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ARTICLE INFO ABSTRACT
Keywords: Background: Coronary computed tomography angiography (CCTA)-derived quantitative flow ratio (CT-QFR) is an
Computed tomography derived quantitative on-site non-invasive technique estimating invasive fractional flow reserve (FFR). This study assesses the diag-

flow reserve
Coronary artery disease
Coronary computed tomography angiography

nostic performance of using most distal CT-QFR versus lesion-specific CT-QFR approach for identifying hemo-
dynamically obstructive coronary artery disease (CAD).
Fracti Methods: Prospectively enrolled de novo chest pain patients (n = 445) with >50 % visual diameter stenosis on
ractional flow reserve
Non-invasive cardiac imaging CCTA were referred for invasive evaluation. On-site CT-QFR was analyzed post-hoc blinded to angiographic data
Quantitative coronary analysis and obtained as both most distal (MD-QFR) and lesion-specific CT-QFR (LS-QFR). Abnormal CT-QFR was defined
as <0.80. Hemodynamically obstructive CAD was defined as invasive FFR <0.80 or >70 % diameter stenosis by
3D-quantitative coronary angiography.
Results: In total 404/445 patients had paired CT-QFR and invasive analyses of whom 149/404 (37 %) had he-
modynamically obstructive CAD. MD-QFR and LS-QFR classified 188 (47 %) and 165 (41 %) patients as
abnormal, respectively. Areas under the receiver-operating characteristic curve for MD-QFR was 0.83 vs. 0.85 for
LS-QFR, p = 0.01. Sensitivities for MD-QFR and LS-QFR were 80 % (95%CI: 73-86) vs. 77 % (95%Cl: 69-83), p =
0.03, respectively, and specificities were 73 % (95%CI: 67-78) vs. 80 % (95%CI: 75-85), p < 0.01, respectively.
Positive predictive values for MD-QFR and LS-QFR were 63 % vs. 69 %, p < 0.01, respectively, and negative
predictive values for MD-QFR and LS-QFR were 86 % vs. 85 %, p = 0.39, respectively).
Conclusion: Using a lesion-specific CT-QFR approach has superior discrimination of hemodynamically obstructive
CAD compared to a most distal CT-QFR approach. CT-QFR identified most cases of hemodynamically obstructive
CAD while a normal CT-QFR excluded hemodynamically obstructive CAD in the majority of patients.

Abbreviations: 3D-QCA, 3-Dimensional-quantiative invasive coronary angiography analysis; CACS, Coronary artery calcium score; CAD, Coronary artery disease;
CCTA, Coronary computed tomography angiography; CT-QFR, Computed tomography derived quantitative flow ratio; DS, Diameter stenosis; FFR, Fractional flow
reserve; ICA, Invasive coronary angiography; MLD, Minimal Lumen diameter; PCI, Percutaneous coronary intervention; RLD, Reference Lumen diameter.
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1. Introduction
1.1. Background

In de novo chest pain patients with suspected obstructive coronary
artery disease (CAD), initial non-invasive testing by coronary computed
tomography angiography (CCTA) is recommended to rule out obstructive
CAD, in particular in lower pre-test likelihood patients.!> However, the
correlation between stenosis severity on CCTA and flow limitation
measured invasively is only moderate,* and two in five patients conse-
quently undergo revascularization when referred for an invasive inves-
tigation following a CCTA with suspected obstructive stenosis.”
Therefore, second-line functional imaging is recommended before inva-
sive referral %

Computational physiology models derived from different coronary
imaging modalities have been developed to estimate the functional sig-
nificance of a suspected coronary stenosis.” !° Quantitative flow ratio
(QFR), a method for fast estimation of invasive fractional flow reserve
(FFR) from invasive coronary angiography (ICA), was recently validated
with good agreement to invasive FFR.'' ' Recently, the QFR algorithm
has been modified and applied to CCTA images for non-invasive esti-
mation of FFR (CT-QFR) with equally good agreement and diagnostic
performance compared to invasive FFR.>!%15

Thus, in patients with suspected stenosis on coronary CTA, second-
line functional imaging using CT-QFR holds the potential to increase
revascularization rates at ICA in patients selected by CCTA. However, the
validity of existing evidence of CT-QFR performance is limited to central
core-lab evaluations of mainly retrospective registries, and non-invasive
CT-QFR values have previously only been reported for invasively inter-
rogated vessels. Hence, the non-invasive applicability of CT-QFR to guide
referral for downstream ICA is unknown.”!®!° Additionally, though
CT-QFR can be measured throughout the span of a coronary artery, only

