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Abstract

Background: Fractional flow reserve (FFR) derived off-site by coronary computed tomography
angiography (CCTA) (FFRcr) is obtained by applying the principles of computational fluid dynamics.
This study aimed to validate the overall reliability of on-site CCTA-derived FFR based on fluid
structure interactions (CT-FFR) and assess its clinical utility compared with FFRcr, invasive FFR,
and resting full-cycle ratio (RFR).

Methods: We calculated the CT-FFR for 924 coronary vessels in 308 patients who underwent CCTA
for clinically suspected coronary artery disease. Of these patients, 35 patients with at least one
obstructive stenosis (>50%) detected on CCTA underwent both CT-FFR and FFRcr for further
investigation. Furthermore, 24 and 20 patients underwent invasive FFR and RFR in addition to CT-
FFR, respectively.

Results: The inter-observer correlation (r) of CT-FFR was 0.93 (95% confidence interval [CI] 0.85-0.97,
P<0.0001) with a mean absolute difference of -0.0042 (limits of agreement -0.073, 0.064); 97.3% of
coronary arteries without obstructive lesions on CCTA had negative results for ischemia on CT-FFR
(>0.80). The correlation coefficient between CT-FFR and FFRcr for 105 coronary vessels was 0.87 (95%
CI 0.82—0.91, P<0.0001) with a mean absolute difference of -0.012 (limits of agreement -0.12, 0.10).
CT-FFR correlated well with both invasive FFR (r=0.66, 95% CI 0.36-0.84, P=0.0003) and RFR
(r=0.78, 95% CI 0.51-0.91, P<0.0001).

Conclusion: These data suggest that CT-FFR can potentially substitute for FFRct and correlates
closely with invasive FFR and RFR with high reproducibility. Our findings should be proven by

further clinical investigation in a larger cohort.
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Introduction

Determination of invasive fractional flow reserve (FFR) is the established method for assessment
of the functional significance of coronary artery stenosis, and the prognosis of patients with coronary
artery disease (CAD) is reportedly better when invasive FFR is used rather than invasive angiography
to guide revascularization [1, 2]. Furthermore, the resting index, without the need for pharmacologic
stress, such as the instantaneous wave-free ratio (iFR) or resting full-cycle ratio (RFR), has been
applied in the clinical management of CAD. Recently, the principles of computational fluid dynamics
(CFD) based on coronary computed tomography angiography (CCTA) images has been applied to
estimate FFR, which is called as FFRcr (HeartFlow Inc., Redwood City, CA, USA). Several
multicenter studies have demonstrated that FFRcr has incremental diagnostic value over CCTA [3-5].
Importantly, the 1-year outcomes in a large prospective registry study included less revascularization,
a trend toward fewer major adverse cardiac events, and significantly fewer cardiovascular deaths or
myocardial infarctions in patients with a negative FFRcr result than in those with abnormal FFRcr
[6]. Therefore, this technique has potential benefit in the clinical setting of CAD.

The FFRcr is typically calculated off-site via image transfer and is thus associated with delayed
delivery of FFRcr data to physicians. So far, an interaction network for communication of the original
CCTA and FFRcr data has generally been needed in Japan, which might prevent widespread clinical
use of this parameter. The novel vendor-based technique for estimation of computed tomography (CT)
-derived FFR, known as CT-FFR, offers a new option for clinicians [7, 8]. This technique employs fluid
structure interaction by considering coronary shape, motility, cross-sectional area, and volume
through CCTA data across the entire diastolic phase (70%—99%) of the cardiac cycle. It is based on a
statistical estimation method for determination of patient-specific conditions for calculation of CT-FFR
and can be performed on-site using a dedicated workstation.

A previous study has demonstrated the feasibility and high diagnostic accuracy of CT-FFR for
assessment of the functional significance of coronary stenosis as determined by invasive FFR [9].
However, it failed to show a statistically significant difference when compared with anatomic CCTA
findings for diagnosis of hemodynamically significant stenosis, possibly because of an underpowered

sample size. Fujimoto et al analyzed the CT-FFR for 104 vessels with 30%—-90% stenosis on CCTA and



found it to have excellent diagnostic accuracy for detection of a significant invasive FFR <0.80 and an
iFR <0.89 compared with CCTA and to have high reproducibility [10].

