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Abstract
Objectives We sought to investigate the diagnostic performance of coronary CT angiography (cCTA)–derived plaque markers
combinedwith deepmachine learning–based fractional flow reserve (CT-FFR) to identify lesion-specific ischemia using invasive
FFR as the reference standard.
Methods Eighty-four patients (61 ± 10 years, 65% male) who had undergone cCTA followed by invasive FFR were
included in this single-center retrospective, IRB-approved, HIPAA-compliant study. Various plaque markers were derived
from cCTA using a semi-automatic software prototype and deep machine learning–based CT-FFR. The discriminatory
value of plaque markers and CT-FFR to identify lesion-specific ischemia on a per-vessel basis was evaluated using
invasive FFR as the reference standard.
Results One hundred three lesion-containing vessels were investigated. 32/103 lesions were hemodynamically significant by
invasive FFR. In a multivariate analysis (adjusted for Framingham risk score), the following markers showed predictive value for
lesion-specific ischemia (odds ratio [OR]): lesion length (OR 1.15, p = 0.037), non-calcified plaque volume (OR 1.02, p = 0.007),
napkin-ring sign (OR 5.97, p = 0.014), and CT-FFR (OR 0.81, p < 0.0001). A receiver operating characteristics analysis showed
the benefit of identifying plaquemarkers over cCTA stenosis grading alone, with AUCs increasing from 0.61with ≥ 50% stenosis
to 0.83 with addition of plaque markers to detect lesion-specific ischemia. Further incremental benefit was realized with the
addition of CT-FFR (AUC 0.93).
Conclusion Coronary CTA–derived plaque markers portend predictive value to identify lesion-specific ischemia when compared
to cCTA stenosis grading alone. The addition of CT-FFR to plaque markers shows incremental discriminatory power.
Key Points
• Coronary CTangiography (cCTA)–derived quantitative plaque markers of atherosclerosis portend high discriminatory power
to identify lesion-specific ischemia.
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• Coronary CTangiography–derived fractional flow reserve (CT-FFR) shows superior diagnostic performance over cCTA alone
in detecting lesion-specific ischemia.

• A combination of plaque markers with CT-FFR provides incremental discriminatory value for detecting flow-limiting stenosis.

Keywords Spiral computed tomography . Coronary artery disease . Angiography

Abbreviations
AUC Area under the curve
CAD Coronary artery disease
cCTA Coronary CT angiography
CT-FFR Fractional flow reserve from coronary

CT angiography
DSCT Dual-source computed tomography
FFR Fractional flow reserve
ICA Invasive coronary angiography
NPV Negative predictive value
OR Odds ratio
PB Plaque burden
PPV Positive predictive value
RI Remodeling Index
ROC Receiver operating characteristics

Introduction

Invasive coronary angiography (ICA) with fractional flow re-
serve (FFR) measurement is the reference standard to assess
the functional significance of coronary stenosis in patients
with coronary artery disease (CAD) [1, 2]. Coronary CT an-
giography (cCTA) is an established method to rule out ob-
structive CAD. However, a purely anatomical evaluation has
been shown to be a poor predictor in identifying the functional
significance of a coronary lesion [3]. Plaque characterization
and quantification derived from cCTA using semi-automatic
software applications may enhance the performance of cCTA
in predicting hemodynamically significant stenoses by pro-
viding plaque information beyond stenosis grading alone
which may have impact on treatment decision making [4–8].
Recently, cCTA-derived fractional flow reserve (CT-FFR)
using an on-site deep machine learning algorithm has been
validated against invasive FFR for the determination of hemo-
dynamically significant CAD [9–11]. Yet, the potential of
cCTA-derived plaque quantification combined with CT-FFR
for improved detection of lesion-specific ischemia deserves
further study.

Thus, we sought to investigate the diagnostic performance
of cCTA-derived plaque markers combined with deep ma-
chine learning–based CT-FFR to identify lesion-specific is-
chemia using invasive FFR as the reference standard.