Patients referred for ICA due to stenosis on CCTA
n =445

Patients with analyzeable CT-QFR
423

n=

Patients with both CT-QFR and analyzeable ICA
n = 404

Vessel territories

n=1195

Vessels with invasive FFR

n=3I3

Vessels with core lab FFR and corresponding CT-QFR
n=273
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distal vessel values have been utilized without stenosis or pressure-wire
location adjudication which could potentially affect values of CT-QFR
and hence diagnostic performance.'®

1.2. Objective

In patients with suspected stenosis on CCTA, we aimed to 1) assess the
diagnostic performance of second line on-site CT-QFR against hemody-
namically obstructive CAD by invasive FFR, and 2) compare the diag-
nostic performance of using most distal (MD-QFR) versus lesion-specific
(LS-QFR) CT-QFR measurements.

2. Methods
2.1. Study population and study overview

This is a post-hoc sub-study of the Danish study of Non-Invasive
testing in Coronary Artery Disease 2 (Dan-NICAD 2. ClinicalTrials ID:
NCT03481712); a prospective, multicenter, cross-sectional study
including 1732 symptomatic de novo chest pain patients without previ-
ously known CAD referred for CCTA by clinical indication. The study
protocol and main findings were previously reported.”’18 In short, pa-
tients with suspected stenosis on CCTA (>50 % diameter stenosis (DS))
were referred for second-line non-invasive stress imaging and subsequent
invasive FFR (Fig. 1).

The present paper investigates the diagnostic performance of CT-QFR
against hemodynamically obstructive CAD by invasive FFR in patients
with >50 % diameter stenosis (DS) on CCTA. First, MD-QFR and LS-QFR
measurements were performed on-site and blinded to patient de-
mographics, non-invasive stress imaging and ICA results (Fig. 1). Sec-
ondly, CT-QFR measurements were adjudicated to images of the location
of the pressure wire sensor during ICA. Third, diagnostic performance of

- Severe stiching or motion artifacts on CCTA (n = 12)
- Severe Myocardial Bridge (n = 3)

- Incomplete CCTA images (n = 3)

- Other (n = 4)

- ICA aorta-ostial lesion without FFR (n = 10)
- ICA overlap or foreshortening (n = 5)
- ICA poor quality (n = 3)

- Incomplete ICA images (n = 1)

- Pressure waveforms not accepted by FFR core lab (n = 33)
- No pressure wire image available (n = 5)

- Pressure wire position unreliable (n =2)

Fig. 1. Consort diagram. In total, 1722 patients completed CCTA, with 445 (26 %) having >50 % diameter stenosis, all 445 underwent ICA. The final study cohort
(n = 404) represents patients who completed CCTA, and had paired CT-QFR and ICA analyses.
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LS-QFR < 0.80
165 (41%)
Obstructive CAD Obstructive CAD
114 (77%) 119 (80%)
+ CAD
149 37%)
LR (+): 3.83 * Obstructive CAD 35 (23%) LR (+): 2.95 * Obstructive CAD 30 (20%) |
No obstructive CAD No obstructive CAD
. LR (-): 0.29 LR (-): 0.28
R 51 (20%) © 69 (27%) ©
No Obstructive CAD
205 (80%) No Obstructive CAD
— CAD 186 (73%)
255 (63%)
Accurac Sensitivit Specifici PPV NPV
Using LS-QFR Y 24 d 21
reclassified 12% with LS-QFR 79 (74-83) 77 (69-83) 80 (75-85) 69 (61-76) 85 (80-90)
MD-QFR < 0.80 to 76 (71-80) 80 (73-86) 73 (67-78) 63 (56-70) 86 (81-90)
LS-QFR > 0.80 p Value 0.007 0.025 <0.001 <0.001 0.386

Fig. 2. Contigency table for the two different CT-QFR approaches. Graphical representation of 2 x 2 contingency table over lesion-specific and most distal CT-QFR
according to presence or absence of hemodynamically obstructive CAD on ICA. Box sizes corresponds to prevalence. * denote P < 0.001 between positive likelihood

ratios (LR (+)); P = 0.393 between negative likelihood ratios (LR (-)).

MD-QFR and LS-QFR against hemodynamically obstructive CAD on ICA
were investigated on a per-patient and a per-vessel level. Finally, corre-
lations and agreements between measurements of CT-QFR with invasive
FFR were investigated.

