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CTAngiography for the Prediction of
Hemodynamic Significance in Intermediate
and Severe Lesions
Head-to-Head Comparison With Quantitative Coronary
Angiography Using Fractional Flow Reserve as the
Reference Standard
Matthew J. Budoff, MD,a Ryo Nakazato, MD,b G.B. John Mancini, MD,c Heidi Gransar, PHD,b Jonathon Leipsic, MD,c

Daniel S. Berman, MD,b James K. Min, MDd
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OBJECTIVES The goal of this study was to compare the diagnostic performance of coronary computed tomography

angiography (CTA) versus quantitative coronary angiography (QCA) for the detection of lesion-specific ischemia using

fractional flow reserve (FFR) as the gold standard.

BACKGROUND Coronary CTA has emerged as a noninvasive method for accurate detection and exclusion of high-grade

coronary stenoses. FFR is the gold standard for determining lesion-specific ischemia and has been shown to improve

clinical outcomes when guiding revascularization.

METHODS A total of 252 patients from 5 countries were prospectively enrolled (mean age 63 years; 71% male). Patients

underwent coronary CTA and invasive coronary angiography (ICA) with FFR in 407 lesions. Coronary CTA, QCA, and FFR

were interpreted by independent core laboratories. Stenosis severity according to coronary CTA and QCA were graded as

0% to 29%, 30% to 49%, 50% to 69%, and 70% to 100%; stenosis $50% was considered anatomically obstructive.

Lesion-specific ischemia was defined according to FFR #0.8, whereas QCA and coronary CTA stenosis $50% were

considered obstructive. Diagnostic accuracy and areas under the receiver-operating characteristics curve (AUC) for lesion-

specific ischemia was assessed.

RESULTS According to FFR, ischemia was present in 151 (37%) of 407 lesions. Diagnostic accuracy, sensitivity, speci-

ficity, positive predictive value, and negative predictive value were 69%, 79%, 63%, 55%, and 83% for coronary CTA;

and 71%, 74%, 70%, 59%, and 82% for QCA. AUC for identification of ischemia-causing lesions was similar: 0.75 for

coronary CTA and 0.77 for QCA (p ¼ 0.6). No differences between CTA and QCA existed for discrimination of ischemia

within the left anterior descending artery (AUC 0.71 vs. 0.73; p ¼ 0.6), left circumflex artery (AUC 0.78 vs. 0.85;

p ¼ 0.4), and right coronary artery (AUC 0.80 vs. 0.83; p ¼ 0.6).

CONCLUSIONS CTA and ICA exhibited similar diagnostic performance for the detection and exclusion of lesion-specific

ischemia. Using a true reference standard to determine appropriate revascularization targets, 3-dimensional coronary CTA

performed as well as 2-dimensional ICA. (J Am Coll Cardiol Img 2016;-:-–-) © 2016 by the American College of

Cardiology Foundation.
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d Department of Imaging, Cedars-Sinai Medical Center, Los Angeles, California; cDepartment of Medicine and Radiology,
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AUC = area under the curve

CAD = coronary artery disease

CT = computed tomography

CTA = computed tomography

angiography

FFR = fractional flow reserve

FFRCT = fractional flow reserve

by computed tomography

ICA = invasive coronary

angiography

NPV = negative predictive

value

PPV = positive predictive value

QCA = quantitative coronary

angiography
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M easurement of fractional flow
reserve (FFR) provides hemody-
namic assessment of coronary

artery lesions, facilitating clinical decision-
making regarding coronary artery revascular-
ization (1–3). Decisions based on specific FFR
values significantly affect patient morbidity
and mortality, resulting in the incorporation
of FFR-guided intervention for intermediate
stenoses in interventional guidelines with a
Class IIa, Level of Evidence A, recommenda-
tion (4). Until recently, invasive angiography
has been considered a gold standard for
obstructive disease and need for revasculari-
zation, but these intervention trials clearly
show that functional ischemia, as defined
by FFR, improves outcomes. Coronary
computed tomography angiography (CTA) has been
shown to be a highly diagnostic test that results in
better cardiovascular outcomes than functional
testing (5,6) but has been perpetually compared with
invasive angiography as a reference standard for diag-
nostic accuracy (7,8). The development of fractional
flow reserve derived from resting computed tomogra-
phy (FFRCT) has led to studies being performed to eval-
uate the diagnostic accuracy of FFRCT compared with
invasive FFR (9). This approach allows for a large
cohort of patients with coronary CTA and invasive cor-
onary angiography (ICA) to be compared with invasive
FFR to identify physiologically significant lesions that
would benefit from revascularization.