Material and methods

Study population

This study was approved by the local Institutional Review
Board with a waiver of informed consent and conducted in
compliance with the Health Insurance Portability and
Accountability Act (HIPAA).We retrospectively analyzed da-
ta of a patient cohort with suspected or known stable CAD
who underwent cCTA followed by ICA with FFR measure-
ment within 3 months between September 2008 and August
2017. Eighty-four out of the 85 patients included have been
reported in a prior study by Tesche et al [12]. The prior study
focused on a comparison of two different CT-FFR algorithms
to predict hemodynamically significant CAD whereas the
present study aims to detect cCTA-derived plaque markers
combined with machine learning–based CT-FFR to identify
lesion-specific ischemia. The patients’ Framingham risk
scores were calculated to reflect 10 year risk for cardiovascu-
lar events [12]. The indication for ICA was based on clinical
parameters, response to therapy, cCTA data, and non-invasive
functional test results according to clinical guidelines [13].
Patients with prior myocardial infarction, previous percutane-
ous coronary stent implantation, or coronary artery bypass
grafting, severely reduced left ventricular function (ejection
fraction ≤ 30%), and bifurcation stenoses were excluded from
further analysis. Non-diagnostic cCTA image quality also led
to exclusion. Covariates, including cardiac risk factors and
patient baseline characteristics were obtained from medical
records.

Coronary CTA acquisition

First, second, or third generation dual-source CT (DSCT) sys-
tems (SOMATOM® Definition, SOMATOM® Flash, or
SOMATOM® Force, Siemens Healthineers) were used for
image acquisition. Using the following parameters, patients
underwent a non-contrast-enhanced coronary artery calcium
scoring scan: 32 × 1.2 mm collimation, 120 kV tube voltage,
75 mA tube current, 3 mm section thickness in a 1.5 mm
increment (first and second generation DSCT scanners);
44 × 1.2 mm collimation, 120 kV tube voltage, 80 mA tube
current, 3 mm section thickness in a 1.5 mm increment (third
generation DSCT scanner). cCTA acquisitions performed
using the first generation DSCT were contrast-enhanced and
retrospectively ECG-gated with the following parameters:
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100–120 kV tube potential adapted to the patient’s body mass
index (BMI), 350–650 mAs tube current-time product, 0.28 s
gantry rotation time, 2 × 32 × 0.6 mm detector collimation
with z-flying focal spot technique. Contrast enhancement
was achieved using a biphasic injection protocol to administer
70–90 mL of contrast medium (Ultravist, 370mgI/mL
iopromide, Bayer) at 4–6 mL/s, followed by a 30 mL saline
flush. cCTA acquisitions performed using the second genera-
tion DSCT system contrast-enhance and prospectively ECG-
gated with the following parameters: 80–120 kV tube poten-
tial adapted to the patient’s BMI, 350–650 mAs tube current-
time product, 0.28 s gantry rotation time, 2 × 64 × 0.6 mm
detector collimation with a z-flying focal spot. Contrast en-
hancement was achieved by injecting 50–80 mL of iopromide
at 4–6 mL/s followed by a 30 mL saline bolus chaser. cCTA
acquisitions performed using the third generation DSCT sys-
tem were contrast-enhance and prospectively ECG-gated with
the following parameters: 70-130 kV tube potential automat-
ically selected using an automated tube-voltage selection al-
gorithm (CARE kV, Siemens), 200–650 mAs tube current-
time product, 0.25 s gantry rotation time, 2 × 192 × 0.6 mm
detector collimation with a z-flying focal spot. There was 40–
70 mL iopromide injected at 4–6 mL/s followed by a 30 mL
saline bolus chaser. Beta-blockers and nitroglycerine were
used at the discretion of the attending physician of the day.
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, recon-
struction increment of 0.4 or 0.5 mm and a smooth
convolution kernel (B26f). Effective radiation dose was
estimated by multiplying the dose-length-product by a
chest-specific conversion coefficient (k = 0.014 mSv/Gy/
cm).

Analysis of cCTA data and plaque quantification

cCTA datasets were analyzed on a post-processing worksta-
tion (syngo.via VB10, Siemens Healthineers) by two ob-
servers (C.T./C.N.D.C), who had 4 and 8 years of experience
in cCTA analysis and were blinded to the patient histories.
Each observer analyzed the lesion characteristics and a con-
sensus interpretation with both observers was done for all
discordant cases. Observers used transverse sections and au-
tomatically generated curved multiplanar reformations for
their assessment. One target lesion per vessel, where invasive
FFR was performed, was evaluated. The reference diameter,
area stenosis determination, and average dimensions of non-
affected vessel segments were measured immediately proxi-
mal and distal to the lesion of interest at points free of athero-
sclerotic plaque. Societal guidelines using the coronary artery
disease reporting and data system (CAD-RADS™) were used
to determine the degree of stenosis: (1) none (0%) or minimal
(1–24%), (2) mild (25–49% stenosis), (3) moderate (50–69%

stenosis), (4) severe (70–99% stenosis), (5) total occlusion
(100%). Obstructive CAD was defined as ≥ 50% stenosis
[14].

