advance imaging
modalities such as PET and cardiac MR were not
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employed for functional testing, and (4) absence of a third
cohort treated medically on presentation without further
evaluation [42]. Finally, the editorial noted the ISCHEMIA
trial, which currently is recruiting patients with base-
line moderate to severe ischemia and employing the
most up to date PCI revascularization methods, may help
answer the question whether outcomes are improved
when the results of a positive functional test are used to
guide subsequent clinical decision making regarding best
medical therapy alone, initially, versus initial ICA and
revascularization plus best medical therapy.

Conclusions

A large body of data has emerged in recent years from ran-
domized clinical trials, several of which are discussed above,
which clearly indicate physiological assessment of CAD se-
verity results in improved clinical outcomes in comparison
with that of decision making based on angiographic severity
of disease. To date, these studies have required invasive as-
sessment of physiological severity principally in the form of
FFR measurements. While the COURAGE sub-study of
SPECTMPI may appear to contradict the notion that function
trumps anatomy [34•], the study’s many limitations require
considerable caution in accepting that conclusion. This is es-
pecially so in face of the large body of data reviewed above
indicating the opposite is the case as well as a substantial
number of SPECT-MPI studies which also indicate clinical
outcomes generally correlate well with extent of reversible
ischemia and that a normal SPECT-MPI is associated with a
very low risk of adverse cardiac events [38–40]. Further, the
recently reported PROMISE trial [41], notwithstanding the
known weaknesses of its multiple methods for assessing func-
tional severity of CAD, also does not support the notion that
anatomy trumps physiology. Thus, a better noninvasive meth-
od (as alluded to in the editorial on the PROMISE trail [42]) is
required and presently is potentially widely available in the
form of quantitative PET measurements of absolute myocar-
dial blood flow [2••, 10••, 11, 12••, 13, 14••, 21, 43]. A ran-
domized clinical trial focusing on clinical outcomes similar to
those reviewed herein but with PET methodology used for
physiological assessment of CAD severity has been proposed
previously2 and deserves to be performed.
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