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IMPORTANCE Stress imaging has been the standard for diagnosing functionally significant
coronary artery disease. It is unknown whether novel, atherosclerotic plaque measures
improve accuracy beyond coronary stenosis for diagnosing invasive fractional flow reserve
(FFR) measurement.

OBJECTIVE To compare the diagnostic accuracy of comprehensive anatomic (obstructive and
nonobstructive atherosclerotic plaque) vs functional imaging measures for estimating
vessel-specific FFR.

DESIGN, SETTING, AND PARTICIPANTS Controlled clinical trial of diagnostic accuracy with a
multicenter derivation-validation cohort of patients referred for nonemergent invasive
coronary angiography. A total of 612 patients (64 [10] years; 30% women) with signs and
symptoms suggestive of myocardial ischemia from 23 sites were included. Patients were
recruited from 2014 to 2017. Data analysis began in August 2018.

INTERVENTIONS Patients underwent invasive coronary angiography with measurement of
invasive FFR, coronary computed tomographic angiography (CCTA) quantification of
atherosclerotic plaque and FFR by CT (FFR-CT), and semiquantitative scoring of rest/stress
myocardial perfusion imaging (by magnetic resonance, positron emission tomography, or
single photon emission CT). Multivariable generalized linear mixed models were derived and
validated calculating the area under the receiver operating characteristics curve.

MAIN OUTCOMES AND MEASURES The primary end point was invasive FFR of 0.80 or less.

RESULTS Of the 612 patients, the mean (SD) age was 64 (10) years, and 426 (69.9%) were
men. An invasive FFR of 0.80 or less was measured in 26.5% of 1727 vessels. In the derivation
cohort, CCTA vessel-specific factors associated with FFR 0.80 or less were stenosis severity,
percentage of noncalcified atheroma volume, lumen volume, the number of lesions with
high-risk plaque (�2 of low attenuation plaque, positive remodeling, napkin ring sign, or
spotty calcification), and the number of lesions with stenosis greater than 30%. Fractional
flow reserve–CT was not additive to this model including stenosis and atherosclerotic plaque.
Significant myocardial perfusion imaging predictors were the summed rest and difference
scores. In the validation cohort, the areas under the receiver operating characteristic curve
were 0.81 for CCTA vs 0.67 for myocardial perfusion imaging (P < .001).

CONCLUSIONS AND RELEVANCE A comprehensive anatomic interpretation with CCTA,
including quantification of obstructive and nonobstructive atherosclerotic plaque, was
superior to functional imaging in the diagnosis of invasive FFR. Comprehensive CCTA
measures improve prediction of vessel-specific coronary physiology more so than
stress-induced alterations in myocardial perfusion.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT02173275
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F or decades, the diagnostic evaluation of patients with
stable chest pain has largely relied on stress myocar-
dial perfusion imaging (MPI) and other functional tests

for assessment of inducible ischemia. The presence and se-
verity of inducible abnormalities are the basis for decisions on
ischemia-guided management including invasive coronary an-
giography (ICA) and coronary revascularization.1-3 Among non-
invasive imaging tests, MPI, including single-photon emis-
sion computed tomography (SPECT), positron emission
tomography (PET), and cardiac magnetic resonance imaging
(CMR), are commonly used to determine functionally signifi-
cant coronary artery disease (CAD) based on the extent and se-
verity of inducible myocardial ischemia.4,5 Evidence has
emerged to support the role of coronary computed tomogra-
phy angiography (CCTA) as an alternative noninvasive, ana-
tomic diagnostic imaging modality.6-8

Discerning the physiologic significance of a stenosis is a
major goal of stress testing and is fundamental to guide man-
agement of ischemic heart disease. Anatomic approaches fo-
cusing on the detection of a stenosis are often considered in-
complete without incorporation of physiologic parameters. To
date, comparative diagnostic accuracy evidence does not uni-
formly reveal superiority of functional vs anatomic testing
when estimating invasive fractional flow reserve (FFR)
measurement.5,9 Moreover, comparative findings from prior
diagnostic accuracy trials generally focus on the accuracy of
stenosis severity and did not include the entirety of anatomic
data available, namely, volumetric and compositional athero-
sclerotic plaque.5-7,10,11 To our knowledge, a comparison of com-
prehensive noninvasive anatomic, including quantification of
nonobstructive and obstructive atherosclerotic plaque, vs func-
tional imaging has not been performed as it relates to predict-
ing invasive FFR. The aim of the Computed Tomographic
Evaluation of Atherosclerotic Determinants of Myocardial
Ischemia (CREDENCE) trial was to derive, validate, and com-
pare an optimized CCTA with MPI assessment for the predic-
tion of functionally significant CAD, determined by vessel-
specific invasive FFR.