Plaque burden (PB in %) was measured in the following
manner: PB = [plaque area/vessel area] × 100. On vessel
cross-sections, remodeling index (RI) was measured as the
ratio of the vessel area of the lesion over the proximal luminal
reference area [15]. The presence of napkin-ring sign, de-
scribed as a low attenuating plaque core circumscribed by area
of higher attenuation, was assessed [16]. Spotty calcifications
were visually assessed as calcifications covering < 90° of the
vessel circumference while being > 3 mm length [17].

A dedicated semi-automatic software prototype (Coronary
Plaque Analysis 4.2.0 syngo.via FRONTIER, Siemens
Healthineers) was used for plaque quantification as previously
described [18, 19]. Briefly, the software uses automated seg-
mentation based on attenuation values prevailing in the target
anatomy within user-defined proximal and distal boundaries
to compute quantitative plaque descriptors. The beginning and
end of a lesion of interest was defined as the proximal and
distal points that were free of atherosclerotic changes. Lesion
length, total plaque volume, and calcified and non-calcified
plaque volume were automatically measured by the software
(Fig. 1). The analysis software used the following boundary
values (HU): lipid-rich (17–70), fibrotic (71–124), vessel lu-
men (125–511), and calcified (> 511) [20].

CT-FFR determination

CT-FFR calculations were performed using a deep machine
learning software prototype (Siemens cFFR, Version 2.1,
Siemens, currently not commercially available) as previously
described [10, 21]. This algorithm resides on a regular work-
station and with physician input, creates a patient-specific an-
atomical model of the coronary tree in a semi-automated fash-
ion. The algorithm is based on a deep learning framework to
integrate the complex non-linear relationship between the var-
ious features extracted from the coronary tree geometry and to
compute the functional severity of the lesion. The deep learn-
ing algorithm employs a multilayer neural network architec-
ture that was trained offline against a computational fluid dy-
namics simulation to learn the complex relationship between
the anatomy of the coronary tree and its corresponding hemo-
dynamics. Model training was performed using a large data-
base of 12,000 synthetically generated coronary anatomies
and their corresponding hemodynamic conditions from a
computational fluid dynamics simulation. 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 relationship to calculate the machine
learning based CT-FFR values. The quantity of interest, e.g.,
FFR, is represented by a model built from a database of sam-
ples with known characteristics and outcome derived from the
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computational fluid dynamic approach. For any point avail-
able within the coronary tree, CT-FFR values are derived by
computing the ratio of the average local pressure over a car-
diac cycle to the average aortic pressure, resulting in a color-
coded 3-dimensional mesh throughout the coronary tree
allowing for the determination of the CT-FFR value at arbi-
trary locations. Lesion-specific ischemia was defined as CT-
FFR ≤ 0.80, as previously described [22].

ICA and FFR measurement

ICA was performed according to societal guidelines [23].
Each coronary segment was visually evaluated and quantita-
tive coronary angiography measurement of the coronary le-
sions was obtained by the performing interventional cardiolo-
gy team. Invasive FFR determination was obtained in cases of
intermediate stenoses or lesions suspect for CAD at the dis-
cretion of the interventionalist. A pressure wire (Aeris, St.
Jude Medical) was used to obtain baseline and hyperemic

gradients using a continuous infusion of intravenous adeno-
sine (140 μg/kg/min). An FFR value ≤ 0.80 was considered
diagnostic for lesion-specific ischemia [3]. In patients with
two or more lesions suspected to be hemodynamically rele-
vant, FFR measurements were performed on each lesion of
interest. Co-registration of the location of invasive FFR mea-
surement and the CT-FFRmeasurements was performed by an
independent reviewer (J.W.N.) with > 10 years of experience
in cardiovascular imaging by identifying the invasive FFR
sample location on the fluoroscopic images and the corre-
sponding location on the cCTA images using anatomic
landmarks.