To date, no head-to-head comparisons of FFRcr and CT-FFR have been reported. In this
study, we validated the overall reliability of CT-FFR analysis and compared CT-FFR data with FFRcr,

invasive FFR, and RFR data to assess the utility of CT-FFR in the clinical setting.

Methods

Study population

The target population in this retrospective study consisted of 326 patients who underwent
CCTA at our institution between April 1, 2020 and November 9, 2022. CCTA was performed as the
first detailed examination in patients who had coronary risk factors and warranted coronary artery
evaluation, or who had chest symptoms and suspected angina pectoris, and as the further detailed
examination in patients with suspected angina pectoris and positive exercise stress electrocardiogram
or stress myocardial scintigraphy. In this study, to validate the reliability of CT-FFR measurements for
overall assessment of coronary arteries, we applied CT-FFR analysis to all patients with visible vessel
lumens of major epicardial coronary arteries on CCTA regardless of the CCTA findings; a subgroup
with at least one 50%—90% stenosis in a major epicardial vessel >2 mm in diameter on CCTA and
referred for further investigation underwent FFRcr analysis as described below. Other subgroups of
patients underwent invasive FFR and/or RFR for further assessment of the functional significance of
coronary artery stenosis.

The exclusion criteria included renal insufficiency (estimated glomerular filtration rate <30
mL/min/1.73 m?), asthma requiring long-term steroid therapy, history of previous revascularization
procedures (PCI and/or CABG), and a contraindication to iodine-based contrast medium. The study
protocol was approved by the Ethical Committee for Epidemiology of Hiroshima University (reference
number E-2010). Informed consent was secured via the opt-out route in view of the non-interventional

nature of the research and anonymity of the data.



CCTA acquisition

Patients with a pre-scan heart rate of >60 beats/min received oral metoprolol 20—40 mg
and/or intravenous propranolol 2—10 mg. Patients in whom beta-blockers were contraindicated (due to
severe aortic stenosis, systolic blood pressure <90 mmHg, history of asthma, symptomatic heart
failure, or advanced atrioventricular block) did not receive these treatments. All patients received 0.6
mg of sublingual nitroglycerin. Patient preparation and CT scans were performed according to the
Society of Cardiovascular Computed Tomography guidelines [11].

All patients underwent cardiac CT evaluation using a 320-row detector CT scanner (Aquilion
ONE GENESIS Edition; Canon Medical Systems Corporation, Otawara, Japan). A non-contrast scan
was performed to measure the coronary calcium score using the standard Agatston method (slice
thickness 3.0 mm; maximum tube current 150 mA; tube voltage 120 kV) [12]. The dataset for CCTA
was then acquired under a prospective ECG-gated single heartbeat scan with a phase window of 70%—
99% of the R-R interval to cover the entire diastole (collimation 320 x 0.5 mm; tube current 750 mA;
tube voltage 100—120 kV). Image reconstruction was performed using the Advanced intelligent Clear-
IQ Engine (AiCE; Canon Medical Systems), which is an image reconstruction technique designed
using deep learning.

The images were transferred to an AW workstation (GE Healthcare Japan Corporation,
Tokyo, Japan), and evaluated for coronary lumen stenosis by two blinded observers working
independently. The degree of stenosis was determined by obtaining the ratio of the lumen of the
stenosis to the normal vessel diameter proximal or distal to the stenosis. The measurement was
performed at an angle indicating the narrowest degree of stenosis using curved planar reconstructed
images. Luminal stenosis >50% in any vessel was considered obstructive. Segments in which the
coronary lumen could not be identified confidently due to severe calcification by either observer were
excluded.

Regarding the definition of vessel characteristics, calcified plaque was defined as containing

only a structure on the vessel wall with a CT density above that of the contrast-enhanced coronary
lumen or with a CT density of >130 Hounsfield units (HU). Non-calcified plaque was defined as

containing only a low-density mass >1 mm? in size, located within the vessel wall and clearly



distinguishable from the contrast-enhanced coronary lumen and the surrounding pericardial tissue.
Partially calcified plaque was defined as containing both calcified plaque and non-calcified plaque
components [13]. Positive remodeling was defined as coronary artery diameter at the plaque site >10%
of the reference segment (positive remodeling index >1.1). Low attenuation plaque was defined as non-

calcified plaque with internal attenuation <30 HU [14].