The objective of the present study was to compare
the diagnostic accuracy of quantitative coronary
angiography (QCA) and coronary CTA versus invasive
FFR measurements. To the best of our knowledge,
QCA- and coronary CTA–derived stenosis measure-
ments have not previously been compared head-to-
head for the prediction of ischemia as categorized
by FFR in a large multicenter cohort.

METHODS

The rationale, design, and overall results of the
DeFACTO (Determination of Fractional Flow Reserve
by Anatomic Computed Tomographic Angiography)
study have been reported previously (9,10). Briefly,
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DeFACTO was designed to evaluate the accuracy of
FFRCT in diagnosing hemodynamically significant
coronary artery disease (CAD), as defined by an
invasive FFR reference standard, in a targeted popu-
lation of subjects with suspected CAD who were
referred for clinically indicated ICA. Patients with
prior revascularization were excluded, and the final
population consisted of 252 patients with 407 vessels.
The DeFACTO study was conducted at 17 centers in
5 countries.

All patients provided written informed consent.
The study was consistent with the principles of the
Declaration of Helsinki. Coronary CTA, ICA, FFR, and
FFRCT were interpreted in a blinded fashion by inde-
pendent core laboratories as previously described (9).

CORONARY CTA IMAGE ACQUISITION AND ANALYSIS.

Coronary CTA was performed on $64 detector row
scanners with prospective or retrospective electro-
cardiographic gating in accordance with Society of
Cardiovascular Computed Tomography guidelines
(11,12). Computed tomography (CT) angiograms were
interpreted at the central CT core laboratory (Los
Angeles Biomedical Center, Torrance, California) for
blinded interpretation by using an 18-segment coro-
nary model. Investigators evaluated CT scans by
visual assessment for maximal patient- and vessel-
diameter stenosis, which was categorized as 0%, 1%
to 29%, 30% to 49%, 50% to 69%, and >70% stenosis,
or totally (100%) occluded. Per-patient and per-vessel
CAD stenosis were the maximal stenoses identified in
all segments or in all segments within a vessel dis-
tribution, respectively. Use of beta-blockers and
nitroglycerin was left to individual site practices.

ICA IMAGE ANALYSIS. Invasive coronary angiograms
were transferred to a central angiographic core labo-
ratory (University of British Columbia, Vancouver,
British Columbia, Canada) for blinded QCA of all
vessels using commercially available software (Dis-
covery System, Quinton, Bothell, Washington). The
angiographic core laboratory visualized each coro-
nary artery by multiple projections. QCA measure-
ments were performed of every lesion $30% in
coronary segments $1.5 mm in diameter.

FRACTIONAL FLOW RESERVE. FFR was performed
at the time of ICA (PressureWire Certus, St. Jude
stitutes of Health. Dr. Min has served as a consultant
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FIGURE 1 Per-Patient Diagnostic Performance of Both Cardiac CT Scans and

Invasive Angiography

Both tests demonstrated similar diagnostic accuracy for detecting ischemia-causing lesions

by FFR. CT ¼ computed tomography; FFR ¼ fractional flow reserve; NPV ¼ negative

predictive value; PPV ¼ positive predictive value; QCA ¼ quantitative coronary

angiography.
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Medical Systems, Uppsala, Sweden; ComboWire,
Volcano Corporation, San Diego, California). In-
vestigators performed FFR in vessels deemed clini-
cally indicated for evaluation and demonstrating an
ICA stenosis between 30% and 90%. Vessels deemed
not clinically indicated for FFR were not interrogated.
After administration of nitroglycerin, a pressure-
monitoring guidewire was advanced distal to a ste-
nosis. Hyperemia was induced by administration of
intravenous adenosine at a rate of 140 mg/kg/min.
FFR was calculated by dividing the mean distal coro-
nary pressure by the mean aortic pressure during hy-
peremia. FFR was considered diagnostic of ischemia
at a threshold #0.80 (13). Accuracy of coronary CTA
for diagnosis of ischemia was compared with QCA
with an invasive FFR reference standard. Ischemia
was defined by an FFR #0.80, whereas anatomically
obstructive CAD was defined by a stenosis $50% on
coronary CTA and ICA. Correlation receiver-operating
characteristic analysis was used to assess the relation
between anatomic measurements and FFR.