Statistical analysis

MedCalc (MedCalc Software, version 15) was used for all
statistical analyses. Continuous variables are displayed as
mean ± standard deviation or median with interquartile range
when not normally distributed. Normal distribution was

Fig. 1 Case example of coronary stenosis on cCTA, cCTA-based plaque
analysis, CT-FFR determination, and ICA with FFR measurement. 64-
year-old man who had undergone cCTA for suspected CAD. a cCTA
demonstrated stenotic plaque of the LAD (arrow) showing a contrast-
enhanced rim (positive napkin-ring sign). b, c Color-coded semi-

automatic plaque quantification of the lesion shows the mixed plaque
composition (calcified and non-calcified). d 3-dimensional color-coded
mesh reveals a CT-FFR value of 0.69, indicating lesion-specific ischemia
(arrow). e ICA shows obstructive stenosis (solid arrow) with invasive
FFR of 0.69, confirming lesion-specific ischemia
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assessed using Kolmogorov-Smirnov testing. Student t test
and Mann-Whitney U test were used for parametric or non-
parametric data. Amultivariable logistic regression analysis
(adjusted for Framingham risk score) was performed with
cCTA-derived markers and CT-FFR as independent vari-
ables to identify possible independent predictors of lesion-
specific ischemia with invasively measured FFR ≤ 0.80 as a
dichotomous outcome. Variables that were significant in a
univariate analysis were entered into the multivariable lo-
gistical regression model. A receiver operating characteris-
tics (ROC) analysis was used to analyze performance for
detecting hemodynamically significant stenosis. For the
evaluation of discriminatory power, the area under the
ROC curve (AUC) was measured according to the method
of DeLong [24]. The Youden index derived from ROC
curve analysis was used to determine the optimal threshold.
Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were measured and pre-
sented with a 95% confidence interval. A stepwise model
of ROC curves was used to evaluate the prognostic value of
≥ 50% stenosis on cCTA, combination of plaque markers,
and CT-FFR. Model performance of increasing numbers of
predictors was compared using theWald test. Statistical sig-
nificance was assumed with a p value ≤ 0.05.

Results

Patient characteristics

A total of 156 patients who had undergone ICA with FFR
measurement and cCTAwithin 3 months were retrospectively
analyzed. Twenty-two patients (13%) with prior myocardial
infarction, 32 patients (19%) with previous revascularization
in the vessel of interest, 9 (5%) patients with severely reduced
left ventricular function, and 9 (5%) patients whose cCTA had
insufficient image quality were excluded. A total of 84 pa-
tients (61 ± 10 years, 65% male) with 103 coronary lesions
were eventually included. Additional baseline characteristics
are presented in Table 1.

ICA with FFR measurement and cCTA

Out of the 103 coronary lesions, 32 lesions (31%) demonstrat-
ed lesion-specific ischemia with invasive FFR ≤ 0.80. The
remaining 79 lesions (69%) were not hemodynamically sig-
nificant (invasive FFR > 0.80). cCTA described obstructive
CAD in 76 out of 103 lesions (74%). Out of these 76 lesions,
30 lesions (39%) were hemodynamic significant by invasive
FFR measurement. Further procedural results are displayed in
Table 2.

Association of plaque markers, CT-FFR,
and lesion-specific ischemia

Total plaque volume, calcified plaque volume, plaque burden,
spotty calcification, and Agatston calcium score showed no
significant differences between hemodynamically significant
and non-significant lesions with a trend of higher total plaque
volume and plaque burden in ischemia-inducing lesions
(Table 3). In contrast, lesion length (median 23.3 vs.
18.5 mm), non-calcified plaque volume (median 141.3 vs.
113.8 mm3), remodeling index (median 1.12 vs. 1.03),
napkin-ring sign (median 24 vs. 29), and CT-FFR (median
0.73 vs. 0.92) were significantly different in hemodynamically
relevant stenoses compared to non-relevant stenoses (all
p < 0.05) (Table 3).