The study followed the principles of the Declaration of Helsinki and
ISO 14155:2011.

2.2. Coronary CTA exclusion criteria for CT-QFR analysis

Exclusion criteria for this study was: 1) non-diagnostic Image quality
defined as reduced image quality which precluded appropriate evalua-
tion of the coronary arteries (Grade 1 Likert image quality'®); 2)
incomplete CCTA examinations, precluding full-vessel evaluation of all
coronary arteries >1.5 mm?; and 3) vessels with severe myocardial
bridging defined as complete vessel encasement in the myocardium,
depth >2 mm, and length >10 mm in the interrogated vessel on CCTA.

2.3. Computed tomography acquisition and interpretation

The acquisition and interpretation of CCTA were previously
described.!” First, a coronary artery calcium score (CACS) was calculated
for all patients using non-enhanced images. Secondly, a
contrast-enhanced examination enabled evaluation of stenosis severity
using an 18-segment model of the coronary tree.?

Suspected obstructive CAD on CCTA was defined as visual DS > 50 %
by a reading expert physician, while a severe stenosis on CCTA was
defined as visual DS > 70 %.%°

2.4. Computation of CT-QFR
The methodological principles of CT-QFR computation have previ-

ously been described.”!%!>2! In short, CCTA images were analyzed by an
external analyst blinded to any procedural results. Analyses were

164

performed on-site on local hardware by a trained reader certified in
CT-QFR computation by the technology provider. The software version of
the CT-QFR was CtaPlus V2 (Pulse Medical, China) which enabled
semi-automatic lumen extraction with manual corrections allowed if
needed. A more detailed description of the applied CT-QFR approach is
outlined in the Supplemental Data.

Following CT-QFR computation, MD-QFR values were extracted most
distally in all coronary arteries >1.5 mm regardless of the presence or
location of any stenosis. LS-QFR values were extracted just at the distal
border of a stenotic lesion using the automatic detection limit of 20 %
luminal DS with manual adjudication (Graphical Abstract). After all CT-
QFR analyses were completed, ICAs were reviewed, and recordings of the
invasive pressure wire sensor location was used to extract pressure wire-
adjudicated CT-QFR measurements at the corresponding location, using
the 3D coronary tree reconstruction from the CT-QFR analysis.

The primary analyses included per-patient diagnostic evaluations
according to MD-QFR and LS-QFR against obstructive CAD on ICA as
reference. Secondary analyses included per-patient diagnostic perfor-
mance of both CT-QFR approaches and a visual 70 % DS threshold on
CCTA for detecting obstructive CAD at ICA as reference; an analysis of
per-patient diagnostic performance of CT-QFR with revascularization as
reference was also performed. Per-vessel CT-QFR diagnostic performance
was investigated with vessels categorized according to the three coronary
vessel distributaries: left anterior descending artery (LAD) (including the
left main (LM) artery), left circumflex artery (LCX) and the right coronary
artery (RCA). Additionally, in the vessels with pressure wire interroga-
tion, the correlation and agreement of invasive FFR with both MD-QFR
and LS-QFR were investigated.

For both the per-patient- and per-vessel analyses, an abnormal MD-
QFR and LS-QFR were defined as a value of <0.80 or a visually
assessed total occlusion (assigned <0.80 for both MD- and LS-QFR).22
Patient level MD-QFR and LS-QFR were the lowest values measured in
any artery; thus, if at least one vessel had MD-QFR or LS-QFR value of
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<0.80, respectively, patients were classified as having obstructive CAD
according to the approach. In vessels without detected stenosis by
CT-QFR, LS-QFR were regarded as normal (LS-QFR >0.80) regardless of
MD-QFR value.

2.5. Invasive coronary angiography and fractional flow reserve

According to the study protocol, invasive FFR was performed if
technically possible in lesions with visual 30-90 % DS in vessels >2 mm
in diameter during hyperemia using standard adenosine stress protocol.
All pressure waveforms were analyzed by a core lab (Interventional Im-
aging Core Laboratories, Aarhus University, Denmark). If invasive FFR
was indicated but not, performed or the pressure waveforms were not
accepted, diameter stenosis (DS) severity was assessed using 3D-quanti-
tative coronary angiography (3D-QCA); Medis Suite QAngio XA-3D/
QFR solution (Medis Medical Imaging bv., Leiden, The Netherlands).
The 3D-QCA analyses additionally provided information on minimal
lumen diameter (MLD) and reference lumen diameter (RLD).'®

For the primary analysis, hemodynamically obstructive CAD was
defined as either invasive FFR <0.80 or >0.70 % diameter stenosis by
3D-QCA (including total occlusion), if invasive FFR was not available.