STATISTIC ANALYSIS. Endpoints included assess-
ment of diagnostic accuracy, sensitivity, specificity,
positive predictive value (PPV), and negative predic-
tive value (NPV) of coronary CTA and invasive angi-
ography for all patients. Vessel- and patient-based
analyses were conducted by using invasive FFR
as the reference standard. Furthermore, diagnostic
performance was assessed on a per-patient basis by
using a stenosis threshold of 70% for coronary CTA
and ICA. AUC comparisons were performed on per-
patient and per-vessel levels according to the
method described by DeLong et al. (14). Diagnostic
accuracy, sensitivity, specificity, PPV, and NPV were
calculated as simple proportions with 95% confidence
intervals (CIs). A patient was considered positive for
the presence of ischemia if any evaluable vessel had
an FFR value #0.80. Patient-level comparison of
diagnostic performance characteristic accuracy,
sensitivity, specificity, PPV, and NPV was conducted
by using the McNemar’s test for paired samples or the
percentile bootstrap method with 100,000 resamples
as appropriate. To account for potential correlation
between multiple vessels in the same subject, the
generalized estimating equation method (with an
exchangeable correlation structure) was used to
compare paired samples at a per-vessel level. All
analyses were performed by using SAS version 9.3
(SAS Institute, Inc., Cary, North Carolina).

RESULTS

Among study participants, 137 (54.4%) had an
abnormal FFR determined by ICA. According to FFR,
ded From: http://imaging.onlinejacc.org/ by Matthew Budoff on
ischemia was present in 151 (37%) of 407 lesions. As
described in the paper by Min et al. (10), among 285
patients who underwent coronary CTA, ICA, FFR, and
FFRCT, 31 were excluded by the CT core laboratory for
nonevaluable CT scans, and 2 patients were excluded
for unresolvable integration of the FFR wire trans-
ducer location by ICA to its corresponding location on
CT scans; thus, 252 patients were included in the
analyses. The median duration between coronary
CTA and ICA plus FFR was 15.5 days (interquartile
range: 5 to 33 days).

Two enrolled patients experienced coronary
dissection during FFR wire crossing that required
percutaneous coronary intervention, and 1 patient
experienced a retroperitoneal bleeding episode
requiring blood transfusion and corrective surgery.
No untoward events were identified after CT scan-
ning, with no episodes of serious contrast reactions or
contrast-induced nephropathy noted. The median
radiation dose of coronary CTA was 6.4 mSv (inter-
quartile range: 4.4 to 15.0 mSv).

Per-patient diagnostic accuracy, sensitivity, speci-
ficity, PPV, and NPV were 69% (95% CI: 62 to 76), 79%
(95% CI: 72 to 84), 63% (95% CI: 57 to 70), 55% (95% CI:
48 to 83), and 83% (95% CI: 77 to 88) for coronary CTA;
and 71% (95% CI: 69 to 80), 74% (95% CI: 68 to 79), 70%
(95% CI: 64 to 75), 59% (95% CI: 52 to 82), and 82% (95%
CI: 72 to 88) for QCA (Figure 1). AUC for identification
 02/17/2016
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of ischemia-causing lesions was similar: 0.75 (95% CI:
0.70 to 0.81) for coronary CTA and 0.77 (95% CI: 0.71 to
0.84) for QCA (p ¼ 0.6). Per-vessel analysis was not
significantly different from the per-patient values. No
differences between coronary CTA and QCA existed
for discrimination of ischemia in a per-vessel analysis
(AUC: 0.75) or by individual vessel AUC: within the left
anterior descending artery, AUC: 0.71 versus 0.73
(p ¼ 0.6); left circumflex artery, AUC: 0.78 versus 0.85
(p ¼ 0.4); or right coronary artery, AUC 0.80 versus
0.83 (p ¼ 0.6). There was no significant difference
between evaluation of 50% and 70% cutpoints for
coronary CTA (AUC: 0.75 vs. 0.77; p ¼ NS).

