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Abstract

Aims

Methods
and results

This study aims to assess the diagnostic performance of a novel computed tomography-derived fractional flow reserve
(CT-FFR) algorithm and to compare its accuracy at three predefined sites: (i) at the location of invasive FFR measurements
(CT-FFRt100), (ii) at selected sites determined by an automated module integrated within the algorithm (CT-FFR,.), and
(iii) distally in the vessel (CT-FFR ista)-

We prospectively recruited 108 consecutive patients with stable symptoms of coronary artery disease and at least one sus-
pected obstructive lesion on coronary computed tomography angiography (CCTA). CT-FFR was validated against invasive
FFR as gold standard using FFR < 0.80 to define myocardial ischaemia. CT-FFR 4o showed good correlation with invasive
FFR (r=0.67) and improved the ability to detect myocardial ischaemia compared with CCTA at both lesion [area under the
curve (AUC) 0.83 vs. 0.65, P < 0.001] and patient level (AUC 0.87 vs. 0.74, P=0.007). CT-FFR,;, demonstrated similar
diagnostic accuracy to CT-FFR, . and significantly improved specificity compared with CT-FFRyista (86% vs. 49%,
P < 0.001). High end CT quality improved the diagnostic performance of CT-FFR, ., demonstrating an AUC of 0.92; similarly,
the performance was improved in patients with low-to-intermediate coronary artery calcium score with an AUC of 0.88.

Implementing an automated module to determine the site of CT-FFR evaluations was feasible, and CT-FFR, s, demonstrated
comparable diagnostic accuracy to CT-FFR o When assessed against invasive FFR. Both CT-FFR,yoc and CT-FFR, o
improved the diagnostic performance compared with CCTA and improved specificity compared with CT-FFR s High
end CT quality and low-to-intermediate calcium burden improved the diagnostic performance of our algorithm.
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Introduction

Current guidelines recommend coronary computed tomography angi-
ography (CCTA) as a first-line diagnostic test in symptomatic patients
with low-to-moderate clinical likelihood of coronary artery disease
(CAD)." The presence and extent of coronary atherosclerosis have
prognostic value and are important for further medical treatment.”
More controversial, however, is the selection of patients for invasive
coronary angiography (ICA) based on CCTA alone. The stenosis degree
on CCTA correlates well with ICA results but is unreliable as a marker
for ischaemia and tends to overestimate the physiological severity of
coronary stenoses when compared with fractional flow reserve (FFR).?
Computed tomography-derived FFR (CT-FFR) is a novel technology
that provides a non-invasive estimate of FFR, which relies on computational
fluid dynamics and vessel geometry extracted from CCTA. The fluid dy-
namic equations used to calculate the pressure gradients over atheroscler-
otic lesions and also calculate the progressive decline in pressure gradients
in healthy, continuously tapering vessels irrespective of coronary stenosis.
The diagnostic performance of the test using a dichotomous cut-off value
of 0.80 for defining ischaemia will, therefore, not only depend on stenosis
degree and flow but also on the site of the CT-FFR evaluations.
Traditionally, validation studies of CT-FFR have relied on information
from the ICA, in which CT-FFR values are obtained at the exact position

of the invasive measurements.* In a clinical setting, this information is un-
available and studies on clinical outcome have applied CT-FFR values
from the distal end of each coronary distribution to define myocardial is-
chaemia.® Recent studies have shown that the diagnostic accuracy of
CT-FFR improves when obtained directly distal to the lesion, rather
than distally in the vessel.*” Additionally, consensus papers have advised
caution in using CT-FFR values from the distal end and emphasized the im-
portance of evaluating the presence of relevant pathology upstream on
both CCTA and CT-FFR® However, this approach requires subjective
judgement and makes the selection of proper location of CT-FFR predic-
tions dependent on the experience and training of the reading physician.

The purpose of the present study was to validate a novel CT-FFR ap-
proach that incorporates a module that automatically defines the site
for CT-FFR predictions and to compare the diagnostic performance
of CT-FFR estimated at three different sites within the vessel.