2.6. Statistical analysis

Continuous variables are expressed as mean with standard deviations
(SD) if normally distributed, otherwise as median with total or inter-
quartile range (IQR). Dichotomous or categorical variables are reported
as n (%).

The diagnostic performance of MD-QFR and LS-QFR were evaluated
by diagnostic accuracy, sensitivity, specificity and compared using
McNemar's test. Positive (PPV), negative predictive (NPV) values were
calculated and compared by weighted generalized score statistics,?>
positive and negative likelihood ratios were compared using regression
models. Area under the receiver operating characteristic curve (AUC)
were compared using the Delong method. Furthermore, diagnostic
comparisons of MD-QFR and LS-QFR with >70 % DS on CCTA with
obstructive CAD at ICA as reference were made. Tests were made on both
a per-patient and per-vessel level.

The correlation and agreement of CT-QFR with invasive FFR were
assessed with Spearman's correlation coefficients, visualized with scatter
and Bland-Altman plots.The impact of CACS >400 in vessels with pres-
sure wire interrogation on both correlation and agreement of CT-QFR
compared with invasive FFR were investigated.

Finally, in vessels with both invasive FFR, CT-QFR and 3D-QCA,
multivariate mixed effect linear regression models were applied to pre-
dict differences between invasive FFR and LS-QFR, accounting for
different vessels within the same patient. Models based on differences in
diameter stenosis, minimal lumen diameter and reference lumen diam-
eter measures on ICA and CT were constructed, with adjustment for heart
rate, BMI, vessel territory and vessel CACS.

For all statistical analyses, 95 % confidence intervals (CI) were re-
ported when appropriate and a two-tailed p value < 0.05 was considered
statistically significant, in case of multiple comparisons, Bonferroni
correction was applied. Statistical analyses were performed using Stata
16 (StataCorp, College Station, Texas) and R (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results
3.1. Study population

In total, 1722/1732 (99 %) patients underwent CCTA of whom 445/
1722 (26 %) had at least 1 vessel with a >50 % diameter stenosis by the
clinical site-read. Of these, 423/445 (95.1 %) patients obtained an image
quality that allowed for successful CT-QFR analysis of all three major
coronary arteries and side branches (Fig. 1). Median CT-QFR analysis
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time including lumen reconstruction was 9 min with an IQR of 7-12 min.
All patients underwent ICA, with 404/423 having complete ICA analyses
(Fig. 1). Baseline characteristics and CCTA findings for the final cohort (n
= 404) are shown in Table 1.

On a per-patient level, hemodynamically obstructive CAD was iden-
tified in 149/404 (36.9 %) patients of whom 90/149 (60.4 %) had
invasive FFR <0.80 while 59/149 (39.6 %) patients had >70 % DS by
3D-QCA alone (Table 2). Overall, 43 patients had multi-vessel disease.
On a per-vessel level, hemodynamically obstructive CAD was identified
in 193/1195 (16.2 %) vessels (Supplementary Table 1).

3.2. Diagnostic performance of most distal and lesion-specific CT-QFR

Median patient MD-QFR was 0.82 [0.75-0.86], and median patient
LS-QFR was 0.83 [0.78-0.90] (Table 2). On a per-patient level, 188/404
(46.5 %) had >1 vessel with MD-QFR <0.80, and 165/404 (40.8 %)
patients had >1 vessel with LS-QFR <0.80. Thus, 23/188 (12 %) of pa-
tients were reclassified as having no hemodynamically obstructive CAD
by using LS-QFR rather than MD-QFR (Fig. 2, Graphical Abstract).

Per-patient area under the receiver operating curves were 0.83
(0.79-0.87) for MD-QFR versus vs. 0.85 (0.81-0.89) for LS-QFR, p =
0.005, with overall superior diagnostic accuracy for LS-QFR (79 % vs. 76
% for MD-QFR, p = 0.007). However, MD-QFR showed superior sensi-
tivity compared to LS-QFR (80 % vs. 77 %, p = 0.025) while specificity
was impaired (73 % vs. 80 % for LS-QFR, p < 0.001) (Fig. 2, Graphical
Abstract). The NPV of MD-QFR was 86 % vs. 85 % for LS-QFR, p = 0.386;
whereas, MD-QFR had a lower PPV of 63 % vs. 69 % for LS-QFR, p <
0.001 (Fig. 2, Graphical Abstract). Using a LS-QFR approach would
decrease the number of false positives to 20 % from 27 % by MD-QFR
(Fig. 2). Of the 43 patients with multi-vessel disease, MD-QFR identi-
fied 42 (98 %) as abnormal, while LS-QFR correctly identified 41 (95 %),
p = 0.317 (Table 2). Similar results were found by the sensitivity refer-
ence of revascularization (n = 155) (Figure S1).

