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This study investigated the impact of coronary CT angiography (cCTA)-derived plaque
markers and machine-learning-based CT-derived fractional flow reserve (CT-FFR) to iden-
tify adverse cardiac outcome. Data of 82 patients (60 § 11 years, 62% men) who underwent
cCTA and invasive coronary angiography (ICA) were analyzed in this single-center retro-
spective, institutional review board-approved, HIPAA-compliant study. Follow-up was per-
formed to record major adverse cardiac events (MACE). Plaque quantification of lesions
responsible for MACE and control lesions was retrospectively performed semiautomatically
from cCTA together with machine-learning based CT-FFR. The discriminatory value of
plaque markers and CT-FFR to predict MACE was evaluated. After a median follow-up of
18.5 months (interquartile range 11.5 to 26.6 months), MACE was observed in 18 patients
(21%). In a multivariate analysis the following markers were predictors of MACE (odds
ratio [OR]): lesion length (OR 1.16, p = 0.018), low-attenuation plaque (<30 HU) (OR 4.59,
p = 0.003), Napkin ring sign (OR 2.71, p = 0.034), stenosis ≥50% (OR 3.83, p 0.042), and
CT-FFR ≤0.80 (OR 7.78, p = 0.001). Receiver operating characteristics analysis including
stenosis ≥50%, plaque markers and CT-FFR ≤0.80 (Area under the curve 0.94) showed
incremental discriminatory power over stenosis ≥50% alone (Area under the curve 0.60,
p <0.0001) for the prediction of MACE. cCTA-derived plaque markers and machine-learn-
ing CT-FFR demonstrate predictive value to identify MACE. In conclusion, combining pla-
que markers with machine-learning CT-FFR shows incremental discriminatory power over
cCTA stenosis grading alone. © 2019 Elsevier Inc. All rights reserved. (Am J Cardiol
2019;124:1340−1348)
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Coronary computed tomography angiography (CTA) has
evolved to being an accepted method to rule out obstructive
coronary artery disease (CAD) and enables direct noninva-
sive atherosclerotic plaque assessment.1,2 Obstructive CAD,
defined by luminal diameter reduction of ≥50%, alongside sev-
eral plaque features have demonstrated prognostic power for
the prediction of major adverse cardiac events (MACE)
beyond traditional cardiovascular risk factors.3,4 More recently,
cCTA-derived fractional flow reserve (CT-FFR) utilizing a
machine-learning based approach has been introduced and val-
idated against invasive FFR as a robust method for the identifi-
cation of lesion-specific ischemia.5−7 However, the potential
of noninvasive cCTA-derived plaque quantification combined
with machine-learning based CT-FFR for the prediction of
MACE requires further investigation. In the present study,
thus, we sought to investigate the impact of cCTA-derived pla-
que quantification and machine-learning based CT-FFR to
identify MACE.

This study was approved by the institutional review
board and the need for written informed consent was
waived due to the retrospective nature of this investigation.
The study was performed in full HIPAA compliance. We
retrospectively analyzed data of a patient cohort with
known or suspected CAD who underwent cCTA and
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invasive coronary angiography (ICA) between October
2012 and July 2017. Follow-up for the occurrence of
MACE was performed for a maximum of 36 months.
MACE were defined as cardiac death (fatal myocardial
infarction [MI]), nonfatal MI (ST-segment elevation and
non-ST-segment elevation MI), and unstable angina leading
to coronary revascularization (percutaneous coronary inter-
vention or coronary artery bypass grafting) with more than
6 weeks between cCTA and ICA with the revascularization
procedure.8 The patients’ Framingham risk score was calcu-
lated to reflect clinical risk for cardiovascular events. Por-
tions of the included population have been reported on in a
previous study.9 Patients with previous myocardial infarc-
tion, previous percutaneous coronary stent implantation or
coronary artery bypass grafting, severely reduced left ven-
tricular function (ejection fraction ≤30%), and bifurcation
stenosis were excluded from further analysis. Nondiagnos-
tic cCTA image quality also led to exclusion. Patient base-
line characteristics and risk factors were obtained from
medical records. Patients fulfilling the inclusion criteria
were followed up by using electronic medical records of
the hospital, data obtained from the United States Social
Security Death Index, and patient phone calls. The primary
outcome was MACE, a composite of cardiac death, MI,
unstable angina, and coronary revascularization later than
90 days after the initial cCTA. Cardiac death was defined as
mortality due to MI, ventricular arrhythmias, heart failure,
or cardiogenic shock. MI was defined using the above-
described criteria. An independent cardiologist blinded to
cCTA imaging results interpreted all clinical information,
including electrocardiogram (ECG), laboratory results,
echocardiography, and ICAs for definition of MACE.