Methods

Study design and population

Between October 2018 and March 2021, we prospectively enrolled 108
consecutive patients with stable chest pain and at least one suspected signifi-
cant stenosis (visually >50% stenosis diameter) on CCTA referred for a

20z JaquianoN G| uo 1sanb Aq £z2/¥6///2012ekb/g/z/a01ne/dwilys/woo dno-ojwapese//:sdiy woly papeojumoq



Automated CT-FFR model for diagnosing haemodynamically significant CAD

clinically indicated ICA. Exclusion criteria included previous coronary
revascularization, age > 75 years, body mass index > 40, hospitalization for
unstable CAD after CCTA, non-diagnostic CCTA quality, and contraindica-
tions to adenosine. Patients with clinically significant arrhythmia, cardiomy-
opathy, congenital coronary anomaly, chronic total occlusions, coronary
aneurysms, or significant valvular heart disease were ineligible. Assessment
during recruitment included a complete echocardiographic examination.
Patients with bifurcation lesions, ostial stenosis, and serial lesions were con-
sidered eligible. For serial stenoses, we considered only one pressure meas-
urement per vessel, specifically the most distal. The study protocol was
approved by the Regional Ethics Committee of Central Norway (2016/
1609), registered at the ClinicalTrials.gov (NCT03045601) and performed
according to the Declaration of Helsinki. Written informed consent was ob-
tained from all participants.

CT imaging

CCTA was conducted at St. Olavs University Hospital and at five collabor-
ating local hospitals. A total of nine CT scanners from three different
vendors were employed: General Electric Healthcare (Waukesha, WI,
USA), Siemens Healthineers (Erlangen, Germany), and Philips Healthcare
(Best, the Netherlands). The scanners used included four GE Revolution
DE 256-slice scanners with a 160 mm detector width, one GE Discovery
64-slice scanner with a 40 mm detector width, two Somatom Flash DE
2 X 128-slice scanners with a 2 X 38 mm detector width and one Philips
iCT 256-slice scanner with an 80 mm detector width. Image acquisition
and post-processing were performed according to current guidelines.”
Beta-blockers were administered orally and, if necessary, intravenously to
reach a target heart rate of <60 bpm. Sublingual nitroglycerin was adminis-
tered before scanning in all patients. Local radiology readers evaluated the
CCTA images according to guidelines and referred to ICA in cases with the
presence of one or more suspected obstructive lesions.'® CCTA data sets
were post-processed in syngo.via software (version VB40 and VB6O,
Siemens Healthcare GmbH, Erlangen, Germany) and re-evaluated separate-
ly by two radiologists. Both radiologists were blinded to ICA results and in-
vasive FFR and CT-FFR results. Stenosis degree was quantified in all
coronary segments with diameter > 1.5 mm and stenoses > 50% were con-
sidered significant. Coronary artery calcium score (CAC score) was calcu-
lated according to guidelines."” A CAC score below 300 represented the
low-to-intermediate category, while a CAC score of 300 or higher indi-
cated the high CAC score category, following current recommendations.'?

Invasive coronary angiography

ICA was performed within 3 months following CCTA using standard tech-
niques. Invasive FFR measurements were performed in all stenoses docu-
mented by CCTA and confirmed through the invasive procedure. FFR
measurements were not carried out in cases where ICA did not reveal
any evidence of stenosis, i.e. blooming artefacts, or in subtotal stenoses
that were not amendable to invasive pressure measurements. Additional
FFR measurements were conducted in cases of intermediate stenoses
with questionable haemodynamic significance not identified by CCTA.

Fractional flow measurements

FFR was measured using Verrata Plus (Philips Volcano, San Diego, CA, USA)
pressure wires according to standard practice. Intracoronary nitroglycerin
(0.2 mg) was administered to all patients before advancing the pressure
wire into the coronary artery, and hyperaemia was induced by continuous
intravenous infusion of adenosine at a rate of 140 pg/kg/min. FFR was defined
as the lowest observed value, and the precise positions of FFR measure-
ments were recorded for each patient. Following the measurements, the
pressure wire was retracted to the equalization point at the tip of the guiding
catheter to ensure there was no drift. Acceptable drift was defined as +0.02.
Positive FFR was defined as <0.80, indicating myocardial ischaemia.

Computed tomography-derived fractional
flow reserve

We employed a previously presented machine learning-augmented re-
duced order model to predict pressure and flow distribution in the coron-
ary tree.”>™"® For each patient, a 3D arterial model of both coronary vessels