Methods
Study Design
The CREDENCE trial is a prospective, multicenter diagnostic
derivation-validation, controlled clinical trial recruiting pa-
tients from 2014 to 2017. A detailed design article is available.12

Enrolled patients underwent CCTA and MPI followed by ICA
with FFR measurements (≤60 days). Eligibility criteria (eAp-
pendix 1 in the Supplement) included referral to nonemer-
gent ICA. All index tests were interpreted blindly by core labo-
ratories. Local sites were not blinded to test data. The
institutional review board of each site approved the study pro-
tocol, and patients provided written informed consent.

Derivation and Validation Cohorts
The study population comprised 612 patients with stable symp-
toms and without a prior diagnosis of CAD referred for non-
emergent ICA (Figure 1; eAppendix 2 in the Supplement).

Patients were recruited across 23 centers (eAppendix 3 and 4
in the Supplement). Trial participants were assigned to 2 sub-
sets with the first half of enrollees at each site assigned to the
derivation (n = 307) and the second half to the validation
(n = 305) data set.

End Point of Invasive Vessel-Specific FFR
The primary aim was to compare the area under the receiver
operating characteristics curve (AUC) of an integrated CCTA
vs MPI assessment for the discrimination of vessel-specific FFR
of 0.80 or less by ICA.

Figure 1. Standards for Reporting of Diagnostic Accuracy Studies
Diagram for the Computed Tomographic Evaluation of Atherosclerotic
Determinants of Myocardial Ischemia (CREDENCE) Trial

629 Patients with signs and symptoms of suspected CAD with
clinical indications for nonemergent invasive coronary angiography

618 Patients enrolled

612 Assignment of patients 

1836 Vessels

1727 Vessels; reference standard measured

307 Derivation cohort (patients) 305 Validation cohort (patients)

11 Withdrawn before index test

109 Vessels; FFR not measured

5 Invasive angiography
not performed

1 Reference standard
unavailable for all vessels

CAD indicates coronary artery disease; FFR, fractional flow reserve.

Key Points
Question Are atherosclerotic plaque measurements associated
with physiologic measures of invasive fractional flow reserve?

Findings In this analysis of the CREDENCE clinical trial that
included 612 patients, nonobstructive and obstructive measures of
atherosclerotic plaque were significantly associated with invasive
fractional flow reserve. A comprehensive set of atherosclerotic
plaque features improved the accuracy of classifying
vessel-specific reduced fractional flow reserve vs rest/stress
myocardial perfusion imaging measurements.

Meaning Using coronary computed tomographic angiography for
detection of atherosclerotic plaque features associated with
coronary physiology may improve diagnostic certainty and guide
clinical management of symptomatic patients.
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Imaging Protocols
Coronary computed tomographic angiography was performed
using a single- or dual-source CT scanner with at least 64 de-
tector rows and a detector row width of 75 mm or less. Sites were
instructed to perform CCTA in accordance with guidelines from
the Society of Cardiovascular Computed Tomography.13 Im-
age quality for CCTA was acceptable in 99% of patients.

Rest/stress MPI was performed using SPECT, PET, or CMR
in accordance with guidelines of the American Society of
Nuclear Cardiology or Society of CMR.14,15 Six MPI patients had
missing or corrupted scan data. Image quality for MPI was ac-
ceptable in 95% of patients. Imaging protocols and Core Labo-
ratories methods are in eAppendices 4-6 in the Supplement.

Invasive Coronary Angiography and Measurement of FFR
Invasive coronary angiography was performed in agreement
with clinical indications and imaging standards. All major coro-
nary arteries or branches (≥2.0 mm) containing a lesion be-
tween 40% and 90% were interrogated by FFR during intra-
coronary (150 μg) or intravenous (140 μg× kg1 × min−1)
adenosine infusion to achieve maximal hyperemia.