cCTA acquisition was achieved using either first, sec-
ond, or third generation dual-source CT (DSCT) scanner
(SOMATOM Definition, SOMATOM Definition Flash or
SOMATOM Force, Siemens Heathineers, Forchheim, Ger-
many). Scan parameters for the initial noncontrast enhanced
coronary artery calcium scoring scan were as follows:
32£ 1.2 mm collimation, 120 kV tube voltage, 75 mA tube
current, 3 mm slice thickness in a 1.5 mm increment (first
and second generation DSCT scanners); 44£ 1.2 mm colli-
mation, 120 kV tube voltage, 80 mA tube current, 3 mm
slice thickness in a 1.5 mm increment (third generation
DSCT scanner). Patients who were scanned using the first
generation DSCT underwent a retrospectively ECG-gated
contrast-enhanced cCTA acquisition with the following
parameters: 100 to 120 kV tube potential adapted to the
patient’s body mass index, 350 to 650 mAs tube current-time
product, 0.28 seconds gantry rotation time, 2£ 32£ 0.6 mm
detector collimation with z-flying focal spot technique. A
biphasic contrast injection protocol was used to administer
70 to 90 ml of contrast medium (Ultravist, 370 mgI/ml iopro-
mide, Bayer, Wayne, New Jersey) at 4 to 6 ml/sec, followed
by a 30 ml saline flush. For the second generation DSCT sys-
tem a prospectively ECG-gated contrast enhanced cCTA
acquisition with the following parameters was used: 80 to
120 kV tube potential adapted to the patient’s body mass
index, 350 to 650 mAs tube current-time product, 0.28 sec-
onds gantry rotation time, 2£ 64£ 0.6 mm detector collima-
tion with a z-flying focal spot. 50 to 80 ml of iodinated
contrast material (370 mgI/ml iopromide) was injected at
4 to 6 ml/sec followed by a 30 ml saline bolus chaser.
Patients scanned using the third generation DSCT system
underwent a prospectively ECG-gated contrast enhanced
cCTA acquisition with the following parameters: 70 to
130 kV tube potential automatically selected using an
automated tube-voltage selection algorithm (CARE kV,
Siemens), 200 to 650 mAs tube current-time product, 0.25
seconds gantry rotation time, 2£ 96£ 0.6 mm detector
collimation with a z-flying focal spot. Contrast enhance-
ment was achieved by injecting 40 to 70ml iopromide at
4 to 6 ml/sec followed by a 30 ml saline bolus chaser. Beta
blockers and nitroglycerine were used at the discretion of
the attending physician. Filtered back projection image
reconstruction was performed in the cardiac phase with
the least motion: temporal resolution of 83, 75, or 66 ms,
section thickness of 0.75 mm, reconstruction increment of
0.4 or 0.5 mm and a smooth convolution kernel (B26f). To
calculate the effective radiation dose the dose-length-
product was multiplied with a chest-specific conversion
coefficient (k = 0.014 mSv/Gy/cm). cCTA data were ana-
lyzed on a postprocessing workstation (syngo.via VB10,
Siemens). Two observers experienced in cCTA analysis
who were blinded to the patients’ history analyzed the
lesion characteristics with consensus interpretation for all
discordant cases. Transverse sections and automatically gen-
erated curved multiplanar reformations were assessed. For
reference diameter and area stenosis determination, average
dimensions of nonaffected vessel segments immediately
proximal and distal to the lesion of interest were measured at
points free of atherosclerotic plaque. Stenosis assessment
was performed using the coronary artery disease reporting
and data system (CAD-RADS). Obstructive CAD was
defined as ≥50% stenosis.10 A dedicated semiautomatic soft-
ware prototype was used for the plaque quantification, (Coro-
nary Plaque Analysis 2.0.3 syngo.via FRONTIER, Siemens
Healthineers) as previously described.11,12 Lesion length,
total plaque volume, calcified, and noncalcified plaque vol-
ume were automatically measured by the software. The
cut-off values (HU) used by the analysis software were as
follows: lipid-rich (17 to 70), fibrotic (71 to 124), vessel
lumen (125 to 511), and calcified (>511).13 Presence of low
attenuation plaque (<30 HU) was recorded. Plaque burden
(PB in %) was measured as follows: PB = [plaque area/vessel
area] x 100. Remodeling index (RI) was measured on vessel
cross sections as the ratio of the vessel area of the lesion over
the proximal luminal reference area.14 The napkin-ring sign
was assessed as a low attenuation plaque core surrounded by
a circumferential area of higher attenuation.15 Spotty calcifi-
cations were visually assessed as calcifications comprising
<90˚ of the vessel circumferences and >3 mm length.16 In
cases that patients had a single significant stenosis and suf-
fered MACE, this lesion was considered to be the MACE-
related lesion. In patients with multiple lesions showing
>50% luminal narrowing, the MACE-lesion was identified
using either autopsy results (in case of cardiac death), find-
ings on electrocardiography, wall motion abnormalities pre-
sented on echocardiography, or angiographic appearance
during ICA as reported previously.17