Calculation of CT'FFR

Dedicated algorithms based on fluid-structure interaction were used to calculate the patient-
specific CT-FFR [7, 8]. In multiple volumes reconstructed from CCTA data at different time points
during the diastolic wave-free period, the shape and changes in coronary vessel cross-sectional area
were measured. Boundary conditions were derived using the following physical principles and
relationships: 1) change in aortic volume is related to flow rate at the coronary artery inlet during
diastole (70%—100%); 2) boundary pressure at the coronary artery outlet during diastole is related to
cross-sectional lumen deformation, vessel stiffness, cross-sectional lumen shape, and the pressure at
which the flow rate reaches zero; 3) the degree of loss of pressure between the aorta and the coronary
artery outlet is related to the flow rate at the coronary artery outlet; 4) the resistance of microvascular
vessels is minimized during diastole and constant such that pressure is proportional to flow [15]. The
analytical conditions were determined using the Hierarchical Bayes method and Markov-Chain Monte
Carlo method. Using these conditions and the Navier-Stokes equations, one-dimensional numerical
fluid dynamics calculations were performed.

In this study, CT-FFR analysis was performed using a Vitrea workstation (Canon Medical
Systems). CT data from 70% to 99% of the R-R interval were imported into the software [9], and the
phase with the least movement was selected as the target phase. Next, the centerlines and contours of
the three main coronary arteries were automatically calculated by the software. The user then
reviewed the measurements and adjusted the centerlines and contours of the multiplanar and axial
images for accurate lumen segmentation. After making the necessary edits, the contours of the
remaining three volumes were automatically identified by the software, and the flow conditions were

simulated using multiphase acquisition and fluid structure analysis. Finally, the CT-FFR values were



calculated for any given location on the coronary arteries. With regard to the measurement site of CT
FFR, it has been reported that when using invasive FFR in the distal segment as the reference
standard, values measured 1-2 cm distal to the stenosis have shown significantly better diagnostic
performance than values measured at far distal segments [16]. Therefore, in this study, CT-FFR
values measured 1-2 cm distal to the stenosis were used for obstructive vessels. For non-obstructive
vessels, values at the distal third were used. The time required for the analysis was defined as the
interval between the start of analysis and acquisition of results using Vitrea workstation. To evaluate
inter-observer variability in calculation of CT-FFR, two blinded operators working independently
performed the calculations. CT-FFR was calculated at the same locations by the different operators

using anatomical landmarks such as calcium deposits and side branches.

Calculation of FFRcr

FFRcr was derived by sending coronary CCTA data to HeartFlow Inc. using previously
reported methods [17]. In brief, the coronary arteries and the proximal aorta were geometrically
reconstructed as a three-dimensional model from the CCTA data. The overall coronary blood flow
demand was then assessed by calculating the left ventricular myocardial volume, and the inflow and
blood resistance during maximal aortic hyperemia were calculated as physiological conditions (all
cases used fixed values for mean resting blood pressure, blood viscosity, and blood density). Blood flow
and blood pressure under simulated maximal hyperemic conditions were calculated using patient-
specific models. Next, using CFD, which quantified the pressure and velocity of fluids based on the
laws of physics on a supercomputer, the flow and velocity at all points in the coronary arteries were
analyzed using virtual blood flow, and FFRcr at any given location on the coronary arteries was
calculated. An FFRcr <0.80 was defined as positive for ischemia [3]. The FFRcr values were measured
1-2 cm distal to the stenosis, at the same site where the CT-FFR values were measured. With regard
to the measurement site of FFRcr, it has also been reported that when using invasive FFR in the
distal segment as the reference standard, values measured 1-2 cm distal to the stenosis have shown
significantly better diagnostic performance than values measured at far distal segments [18], and the

FFRcr expert panel also recommended using FFRcr values measured 1-2 cm distal to the stenosis [19].



The time required for the analysis was defined as the interval between the start of data transmission
to HeartFlow Inc. and acquisition of results. Current FFRcr technology has not been validated for
calculating values <0.50. Therefore, a value of 0.50 was considered to indicate an occluded vessel or a

vessel with an FFRcer <0.50.