Noninvasive Imaging Interpretation and Candidate Variables
All noninvasive imaging was interpreted at a core laboratory
by physicians blinded to clinical and test results. Coronary CTA
images were interpreted on per-lesion and per-segment basis
for lumen and vessel volume, diameter stenosis, plaque com-
position and volume, number of lesions, and the presence of
high-risk plaque features using semiautomated plaque analy-
sis software (QAngioCT Research Edition, version 3.1.4.1;
Medis Medical Imaging). The percentage of atheroma vol-
ume was calculated by dividing plaque volume/vessel
volume × 100%; with compositional subgroups. The lumen vol-
ume was divided by vessel length. High-risk plaque was defined
by at least 2 of the following: positive remodeling (≥1.1), spotty
calcification (<3.0 mm), napkin ring sign, or low attenuation
plaque (Hounsfield unit density <30).16 Segmental results were
summed to per-vessel and per-patient values.13 Six patients had
missing plaque measurements. Fractional flow reserve by CT
(FFR-CT) was measured by Heartflow. In the setting of at least
25% focal stenosis, FFR-CT was coregistered to the segment of
maximal diameter stenosis by readers blinded to the other test
findings.17 An FFR-CT of 0.80 or less was considered abnormal.
FractionalflowreserveCTwasnonevaluablein135patients;com-
monly owing to significant calcification, arterial motion, miss-
ing segment, image misalignment, or noise.

Rest/stress MPI scans were scored by segments and ex-
pressed as summed rest score (SRS) and summed difference
scores (SDS) using the percentage of myocardium.14,18,19 Seg-
mental scores were aggregated per patient and vascular terri-
tory. Measurements of left ventricular ejection fraction (LVEF)
and electrocardiographic ST segment changes with stress were
available. Rest and stress LVEF was missing in 28 and 57 pa-
tients, respectively.

Reference Standard Measurement
All lesions with a diameter stenosis of at least 30% on visual
estimation were measured with quantitative coronary angi-

ography by a core laboratory, blinded to clinical and test re-
sults. Vessels with quantitative coronary angiography less than
40% or at least 90% diameter stenosis without FFR interro-
gation were deemed normal or ischemic. An FFR of 0.80 or less
was graded as abnormal.

Statistical Methods
Analysis was performed on an intention-to-diagnose basis. In
the derivation set, the best overall prediction model for vessel-
specific abnormal FFR was fit using a generalized linear mixed
model with logistic link function to estimate the probability
of an abnormal, invasive FFR. For CCTA, model building was
performed first, including diameter stenosis severity; sec-
ond, adding atherosclerotic plaque characteristics (volumet-
ric measurements both total and compositional lumen vol-
ume and high-risk plaque features); and third, adding FFR-
CT. Data unavailable owing to clinical reasons or artifact were
coded as missing not at random. Fractional flow reserve CT data
were coded using a separate category for missing measure-
ments. Similar approaches were used for the LVEF data. For
MPI, model building initially included rest/stress MPI; sec-
ond, adding rest/stress LVEF; and third, adding exercise ECG
findings. The selection procedure (with Akaike information cri-
terion as a stopping rule) and clinical domain expertise was
used for variable selection and model development. Interac-
tions were assessed by clinical plausibility and statistical sig-
nificance using a likelihood ratio test. Marginal risk20 was cal-
culated from the optimal models and receiver operating
characteristics (ROC) curves derived from marginal risk were
used to compare diagnostic accuracy. The area under the ROC
curve (AUC) and 95% confidence intervals were summarized.
The primary analysis included estimation of invasive FFR using
CCTA vessel and MPI vascular territory data. Based on vari-
ables included in the multivariable model for CCTA and MPI,
predicted probabilities of invasive FFR were calculated. A per-
patient analysis was also performed.

A necessary sample size of 868 vessels (or 305 patients)
was calculated with 90% power (α = .05) to detect 5% supe-
riority in the AUC of CCTA vs MPI. A 2-sided P value less than
.05 was considered statistically significant. Analyses were per-
formed using R, version 3.5.2 (The R Foundation) and SAS, ver-
sion 9.4 (SAS Institute Inc). Data analysis began in August 2018.

Results
Descriptive Characteristics of the Trial Patients
Of the eligible patients, 11 patients withdrew before any in-
dex test was performed and ICA data were unavailable in 6 pa-
tients (Figure 1). The final enrollment included 612 patients (307
in the derivation and 305 in the validation set).