CT-FFR was computed using a machine-learning based
software prototype (Siemens cFFR, Version 2.1, Siemens,
currently not commercially available) as previously
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described.7,18 This algorithm is used on a regular work-
station and allows for the physician-driven creation of a
patient-specific anatomical model of the coronary tree
using a semiautomatic approach. The algorithm is based
on a deep learning framework to integrate the complex
nonlinear relation between the various features extracted
from the coronary tree geometry and to compute the
functional severity of the lesion. The deep learning algo-
rithm employs a multilayer neural network architecture
that was trained offline against a computational fluid
dynamics simulation to learn the complex relation
between the anatomy of the coronary tree and its corre-
sponding hemodynamics. Based on geometric features
(i.e., vessel radius, degree of tapering, and branch length)
of the patient’s coronary anatomy on cCTA, the algo-
rithm uses the learned relation to calculate machine
learning based CT-FFR values. The measurement of
interest, for example FFR, is represented by a model built
from a database of samples with known characteristics
and outcomes derived from the computational fluid
dynamic approach. For any point available within the
coronary tree, CT-FFR was generated by computing the
ratio of the average local pressure over a cardiac cycle to
the average aortic pressure, resulting in a color-coded
3-dimensional mesh allowing for the determination of
the CT-FFR value at arbitrary locations. Lesion-specific
ischemia was defined as CT-FFR ≤0.80 as previously
described.19 ICA was performed as per current guide-
lines20 by experienced interventional cardiologists. Each
coronary segment was visually evaluated and quantita-
tive coronary angiography measurement was performed.
Additional invasive FFR measurements were performed
at the discretion of the attending cardiologist with FFR
≤0.80 indicating lesion-specific ischemia.

MedCalc (MedCalc Software, version 15, Ostend, Bel-
gium) was used for all statistical analyses. Continuous
variables are displayed as mean § standard deviation or
median with interquartile range (IQR) when not normally
distributed. Normal distribution was assessed using Kol-
mogorov-Smirnov testing. Student t Test and Mann-
Whitney U test were used for parametric or non0para-
metric data, respectively. A multivariable logistic regres-
sion analysis was performed with cCTA-derived markers
and CT-FFR as independent variables for the identifica-
tion of MACE. Variables that were significant in a uni-
variate analysis were entered into the multivariable
logistical regression model. A receiver-operating charac-
teristics (ROC) analysis was used to detect MACE. The
area under the ROC curve (AUC) was measured accord-
ing to the method of DeLong21 for the evaluation of dis-
criminatory power. The Youden index derived from
ROC curve analysis was used for the optimal threshold.
Sensitivity, specificity, positive predictive value and
negative predictive value were measured and presented
with a 95% confidence interval. In a stepwise fashion
ROC curves were used to evaluate the prognostic value
of ≥50% stenosis on cCTA, combination of plaque
markers, and CT-FFR for MACE prediction. Model per-
formance of increasing numbers of predictors was com-
pared using the Wald test. Statistical significance was
assumed with a p value ≤0.05.
Results