In a multivariable logistics regression analysis, lesion
length (OR 1.15, p = 0.037), non-calcified plaque volume
(OR 1.02, p = 0.007), remodeling index (OR 1.20, p =
0.031), napkin-ring sign (OR 5.97, p = 0.014), and CT-FFR
≤ 0.80 (OR 0.81, p < 0.0001) were significant predictors of
lesion-specific ischemia (Table 4). An ROC curve analysis
was performed for cCTA-derived plaque markers and CT-
FFR to evaluate their discriminatory power, showing statisti-
cally significant differences between hemodynamically

Table 1 Patient demographics. Total patient cohort (n = 84)

Age (years) 61 ± 10

Male sex n (%) 55 (65%)

Height (cm) 171 ± 11

Weight (kg) 88 ± 20

Body mass index (kg/m2) 31 ± 7

Cardiovascular risk factors

Hypertension n (%)# 58 (69%)

Diabetes n (%)¶ 27 (32%)

Dyslipidemia n (%)* 42 (50%)

Tobacco abuse n (%) 22 (26%)

CAD family history n (%) 28 (33%)

Framingham risk score (%) 21.3 ± 10

Medication at time of admission

Aspirin n (%) 23 (27%)

Statins n (%) 35 (42%)

Beta-blocker n (%) 25 (30%)

Antidiabetics n (%) 27 (32%)

Diuretics n (%) 19 (22%)

ACE inhibitors n (%) 33 (39%)

CAD coronary artery disease, ACE angiotensin-converting enzyme
#Defined as blood pressure > 140 mmHg systolic, > 90 mmHg diastolic,
or use of antihypertensive medication
¶Defined as an HbA1c of ≥ 6.5% or use of antidiabetic medication

*Defined as a total cholesterol of > 200 mg/dl or use of lipid-lowering
medication. Data presented asmean ± standard deviation or numbers with
percentages (%)
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significant lesions and non-flow obstructive stenoses. An
ROC analysis for significant predictors for hemodynamically
significant lesions resulted in the following: lesion length
AUC 0.70 (95%CI 0.59–0.78), p = 0.0002; non-calcified
plaque volume AUC 0.62 (95%CI 0.52–0.72), p = 0.049, re-
modeling index AUC 0.62 (95%CI 0.52–0.71), p = 0.052,
napkin-ring sign AUC 0.67 (95%CI 0.57–0.76), p = 0.007,
and CT-FFR AUC 0.89 (95%CI 0.82–0.95), p < 0.0001. An
ROC curve analysis with the optimal thresholds to identify
lesion-specific ischemia and the calculated sensitivity, speci-
ficity, PPV, and NPV is shown in Fig. 2 and Table 5.

For these markers, different models of ROC curves were
performed to evaluate the predictive value of a combination of
markers in a stepwise fashion. A combination of plaque

markers (lesion length, remodeling index, non-calcified
plaque volume, and napkin-ring sign) added to stenosis
≥ 50% (AUC 0.61) improved the predictive value over steno-
sis ≥ 50% alone (AUC 0.83, p = 0.0001). The addition of CT-
FFR ≤ 0.80 to stenosis ≥ 50% + plaque markers further en-
hanced prediction with incremental discriminatory power
(AUC 0.93, p = 0.031). The AUC of CT-FFR alone was not
improved with the addition of stenosis ≥ 50% and plaque
markers (AUC 0.89 vs. 0.86, p = 0.57) (Fig. 3).

Discussion

Our results demonstrate that cCTA-derived plaque markers
and CT-FFR have discriminatory power to differentiate be-
tween hemodynamically significant and non-significant coro-
nary lesions. Lesion length, non-calcified plaque volume, re-
modeling index, and napkin-ring sign were significant predic-
tors for lesion-specific ischemia over visual stenosis grading
on cCTA alone with incremental predictive value with the
addition of CT-FFR to these plaque markers.

Table 2 Procedural results (84 patients with 103 coronary lesions)

Quantitative coronary angiography

Number of lesions n 103

Left anterior descending artery n (%) 71 (69%)

Left circumflex artery n (%) 17 (17%)

Right coronary artery n (%) 15 (14%)

Proximal lesions n (%) 31 (30%)

Medial lesions n (%) 53 (51%)

Distal lesions n (%) 19 (18%)

Luminal stenosis ≥ 50% n (%) 79 (77%)

FFR ≤ 0.80 n (%) 32 (31%)

Coronary CT angiography with fractional flow reserve

Luminal stenosis ≥ 50% n (%) 76 (74%)

CT-FFR ≤ 0.80 n (%) 33 (32%)

Agatston coronary calcium score 431 (126, 1039)

Heart rate (bpm) 68 ± 12

Dose length product (mGy*cm) 473 ± 52

Effective radiation dose (mSv) 6.4 ± 0.8

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 according to lesion-specific ischemia as defined by invasive FFR

Parameter All lesions n = 103 Lesions FFR > 0.80 n = 71 Lesions FFR ≤ 0.80 n = 32 p value