was generated semi-automatically using Mimics (Materialise, Leuven,
Belgium). Successively, we extracted centrelines from the 3D segmenta-
tions and sampled radius data at intervals of ~0.125 mm, facilitating the cre-
ation of a cross-sectional area profile. A steady-state 1D Navier—Stokes
equation was used to provide a physics-based estimate of the pressure
losses in healthy regions of the coronary tree. This estimate, along with geo-
metrical data and information on upstream dynamics, served as input fea-
tures for a neural network, which computed the pressure losses in these
regions. To compute pressure drops in stenotic segments, we had to ac-
count for dissipative effects due to laminar flow disruption by using a
reduced-order physics-based model in combination with a neural network,
which was trained to incorporate 3D fluid dynamical effects. The pressure
solution was used to calculate CT-FFR in all coronary vessels (Figure 1) and
has been previously validated against a 3D algorithm in stable CAD pa-
tients.” For the baseline simulation, the total coronary flow was derived
from the mass of the left ventricle, assuming normal perfusion values.
Total flow was then distributed among terminal vessels according to esti-
mates of the myocardial mass supplied by each vessel, performed using a
Voronoi algorithm. The simulation allowed to compute the resting periph-
eral resistances from the flows and pressures of the terminal vessels.
Hyperaemia was simulated by reducing the resting peripheral resistance, in-
corporating a factor that accounts for autoregulatory mechanisms respond-
ing to variations in trans-stenotic pressure gradients across coronary
stenoses. The operators performed the CT-FFR analysis on a standard
desktop computer and were blinded to all clinical information, CCTA re-
sults, and ICA and FFR results. Total processing time was ~1 h, with the ma-
jority of the time (~59 min) dedicated to creating the 3D models of the
coronary arteries and the left ventricle. The actual solver time for
CT-FFR,tc With the available 3D models was <1 min.

Location of CT-FFR predictions

In this study, CT-FFR evaluation was performed on all lesions identified on
CCTA and ICA, for which FFR was measured invasively. Ve considered
three different CT-FFR evaluation locations.

FFR measurement locations (CT-FFR,¢0c)

CT-FFRati0c Was computed by evaluating CT-FFR at the specified site of the
invasive FFR measurement location. This location was shared in a 3D model
of the coronary vessels after the final CT-FFR simulations were completed.

Distal locations (CT-FFRy;scar)

Given a lesion for which invasive FFR was available, CT-FFR 45y Was com-
puted by evaluating CT-FFR at the respective distal location to the lesion
of interest. The distal location corresponded to the most distal point of
the vessel of interest, excluding diameters smaller than 1.8 mm.

Automatically selected locations (CT-FFR,,¢0)

We sought to validate a fully automated algorithm to determine sites for
CT-FFR evaluation, to avoid potential biases and subjective interpretations
of CT-FFR results. This algorithm uses coronary geometry and continuous
CT-FFR data as inputs and integrates clinically relevant geometrical and
functional criteria to determine CT-FFR values corresponding to a stenosis.
Specifically, the evaluation encompassed all major coronary paths, ranging
from the ostium to all regions where the vessel diameter was larger
than 1.8 mm. The stenosis detection was fully automated, involving a
distal-to-proximal search. For a stenosis to be selected, two criteria had to
be satisfied, one geometric and the other functional. A stenosis was considered
of geometric significance if the stenosis degree was >25%. This assessment was
based on the vessel radius obtained from 3D segmentations, compared with a
predicted, reconstructed baseline normal vessel radius. In turn, the functional
significance criterion required a change in ACT-FFR > 0.1 over a 20 mm seg-
ment of the vessel. After a stenosis fulfilling these two criteria was identified,
CT-FFR was evaluated at the distal end of the stenosis, as illustrated in Figure 2.

Statistics

All data analyses were performed using SPSS version 28.0.1.0 (Armonk, NY,
USA: IBM Corp) and MedCalc® statistical software version 20.110
(MedCalc Software Ltd, Ostend, Belgium). Categorical data are reported
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— Measured location

— Automatic location
Distal location

Figure 1 Case example. A patient with exertional dyspnoea and atypical chest pain with an intermediate stenosis in the proximal left anterior des-
cending artery on CCTA (A, arrow). ICA revealed a moderate stenosis (B, arrow) with an FFR of 0.89 (D, arrow), indicating a haemodynamically non-
significant lesion. The predicted CT-FFR (C) at the location of invasive FFR measurement was 0.86 (CT-FFRyoc). CT-FFR was 0.87 at the site selected
automatically directly distal to the lesion (CT-FFR,o). In contrast, the distal CT-FFR (CT-FFR ;o) indicated ischaemia with a predicted value of 0.68. (D,

lower left corner) Pressure curve of invasive FFR.

as frequency and percentages and continuous variables as means + standard
deviations. Diagnostic accuracy, specificity, sensitivity, positive predictive va-
lue (PPV), and negative predictive value (NPV) were calculated with a 95%
confidence interval (Cl) using CCTA with a stenosis diameter of >50% and
CT-FFR with a cut-off limit of <0.80 indicating haemodynamic significance.
Accuracy, specificity, and sensitivity were compared using McNemar’s test
with a P-value of <0.05 considered statistically significant. Correlations be-
tween CT-FFR predictions and invasively measured FFR were assessed
using the Pearson correlation coefficient at lesion level, and agreement be-
tween calculated and measured values was assessed by Bland—Altman ana-
lyses estimating 95% limits of agreement. Receiver operating characteristics
curves with areas under the curve (AUCs) were estimated with a 95% Cl
and compared using the method of DelLong.