In this single-center retrospective study, data of a total of
82 patients (60§ 11 years, 62% men) with 101 coronary nar-
rowings who underwent cCTA and ICA and were followed
up to 36 months for the occurrence of MACE were retrospec-
tively analyzed. A flow chart of the study is illustrated in
Figure 1. Additional baseline characteristics and results are
shown in Table 1. After a median follow-up of 18.5 months
(IQR 11.5 to 26.6), the composite end point of MACE was
observed in 18 patients (21%). Two patients deceased from
cardiac deaths, 16 suffered from recurrent acute coronary syn-
drome (ACS) (3 ST-segment elevation MI, 8 unstable angina
pectoris, and 5 non-ST-segment elevation MI), which resulted
in 14 late revascularization procedures. Two patients died
from noncardiac reasons which resulted in an all-cause mor-
tality of 4 patients (4.8%). Data was not available for
4 patients, thus they were lost to follow-up. MACE-related
lesions showed a median CT-FFR value of 0.70 (IQR 0.64 to
0.80) with 11 of 18 lesions showing hemodynamic signifi-
cant CAD based on CT-FFR. Fifteen lesions demonstrated
obstructive CAD (stenosis ≥50%). Characteristics of
MACE-related lesions and controls are described in more
detail in Tables 1 and 2. In terms of plaque markers, lesion
length, calcified plaque volume, noncalcified plaque vol-
ume, low attenuation plaque (<30 HU), and RI were signifi-
cantly different in MACE-lesions compared with control
lesions (all p <0.05) (Table 3). Likewise, stenosis ≥50% on
cCTA (83% vs 65%, p = 0.015), and CT-FFR ≤0.80 (78%
vs 29%, p = 0.0001) were significantly higher in MACE
lesions than in the control group lesions. However, total pla-
que volume (147 vs 124 mm3) and overall plaque burden
(66% vs 55%) showed no relevant differences between
MACE lesions in comparison to control lesions (both
p >0.05). In MACE lesions the prevalence of Napkin-ring
sign was 67% compared with control lesions with 33%
(p = 0.032) (Table 3). In multivariable logistics regression
analysis, narrowing length >22.3 mm (odds ratio [OR]
1.17, p = 0.018), low attenuation plaque (<30 HU) (OR
4.59, p = 0.003), Napkin ring sign (OR 2.71, p = 0.034), ste-
nosis ≥50% on cCTA (OR 3.83, p = 0.042), and CT-FFR
≤0.80 (OR 7.79, p = 0.001) were significant predictors for
MACE. Sensitivity, specificity, positive predictive value,
and negative predictive value derived from ROC curve
analysis with the optimal thresholds of plaque markers to
identify MACE are shown in Table 4. A case example of
coronary stenosis on cCTA, cCTA-based plaque analysis,
CT-FFR determination, and ICA is illustrated in Figure 2.
For markers demonstrating significant differences between
MACE-lesions and control lesions in univariate analysis, a
stepwise model of ROC curves was performed to evaluate
the predictive value of combination of markers for MACE.
A combined approach of plaque markers (lesion length, RI,
noncalcified plaque volume, calcified plaque volume, napkin
ring sign, and low attenuation plaque) added to stenosis
≥50% on cCTA (AUC 0.60) yielded in an improved value
over stenosis ≥50% on cCTA alone (AUC 0.87, p = 0.0001).
With the addition of CT-FFR ≤0.80 to stenosis ≥50% on
cCTA + plaque markers the predictive value was further
improved with incremental discriminatory power (AUC
0.94, p = 0.042; Figure 3).

www.ajconline.org


Table 1

Patient demographics. Total patient cohort (n = 82)

Parameter All patients (n = 82) MACE p Value

Yes (n = 18) No (n = 64)