Patients were a mean (SD) age of 64 (10) years and mostly
men (426 [69.6%]). A comparison of the clinical characteris-
tics of age, sex, race/ethnicity, and risk factor prevalence were
largely similar between the derivation and validation sub-
groups (Table 1; eTable 1 in the Supplement) except dyslipid-
emia and atypical chest pain, which were more prevalent in
the validation cohort.
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Invasive Coronary Angiography Measures of Coronary
Stenosis and FFR
Among 1727 epicardial coronary arteries, 26.5% exhibited
ischemia by FFR of 0.80 or less. On ICA, approximately half
of the patients had an obstructive stenosis of at least 50%.
eTable 2 in the Supplement reports the angiographic findings
across the major epicardial vessels. On a per-vessel basis, the
mean (SD) diameter stenosis was 28.8% (29.6%). The preva-
lence of an abnormal FFR was highest in the left anterior de-
scending coronary artery.

Coronary CTA Findings of Obstructive CAD, Atherosclerotic
Plaque, and FFR-CT
On CCTA, the prevalence of CAD stenosis of at least 50% on a
per-patient basis was 58%; with nearly half of these stenoses
having an abnormal FFR-CT. Table 1 summarizes per-patient
and per-vessel CCTA findings in the derivation and validation
cohort. On a per-vessel basis, the prevalence of CCTA-
observed stenosis was higher in the validation cohort at the
50% and 70% threshold (P = .001). High-risk plaque fea-
tures, especially positive remodeling, were commonly

Table 1. CCTA Findings in the Derivation and Validation Subgroups From the CREDENCE Trial

Variable

%

P valueDerivation Validation
Per-patient analysis

No. 307 305 NA

Age, mean (SD), y 64 (10) 64 (10) .69

Female 29 31 .56

Stenosis severity, %

0 4 2

.07

1-24 7 8

25-49 33 25

50-69 34 38

70-99a 14 21

100 7 6

≥50% Stenosis in proximal left anterior descending artery 23 28 .15

≥50% Stenosis in left main artery 7 9 .64

No. of vessels with ≥50% stenosis

1 Vessel CAD 32 32
.12

2-3 Vessel CAD 23 30

FFR-CT ≤0.80, No. (%)b 239 (60) 247 (66) .19

Per-vessel analysis

No. 859 868 NA

Stenosis severity, %a

0 13 15

.001

1-24 22 19

25-49 35 29

50-69 20 25

70-99 6 10

100 3 2

No. of lesions with >30% stenosis, mean (SD) 0.6 (0.7) .6 (0.80) .14

Lumen volume, mean (SD), per mm 5.2 (1.9) 5.2 (1.8) .82

Atheroma volume, mean (SD), % 14.0 (13) 13.1 (12) .12

Noncalcified atheroma volume, mean (SD), % 7.5 (8.1) 7.2 (8.2) .03

High-risk plaque

Low attenuation plaque <30 HU 15 13 .22

Positive remodeling ≥1.1 71 70 .68

Spotty calcification <3.0 mm 14 16 .59

No. of features

0 27 28

.51
1 50 48

2 19 20

3 4 4

FFR-CT ≤0.80b 16 22 .009

Abbreviations: CAD, coronary artery
disease; CCTA, coronary computed
tomographic angiography;
CREDENCE, Computed Tomographic
Evaluation of Atherosclerotic
Determinants of Myocardial
Ischemia; FFR-CT, fractional flow
reserve by computed tomography,
NA, not applicable.
a Stenosis severity is based on the

qualitative interpretation.
b Fractional flow reserve CT was

nonevaluable in 135 patients owing
to significant coronary calcification,
arterial motion, a missing segment,
or image misalignment or noise.
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observed. Positive remodeling of at least 1.1 was identified in
70.2% of patients (n = 430). Low attenuation plaque was iden-
tified in 14.1% of patients (n = 86). Spotty calcification was iden-
tified in 15.4% of patients (n = 94). The concordance between
invasive FFR and FFR-CT was moderate (κ = 0.45); 91% of nor-
mal FFR-CT also had a normal invasive FFR while only 51% of
abnormal FFR-CT had an abnormal invasive FFR.

