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can be maximized by accurately discriminating the lesions
for which revascularization will provide the most benefit.
Strengths and limitations of the FAME study. The
FAME study has several specific strengths that should be
mentioned. First, because of the liberal inclusion and few
exclusion criteria, the study truly reflects everyday practice in
performing PCI for multivessel disease. This position is
further corroborated by the fact that 53% of all screened
patients were actually included in the study (7) and that 43
patients were included per center per year, both numbers
exceptionally high for this kind of study (14,15).

Second, the majority of the stenoses was located in the
proximal or mid-segments of the 3 major coronary arteries,
and in almost 40% of the patients, a proximal left anterior
descending artery stenosis was 1 of the target lesions.
Furthermore, patients who had undergone PCI in the past
were not excluded, as is mostly the case in other studies
comparing outcome after different treatment modalities in
multivessel CAD (14–17).
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Figure 2 Kaplan-Meier Survival Curves

Kaplan-Meier survival curves according to study group for survival free from (A) major adverse cardiac event (MACE), (B) death, (C) death or myocardial infarction (MI),
and (D) revascularization. The red curve indicates the angiography-guided percutaneous coronary intervention (PCI) group; the blue curve indicates the fractional flow
reserve (FFR)-guided PCI group. CABG ! coronary artery bypass graft surgery.
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Figure 3 Patient Follow-Up

Percentage of patients treated by angiography-guided strategy (red bars) and
fractional flow reserve (FFR)-guided strategy (blue bars) who were completely
free from angina at baseline, and at 1- and 2-year follow-up.
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image processing methods were implemented for better
lumen boundary identification; physiological models of
microcirculatory resistance that yielded better diagnostic
performance than the previous studies were used; and strict
adherence to the best practices for image acquisition (in
particular, rate control and nitroglycerin administration) was
mandated. The results reflect the remedies: in 484 vessels in
251 patients, the addition of FFRCT to CT dramatically and
significantly improved the per-patient specificity, positive
predictive value, and accuracy for invasive FFR !0.80
(Table 1), and the area under the receiver-operating char-
acteristic curve increased from 0.81 to 0.90 (p ¼ 0.0008).
Similar results were obtained for per-vessel analysis, 30% to
70% stenosis, and for patients with coronary artery calcium
Agatston scores >400. Thus, FFRCT seems poised to as-
sume the role of gatekeeper to the interventional laboratory
for patients with CTA-defined intermediate stenoses, a role
initially envisioned fordbut not fulfilled bydCTA alone.

There are numerous issues to be considered:

1. Are there sufficient data to warrant implementation of
this new technology? There have been a total of only
606 patients reported in the literature using FFRCT,
and only the current study (11) of 251 patients used
the latest physiological modeling and improved
automated image processing. As the authors
acknowledge, additional appropriately designed pro-
spective trials are needed. Is it correct to demand
randomized controlled trials (RCTs), similar to
FAME and DEFER (5–7), to prove that FFRCT
improves outcomes, or is a strong correlation with
invasive FFR sufficient? Ironically, there has never
been an RCT demonstrating that any form of
noninvasive testing improves outcomes, yet the
absence of RCTs has been a constant criticism of
coronary CTA and coronary artery calcium scanning.

2. Demonstration of superior cost-effectiveness com-
pared with other noninvasive testing, as well as su-
perior accuracy, will be a prerequisite. Such analyses

(12) may already have been or will be presented to
payers, and they will also be instrumental in deter-
mining the level of reimbursement.

3. Will an FFRCT !0.8 be sufficient to proceed with
intervention or will confirmation by invasive FFR be
necessary? The positive predictive value of 65% is not
high enough to preclude the need for confirmation by
invasive FFR. Further improvements in the Heart-
Flow technology or new algorithms from other ven-
dors may render confirmation unnecessary. The
negative predictive value of CTA alone (92%) is high
enough to defer catheterization and is not augmented
by FFRCT.

4. If future studies lend convincing additional support for
FFRCT as the preferred modality, there is likely to be a
devastating impact on all the noninvasive functional
technologies, with expensive, high technology myo-
cardial perfusion imaging bearing the brunt. As long
as invasive FFR reigns supreme, the correlations with
FFRCT remain excellent, and CTA technology con-
tinues to improve as radiation exposure decreases, why
would other tests be used except in those cases not
suitable for CTA (e.g., renal dysfunction, very exces-
sive calcification)? In turn, the resulting decreased
income from noninvasive testing will accelerate the
rapidly ongoing hospital acquisition of private prac-
tices with all the implications thereof.

5. Succession of invasive FFR to the throne of functional
evaluation is based on several reports in a limited
number of patients. If further studies cast doubt on its
supremacy, CT FFR will suffer accordingly.

6. Logistical issues (i.e., offsite data analysis by Heart-
Flow and the attendant turnaround time) are unlikely
to be problematic for patients in stable condition.

7. There will always be skeptics who will not accept the
derivation of vasodilator parameters without applying
vasodilation itself. However, the data, although
counterintuitively derived, will speak for themselves.

Time will tell whether FFRCT will emerge as the gold
standard of noninvasive functional testing. The initial
experience, however, is promising, and wide acceptance
would indeed be a major “game changer.”

Reprint requests and correspondence: Dr. Harvey S. Hecht,
Mount Sinai Medical Center, One Gustave L. Levy Place, Box
1030, New York, New York 10029-6574. E-mail: harvey.hecht@
mountsinai.org.

REFERENCES

1. Patel MR, Peterson ED, Dai D, et al. Low diagnostic yield of elective
coronary angiography. N Engl J Med 2010;362:886–95.

2. Hecht HS. Is coronary computed tomographic angiography the “gold
standard” for coronary artery disease? J Cardiovasc Comput Tomogr
2009;3:334–9.