ICA, FFR, and RFR

Invasive coronary angiography (ICA) was performed in at least two orthogonal directions for
each evaluated coronary segment using a standard protocol. Before injection of contrast, 0.2 mL of
nitroglycerin was administered via the intracoronary route for vasodilation of the epicardial coronary
vessels. FFR was performed during ICA in at least one vessel with a diameter >2 mm and visible
stenosis of 50%—90%. A 0.014-inch pressure guidewire (PressureWire X; Abbott Vascular, Santa Clara,
CA, USA) was calibrated and electronically equalized with the aortic pressure before being placed in
the distal segment of the evaluated coronary artery. Adenosine was injected intravenously at a rate of
140 pg/kg/min to induce maximal hyperemia of the coronary artery. FFR was calculated in the
maximal hyperemic state by dividing the mean coronary artery pressure measured with a pressure
sensor placed distal to the stenosis by the mean aortic pressure measured by the guiding catheter.
Pressure wire pullback was then performed to check for pressure drift, and only runs with a pressure
drift of <0.03 were accepted for analysis. Regarding the patients for whom RFR was also measured, it
was measured In the resting state before intravenous injection of adenosine. To calculate RFR, the
instantaneous coronary artery distal pressure (Pd) to aortic pressure (Pa) ratio (Pd/Pa) was measured
automatically over five consecutive cardiac cycles. An FFR of <0.80 and an RFR of <0.89 were defined
as functionally significant stenosis [1, 20]. All coronary angiography, FFR, and RFR data were

acquired and interpreted by experienced blinded interventional cardiologists.

Statistical analysis
Continuous data are expressed as the mean + standard deviation or as the median
(interquartile range) as appropriate. Categorical data are expressed as the frequency (percentage).

The correlation and agreement of CT-FFR with FFRcr, invasive FFR, and RFR were evaluated using



Pearson's correlation coefficient and Bland-Altman analysis, as was inter-observer agreement. The
optimal CT-FFR cutoff value for prediction of an invasive FFR <0.80 and an RFR <0.89 was
determined by analysis of receiver-operating characteristic curves. All statistical analyses were
performed using JMP 14.2 (SAS Institute Inc., Cary, NC, USA). A P-value of <0.05 was considered

statistically significant.

Results

Baseline characteristics

CT-FFR analysis could not be performed for 18 of the 326 patients who underwent coronary
CT because the coronary lumen was not completely visible in the sagittal view because of severe
calcification. According to a general guideline for the proper use of FFRcr in Japan, invasive coronary
angiography was recommended for further examination in such patients. Of the remaining 308
patients in whom CT-FFR could be calculated, 35 with at least one 50%—90% stenosis in a major
epicardial vessel >2 mm in diameter on CCTA underwent FFRcr analysis. Invasive FFR was
determined in 24 patients and the RFR in 20 patients in addition to CT-FFR (Figure 1). No patient
was excluded from calculation of CT"FFR because of poor-quality CCTA images or from analysis of
FFRcr because of interference by severe imaging artifacts (e.g., noise, blooming, motion,

misalignment) or because parts of the myocardium or coronary arteries were outside the field of view.

326 patients with clinically known or suspected
CAD underwent coronary CT

18 patients could not be evaluated
by CCTA due to severe calcification

308 patients underwent CT-FFR analysis

patients who had at least one 50-90% stenosis detected on CCTA
and referred for further scrutiny

35 patients 24 patients 20 patients
underwent FFR.; analysis underwent invasive FFR underwent RFR

Fig. 1 Flow diagram showing the study enrollment process.
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The patient and scan characteristics are shown in Table 1. Group comparisons were

performed for patients who underwent further examination (FFRcr, invasive FFR, RFR) and there

were no significant differences.

Table 1. Baseline patient demographics and clinical characteristics

Age (years)
Women
Body mass index
Hypertension
Dyslipidemia
Diabetes mellitus
Family history of
coronary artery
disease
Smoking
Former smokers
Current smokers
Never smoked

Blood pressure
prior to CCTA

(mmHg)

All patients
who
underwent
CT-FFR
(N=308)
67.0+10.9
110(35.7%)
24.0+5.5
140(45.4%)
105(34.1%)
43(14.0%)

88(28.6%)

83(26.9%)
43(14.0%)
182(59.1%)
138.4+21.9/

78.5+14.0

Patients who underwent further investigation

in addition to CT-FFR

FFRcr (N=35)

72.7+7.0
6(17.1%)
26.0+11.7
20(57.1%)
10(28.6%)
7(20.0%)

11(31.4%)

19(54.3%)
3(8.6%)
13(37.1%)
141.1422.2/

79.6£17.0

invasive FFR

(N=24)