Lesion length (mm) 19.8 (16.4, 24.6) 18.5 (14.4, 22.6) 23.3 (19.9, 25.9) 0.001

Total plaque volume (mm3) 124.3 (79.0, 163.2) 106.5 (77.4, 148.9) 147.3 (97.6, 215.1) 0.081

Calcified plaque volume (mm3) 7.2 (3.2, 10.6) 8.1 (3.4, 11.0) 6.2 (2.5, 8.7) 0.57

Non-calcified plaque volume (mm3) 124.8 (94.6, 164.3) 113.8 (84.0, 145.7) 141.3 (96.6, 267.8) 0.011

Plaque burden (%) 55.4 (41.6, 71.5) 46.3 (34.3, 70.5) 64.0 (49.9, 72.3) 0.076

Remodeling index 1.06 (0.95, 1.15) 1.03 (0.94, 1.13) 1.12 (1.05, 1.12) 0.009

Napkin-ring sign 53 (51%) 29 (41%) 24 (75%) 0.010

Spotty calcification 54 (52%) 34 (48%) 20 (63%) 0.18

Agatston calcium score 431.5 (126.0, 1039.0) 424.5 (136.0, 1033.0) 698.0 (84.0, 1225.0) 0.53

Stenosis ≥ 50% 76 (74%) 48 (68%) 28 (88%) 0.037

CT-FFR 0.87 (0.76, 0.93) 0.92 (0.85, 0.95) 0.73 (0.69, 0.77) < 0.0001

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

Table 4 Multivariable logistic regression analysis of cCTA-derived
plaque markers and CT-FFR

Parameter Odds ratio 95%CI of
odds ratio

p value

Lesion length > 21 mm 1.147 1.008–1.305 0.037

Non-calcified plaque
volume > 132 mm3

1.016 1.004–1.028 0.007

Remodeling index > 1.03 1.201 1.102–1.323 0.031

Napkin-ring sign 5.965 1.438–24.731 0.014

Stenosis ≥ 50% 3.750 1.179–11.928 0.062

CT-FFR ≤ 0.80 0.809 0.737–0.888 < 0.0001

Adjusted for Framingham risk score
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In accordance with prior studies, we demonstrated that
cCTA-derived plaque markers are significantly different in
lesions showing ischemia compared to non-flow limiting ste-
noses [6, 19, 25]. We found that lesion length, non-calcified
plaque volume, remodeling index, and napkin-ring sign were
not only significantly different in ischemia-inducing lesions
compared to non-hemodynamically significant stenosis but
also showed significant discriminatory value to predict
lesion-specific ischemia (lesion length: OR 1.15, p = 0.037;
non-calcified plaque volume: OR 1.02, p = 0.007; remodeling
index: OR 1.20, p = 0.031; and napkin-ring sign: OR 5.97,
p = 0.014). These findings are consistent with prior studies
by Gaur et al [6] and Diaz-Zamudio et al [26] showing pre-
dictive value of non-calcified plaque volume, remodeling

index, and napkin-ring sign. Likewise, Iguchi et al [27] iden-
tified lesion length as a valuable predictor of significant coro-
nary stenosis, which was confirmed in our study (lesion
length: OR 1.15, p = 0.037). Furthermore, recent studies by
Dey et al [28] and Benz et al [29] identified contrast density
difference as the strongest marker for the prediction of lesion-
specific ischemia. However, in the present study, contrast den-
sity was not evaluated, which might explain the difference in
AUCs between the combination of plaque markers (AUC
0.83) and deep machine learning–based CT-FFR (AUC 0.93).

However, some plaque features such as calcified plaque
volume, spotty calcifications, and plaque burden yielded no

Fig. 2 Diagnostic performance of cCTA-derived plaque markers and CT-
FFR for the identification of lesion-specific ischemia. ROC curve analysis
is shown for visual stenosis grading (≥ 50% stenosis) for cCTA, lesion
length, non-calcified plaque volume, remodeling index, napkin-ring sign,
and CT-FFR for the discriminatory value of hemodynamically significant
stenosis defined by invasive fractional flow reserve

Table 5 Diagnostic performance
of cCTA-derived plaque markers
and CT-FFR for the identification
of lesion-specific ischemia

Parameter Sensitivity Specificity PPV NPV

Lesion length > 21 mm 71% (53–85%) 68% (56–79%) 52% (42–62%) 83% (73–89%)