Results

Baseline characteristics

In total, 108 patients with 175 lesions evaluated with intracoronary FFR
measurements were included for analysis. Additionally, 13 vessels with

eccentric plaque and blooming artefacts on CCTA were classified as
non-stenotic during invasive angiography, as no visual stenosis was ob-
served, and FFR measurements were not performed. These were sub-
sequently included as dichotomously negative lesions. Moreover, nine
lesions with subtotal occlusions with diameter stenosis > 90% without
pressure measurements were included and dichotomously defined as
positive lesions. Patient and vessel characteristics are presented in
Tables 1 and 2. The mean age of the population was 62 + 8 years and
67% were men. The pre-test probability of obstructive CAD was low
to intermediate, 23 + 12% according to the 2019 European Society
of Cardiology guidelines of chronic coronary syndrome." All but two
CT examinations were prospectively gated with a mean effective radi-
ation dose of 51 +58 mSv (conversion factor 0.026). Time from
CCTA to ICA was 35 + 15 days. Fifty-three (49%) patients had at least
one FFR measurement indicating ischaemia (FFR <0.80), and 19 (18%)
patients had functional multivessel disease. Forty-five patients (42%)
were revascularized with percutaneous coronary intervention or coron-
ary artery bypass grafting. On a per-lesion level, the prevalence of
haemodynamically significant stenosis was 42%. The mean FFR was
0.79+0.13, and the mean CT-FFR at the site of invasive FFR
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Figure 2 Determination of CT-FFR,,:, measurements. To determine lesion-specific CT-FFR,+, both a functional and anatomical criterion had to be
met. The functional criterion involves a ACT-FFR of more than 0.1 over a 20 mm segment, while the anatomical criterion requires diameter stenosis
greater than 25%. When both criteria are met, a relevant stenosis is defined, and CT-FFR 1, is automatically evaluated 20 mm distal to the beginning of
the haemodynamically defined stenosis. ACT-FFR, difference of computed tomography-derived fractional flow reserve over a stenosis.

measurement location (CT-FFR0c) was 0.82 & 0.13. The prevalence of
positive CT-FFR .. predictions at patient level was 46% (50/108), and
the prevalence of positive CT-FFR,, was 42% (45/108). CCTA and
CT-FFRgistas Were both positive in 73% (79/108).

CT-FFR,(oc and invasive FFR at lesion level

The Bland—Altman analysis of CT-FFR 4o demonstrated a mean differ-
ence of —0.03 indicating that CT-FFR ;o marginally underestimated the

haemodynamic significance of lesions when compared with invasive FFR
with limits of agreement between —0.22 and 0.17. However, the differ-
ences between CT-FFR and FFR values were dependent on the haemo-
dynamic significance of the stenosis, with wider limits of agreement in
haemodynamically significant stenoses. Pearson correlation coefficient
was 0.67 (95% Cl 0.57-0.74, P <0.001), indicating a significant and
moderately strong positive correlation between CT-FFR 4. and FFR

measurements (Figure 3).
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Table 2 Vessel characteristics

Table 1 Baseline patient characteristics
Variable Value
Age, years 62+8
Male 76 (67)
Time from CCTA to ICA, days 35+15
DLP, s mGy*cm 195+ 222
Effective CCTA radiation dose, mSv 51+58
BMI, kg/m? 27.5+3.5
Height, cm 175+9
Weight, kg 85+ 16
Heart rate, bpm 67 +13
Systolic blood pressure, mmHg 143 +19
Diastolic blood pressure, mmHg 84+9
Mean arterial pressure, mmHg 103 +12
Pre-test probability of CAD, ESC 2019 23+12

Agatston score, median (IQR, range)
All (n=66)
Low-to-intermediate, 0-299 (n = 38)
High, >300 (n=128)

Risk factors

263 (96-460, 0-1711)
113 (24-156, 0-290)
518 (375-810, 317-1711)

Smoker/former smoker 56 (52)
Hypertension 53 (49)
Dyslipidaemia 47 (44)
Family predisposition 38 (35)
Diabetes 16 (15)
Previous cardiovascular disease
Previous CAD events 1(1)
TIA/stroke 10 (9)
Comorbidity
COPD/asthma 2(2)
Atrial fibrillation 8 (7)
Classification of angina
Non-anginal chest pain 16 (15)
Atypical 52 (48)
Typical 40 (37)
Medications
B-Blocker 22 (20)
Calcium antagonists 13 (12)
Nitrates 18 (17)
ACE inhibitor or ARB 37 (34)
Aspirin/another platelet inhibitor 91 (84)
Statin/another lipid-modifying agent 94 (87)

Values are reported as frequency (%) when categorical data or mean + standard
deviation when continuous variables unless otherwise specified.

ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker; BMI, body
mass index; CAD, coronary artery disease; CCTA, coronary computed tomography
angiography; COPD, chronic obstructive pulmonary disease; ESC, European Society
of Cardiology; ICA, invasive coronary angiography; IQR, interquartile range; TIA,
transient ischemic attack.

Overall diagnostic performance of CCTA,
CT-FFR.t10cs CT-FFR, 0, and CT-FFRg;s¢a

at lesion and patient level

The AUC of the receiver operating characteristics for identifying
haemodynamic significant stenoses at the lesion level was 0.83 for

Variable Value
Patients, n 108

Lesions, n 175

FFR positive patients 53 (49)

FFR positive lesions 83 (42)

Lesion location
RCA (segments 1, 2, and 3) 42(1,n=11,2,n=24,3,n=7)
LM/LAD (Segments 5, 6,7,8,9, 108 (5 n=3,6,n=32,7,n=33,8,

and 10) n=20,9,n=17,10,n=23)
CX (Segments 11, 12, 13, 14, 47 (11, n=17,12,n=11,13,
and 17) n=10,14,n=5,17,n=4)
FFR 0.79+0.13
CT-FFRti0c 082+0.13
CT-FFRut0 0.86+0.13
CT-FFR gistal 0.76 +0.12
CCTA
1%—24% diameter stenosis 34 (19)
25%—49% diameter stenosis 36 (21)
50%—69% diameter stenosis 58 (33)
70%-99% diameter stenosis 47 (27)
FFR positive lesions
Main vessel 70 (84)
Side branch 13 (16)
Functional 1-vessel disease 34 (64)
Functional 2-vessel disease 16 (30)
Functional 3 vessel disease 3(6)

Values are reported as frequency (%) when categorical or mean + standard deviation
when continuous variables unless otherwise specified.

CCTA, coronary computed tomography angiography; CT-FFR, computed
tomography-derived fractional flow reserve.

CT-FFR 00, 0.81 for CT-FFR, 0, 0.78 for CT-FFR s, and 0.65 for
CCTA alone (Figure 4 and Table 3). When considering patient-level ana-
lysis, the AUC for CT-FFR 4o Was 0.87, for CT-FFR,,:, 0.86, and for
CT-FFRyistar 0.83. In comparison, CCTA alone had an AUC of 0.74.
At lesion level, CT-FFR,yoc improved the ability to detect haemo-
dynamically significant CAD compared with both CCTA (P < 0.001)
and CT-FFRyistal (P = 0.016). Compared with CT-FFR,., the discrimin-
atory value was comparable (P = 0.457). Similarly, on patient level, there
was no significant difference between CT-FFR,;;c and CT-FFR 4o (AUC
0.87 vs. 0.86), and both improved the discriminatory power to detect
ischaemia compared with CCTA (P =0.015 and P = 0.007, respectively).
The ability to identify ischaemia using CT-FFR 4t Was not significantly
increased when compared with CCTA alone (P = 0.067).

Diagnostic accuracy, sensitivity, and

specificity of CT-FFR 0, CT-FFR ¢, and
CT-FFRgistal for the diagnosis of ischaemia
At lesion level, the diagnostic accuracy of CT-FFR 4o Was 78%, with a
specificity of 89% and sensitivity of 64% (Figure 5 and Table 3). At the
patient level, the corresponding values were 81% for accuracy, 84%
for specificity, and 77% for sensitivity. For CT-FFR, at lesion level,
the diagnostic accuracy was 76%, specificity 91%, and sensitivity 54%,
and at patient level, accuracy was 78%, specificity 86%, and sensitivity
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Figure 3 Bland—-Altman plot (A) and correlation (B) of CT-FFR,0. compared with invasive FFR in 175 lesions. The dotted lines indicate cut-off values

(<0.80) for invasive FFR and CT-FFR.
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Figure 4 Receiver Operating Characteristics (ROC) curve analysis of diagnostic performance of CT-FFR at three different sites (CT-FFR toc, auto and
distal) and CCTA at per-lesion (A) and per-patient level (B). ROC curve analysis for 175 lesions in 108 patients comparing the AUC for CT-FFR /o,
CT-FFRautor CT-FFRyista, and CCTA, using invasive FFR <0.80 as gold standard.