69.4+8.5
5(20.8%)
26.2+13.8
12(50.0%)
8(33.3%)
7(29.2%)

8(33.3%)

12(50.0%)
3(12.5%)
9(37.5%)

138.3+23.9/

75.3+12.4

RFR

(N=20)

67.9+8.5
4(20.0%)
26.8+15.2
9(45.0%)
8(40.0%)
6(30.0%)

7(35.0%)

11(55.0%)

2(10.0%)

7(35.0%)
135.9+22.8/

75.4+10.5

P-value

0.071

0.77

0.98

0.67

0.69

0.62

0.96

0.99

0.71/0.42
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Heart rate prior to 74.7+18.4 76.5+20.9 70.6+11.8 72.56+11.9 0.39
CCTA (beats/min)
Pre-scan 0.99
administration
of beta-blockers
None  71(23.1%) 6(17.1%) 5(20.8%) 3(15.0%)
Oral  68(22.1%) 8(22.9%) 6(25.0%) 5(25.0%)
Intravenous  83(26.9%) 10(28.6%) 7(29.2%) 7(35.0%)
Oraland  86(27.9%) 11(31.4%) 6(25.0%) 5(25.0%)
intravenous
Coronary calcium 37(0-254) 388(49-860) 468(47-1168)  344(9-1271) 0.56
score

Data are expressed as the mean + standard deviation (range), number (percentage) of patients, or median
(interquartile range).

CT-FFR computed tomography-derived fractional flow reserves; FFR fractional flow reserve; FFRcr
fractional flow reserve derived off-site by coronary computed tomography angiography; EFFR resting full-

cycle ratio; CCTA coronary computed tomography angiography.

Reproducibility of CT"FFR and its diagnostic accuracy for assessing non-obstructive vessels

CT-FFR was calculated for 924 coronary arteries in 308 patients with an inter-observer
correlation (r) of 0.93 (95% confidence interval [CI] 0.85-0.97, P<0.0001) and a mean absolute
difference of -0.0042 (95% CI -0.019—0.011; limits of agreement, -0.073, 0.064).

In total, 787 of the 924 coronary vessels were deemed to having no obstructive lesions on
CCTA; 766 vessels (97.3%) had a CT-FFR of >0.80. Of 21 vessels without obstructive lesions on CCTA
and a CT-FFR of <0.80, 12 (57.1%) had myocardial bridging, 6 (28.6%) had moderate to severe
calcification, and 3 (14.3%) had both. A representative case of a vessel with non-obstructive lesions on

CCTA and a CT-FFR of <0.80 is shown in Figure 2.
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Vessel Segment

0.75

Fig. 2 Images for a 79-year-old man who presented with chest pains at night. Coronary computed
tomography angiography demonstrated moderate calcification and slight myocardial bridging in the LAD,
but there was no lesion with stenosis of greater than 50% (a). However, the computed tomography-derived
fractional flow reserve was 0.75 in the LAD (b). LAD left anterior descending artery; LCX left circumflex

artery; £ CA right coronary artery.

CT-FFR versus FFRcr

Both CT-FFR and FFRcr were calculated for 105 vessels in 35 patients. We found a good
correlation (r=0.87, 95% CI 0.82-0.91, P<0.0001; Figure 3A) and excellent agreement (mean difference
-0.012; 95% CI -0.022— -0.001; limits of agreement -0.12, 0.10; Figure 3B) between CT-FFR and FFRcr.
In 64 vessels with obstructive lesions on CCTA, we found a similarly good correlation (r=0.88, 95% CI
0.81-0.93, P<0.0001; Figure 4A) and excellent agreement (mean difference -0.011; 95% CI -0.026—
0.004; limits of agreement -0.13, 0.10; Figure 4B) between CT-FFR and FFRcr. Table 2 shows the
vessel based data for these lesions. When the cutoff value of CT-FFR was 0.80 as well as that of
FFRcr, the concordance rate of ischemia determination between CT-FFR and FFRcr was 85.9%
(55/64), and there were no significant differences in the cite of lesions, diameter stenosis, lesion length,
classification of plaque morphology, frequency of positive remodeling, and frequency of low attenuation
plaque between the concordance and non-concordance groups. Figure 5 shows representative cases in
which CT-FFR and FFRcr showed good agreement.