Age (years) 60 § 11 63 § 13 60 § 10 0.42

Men 51 (62%) 10 (56%) 41 (64%) 0.47

Height (cm) 172 § 11 170 § 9 172 § 11 0.42

Weight (kg) 87 § 19 88 § 21 86 § 19 0.85

Body mass index (kg/m2) 30 § 6 31 § 7 29 § 6 0.69

Hypertension* 57 (70%) 14 (78%) 43 (67%) 0.38

Diabetes mellitusy 26 (32%) 12 (30%) 7 (18%) 0.07

Dyslipidemiaz 42 (51%) 11 (61%) 11 (17%) 0.32

Smoker 22 (27%) 2 (11%) 20 (31%) 0.09

CAD family history 26 (32%) 11 (61%) 15 (23%) 0.33

Framingham risk score (%) 19 § 10 21 § 8 22 § 10 0.77

Medication

Aspirin 23 (28%) 4 (22%) 19 (%) 0.60

Statins 34 (41%) 8 (44%) 26 (41%) 0.72

Beta-blocker 26 (31%) 7 (39%) 19(30%) 0.41

Antidiabetics 26 (31%) 10 (55%) 16 (25%) 0.09

Diuretics 18 (22%) 6 (33%) 12 (19%) 0.62

ACE inhibitors 31 (38%) 7 (39%) 24 (38%) 0.12

CAD = coronary artery disease; ACE = angiotensin-converting enzyme.

*Defined as blood pressure >140 mm Hg systolic, >90 mm Hg diastolic, or use of antihypertensive medication.
yDefined as an HbA1c of ≥6.5% or use of anti-diabetic medication.
zDefined as a total cholesterol of >200mg/dl or use of lipid lowering medication. Data presented as mean§ standard deviation or numbers with percentages (%).

Figure 1. Flow chart of the study.
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Discussion

Our results show that cCTA-derived plaque markers and
CT-FFR carry predictive value to identify adverse cardiac
outcome and significantly improve the prognostic value
beyond stenosis grading alone with increased discrimina-
tory power. Especially the combined approach of applying
plaque features together with CT-FFR determination
yielded incremental predictive value for MACE (AUC 0.94
vs 0.60). In line with previous studies we showed that sev-
eral morphological and functional cCTA-derived plaque
markers are significantly different in lesions related with
MACE compared with control lesions.1,22 We observed
that in terms of morphological plaque features, noncalcified
plaque volume and the presence of low attenuation plaque



Table 2

Procedural results (82 patients with 101 coronary lesions)

Parameter All lesions (n = 101) MACE narrowings (n = 18) Control narrowings (n = 83) p Value

Left anterior descending artery 69 (68%) 9 (50%) 60 (72%) 0.47

Left circumflex artery 17 (17%) 5 (28%) 12 (14%) 0.56

Right coronary artery 15 (15%) 4 (22%) 11 (13%) 0.24

Proximal lesions 30 (30%) 5 (27%) 25 (30%) 0.72

Medial lesions 52 (51%) 8 (44%) 44 (53%) 0.35

Distal lesions 19 (19%) 5 (28%) 14 (17%) 0.28

FFR ≤0.80 34 (34%) 11 (61%) 23 (28%) 0.02

MACE

Parameter All patients (n = 82) Yes (n = 18) No (n = 64) p value

Heart rate (bpm) 68 § 12 68 § 11 68 § 13 0.62

Dose-length-product (mGy*cm) 473 § 53 473 § 53 475 § 52 0.72

Effective radiation dose (mSv) 6.4 § 0.8 6.5 § 0.7 6.4 § 0.3 0.68

Data presented as mean § standard deviation, numbers with percentages (%) or as medians with 25th and 75th percentile.