A >70 % DS on CCTA was present in 240 (59 %) patients. For iden-
tifying obstructive CAD at ICA Sensitivity and NPV were similar between
both CT-QFR approaches and >70 % DS on CCTA (Table 3). However,
AUC (0.66), diagnostic accuracy (63 %) specificity (53 %) and PPV (50
%) were all significantly lower for 70 % DS on CCTA (p < 0.001 for all)

Table 1
Baseline Patient and Imaging Characteristics for final cohort (n = 404).

Characteristic
Gender, male
Age, years, mean + SD
Cardiovascular risk factors
ESC-PTP
Family history of early CAD
Current smoking
Diabetes mellitus
Lipid-lowering treatment
Antihypertension treatment
Body Mass Index, mean + SD
Symptoms
Typical chest pain
Atypical chest pain
Non-anginal chest pain
Dyspnea or arrhythmia
Coronary computed tomography angiography

285 (70.5 %)
63.4+7.6

0.22 [0.11-0.32]
163 (40.7 %)
131 (32.4 %)

39 (9.7 %)

61 (15.2 %)

209 (51.7 %)
27.3+3.8

114 (28.2 %)
143 (35.4 %)
91 (22.5 %)
56 (13.9 %)

Heart rate, beats/min 59+ 8
Coronary artery calcium score, median [IQR] 293 [97-807]
=0 29 (7.2 %)
1-399 212 (52.5 %)
>400 163 (40.4 %)

Maximum stenosis on CCTA > 70 % DS 240 (59.4 %)
Coronary artery disease severity (number of vessels with >50 % DS on CCTA)
- 1-vessel disease 226 (55.9 %)
- 2-vessel disease 99 (24.5 %)
- 3-vessel disease or left main disease 79 (19.6 %)

CCTA: Coronary computed tomography angiography; DS Diameter stenosis; ESC-
PTP: European Society of Cardiology Pre-test probability score.
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Table 2
ICA and CT-QFR imaging result patient level (n = 404).

ICA
At least one >30 % visual DS
FFR performed

307 (76.0 %)
219 (54.2 %)

Median FFR 0.83 [0.75-0.88]
Obstructive CAD, either: 149 (36.9 %)
- FFR < 0.80 90 (21.3 %)

- 3D-QCA > 70 %
Non-obstructive CAD
CAD Severity and location (n = 149)
- 1-vessel disease
- 2-vessel disease
- 3-vessel or LM disease

79 (19.6 %)
255 (63.1 %)

106 (71.1 %)
32 (21.5 %)
11 (7.4 %)

- LAD disease 104 (71.7 %)

- LCX disease 33 (23.4 %)

- RCA disease 50 (34.7 %)
CT-QFR

Median most distal CT-QFR*
Most distal CT-QFR > 0.80
Most distal CT-QFR < 0.80
Median lesion-specific CT-QFR*
Lesion-specific CT-QFR > 0.80
Lesion-specific CT-QFR < 0.80

0.82 [0.75-0.86]
216 (53.5 %)
188 (46.5 %)
0.83 [0.78-0.90]
239 (59.2 %)
165 (40.8 %)

Number (Frequency), or mean + SD, or median (Interquartile Range).
*Exempting occluded vessels at CT-QFR. CT-QFR computed tomography derived
quantitative flow ratio, FFR fractional flow reserve, ICA invasive coronary
angiography, LAD left anterior descending, LCX left circumflex, LM left main,
RCA right coronary artery.

(Table 3). Thus, MD-QFR and LS-QFR reclassified 22 % and 31 % of
patients with >70 % on CCTA as normal, respectively.

On a per-vessel level, AUCs were similar between MD-QFR and LS-
QFR (0.88 vs. 0.88, p = 0.495). In accordance with patient-level anal-
ysis, accuracy and specificity were higher for LS-QFR while sensitivity
was impaired (Table S1). The per-vessel diagnostic performance of CT-
QFR versus >70 % DS on CCTA for detecting obstructive CAD at ICA
was similar to the patient-level analysis (Table S1).