The average time for the analysis was shorter in CT-FFR than in FFRcr (24.8 + 4.3 min vs

157.0 = 43.9 min, P<0.0001).
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14



Table 2. Vessel based data on vessels that underwent FFRcr in addition to CT-FFR

All vessels

(N=64)

RCA/LAD/LCX 17/34/13
diameter stenosis
50-70% 29 (45.3%)
>70% 35 (54.7%)
lesion length
<10mm 21 (32.8%)
10-20mm 22 (34.4%)
>20mm 21 (32.8%)
classification of plaque
morphology
Non-calcified plaque 18 (28.1%)
Partially calcified 25 (39.1%)
plaque
Calcified plaque 21 (32.8%)
positive remodeling 9 (14.1%)

low attenuation plaque 4 (6.3%)

Concordance
between CT-FFR
and FFRcr (N=55)

15/28/12

26 (47.3%)

29 (52.7%)

20 (36.4%)
18 (32.7%)

17 (30.9%)

16 (29.1%)

21 (38.2%)

18 (32.7%)
7(12.7%)

4 (7.3%)

Data are expressed as number (percentage) of vessels.

Non-concordance
between CT-FFR
and FFRcr (N=9)

2/6/1

3(33.3%)

6 (66.7%)

1(11.1%)
4 (44.4%)

4 (44.4%)

2 (22.2%)

4 (44.4%)

3(33.3%)
2 (22.2%)

0 (0%)

P-value

0.65

0.44

0.33

0.90

0.45

0.40

CT-FFR computed tomography-derived fractional flow reserve; FFEcrfractional flow reserve derived

off-site by coronary computed tomography angiography; LAD left anterior descending artery; LCX left

circumflex artery; RCA right coronary artery; EFE resting full-cycle ratio

15



Vessel Segment

d

Fig. 5 (a-c) Images for a 76-year-old man with heart failure. Coronary computed tomography angiography

demonstrated moderate stenosis with severe calcification in the LAD (a). The CT-FFR showed a positive
result in the LAD (0.64) (b) and agreed with the result of FFRcr (0.63) (c). (d-f) Images for a 78-year-old
woman with dyspnea on exertion. Coronary computed tomography angiography demonstrated moderate
stenosis in the RCA (d). The CT-FFR showed a negative value in the RCA (0.84) (e) and agreed with the
result of FFRcr (0.89) (f). CT*FFR computed tomography-derived fractional flow reserve; FFRcrfractional
flow reserve derived off-site by coronary computed tomography angiography; LAD left anterior descending

artery; LCX left circumflex artery; RCA right coronary artery.

CT-FFR versus invasive FFR and RFR

Among the patients who underwent CT-FFR, invasive FFR was performed in 24 patients with
25 vessels and RFR in 20 patients with 20 vessels. In those patients, the correlation coefficient
between CT-FFR and invasive FFR was 0.66 (95% CI 0.36—0.84, P=0.0003) and that between CT-FFR
and RFR was 0.78 (95% CI 0.51-0.91, P<0.0001; Figure 6A, 6B). Figure 7A and 7B shows the receiver-
operating characteristic curves for the ability of CT-FFR to predict an invasive FFR <0.80 and an RFR
<0.89. The optimal CT-FFR cutoff value for prediction of an invasive FFR <0.80 was 0.75 (area under

the curve, 0.79), which had a sensitivity of 81%, specificity of 78%, positive predictive value (PPV) of
16



87%, and negative predictive value (NPV) of 70%. The optimal CT-FFR cutoff value for prediction of
an RFR <0.89 was 0.75 (area under the curve, 0.85), which had a sensitivity of 100%, specificity of
67%, PPV of 67%, and NPV of 100%. Figure 8 shows a representative case with positive results for
ischemia on CT-FFR validated by invasive FFR and RFR. When the cutoff of CT-FFR was defined as
0.80, it had a sensitivity of 100%, specificity of 56%, PPV of 80%, and NPV of 100% for predicting an

invasive FFR <0.80 and a sensitivity of 100%, specificity of 33%, PPV of 50%, and NPV of 100% for

predicting an RFR <0.89.
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Fig. 6 (a) Correlation of CT-FFR and invasive FFR and (b) correlation of CT-FFR and RFR. CT*FFR
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Fig. 8 Images for a 53-year-old woman with suspected exertional angina pectoris. Coronary computed
tomography angiography demonstrated moderate stenosis in the proximal LAD (a). The CT-FFR result was
positive (0.70) in the LAD (b). Invasive coronary angiography again demonstrated stenosis in the proximal
LAD (c); both the FFR and RFR were positive (0.78 and 0.87, respectively) in the LAD (d). CT-FFR
computed tomography-derived fractional flow reserve; FFR fractional flow reserve; LAD left anterior

descending artery; LCX left circumflex artery; ECA right coronary artery; EFR resting full-cycle ratio.