Non-calcified plaque
volume > 132 mm3

62% (44–78%) 65% (53–76%) 47% (37–57%) 78% (69–85%)

Remodeling index > 1.03 74% (56–87%) 49% (37–62%) 42% (34–49%) 79% (67–87%)

Napkin-ring sign 74% (56–87%) 59% (47–71%) 47% (39–56%) 82% (72–89%)

Stenosis ≥ 50% 88% (73–97%) 33% (22–46%) 40% (35–45%) 85% (68–94%)

CT-FFR ≤ 0.80 82% (66–93%) 94% (86–98%) 88% (73–95%) 92% (84–96%)

PPV positive predictive value, NPV negative predictive value

Data presented as percentages (%) with 95% confidence intervals in parentheses

Fig. 3 Comparison of different models for the prediction of lesion-
specific ischemia defined by invasive fractional flow reserve. 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 0.61; model 2 contains ≥ 50% stenosis + plaque markers* with
an AUC of 0.83, p = 0.0001; and model 3 incorporated model 2 + CT-
FFR resulting in the highest predictive value with an AUC of 0.93, p =
0.031 (*plaque markers: lesion length, remodeling index, non-calcified
plaque volume, and napkin-ring sign)
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relevant difference between flow-obstructive lesions and non-
significant stenosis in our study. Similar results were found in
a recent investigation showing that calcified plaque volume is
not a significant marker of hemodynamically significant cor-
onary stenoses [26]. Spotty calcifications seem to have a pre-
dictive value in risk stratification and outcome prediction
which has been demonstrated in recent studies [30–32]. In
contrast to our findings where plaque burden showed no dif-
ference between flow-obstructive and non-flow-obstructive
stenosis, Min et al [4] and Nadjiri et al [33] demonstrated a
significant association of plaque extent with hemodynamic
significant stenosis and cardiovascular outcome.

CT-FFR has been established to reliably predict lesion-
specific ischemia in previous studies [34–36]. Moreover,
CT-FFR using an on-site deep machine learning algorithm
has been validated to assess hemodynamic significance of
coronary stenosis [9, 10]. In our investigation, CT-FFR based
on deep machine learning showed predictive value (OR 0.81,
p < 0.0001) to identify ischemia. Furthermore, CT-FFR pro-
vides superior discriminatory value over cCTA and plaque
markers. The addition of CT-FFR to visual stenosis grading
on cCTA and plaque quantification demonstrated incremental
predictive value (AUC 0.93, p = 0.031). However, the addi-
tion of plaque markers to visual stenosis grading on cCTA and
CT-FFR did not improve discriminatory value, which is in line
with a previous study by Gaur et al [6].

Semi-automated plaque quantification derived from cCTA
provides additional prognostic and predictive value beyond
cCTA alone. In combination with CT-FFR, the combined
morphological and functional non-invasive assessment of
CAD provided by cCTA may become the gatekeeper to inva-
sive coronary angiography. Future developments will likely
focus on big data and deep machine learning methods to com-
prehensively synthetize complete functional and anatomical
assessment from non-invasive cCTA testing to parametrically
assess the severity of CAD.

This study has several limitations that deserve mention.
We performed a retrospective investigation, which is
therefore subject to limitations inherent to this study de-
sign. A relatively small number of patients were included
which may incur a selection bias. Therefore, larger, pos-
sibly prospective studies will be necessary to validate our
findings. Our results on multivariate analysis may be un-
derpowered by the limited number of observations per
variable included [37]. Therefore, this data should only
be considered hypothesis-generating. Only patients with
at least one invasively quantified stenosis were included.
Furthermore, we excluded patients with prior myocardial
infarction, coronary intervention, and severely reduced
left ventricular ejection fraction. Likewise, we did not
systematically correlate our findings on cCTA with an
invasive reference standard for intracoronary plaque as-
sessment. However, the semi-automated plaque software

used in the present investigation has been established in
previous studies [18, 38]. Furthermore, plaque features
were not incorporated into a machine learning–based
score but assessed by multivariable logistic regression
analysis. Combined assessment of plaque features togeth-
er with CT-FFR using deep machine learning models may
further improve discriminatory power.

In conclusion, this study demonstrates that cCTA-
derived plaque markers plaque markers portend predictive
value to identify lesion-specific ischemia when compared
to cCTA stenosis grading alone and the addition of CT-
FFR to plaque markers showed incremental discriminatory
power.
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