Table 1
Summary of FFRCT Trials for Detection of
Invasive FFR !0.80

DISCOVER-FLOW (9) DeFACTO (10) NXT (11)

Year 2011 2012 2013

No. 103 252 251

Design Single-center Multicenter Multicenter

CT FFRCT CT FFRCT CT FFRCT

Sensitivity 94% 93% 84% 90% 94% 86%

Specificity 25% 82% 42% 54% 34% 79%

PPV 58% 85% 61% 67% 40% 65%

NPV 80% 91% 72% 84% 92% 93%

Accuracy 61% 81% 64% 73% 53% 81%

CT ¼ computed tomography; DeFACTO ¼ Determination of Fractional Flow Reserve by Anatomic
Computed Tomographic Angiography; DISCOVER-FLOW ¼ Diagnosis of Ischemia-Causing Stenoses
Obtained Via Noninvasive Fractional Flow Reserve; FFRCT ¼ fractional flow reserve (FFR) derived
from standard acquired computed tomography angiography datasets; NPV ¼ negative predictive
value; NXT ¼ Analysis of Coronary Blood Flow Using CT Angiography: Next Steps; PPV ¼ positive
predictive value.
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Technical	Limitations

● Dobutamine	(adenosine)	FFR	versus	ß-blockers,	NTX	CTA	
● Diastolic	CT	image	acquisition	&	systolic	FFR	blood	flow	
● Limited	CT	resolution,	image	quality,	artifacts	(e.g.	calcium)	
● FFRCT	not	applicable	to	myocardial	bridges	
● Collateral	blood	flow,	bypass	blood	flow,	non	obstructive	
coronary	heart	disease	(syndrome	X)?	

● FFRCT	delays	time	to	diagnosis/report
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identify lesions that cause ischemia, as compared with
CCTA stenosis, largely by reducing the rates of false
positive lesions incorrectly classified by stenosis alone.

To our knowledge, this study represents the first of its
kind to evaluate CFD principles applied to CCTA images
for derivation of patient-specific measures of coronary artery
pressure. Importantly, the calculation of FFRCT required no
modification of CCTA acquisition protocols, no additional
imaging, and no additional administration of medications.
The results of the present study establish the feasibility of
CFD modeling for noninvasive determination of the phys-
iological consequences of CAD and support a utility for
application of FFRCT in patients undergoing CCTA.

Coronary computed tomographic angiography is a non-
invasive test for anatomic assessment of CAD severity that
has been suggested as an alternative to ICA (8–10,28). Prior
CCTA studies employing computed tomography scanners
with !64-detector rows have observed a generally high
diagnostic performance of CCTA, as compared with quan-
titative coronary angiography as a reference standard. How-
ever, significant false positive rates underscore a general
overestimation of CAD severity by CCTA, and even among
obstructive CAD lesions identified by CCTA that are
confirmed at ICA, only a minority of such lesions are causal
of ischemia (8,10,11). These findings have also been ob-
served for ICA, and prior multicenter studies support a

distinct benefit for adjunctive physiological assessment of
anatomic CAD stenoses by FFR (3,5,6,29). In the FAME
(Fractional Flow Reserve versus Angiography for Multives-
sel Evaluation) study of 1,005 patients with multivessel
CAD, those that underwent FFR-guided revascularization—as
compared with patients undergoing anatomically guided revas-
cularization—experienced lower rates of adverse events, place-
ment of fewer coronary stents, and lower healthcare costs (3,5).
In this regard, the addition of FFRCT to CCTA might
improve clinical decision-making and promote salutatory out-
comes for individuals with CCTA-identified CAD; prospec-
tive outcomes studies are warranted.

We employed definitions identical to those used in the
FAME study for ischemia by FFR ("0.80) and obstructive
stenosis by angiography (!50%) (3). Prior studies have
demonstrated enhanced specificity for detection of ischemia
when employing an FFR threshold of "0.75 or a stenosis
threshold of !70%, albeit at a penalty of increased false
negatives (30). We examined the relationship of an FFRCT
cutoff of 0.75 and CAD stenosis of 50%, respectively, and
found similar results (data not shown).

One distinction between our study and the FAME study
is how we dealt with subtotal (99%) occlusions. In the
FAME study, these lesions were not subjected to FFR for
reasons of safety and were assigned a value of 0.50 (3). We
identified 6 vessels with subtotal occlusions in our study and

Figure 1 Anatomically Obstructive Stenosis With No Functional Ischemia

(A) Coronary computed tomography angiography demonstrating obstructive (!50%) stenosis (white arrow) in the obtuse marginal (OM) branch of the left circumflex
artery. Proximal and distal to the lesion, there are multiple areas of diffuse calcified plaque of intermediate stenosis severity (40% to 69%). (B) Invasive coronary angiog-
raphy confirms the obstructive OM stenosis (red arrow). (C) Computation of fractional flow reserve from coronary computed tomographic angiography data (FFRCT) dem-
onstrates no ischemia in the OM, with a computed value of 0.85. (D) Fractional flow reserve (FFR) of 0.84 at the time of invasive coronary angiography similarly
demonstrates no ischemia in the OM.

1993JACC Vol. 58, No. 19, 2011 Koo et al.
November 1, 2011:1989–97 Lesion-Specific Ischemia From FFR Computed From CT
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Clinical	Limitations

● FFR	predicts	coronary	intervention	outcome	(DEFER	&	
FAME)	

● CTA	as	non-invasive,	cost	efficient	gatekeeper	for	catheter	
in	patients	with	intermediate	pretest	probability	

● FFRCT	versus	CTP	tested	in	prospectively,	randomized	
multi-center	clinical	trial	for	improved	patient	outcome	@	
lower	cost