DISCUSSION

A comparison predicting FFR abnormalities (inferring
lesion-specific ischemia) based on noninvasive coro-
nary CTA and ICA has not been well evaluated
contemporarily in a large-scale multicenter study.
The aim of the present study was to assess the diag-
nostic value of coronary CTA compared with ICA to
detect lesion-specific ischemia. This study is the first
prospective, head-to-head multicenter analysis of 2
widely used anatomic modalities (QCA and coronary
CTA) compared with invasive FFR. In this large,
multicenter study using blinded core laboratories for
each of the 3 modalities, QCA and coronary CTA had
similar correlation and predictive accuracy for
ischemia (FFR #0.80). Overall, our study confirmed
that QCA- and coronary CTA–derived measurements
perform similarly for the prediction of lesion-specific
ischemia. Although this study validates the
continued use of invasive angiography for anatomic
assessment of stenosis, it strongly supports the use
of coronary CTA for similar diagnoses (15–18). The
main findings of our study were that coronary CTA
measurements performed similarly to QCA-derived
measurements, suggesting that coronary CTA may
be used as an alternative to assess luminal stenosis
and to serve as gatekeeper to FFR measurements in
patients presenting with chest pain syndromes.
Furthermore, per-vessel and per-patient results were
comparable for coronary CTA in evaluating ischemia-
causing lesions. This was also true in another study
comparing coronary CTA versus FFR in which 251
patients underwent both tests. Nørgaard et al. (15)
showed that per-vessel performance of coronary CTA
was similar to per-patient performance (0.79 vs. 0.81;
p ¼ NS).

Each of the 2 modalities evaluated have individual
strengths. Invasive angiography has a higher spatial
and temporal resolution than coronary CTA, and the
general opinion is that it does not quantify stenosis
aging.onlinejacc.org/ by Matthew Budoff on 02/17/2016
severity as accurately as QCA. However, coronary
CTA has higher contrast resolution, allowing plaque
to be seen, which has been shown to improve pre-
diction of FFR (19). Furthermore, the 3-dimensional
nature of coronary CTA may allow for differential
assessment of stenosis severity compared with the
2-dimensional ICA. This approach may answer the
question as to why lower anatomical accuracy does
not affect the accuracy in assessing hemodynamic
significance.

Coronary CTA also allows for a surrogate FFR
measure to be derived (FFRCT), which adds to the
diagnostic potential of coronary CTA without addi-
tional scanning, radiation, or contrast injection. The
DeFACTO study and the NXT (Analysis of Coronary
Blood Flow Using CT Angiography: Next Steps) study
suggests that FFRCT is a useful surrogate for invasive
FFR and is clearly associated with lower costs and
increased patient safety (20). There are important
clinical implications of this study. On the basis of
recent national guidelines, the assessment of the
functional significance of lesions should guide man-
agement decisions for medical therapy and revascu-
larization (21). We found that the predictive accuracy
of coronary CTA–derived measurements of stenosis
severity had similar diagnostic accuracy compared
with QCA. This finding suggests that, due to lower
costs and improved safety, coronary CTA may act as a
gatekeeper and first-line test to triage patients to
medical therapy or invasive evaluation with FFR
(with potential revascularization). Due to excellent
validation and correlation with invasive FFR,
computational fluid dynamic approaches could sup-
plement the anatomic information obtained
by coronary CTA by providing accurate estimation
of FFR based on the resting coronary CTA
dataset alone (22).

Several studies have reported on the comparison of
coronary CTA versus FFR. Sarno et al. (19) evaluated
the diagnostic accuracy of coronary CTA based on
visual assessment of stenosis (>50% diameter steno-
sis) using FFR #0.75 in 81 patients. The sensitivity
and specificity of CTA was 79% and 64%. In another
study, Meijboom et al. (20) evaluated 89 lesions in 79
patients, again using 50% diameter stenosis as the
cutpoint and FFR #0.75 as the reference for obstruc-
tive CAD. They found that visual coronary CTA anal-
ysis had higher sensitivity (94%), and quantitative
coronary CTA analysis had higher specificity (75%).
Rossi et al. (21) performed a coronary CTA and FFR
study in 99 patients. They concluded that “no sig-
nificant difference” in sensitivity was found between
visual coronary CTA and quantitative coronary CTA
parameters (p > 0.05). The specificity of visual



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The use of cor-

onary CTA as a diagnostic tool is much less invasive, safer, and less

expensive and provides similar accuracy for ischemia-causing le-

sions as ICA. The 2 tests (coronary CTA and ICA) were similar in

diagnostic accuracy for per-patient and per-vessel analyses.