Rest and Stress MPI Findings
On MPI, nearly one-third of patients had at least mild ische-
mia encumbering at least 5% of the myocardium; with most
having a preserved LVEF. Table 2 summarizes per-patient and

per-vessel MPI findings according to the derivation and vali-
dation cohort. Pharmacologic stress MPI SPECT imaging was
commonly performed. Exertional ST-segment depression of
at least 1.0 mm occurred in 27% of patients. Overall, nearly 1
in 5 patients had moderate to severe ischemia encumbering
at least 10% of the myocardium. On a per-vessel basis, the mean
(SD) SRS and SDS within derivation and validation was 0.8%
(2.6%) and 0.7% (2.0%) (P = .38) and 1.5% (3.9%) and 1.7%
(3.6%) (P = .001) of the myocardium, respectively. The nega-
tive predictive value of an SDS less than 5% of the myocar-
dium to exclude obstructive CAD stenosis (≥50%) was high
(93%). Conversely, the positive predictive value to detect an

Table 2. Rest and Stress MPI Findings in the Derivation and Validation Subgroups From the CREDENCE Trial

Variable

%

P valueDerivation Validation
Per-patient analysis

No. 307 305 NA

Type of MPI performed

CMR 16 17

.58PET 8 6

SPECT 76 77

Type of stress performed for nuclear

Exercise stress 16 19
.63

Pharmacologic stress 84 81

Exercise duration, mean (SD), min 9.6 (11.0) 7.6 (6.9) .57

Exercise-induced ST segment depression ≥1.0 mm 33 23 .30

Heart rate, mean (SD), bpm

Rest 69 (38) 68 (12) .40

Peak stress

Peak exercise 137 (17) 137 (19) .53

Pharmacologic stress 82 (17) 81 (14) .75

Blood pressure, mean systolic/diastolic, mm Hg

Rest 132/79 137/79 .002/.49

Peak stress

Peak exercise 179/90 180/91 >.99/.95

Pharmacologic stress 132/76 132/74 .82/.03

Limiting or nonlimiting chest pain 10 10 >.99

≥5% Ischemic myocardium

Anterior vascular territory 13 16 .29

Inferior vascular territory 12 13 .67

Lateral vascular territory 8 9 .85

≥10% Ischemic myocardium 18 19 .94

LVEF<50%a

Rest 2 5 .13

Poststress 11 9 .43

Per-vessel analysis

No. 859 868 NA

MPI, % myocardium

SRS, mean (SD) 0.8 (2.6) 0.7 (2.0)
.38

≥5% Of the myocardium abnormal 5 6

SSS, mean (SD) 2.3 (5.0) 2.4 (4.4)
.008

≥5% Of the myocardium abnormal 16 18

SDS, mean (SD) 1.5 (3.9) 1.7 (3.6)
.001

≥5% Of the myocardium ischemic 11 12

Abbreviations: CMR, cardiovascular
magnetic resonance; bpm, beats per
minute; CREDENCE, Computed
Tomographic Evaluation of
Atherosclerotic Determinants of
Myocardial Ischemia; LVEF, left
ventricular ejection fraction;
MPI, myocardial perfusion imaging;
PET, positron emission tomography;
SDS, summed difference scores;
SPECT, single-photon emission
computed tomography;
SRS, summed rest score;
SSS, summed stress score.
a LVEF was missing in 57 patients

(n = 28 for rest and n = 57 for
stress).
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obstructive stenosis of at least 50% using a threshold of at least
5% ischemic myocardium was low (22%). Similar values were
reported for the anterior, inferior, and lateral vascular territo-
ries, respectively (negative predictive value ranges: 92%-
94% and positive predictive value ranges: 18%-25%). The posi-
tive and negative predictive value was also similar by type of
MPI imaging modality.