Discussion

In this study, we investigated the reliability and utility of CT-FFR derived on-site in a clinical
setting by retrospectively comparing CT-FFR data with FFRcr, invasive FFR, and RFR data. Although
there has been some research on the correlation between invasive FFR and FFRcr and between
invasive FFR and CT-FFR, to the best of our knowledge, this is the first study to examine the direct

correlation between FFRcr and CT-FFR data. We found the following: (1) CT-FFR had high
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reproducibility based on interobserver agreement; (2) CT-FFR confirmed the absence of functionally
significant stenosis when determined by CT-FFR >0.80 in nearly all coronary vessels without
obstructive lesions on CCTA; (3) there was a good correlation and good agreement between CT-FFR
and FFRcr and (4) there was a close correlation between CT-FFR and invasive parameters of coronary
artery stenosis represented by FFR and RFR, indicating that CT-FFR has potential for noninvasive
prediction of abnormalities in such parameters. Although the sample size is modest, our results
provide significant evidence of the reliability and utility of CT-FFR in a clinical setting and
demonstrate that this on-site modality has potential to substitute for the currently used FFRcr with
high reproducibility. Our findings may promote further application of CT-FFR in the management of
CAD, which should be proved by further clinical investigation in a larger cohort.

CT-FFR enables patient-specific measurements to be obtained by direct analyses of patient
data using a dedicated workstation on-site. As in previous studies [9, 10], we confirmed that CT-FFR
has high inter-observer reproducibility, which highlights the clinical applicability of this technique.
Furthermore, in this study, 97.3% of the vessels without >50% stenosis on CCTA were confirmed to be
negative for ischemia on CT-FFR (determined by the cutoff of >0.80), suggesting that this method has
high reliability for correct diagnosis of absence of functionally significant stenosis in the coronary
arteries. However, we also found notable factors, namely, myocardial bridging and vessel calcification,
which could be associated with overestimation of CT-FFR measurements. The squeezing phenomenon
triggered by myocardial bridging may cause coronary blood flow reserve to be reduced not only during
systole but also during part of diastole [21]. Given that CT-FFR is calculated in multiple cardiac
phases during diastole, myocardial bridging could be the reason for ‘false-positive’ CT-FFR results.
Blooming and beam-hardening artifacts derived from severe calcification blurred the vessel lumen in
CCTA images, and 18 patients were excluded from calculation of CT-FFR because of severe
calcification, as in a previous study [10]. Nevertheless, 42.9% (9/21) of the vessels without obstructive
lesions on CCTA and a CT-FFR <0.80 had moderate to severe calcification. The relationship between
the degree of coronary calcification and reliability of CT-FFR measurements should be further

evaluated.
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An important finding in this study was a direct correlation between FFRcr and CT-FFR,
which are calculated in different ways. FFRcr is derived from hemodynamics calculated by CFD
analysis, which is based on an anatomical and physiological model generated from CCTA data. CT-
FFR is derived from fluid structure interaction analysis, in which CFD analysis is performed to
calculate patient-specific boundary conditions using data for the four cardiac phases. Although CFD
analysis is used in both, the processes used are different. When calculating FFRcr, a patient-specific
physiological model that represents aortic pressure and microcirculatory resistance at rest and at
maximal hyperemia is created by calculating left ventricular myocardial volume and assessing overall
coronary blood flow demand [17]. When calculating CT-FFR, patient-specific data on how the cross-
sectional area of the coronary artery or the volume of the ascending aorta changes during the four
cardiac phases are measured and utilized in the CFD analysis. Thus, both methods use patient-
specific data, and a direct correlation between FFRcr and CT-FFR was demonstrated in this study.

Unlike FFRcr, CT-FFR enables on-site analysis, which is an advantage in daily clinical
practice. FFRcr requires time to send data for analysis by a supercomputer. Therefore, it is difficult to
inform patients of the results on the same day of the examination because of the time required to
receive the results. However, on-site analysis provides results in a short period of time, making it
possible to inform patients of the results on the same day of the examination, even in a regular
outpatient practice.