70%. At patient level, both diagnostic specificity and accuracy of
CT-FFR.oc Were improved compared with CCTA, 84% vs. 40%
(P<0001) and 81% vs. 63% (P =0.004), respectively. The specificity
of CT-FFR,t0c and CT-FFR, o Was significantly improved compared
with both CCTA and CT-FFRy, at both lesion and patient level
(P < 0.001). A model that always predicts the most frequent class is com-
monly denoted a no-information rate (NIR) model. When the accuracy
of CT-FFR,yoc and CT-FFR,c Was evaluated against the NIR model,
both showed a significant statistical improvement, with P-values of
<0.01. The accuracy of CT-FFR 4o Was also statistically improved com-
pared with NIR (P =0.013), in contrast to the accuracy of CCTA, which
was not significantly improved over the NIR model (P = 0.177).

Impact of image quality on CT-FFR, o

Coronary calcium

Of 108 patients, 66 (61%) had CT scans available for CAC scoring.
Receiver Operating Characteristics (ROC) curve analysis revealed a
higher discriminative power of CT-FFR, ;. to detect haemodynamically
significant CAD in patients with a low-to-intermediate CAC score
(Agatston score < 300) with an AUC of 0.88 (95% Cl 0.74-0.97). In
contrast, the performance was more moderate in the high CAC score
group (Agatston score > 300), with an AUC of 0.62 (95% CI 0.42—
0.79). On a per-patient level, the accuracy, specificity, and sensitivity
of CT-FFR,uw were 87%, 92%, and 79%, respectively, in the
low-to-intermediate CAC score group, compared with 50%, 63%,
and 45%, respectively, in the high CAC score group. With a prevalence
of 37% in the low-to-intermediate CAC group and 71%, in the high
CAC group, the NIR model would predict all patients in the
low-to-intermediate CAC group to be healthy and all patients in the
high CAC group to be ischaemic. The accuracy of CT-FFR,, Was sig-
nificantly better when compared with the NIR model in the

low-to-intermediate CAC score group (P=0.022). However, this
was not statistically significant in the high CAC score group (P =0.210).

Despite the decrease in specificity and sensitivity in the high CAC
score group, the PPV remained consistent with a PPV of 85% at patient
level in the low-to-intermediate group and 88% in the high CAC score
group. The PPV at per-lesion level was 82% in the low-to-intermediate
group and 81% in the high CAC group. The per-patient and per-lesion
level PPV and NPV are presented in Figure 6.

CT scanner technology

In four out of six centres, and for 55 (51%) patients, CT scans were con-
ducted using a GE Revolution scanner, which represents more ad-
vanced CT technology compared with the older scanners used in this
study. The discriminative power of CT-FFR, in identifying haemo-
dynamically significant CAD in scans acquired using this upgraded and
contemporary CT technology showed improved performance, with
an AUC of 0.92 (95% CI 0.82—0.98) and an accuracy of 85%, specificity
of 90%, and sensitivity of 81%. Conversely, for scans acquired with the
remaining CT scanners, the analysis revealed a diminished AUC of 0.80
(95% Cl 0.66-0.89), with corresponding accuracy, specificity, and sen-
sitivity of 70%, 81%, and 59%, respectively.

Discussion

In this study, we validated the diagnostic accuracy of a novel CT-FFR al-
gorithm that uses reduced order modelling to evaluate the haemo-
dynamically significance of CAD. A unique aspect of this study was
the comparison of the algorithm’s diagnostic performance at three pre-
determined locations for CT-FFR predictions. These locations included
the site of invasive FFR measurements, the lowest value distally in the
vessel, and a site specified by a fully automated module that gives pre-
dictions directly distal to lesions of interest.
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Table 3 Diagnostic performance of CT-FFR and CCTA per lesion and per patient with invasive FFR as reference standard

At lesion level

At patient level

CT-FFRgistal CCTA

CT-FFR,¢10c CT-FFR,u¢t0

CT-FFRyistal CCTA

CT-FFR,ut0

CT-FFR ¢10c

63

69

45

53

13

46

51

37

41

TP, n

55
59
20

42

10

33

22

28
27

FP, n

72
14

104

38

101

30

47

46

TN, n

16

12

FN, n

62 (55-69)
76 (65-85)

72 (65-78)
83 (73-90)
63 (54-72)
62 (56-68)
84 (76-89)

76 (69-81)

78 (72-84)
64 (53-74)
89 (81-94)
80 (70-87)
77 (72-82)

63 (53-72)
87 (75-95)

81 (72-88) 78 (69-85) 72 (63-80)

77 (64-88)
84 (71-92)

Accuracy, %

54 (43-65)

96 (87-100)
49 (35-63)
65 (58-70)
93 (77-98)