Table 3

Diagnostic Performance of MD-QFR and LS-QFR and 70 % Diameter Stenosis on
CCTA for detecting hemodynamically obstructive CAD at ICA, Patient-level (n =
404).

2 x 2 Contigency Table CCTA 70 % DS

>70 % DS <70 % DS
Hemodynamically obstructive 119 30
CAD at ICA
No hemodynamically 121 134
obstructive CAD at ICA
Patient Level Analysis (n = 404)
MD-QFR LS-QFR CCTA 70 % DS
Accuracy 75.5 78.7 62.7
(71.0-79.6) (74.4-82.6) (57.8-67.4)*
Sensitivity 79.9 76.5 79.9
(72.5-86.0) (68.9-83.1) (72.5-86.0)
Specificity 72.9 80.0 52.5
(67.0-78.3) (74.6-84.7) (46.2-58.8)*
PPV 63.3 69.1 49.6
(56.0-70.2) (61.4-76.0) (43.1-56.1)*
NPV 86.1 85.4 81.7
(80.8-90.4) (80.2-89.6) (74.9-87.3)
LR (+) 2.95 3.83 1.68
(2.38-3.67) (2.95-4.97) (1.45-1.96)*
IR (-) 0.28 0.29 0.38
(0.20-0.38) (0.22-0.39) (0.27-0.54)
AUC 0.83 0.85 0.66
(0.79-0.87) (0.81-0.89) (0.62-0.71)*

Patient-level performance of most distal and lesion-specific CT-QFR and 70 % DS
on CCTA. * Indicates p-values <0.001 for MD-QFR and LS-QFR against 70 % DS
on CCTA,; sensitivity, NPV and negative likelihood ratios comparisons all had p-
values > 0.10. DS denotes diameter stenosis. For 2 x 2 contingency tables for
MD-QFR and-LS-QFR please see Fig. 2.
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If vessels with total occlusions (n = 30) at ICA were excluded from the
analysis, the patient level sensitivity was decreased to 70 % for MD-QFR
and to 67 % for LS-QFR (p = 0.166), with minor reductions in the other
diagnostic metrics (Table S2).

3.3. Pressure wire CT-QFR agreement and correlation to invasive FFR

In total, 273 vessels from 220 patients had paired measurements of
CT-QFR and invasive FFR in which median invasive FFR was 0.83
[0.77-0.90] and median CT-QFR at the location of the pressure wire was
0.86 [0.80-0.90] (Table 4). Both CT-QFR at the pressure wire location
and LS-QFR were overestimated compared to invasive FFR while MD-
QFR showed good agreement with invasive FFR (Fig. 3). Values of CT-
QFR at the location of the pressure wire correlated moderately with
invasive FFR, rho 0.60, p < 0.001 (Fig. 3). CACS severity did not impact
the correlation and agreement of invasive FFR and CT-QFR at the loca-
tion of the pressure wire (Figure S2).

3.4. Multivariate regression analysis of difference between invasive FFR
and LS-QFR

In total, 246 vessels with invasive FFR, LS-QFR and 3D-QCA were
available for linear regression modeling using anatomical ICA and CT
measures to predict differences between invasive FFR and LS-QFR.
Overall, differences in diameter stenosis (f: —0.03/10 % difference in
DS assessment, p < 0.001) and minimum lumen diameter (f: 0.05/1 mm
difference in MLD assessment, p < 0.001) predicted invasive FFR and LS-
QFR discrepancy (Table S3 and Figure S3). Conversely, differences in
reference lumen diameter assessment could not explain the invasive FFR
and CT-QFR discrepancy (Figure S4).

4. Discussion

This study evaluated the diagnostic performance of CT-QFR as a non-
invasive alternative to invasive investigations in patients with suspected
obstructive CAD. We found that both MD-QFR and LS-QFR had similar
diagnostic accuracy with LS-QFR yielding higher specificity at the cost of
lower sensitivity. Furthermore, both CT-QFR approaches had either
similar or superior diagnostic performance compared to >70 % DS on
CCTA for detection of obstructive CAD at ICA. In vessels where both
invasive FFR and CT-QFR were measured, CT-QFR measurements over-
estimated invasive FFR values which could partly be explained by
discrepancy in the assessment of anatomical stenosis severity by CT-QFR
software and ICA.