Model Building For Vessel-Specific Measurements
Within the Derivation Cohort
The ROC curve analysis for prediction of invasive FFR for deri-
vation models MPI and CCTA are plotted in Figure 2. The AUC
for CCTA stenosis severity was 0.82. Significant atheroscle-
rotic plaque predictors included percentage of noncalcified ath-
eroma volume, lumen volume, the number of lesions with
high-risk plaque, and the number of lesions with greater than
30% diameter stenosis (Table 3). Adding atherosclerotic plaque
significantly improved the AUC to 0.88 (P < .001). Subse-
quent addition of FFR-CT to atherosclerotic plaque and ste-
nosis severity did not improve discrimination within ROC curve
analysis (AUC = 0.88). In the subgroup with at least 50% ste-
nosis (n = 182 vessels), 85% (n = 74 vessels) of the abnormal
FFR-CT were concordant with invasive FFR. The AUC curve
for stress MPI, including the SRS and SDS within specific vas-
cular territories, was 0.69 (Figure 2). The AUC did not change
by stepwise addition of LVEF (AUC, 0.69) or with exercise elec-
trocardiogram (ECG) findings (AUC, 0.70). In the final model,
factors significantly associated with invasive FFR of 80 or less
for MPI included the vascular territory summed rest score and
summed difference score (eTable 3 in the Supplement). Based
on these findings, for every 5% of the myocardium that was
ischemic in a specific vascular territory, there was a 30% in-
creased odds of ischemia by invasive FFR (P < .001).

Model Comparison in the Validation Cohort
With regard to the primary objective comparing the AUC by mo-
dality, the results revealed that an optimized CCTA model was
superior to the overall MPI model for the diagnosis of abnor-
mal FFR (AUC, 0.81; 95% CI, 0.78-0.84 vs 0.67; 95% CI, 0.63-
0.71; P < .001; Figure 2). The AUC results were comparable
when analyzed on a per-patient basis (eFigure 1 in the Supple-
ment). Subgroup analyses revealed similarly higher AUC for
CCTA when compared with MPI in subgroups of women, men,
and for those younger than 65 years and 65 years and older (all
P < .001, eTable 4 in the Supplement). Similar results were also
observed when the MPI analysis was limited to patients un-
dergoing SPECT imaging (0.84 vs 0.69; P < .001, eTable 4 in
the Supplement). Plots of the predicted probability of inva-
sive FFR 0.80 or less for each of the variables in the CCTA
(Table 3) and MPI (eTable 3 in the Supplement) multivariable
models are reported in eFigures 2 and 3 in the Supplement. Pre-
dicted probabilities for CCTA variables had a generally wider
range of measurements than MPI variables. A comparison of
the predicted probabilities for CCTA and MPI for each of the
presented models is plotted in eFigure 4 in the Supplement,
revealing that many patients categorized with a lower pre-
dicted probability by MPI are in higher probability tertiles by
CCTA.

Discussion

In this derivation-validation trial, an anatomic approach using
CCTA, including multiple atherosclerotic plaque measures, dem-
onstrated improved diagnostic accuracy as compared with func-
tional assessment using rest/stress MPI for the prediction of in-
vasive FFR. We extend prior results revealing that various
qualitative and quantitative CCTA-derived atherosclerotic plaque
characteristics were highly predictive of invasive FFR.21,22 From
the CREDENCE trial, we report a strong association between
volumetric measures of atherosclerotic plaque, especially that
which is noncalcified, and lumen size as significantly associ-
ated with invasive FFR. These findings capture the instability
thought to be associated with more lipid-rich, atherosclerotic
plaque23 and reveal the importance of vessel size as an impor-
tant marker of FFR abnormality. Our findings of the associa-
tion between atherosclerotic plaque and invasive FFR were simi-
lar in the derivation and validation cohorts.

Importance of Atherosclerotic Plaque to Guide
Clinical Decision-Making
Clinical guidelines support ischemia-guided management of a
focalcoronarystenosis,basedonevidencefromseveraltrialssup-
porting FFR-guided revascularization.1,2 The evidence that func-
tional testing is the basis for evaluation and management of pa-
tients with stable chest pain is longstanding.24,25 However, prior
evidence did not examine detailed quantification of atheroscle-
roticplaqueintheestimationofvessel-specificFFRonICA.Given
this, identification of CCTA atherosclerotic plaque with coronary
stenosis findings may provide sufficient evidence to guide pre-
ventive treatment and reduce the need for confirmatory func-
tional testing or even use of invasive FFR.