Table 3

Analysis of cCTA-derived plaque markers and CT-FFR for the prediction of MACE

Parameter All lesions (n = 101) MACE lesions (n = 18) No MACE lesions (n = 83) p Value

Lesion length (mm) 21 (17, 26) 24 (21, 26) 20 (16, 25) 0.008

Total plaque volume (mm3) 135 (78, 173) 147 (94, 222) 124 (77, 171) 0.28

Calcified plaque volume (mm3) 6.5 (3, 10) 3.5 (2, 8) 8 (3, 11) 0.019

Non-calcified plaque volume (mm3) 120 (84, 162) 143 (97, 263) 114 (93, 144) 0.02

Plaque burden (%) 57 (42, 72) 66 (48, 73) 55 (42, 72) 0.21

Low attenuation plaque (<30HU) 30 (30%) 9 (50%) 21 (25%) 0.041

Remodeling index 1.06 (0.95, 1.15) 1.1 (1.05, 1.23) 1.04 (0.96, 1.15) 0.002

Napkin ring sign 39 (39%) 12 (67%) 27 (33%) 0.032

Spotty calcification 43 (43%) 10 (56%) 33 (40%) 0.22

Agatston calcium score 439 (190, 1068) 378 (84.0, 1075) 499 (222, 1059) 0.60

Stenosis ≥50% 69 (68%) 15 (83%) 54 (65%) 0.015

CT-FFR value 0.85 (0.74, 0.92) 0.70 (0.64, 0.80) 0.88 (0.77, 0.93) <0.0001
CT-FFR ≤0.80 38 (38%) 11 (78%) 24 (29%) 0.0001

Data presented as medians with 25th and 75th percentile in parentheses or percentages in parentheses (%).

Table 4

Diagnostic performance of cCTA-derived plaque markers and CT-FFR for the prediction of MACE

Parameter Sensitivity Specificity PPV NPV

Lesion length >22.3 mm 72% (47%-90%) 72% (61%-82%) 36% (27%-47%) 92% (85%-96%)

Noncalcified plaque volume >195 mm3 36% (19%-56%) 94% (87%-98%) 72% (46%-88%) 79% (74%-84%)

Calcified plaque-volume ≤9.1 mm3 82% (63%-94%) 42% (31%-55%) 35% (30%-42%) 86% (73%-94%)

Low attenuation plaque (<30 HU) 57% (34%-78%) 76% (67%-86%) 40% (29%-54%) 87% (81%-92%)

Remodeling index >1.04 71% (51%-87%) 52% (40%-64%) 36% (29%-44%) 83% (72%-90%)

Napkin ring sign 68% (48%-84%) 56% (44%-68%) 37% (29%-46%) 82% (72%-89%)

Stenosis ≥50% 89% (72%-98%) 31% (21%-44%) 33% (29%-38%) 88% (71%-96%)

CT-FFR ≤0.80 82% (63%-94%) 79% (68%-88%) 61% (49%-72%) 92% (84%-96%)

PPV = positive predictive value; NPV = negative predictive value. Data presented as percentages (%) with 95% confidence intervals in parentheses.
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were significantly higher in MACE-related lesions. Whereas
it is well-known that noncalcified plaques and especially low
attenuation plaques are at increased risk for future events,23

we found the calcified plaque volume to be lower in MACE
lesions compared with control lesions in our current investi-
gation, which may support the assumption that calcification
may have an important impact on plaque stabilization.17 The
occurrence of low attenuation plaque, the presence of Napkin
ring sign (67% vs 33%, p = 0.032) and elevated RI (1.1 vs
1.04, p = 0.002), are known as so called “high risk plaque
features.” These markers were significantly more frequent in
MACE lesions versus control lesions. A factum that has also
been shown by Motoyama et al who demonstrated associa-
tion of these risk markers with cardiac events.24 However,
while Yamamoto et al showed prognostic value of spotty cal-
cifications in the “PREDICT Study”4 this marker failed to
show differences between MACE lesions and controls (56%
vs 40%, p = 0.22) in our study. Logistic regression analysis

www.ajconline.org


Figure 2. Case example of coronary stenosis on cCTA, cCTA-based plaque analysis, CT-FFR determination, and ICA. Sixty-six year old man who under-

went cCTA for suspected CAD. (A) cCTA demonstrated mainly calcified plaques in the proximal LAD (arrow). (B, C) Color-coded semiautomatic plaque

quantification of the lesion shows the plaque composition (mainly calcified). (D) Three-dimensional color-coded mesh reveals a CT-FFR value of 0.77, indi-