70 (56-82)
86 (73-94)
82 (70-90)
75 (66-82)

Sensitivity, %

52 (42-61)

91 (84-96)

82 (71-89)

40 (27-54)

Specificity, %

PPV, %

53 (48-59)

75 (66-82)
0.65 (0.58-0.72)

58 (52-64)
76 (59-87)

82 (71-89)
79 (70-87)

73 (68-78)

NPV, %
AUC

0.86 (0.78-0.92) 0.83 (0.75-0.90) 0,74 (0.65-0.82) 0.83 (0.77-0.88) 0.81 (0.75-0.87) 0.78 (0.71-0.84)

0.87 (0.80-0.93)

FFR <0.80, CT-FFR < 0.80, and CCTA > 50% are used as cut-off limits. Numbers in parentheses indicate the 95% Cl.

AUC, area under the curve; CCTA, coronary computed tomography angiography; CT-FFR, computed tomography-derived fractional flow reserve; FN, false negative; FP, false positive; NPV, negative predictive value; PPV, positive predictive value;

TN, true negative; TP, true positive.

CT-FFR4i0c correlated well with invasive FFR and showed improved
diagnostic performance with high accuracy and specificity compared
with CCTA. Our findings align with and are comparable to other valid-
ation studies using machine learning algorithms and reduced order
models showing low systematic bias and moderately narrow limits of
agreement.'®

We also demonstrated the feasibility of implementing an automated
module to define the site of CT-FFR evaluations where CT-FFR, o
proved to be non-inferior to CT-FFR 4, and reduced the number of
false positive results compared with CT-FFR 5. From a clinical point
of view, this is reassuring as this algorithm matches best with the clinical
guidance of CT-FFR and underscores the importance of location in
CT-FFR evaluations.®

Moreover, data showed a notable difference in the accuracy of
CT-FFR with increasing calcium burden that aligns with earlier studies,
and that the performance improves significantly when using high end
CT technology."”

Over the past two decades, CCTA has evolved significantly and is
now considered a first-line test for evaluating patients with chest
pain and suspected stable CAD. Additionally, guidelines have provided
CT-FFR a Class 2a recommendation in patients with intermediate le-
sions on CCTA, recognizing its potential to improve specificity and re-
duce unnecessary ICA'® The recommendations are based on
validation studies demonstrating improved specificity and reduced
false positive rate compared with CCTA alone.* However, in most
studies, the extracted CT-FFR values were dependent on knowledge
of FFR wire position and therefore not fully blinded to invasive infor-
mation. Several trials have highlighted the importance of the CT-FFR
evaluation site, and there is growing evidence that distal CT-FFR va-
lues introduce a high false positive rate compared with invasive
FFR.” An investigation by Cami et al. found that CT-FFR values ob-
tained at the end of the vessel significantly overestimated the haemo-
dynamic significance of coronary lesions with a high number of false
positive results and a specificity of 50%. The study also revealed
that the specificity improved to 86% when evaluated 2 cm distal to
the target lesion, which closely mirrors our CT-FFR o results.®
Several factors may explain the observed overestimation of haemo-
dynamic significance by CT-FFR at the distal end of the vessel com-
pared with predictions made directly after the lesion. It is
noteworthy that a gradual decrease of intracoronary pressure along
the length of the epicardial arteries is also observed during invasive
FFR measurements, particularly in vessels with non-obstructive and
diffuse CAD."® However, this phenomenon is less pronounced with
invasive FFR than with CT-FFR.?° In addition, calculations involved
in CT-FFR predictions introduce a gradually decreasing pressure gra-
dient due to the continuous reduction in vessel dimension. This is in
line with Poiseuille’s law that states that the pressure drop is inversely
proportional to the fourth power of the diameter and linearly related
to the vessel length and flow through the vessel. Furthermore, the lim-
ited resolution of CCTA may also contribute by overestimating flow
rates in distal segments, as small side branches may be neglected, and
by introducing artificial stenoses, particularly in distal regions where
dimensions, image noise, and low concentration of contrast may ob-
scure true anatomy and potentially lead to false positive results. To
address these challenges, our algorithm implemented a fully auto-
mated module that employed both geometric and functional criteria
to accurately detect relevant stenoses and make the CT-FFR predic-
tions directly distal to them. This integrated strategy ensured that
stenoses with diameter narrowing exceeding 25% were identified
during computer simulations and evaluated for functional relevance
as studies have revealed that among lesions within the range of 30—
50%, one-third is haemodynamically significant.?’ By incorporating
the functional criterion, the module would detect haemodynamically
significant stenosis that would have been missed by an anatomical
evaluation alone if using the standard cut-off limit of 50%.
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Figure 5 Diagnostic accuracy, sensitivity, specificity, PPV, and NPV of CCTA, CT-FFR 10, CT-FFR 10, and CT-FFR 1o at per-patient level. Results
are presented with 95% Cls. NPV, negative predictive value; PPV, positive predictive value.