This study also shows that CT-FFR correlates closely with invasive intravascular parameters
of coronary artery stenosis. Previous studies found a significant correlation between CT-FFR and
invasive FFR with correlation coefficients of 0.57 and 0.52 [9, 10]. Although the sample size was
smaller in this study, our correlation coefficient (0.66) was similar, and confirmed the accuracy of CT-
FFR based on invasive FFR. Fujimoto et al. also demonstrated a significant correlation between CT-
FFR and iFR with a correlation coefficient of 0.62 [10]. This study adds evidence of the accuracy of CT-
FFR in comparison with another resting index, namely, RFR. RFR differs from 1FR in that it is not
only diastolic, but i1s also averaged over 5 heartbeats at the point of highest pressure gradient during
the entire cardiac cycle. The RE-VALIDATE RFR trial, which prospectively compared the real-world

diagnostic accuracy of RFR with that of iFR, found that RFR and iFR were equally accurate [22]. Our
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study is the first to compare CT-FFR with a resting index other than iFR, and our finding of a
significant correlation further supports the clinical accuracy and utility of CT-FFR. We also
demonstrated that CT-FFR could predict invasive FFR <0.80 and RFR <0.89 fairly accurately; the
optimal CT-FFR cutoff was 0.75 with a better specificity for both than a cutoff value of 0.80. The
specificity of CT-FFR would be of value because CCTA has excellent sensitivity as an anatomical
examination and also has good sensitivity of functionally significant stenosis. Thus, the CT-FFR cutoff

0.75 may be more useful in the clinical management of CAD.

Study limitations

Our study has several limitations. First, it had a single-center design and a small sample
size, thus it is difficult to draw strong conclusions. Larger studies are needed to confirm our findings.
Second, the study included patients with severe calcification and an Agatston score >400. It has been
reported that the presence of calcified plaque has a significant effect on the diagnostic performance of
CT-FFR [23], but the study also stated that it is independent of the degree of calcification indicated by
the Agatston score. It is difficult to discuss in detail the influence of the degree and pattern of
calcification on diagnostic performance of CT-FFR based on the present data. Third, current FFRcr
technology has not been validated for calculation of values <0.50. Therefore, a value of 0.50 was
considered to indicate an occluded vessel or a vessel with an FFRcr <0.50. Only three vessels had an
FFRcr of 0.50, which may have slightly influenced the correlation with CT-FFR. Fourth, 24 patients
underwent both CT-FFR and invasive FFR, and 9 (10 vessels) were also analyzed by FFRcr. Given the
limited amount of data, it is difficult to discuss any correlation between these three measurement
methods. As preliminary data, regarding the 10 vessels in which CT-FFR, FFRcr, and invasive FFR
were all performed, the accuracy of CT"FFR was 100% with no false positives or false negatives, while
the accuracy of FFRcr was 70% with 1 false positive lesion and 2 false negative lesions when using
invasive FFR as the reference standard. Figure 9 shows a representative case in which the CT-FFR

and FFRcr ischemia determinations did not agree, and the CT-FFR result was confirmed by invasive
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FFR. Further studies in more cases are needed to determine whether CT-FFR correlates better than

FFRcr with invasive FFR.

Vessel Segment

Pd/Pa: 0
/d/m 98/ 61/ 76 e

Fig. 9 Images for a 69-year-old man with intermediate risk of coronary artery disease. Coronary computed
tomography angiography demonstrated moderate stenosis with moderate calcification in the LAD (A). The
CT-FFR result was negative (0.86) in the LAD (B) and the FFRcr result was positive (0.77) in the LAD (C).
Invasive coronary angiography again demonstrated a stenosis in the LAD (D); the FFR and RFR results
were both negative (0.89 and 0.94, respectively) in the LAD. CT-FFR computed tomography-derived
fractional flow reserve; FFR fractional flow reserve; FFRcrfractional flow reserve derived off-site by
coronary computed tomography angiography; LAD left anterior descending artery; LCX left circumflex

artery; RCA right coronary artery; RFR resting full-cycle ratio

Conclusions and clinical implications
CT-FFR may be useful as an on-site parameter that correlates significantly with FFRcr,
invasive FFR, and RFR with high reliability and reproducibility. Our findings should be proved by

further clinical investigation in a larger cohort.
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