cating lesion-specific ischemia (arrow). (E) ICA on index hospitalization shows only moderate stenosis of the LAD (D, arrow). The patient was readmitted 6

months after the initial cCTA with unstable angina and underwent late percutaneous coronary revascularization.
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identified lesion length (OR 1.17, p = 0.018), low attenuation
plaque (OR 4.59, p = 0.003), and Napkin ring sign (OR 2.71,
p = 0.034) to have predictive value to detect MACE. Our
results are consistent with previous findings by Bittner et al
who demonstrated that high risk plaque components have
predictive value to identify the occurrence of adverse cardiac
events.25 We found that not only obstructive CAD on cCTA
(stenosis ≥50%, OR 3.83, p = 0.042) but also and more
importantly CT-FFR ≤0.80 (OR 7.79, p = 0.001) as a marker
of hemodynamic significance of CAD showed high discrimi-
natory value to differentiate between MACE lesions and
controls. Furthermore, machine-learning based CT-FFR
demonstrated higher discriminatory value over cCTA and
plaque markers. The combined approach of anatomical ste-
nosis grading with the addition of plaque characteristics
showed superior value over stenosis assessment alone. How-
ever, the addition of CT-FFR analysis to visual stenosis
grading on cCTA and plaque quantification resulted in incre-
mental predictive value (AUC 0.94, p = 0.042). A previous
investigation performed by Duguay et al26 revealed CT-FFR
to be a better predictor than stenosis grading on ICA for the
identification of future MACE in the setting of nonculprit
coronary lesions in index ACS. However, the composition of
coronary plaques was not assessed by the authors of that
study. Information derived from coronary plaque quantifica-
tion may further inform patient treatment decision making
and allow for sufficient risk stratification and subsequent life-
style modification. Although there is robust data on the value
of plaque quantification and characterization for sufficient
risk stratification beyond stenosis grading on cCTA alone,
the manual or semiautomated plaque analysis is rather time-
consuming and requires manual adjustment. Thus, fully auto-
mated or machine-learning based applications incorporating
big data derived from cCTA will most likely guide the



Figure 3. Comparison of different models for the prediction of MACE. Stepwise model of receiver operating characteristic (ROC) curves for cCTA-derived

plaque markers including ≥50% stenosis and CT-FFR. Model 1 comprises ≥50% stenosis alone (blue line) with an area under the curve (AUC) of 0.60,

Model 2 contains ≥50% stenosis + plaque markers* with an AUC of 0.87, p = 0.0001 (yellow line), and Model 3 incorporated Model 2 + CT-FFR resulting in

the highest predictive value with an AUC of 0.94, p = 0.042 (red line). *Plaque markers: lesion length, remodeling index, noncalcified plaque volume, calci-

fied plaque volume, napkin ring sign, and low attenuation plaque. (Color version of figure is available online.)
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future of cardiac imaging.27 In addition, with CT-FFR
this combined anatomical and morphological information
will provide more insight into clinical decision making of
CAD and outcome prediction. Some limitations of this
study need to be addressed. We present a retrospective
single-center study with a relatively small number of
patients included which may incur selection bias. There-
fore, larger studies will be necessary to validate our find-
ings. Our results on multivariate analysis may be
underpowered by the limited number of observations per
variable included.28 Thus, this data should only be con-
sidered hypothesis generating. Additionally, plaque
quantification was not performed in patients with ACS
caused by ST-elevation MI, as these patients directly
undergo ICA without previous cCTA. Only patients with
at least one invasively quantified stenosis by FFR were
included. The identification of the MACE-related lesion
on coronary CTA images has been thoroughly performed
according to ICA findings. However, this could represent
a bias for the accurate identification of MACE-related
lesions. Furthermore, patient follow-up was performed
using electronic medical records of the hospitals; there-
fore, we might have missed events occurring outside the
hospital. Furthermore, we did not correlate our findings
on cCTA with an invasive reference standard for intracoro-
nary plaque assessment (such as intravascular ultrasound).
However, the semiautomated plaque software used in the
present study has been established in previous studies.11,29
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