We validated the well-known association between signifi-
cant luminal stenosis and reduced FFR. However, our find-
ings also provide unique insight and potentially a working
model as to nonobstructive atherosclerotic disease factors in-
fluencing epicardial coronary artery ischemia. A smaller lu-
men volume may reflect diffuse atherosclerosis and/or im-
paired hyperemia. This is similarly noted in the number of
greater than 30% stenoses, which was significantly associ-
ated with invasive FFR. Both factors combined, with the per-
centage of atheroma volume and noncalcified plaque vol-
ume, provide further evidence as to the importance of
quantifying atherosclerotic plaque for detection of at-risk
patients. This supports the intriguing findings of atheroscle-
rotic plaque precursors of symptoms or ischemia in the set-
ting of nonobstructive CAD.21,22 In combination with the char-
acteristic features of high-risk plaque, previously shown to
predict acute coronary syndromes and major CAD events,16,26

we have identified factors that define vessel instability and po-
tentially identify patients who may benefit from intensive pre-
ventive care resulting in improved outcome as compared with
standard care approaches.27-29

Association of MPI Abnormalities With Invasive FFR
Functional imaging has been the cornerstone of ischemia-
guided management for decades. Our findings revealed that
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Figure 2. Receiver Operating Characteristic Curve Analysis for Prediction of Invasive Fractional Flow Reserve (FFR)
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This analysis details the results on a per-vessel basis. Separate lines are included
for the derivation and validation series for each of the sequential models. The
top row includes sequential models for coronary computed tomographic
angiography (CCTA) including stenosis severity, atherosclerotic plaque, and
FFR-CT. The bottom row includes sequential models for myocardial perfusion
imaging (MPI) including the summed rest score (SRS) and summed difference
score (SDS), left ventricular ejection fraction (LVEF), and electrocardiogram

(ECG) abnormalities. On the right are the data from the validation cohort,
showing the overall primary aim including the final model for CCTA (area under
the curve [AUC], 0.81) compared with the final model for MPI (area under the
curve, 0.67). In the derivation cohort, using a more distal FFR-CT measurement,
the P = .30 for model 3. OCTA indicates optical coherence tomography
angiography.
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the extent and severity of MPI ischemia exhibited a moderate
association with invasive vessel-specific ischemia, reflecting
the variable findings noted in the literature.5,10,11,30,31 Al-
though the AUC values were not as high as with CCTA, signifi-
cant MPI predictors included the extent and severity of myo-
cardial perfusion defects measured at rest and stress. Resting
perfusion deficits represent the extent of scarred myocar-
dium and an association with more severe coronary stenosis
is expected. Moreover, invasive FFR would also associate with
the subtended myocardial vascular beds and thereby relate to
the extent and severity of MPI ischemia. However, when MPI
was compared with CCTA findings, the CREDENCE trial data
support that the underlying burden of anatomically defined
CAD, including atherosclerotic plaque and stenosis, had a stron-
ger link to invasive FFR than the physiologic consequences of
myocardial perfusion.

We propose several reasons for the reduced concordance
between invasive FFR and MPI ischemia. First, variability likely
is greatest when comparing ischemic myocardium vs vessel-
specific FFR measurements, whereby invasive FFR is a solely
epicardial measurement while perfusion reflects myocardial
uptake from both epicardial arteries, microvasculature, and col-
lateral vessels. Second, the proportion of patients with more
extensive and severe myocardial ischemia was likely insuffi-

cient to improve the strength of this association. As well, there
are notable challenges with attenuation and other artifacts, es-
pecially with SPECT, that contributed to the reduced accu-
racy of MPI. The diminished concordance between myocar-
dial ischemia and invasive FFR is multifactorial but a reduced
sensitivity (eg, 57%) of SPECT was reported in trials con-
ducted in 2015 and 2017.10,11

Atherosclerotic Plaque and Invasive FFR
Although prior studies have not provided a comprehensive com-
parative analysis between CCTA and stress MPI, the associa-
tion between plaque characteristics, such as plaque burden and
morphology, with reduced FFR has been explored. Gaur et al23

investigated 254 patients using CCTA and reported that non-
calcified plaque volume predicted an FFR of 0.80 or less, in-
dependent of other plaque and stenosis characteristics. Park
et al32 demonstrated that high-risk plaque features (ie, posi-
tive remodeling and low attenuation plaque) and aggregated
plaque volume were independently associated with invasive
FFR. These results were confirmed by a recent post hoc analy-
sis from the Prospective Comparison of Cardiac PET/CT,
SPECT/CT Perfusion Imaging and CT Coronary Angiography
With Invasive Coronary Angiography (PACIFIC) trial whereby
positive remodeling and noncalcified atherosclerotic plaque