TRANSLATIONAL OUTLOOK: The utility of a noninvasive

angiogram has the potential to improve health care delivery by

reducing costs and complications associated with invasive angi-

ography. Future randomized trials should be conducted to pro-

spectively compare the 2 modalities for accuracy, safety,

radiation dose, and cost.
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coronary CTA was lower than other quantitative
measures. However, virtually all clinical reads and all
reported accuracy studies have relied on visual
assessment of coronary CTA; this approach is there-
fore more practical for assessing clinical cases. More
recently, Voros et al. (22) evaluated quantitative
coronary CTA to FFR, demonstrating a sensitivity and
specificity of 81% and 75%, respectively, and the
receiver-operating characteristic curve–derived min-
imal lumen area cutpoint of 3.11 mm2 had a sensitivity
and specificity of 81% and 81%. The paper by Voros
et al. (22) differs significantly from the present study,
as only lesions of 40% to 70% severity were evalu-
ated, whereas all lesions >30% were included in the
present study.

STUDY LIMITATIONS. First, although all studies were
performed on $64 detector scanners, more advanced
imaging now exists; therefore, it is possible that the
diagnostic accuracy of coronary CTA will be higher
using more contemporary scanners and advanced
image acquisition techniques. Second, we did not
vary FFR severity levels. Some studies have sug-
gested that QCA measurements were slightly better to
predict FFR of 0.75 compared with 0.80 (15). To date,
3 prospective studies investigating the diagnostic
performance of FFRCT were examined. DISCOVER-
FLOW (Diagnosis of Ischemia-Causing Stenoses
Obtained Via Noninvasive Fractional Flow Reserve)
examined the diagnostic accuracy of FFRCT among
103 patients (23). Second, the larger multicenter
DeFACTO study examined the diagnostic accuracy
among 252 patients with stable CAD (10). Both studies
reported high accuracy of 73% to 87%, sensitivity of
90% to 93%, and NPV of 84% to 90%, respectively. In
the most recent study of 254 patients (15), the AUC for
FFRCT demonstrated a greater diagnostic perfor-
mance compared with that for CTA stenosis alone
(0.9 vs. 0.81; p ¼ 0.0008).

In clinical practice, QCA is rarely used. An alter-
native comparison would be visual CT versus visual
invasive angiography; however, the study design
used QCA. Area stenosis by quantitative coronary CTA
(19), although more specific in a single study, is not
used clinically in coronary CTA, and it is not
measured in the DeFACTO trial. The conclusion that
QCA and coronary CTA yield similar results is drawn
from the lack of a significant difference. The study
was not prospectively designed to demonstrate this
finding of noninferiority. Regardless, a noninvasive
method that produces reliable information on both
the anatomy and the functional significance of coro-
nary artery stenosis would decrease the need for ICA,
improving the safety, cost, and participant burden to
ded From: http://imaging.onlinejacc.org/ by Matthew Budoff on
acquire anatomic information. The 2014 American
College of Cardiology/American Heart Association
guidelines (24) state that “CCTA can result in a more
rapid, more cost-effective diagnosis than stress
myocardial perfusion imaging.” Furthermore, Euro-
pean guidelines state (25) that “CCTA should be
considered as an alternative to invasive angiography
to exclude ACS when there is a low to intermediate
likelihood of CAD and when troponin and ECG are
inconclusive.” Current appropriate use criteria for
coronary CTA (26) include evaluation of stable chest
pain of low to intermediate probability, as well as
acute coronary syndromes, when the initial electro-
cardiogram and troponin levels are normal or non-
diagnostic. Finally, use of coronary CTA is common
when results of functional tests are equivocal or
discordant; thus, its utility is increasing. The results
of our study reassure clinicians that the data from
coronary CTA may be equivalent to those of invasive
angiography in terms of diagnosing ischemic lesions.

CONCLUSIONS

Coronary CTA, applied in lieu of ICA, provides similar
diagnostic accuracy for detection and exclusion of
lesion-specific ischemia. This has potential for coro-
nary CTA largely replacing ICA for diagnosing
obstructive coronary artery disease in low and inter-
mediate risk patients. Importantly, invasive angiog-
raphy should remain the dominant diagnostic
strategy in high risk individuals, where pre-test
probability of obstructive disease is very high.

REPRINT REQUESTS AND CORRESPONDENCE: Dr.
Matthew J. Budoff, Department of Medicine, Harbor-
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