The utilization of ACT-FFR over a 2 cm segment also served a pur-
pose to ensure the detection of relative focal disease that may require
invasive therapy and help differentiate such lesions from more diffuse
atherosclerosis or healthy vessels that gradually taper. The subanalysis
of the impact of image quality on CT-FFR, highlights the import-
ance of accurate vessel geometry for CT-FFR predictions and under-
scores the vulnerability to imprecise anatomical inputs, particularly in
patients with reduced image quality due to high calcium burden.
Previous studies have analysed the effect of CAC score
on CT-FFR and reported moderate PPV levels across all CAC score
ranges.22 In contrast, in our study, the PPV of CT-FFR,yo. and
CT-FFRauto Was rather unaffected by CAC score, remaining higher
(~80%) than values previously reported. However, the NPV for
CT-FFRa0c and CT-FFR,,o Wwas significantly reduced in the high
CAC score group. Conversely, the NPV remained consistently high
for CT-FFR4ista and CCTA while their PPV was more affected by
the CAC score and remained lower than the PPV of CT-FFR oc
and CT-FFR, 0. This suggests that the impact of the CAC score on
the diagnostic performance of CT-FFR is dependent on the site of
evaluation. In particular, it suggests that CT-FFR, is less applicable
to patients with high calcium burden. Conversely, the increase in diag-
nostic performance points to the potential of CT-FFR,, as CT scan-
ner technology continues to improve, raising expectations for the
method as technological advances progress.

Limitations

There are several limitations to consider. While the number of patients in-
cluded s limited, it aligns with other studies of similar design. Despite encour-
aging results, further large-scale, prospective studies are needed to improve
generalizability and statistical robustness. Total occlusions were omitted
since invasive pressure measurements could not be reliably obtained, and
varying degrees of collateral flow could influence FFR values in the other ves-
sels. Significant valvular diseases, such as aortic stenosis, were also excluded,
as these conditions may impact various physiological parameters and poten-
tially lead to underestimating the functional severity of coronary stenoses.
Furthermore, the physiological assumptions underlying the CT-FFR algo-
rithm may not apply to these patients. A subanalysis on the significance of
calcium burden, despite a relatively small sample size, highlighted the
importance of reliable geometric reconstructions from the CT scans.
Despite notable numerical differences in diagnostic performance between
the low-to-moderate CAC score group and the high CAC score group, stat-
istical significance was not achieved, probably due to limited statistical power.
While the processing time of the computer algorithm is short, the
vessel segmentation and development of the 3D anatomical model are
time-consuming and with challenges of reproducibility. To address this,
developing and integrating an automated segmentation tool to reduce re-
liance on manual corrections will be a central focus of further work.
Invasive FFR measurements were performed at only one location for
each lesion, with wire positioning selected at the discretion of the
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Figure 6 PPV and NPV of CT-FFR,i0c, CT-FFR,yt0, CT-FFRgista, and CCTA at per-lesion (A) and per-patient (B) levels for low-to-intermediate
and high CAC score group. Per-lesion level: low-to-intermediate CAC score group, n=>53, high CAC score group, n=64. Per-patient level:
low-to-intermediate CAC score group, n = 38, high CAC score group, n = 28.

interventionist and not consistently at the distal end of the vessel. This
makes it challenging to determine how much of the pressure loss in dis-
tal segments is due to physiological factors and how much is introduced
by CT-FFR as a method and due to modelling choices.

In this study, only one operator analysed CT-FFR, preventing the as-
sessment of inter-rater reliability. However, aside from uncertainties
and variability in the geometric reconstruction of the coronary arteries,
the algorithm operates independently of user input and thereby pro-
vides perfect reproducibility.

Conclusion

CT-FFR using an automated module to determine the site of CT-FFR
evaluations provided comparable diagnostic accuracy as CT-FFR esti-
mated at the location of invasive FFR measurements when evaluated
against invasive FFR. Both improved diagnostic performance compared
with CCTA and improved specificity particularly in contrast to CT-FFR
estimated distally in the vessel. The study demonstrates the potential of
CT-FFR to reduce unnecessary ICA in patients with stable angina but
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underscores the importance of location of CT-FFR predictions. The im-
plementation of an automated module for determining the site of
CT-FFR evaluations was feasible but is dependent on calcium burden
and improves when using high end CT technology. Further studies
are warranted to determine its utility in clinical decision-making.
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