Table 3. Multivariable Generalized Linear Mixed Model Based on CCTA Vessel Measurements of Stenosis
Severity and Atherosclerotic Plaque Estimating Invasive FFR from the CREDENCE Triala,b

Model parameters for per vessel Odds ratio (95% CI) χ2 P value
Stenosis severity, %c

0 1 [Reference]

53.9 <.001

1-24 1.93 (0.37-10.06)

25-49 3.32 (0.65-16.86)

50-69 10.01 (1.82-58.10)

≥70 88.05 (14.14-548.39)

Atheroma volume, % 1.02 (0.99-1.05)

Quartile measurementa

2.8 .15

0.00-3.60 1 [Reference]

3.61-10.93 0.71 (0.21-2.41)

10.94-21.16 0.77 (0.31-2.85)

≥21.17 1.79 (0.43-7.48)

Noncalcified atheroma volume, % 1.05 (1.01-1.09)

Quartile measurementa

4.1 .04

≤1.67 1 [Reference]

1.68-5.51 1.56 (0.60-4.90)

5.52-10.96 1.56 (0.46-5.27)

≥10.97 2.50 (0.67-9.26)

Lumen volume, per mm 0.72 (0.61-0.86)

Quartile measurement, per mma

14.3 <.001

≥5.97 1 [Reference]

4.74-5.96 1.82 (0.82-4.01)

3.93-4.73 2.47 (1.15-5.33)

<3.92 4.89 (2.20-10.86)

No. of lesions

With high-risk plaque 1.99 (1.26-3.14) 8.9 .003

With >30% stenosis 1.81 (1.25-2.62) 9.8 .002

At a bifurcation 1.34 (0.99-1.81) 3.7 .06

Abbreviations: CCTA, coronary
computed tomographic angiography;
CREDENCE, Computed Tomographic
Evaluation of Atherosclerotic
Determinants of Myocardial
Ischemia; FFR-CT, fractional flow
reserve by computed tomography.
a This final model was based on

variables included in the final CCTA
model from Figure 2. For ease of
presentation, we also present a
second model that includes stenosis
severity subgroups and quartile
measures for percent atheroma
volume, noncalcified plaque
volume, and lumen volume. FFR-CT
was not statistically significant and
not entered into the final
multivariable model.

b Quartile measurements are
presented for descriptive purposes.

c Stenosis severity was based on a
qualitative interpretation.
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volume reduced both absolute myocardial blood flow with 15O-
labeled water PET and invasive FFR, independent of luminal
stenosis.33 These prior findings align with the CREDENCE analy-
ses that observed noncalcified plaque volume, presence of high-
risk plaque, and vessel size as independently associated with
invasive FFR, independent of stenosis severity. The use of an
integrated plaque assessment of CCTA, and not just luminal ste-
nosis, contributes to an important difference between our re-
sults and other research findings.

Fractional reserve flow CT did not significantly improve
discrimination of normal vs abnormal invasive FFR; support-
ing the concept that a reduced pressure difference is a re-
sponse to specific underlying atherosclerotic plaque charac-
teristics. In the subgroup with at least 50% stenosis, only 51%
of the abnormal FFR-CT were concordant with invasive FFR.
These findings emphasize the complex, multifaceted nature
of coronary ischemia, which is influenced by more than coro-
nary artery lumen features that are analyzed during the deri-
vation of FFR-CT.

Limitations
All clinical investigations enrolling large samples of patients
from diverse institutions and health care settings have limi-

tations. Although all patients underwent multiple proce-
dures, the test strategy was not randomized and selection
bias cannot be excluded. Also, follow-up therapeutic care
and ensuing prognostic data were not collected. Lastly,
quantitative CCTA measurements are, at present, time-
consuming.

Conclusions
In this multicenter, controlled clinical trial, comprehensive
CCTA interpretation was superior to MPI for the diagnosis of
vessel-specific FFR. Combined with measures of stenosis se-
verity, quantification and characterization of atherosclerotic
plaque prove optimal for detection of invasive vessel-specific
FFR. The incorporation of whole-vessel quantification of epi-
cardial coronary atherosclerosis provides a more comprehen-
sive view of the underlying disease burden and vessel FFR com-
pared with examination of a given focal stenosis alone. Future
explorations including assimilation of the CREDENCE find-
ings into clinical practice should support a broader inclusion
of atherosclerotic plaque findings as meaningful to assess coro-
nary physiology.
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