Table 4
Vessels with invasive FFR and CT-QFR (n = 273), invasive findings.
ICA CT-QFR
Pressure wire LS-QFR MD-QFR
QFR
Median FFR or 0.83 0.85 0.86 0.84
CT-QFR [0.77-0.90] [0.80-0.90] [0.80-0.91] [0.79-0.88]
N (%) < 0.80 101 (37.0 %) 74 (27.1 %) 72 (26.4 %) 91 (33.3 %)
Diameter 45 [39-51] 37 [30-44]
stenosis, %*
Minimal lumen 1.6 [1.3-1.9] 1.8 [1.5-2.1]
diameter,
mm*
Reference 2.9 [2.6-3.3] 2.9 [2.5-3.3]
lumen
diameter,
mm*

Invasive FFR and 3D-QCA findings in vessels with invasive FFR, and the same for
CT-QFR in corresponding vessels. Vessels included 160 LAD/LM, 12 diagonal
branches, 49 LCX, 52 RCA. * denote available for 246 paired vessels. Abbrevia-
tions as in Table 2.
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Fig. 3. Scatter and Bland-Altman plots - CT-QFR and FFR at pressure wire location. A) Scatterplot over pressure wire location CT-QFR values and invasive FFR values,
demonstrating a moderate correlation to invasive FFR. B) Bland-Altman Plot demonstrating that Pressure wire CT-QFR slightly overestimated FFR with narrow limits
of agreements, which contained >95 % of measurements. C) Table showing Mean difference and Spearman correlations between CT-QFR and FFR.

4.1. Current CT-QFR iteration compared to previous CT-QFR studies

In this study, the use of CT-QFR was investigated as a non-invasive
second-line alternative for discrimination of hemodynamically obstruc-
tive CAD in patients with suspected stenosis on CCTA. We found sensi-
tivities of 77-80 % and specificities of 73-80 % which is somewhat
different from previous retrospective studies reporting higher sensitiv-
ities and comparable specificities.”!®> Overall, several explanations are
possible including that previous studies 1) exclusively utilized MD-QFR
values that in alignment with our findings overestimates CT-QFR
compared with invasive FFR’; 2) applied experienced core-lab CT-QFR
reads with core-lab reads being more precise'>?%; and 3) only included
CT-QFR from vessels with invasive FFR measurements and disregarded
the CT-QFR from other vessels. The latter is not applicable in a real-world
setting where all major coronary vessels should be evaluated prior to
invasive referral using the second-line non-invasive approach of choice,
which is the reason that the present study included CT-QFR assessment
for all arteries >1.5 mm. Further, as incorrect lumen contouring affects
CT-QFR, underestimation of diameter stenosis severity or overestimation
of minimal lumen diameter could partly explain overestimation of
invasive FFR in the present study (Table S2). Other potentially contrib-
uting factors explaining our observed impaired sensitivity are patient
selection as our patients were selected due to a suspected stenosis on
CCTA, and previous studies applied different definitions of obstructive
CAD. Similar to our findings, Li et al. reported comparable diagnostic
accuracy in vessels with localized extensively calcified lesions.”*®

4.2. CT-QFR compared to other functional CT-assessments

Compared to previous studies on other computational fluid dynamic
models (i.e., CT derived Fractional Flow Reserve (FFRct)), we found
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similar overall diagnostic accuracy of CT-QFR; 77-80 % vs. 78-81 % of
FFRct in the NXT trial and post hoc analysis of the PACIFIC trial.?>2°
However, our reported AUCs of MD-QFR and LS-QFR were both lower
(0.83 and 0.85) compared to FFRct (0.90-0.92) as FFRct typically un-
derestimates invasive FFR in contrast to CT-QFR which typically over-
estimates invasive FFR.>!*!> In general, the differences in diagnostic
performance between CT-QFR and FFRct can be attributed to several
factors. Firstly, CT-QFR and FFRct apply different computational ap-
proaches, with FFRct including a highly comprehensive fluid dynamics
model that simulates blood flow in the coronary arteries while also
incorporating myocardial mass in the estimation of invasive FFR.>’ In
contrast, CT-QFR patient-specific resting coronary flow was estimated
using the reference arterial volume according to the allometric scaling law
and converted to virtual hyperemic flow.?! Secondly, disease severity,
disease prevalence and reference standards of choice vary between pre-
vious FFRct studies. Thirdly, previous FFRct studies had rather strict
image quality criteria and excluded 13-25 % of patients>>° whereas only
5 % of patients were excluded for CT-QFR analysis in the present study.
Fourthly, spectrum bias is a possibility as previous FFRct studies included
symptomatic patients primarily referred for ICA while our results are
based on low-intermediate risk patients with initial clinical indication for
CCTA.?® Adding to this point, a recent real-life study showed a marked
decrease in predictive values of FFRct performance in patients initially
referred for CCTA.%° Overall, previous FFRct studies only applied values
extracted at the position of the pressure wire, and while this method has
academic merit for validation, it does not provide a patient-centred
non-invasive approach of how to use computational FFR. In this study of
CT-QFR, we showed that using LS-QFR may have small incremental ad-
vantages over using MD-QFR for safely reducing the number of unnec-
essary ICAs that are not followed by revascularization, while FFRct
performance varies substantially according to measurement site.?®
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4.3. CT-QFR feasibility and clinical perspectives

CT-QFR is a fast and feasible second-line imaging technique that takes
less than 10 min to perforrn.15 Compared to e.g., FFRct, CT-QFR can be
performed on-site in the same session as performing a clinically indicated
CCTA examination without the need for image transfer.?’

While core-lab interpreted MD-QFR has shown promise as a non-
invasive tool for assessing hemodynamically obstructive CAD,>*'° our
findings demonstrate that both MD-QFR and LS-QFR calculated on-site
has a sensitivity >75 % to identify hemodynamically obstructive le-
sions by ICA in patients with CCTA stenosis of >50 %, with a high
negative predictive value above 85 % in case of normal CT-QFR (Fig. 2).
Authors report even lower sensitivities against hemodynamically
obstructive CAD by different myocardial perfusion imaging techniques,
especially in invasive FFR grey-zone patients.!*'®2° Importantly, both
MD-QFR and LS-QFR identified the vast majority of patients (>95 %)
with multi-vessel obstructive CAD.

Although CCTA generally overestimates stenosis severity,” the cur-
rent semi-automatic lumen detection by the CT-QFR software may un-
derestimate stenosis severity, concomitantly leading to higher CT-QFR
values (Supplementary Figure 3). This suboptimal lumen boundary
detection may be reduced by increased reader experience, on-site
collaboration with core lab expert readers and improvements in the
artificial intelligence guided lumen contouring algorithm, this should be
evaluated in future prospective CT-QFR studies. Instead of CCTA
anatomical diameter stenosis alone to guide invasive referral, CT-QFR
could reduce more than half the number of invasive referrals. Such sce-
nario could hypothetically almost double revascularization rates to 70 %
by LS-QFR compared to 37 % by CCTA alone while the majority of pa-
tients (>84 %) with a normal CT-QFR could safely be deferred from
unnecessary ICAs as no hemodynamically obstructive lesions were
identified (Fig. 2, Graphical abstract, Figure S1). This should be tested in
a prospective trial evaluating CT-QFR compared to invasive FFR, ideally
with measurements of both in all major vessels.

4.4. Limitations

Our study has some limitations. First, not all vessels had invasive FFR,
and using more severe 70 % DS by 3D-QCA may have decreased the
specificity of CT-QFR. However, the 70 % DS threshold is in accordance
with guidelines on revascularization stating that such lesions per defi-
nition cause myocardial ischemia.>’ Secondly, to reflect the clinical
approach of adapting CT-QFR to an on-site read, we utilized a single
trained analyst without repeated measurements and with less experience
than external core lab interpreters; however, repeated measurements
have previously demonstrated small intra- and inter-observer variability
and good intra-class correlations.'® Thirdly, although the Dan-NICAD
trial had pre-specified investigations of both CT-derived FFR and inva-
sive QFR against obstructive CAD on ICA, the present CT-QFR analysis
was performed post-hoc. Finally, we included only patients with sus-
pected obstructive CAD on CCTA and while this approach is in accor-
dance with guidelines, it may have resulted in a high prevalence of
borderline disease in our population compared to patients primarily
referred for ICA.

5. Conclusions

To conclude, in an all-comer population, on-site CT-QFR showed good
feasibility and good diagnostic accuracy for detecting hemodynamically
obstructive CAD. Overall, CT-QFR tended to be overestimated compared
to invasive FFR. Despite a modest reclassification potential, using lesion-
specific CT-QFR had improved diagnostic accuracy over the conventional
most distal CT-QFR approach. Normal CT-QFR could exclude hemody-
namically obstructive CAD in the majority of patients.
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