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AUTHOR'S SUMMARY

With recent advancements, fractional flow reserve (FFR) can be computed from coronary
computed tomography angiography (CCTA). This study validated the diagnostic performance
of the on-site automatic CCTA-derived FFR (CT-FFR) using a commercially available
workstation to define ischemia-causing coronary artery disease (CAD). This on-site CT-FFR
showed a diagnostic accuracy of 80.6%, a sensitivity of 88.1%, and a specificity of 75.6% to
predict FFR <0.80. In addition, the diagnostic performance and discriminant ability of CT-
FFR to predict FFR <0.80 were better than those of stenosis severity from CCTA. The current
CT-FER solution can provide useful information on the hemodynamic significance of CAD.

ABSTRACT

Background and Objectives: Fractional flow reserve (FFR) is an invasive standard method
to identify ischemia-causing coronary artery disease (CAD). With the advancement of
technology, FFR can be noninvasively computed from coronary computed tomography
angiography (CCTA). Recently, a novel simpler method has been developed to calculate on-
site CCTA-derived FFR (CT-FFR) with a commercially available workstation.

Methods: A total of 319 CAD patients who underwent CCTA, invasive coronary angiography,
and FFR measurement were included. The primary outcome was the accuracy of CT-FFR for
defining myocardial ischemia evaluated with an invasive FFR as a reference. The presence of
ischemia was defined as FFR <0.80. Anatomical obstructive stenosis was defined as diameter
stenosis on CCTA >50%, and the diagnostic performance of CT-FFR and CCTA stenosis for
ischemia was compared.

Results: Among participants (mean age 64.7+9.4 years, male 77.7%), mean FFR was
0.82+0.10, and 126 (39.5%) patients had an invasive FFR value of <0.80. The diagnostic
accuracy, sensitivity, specificity, positive predictive value, and negative predictive value of CT-
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FFR were 80.6% (95% confidence interval [CI], 80.5-80.7%), 88.1% (95% CI, 82.4-93.7%),
75.6% (95% CI, 69.6-81.7%), 70.3% (95% CI, 63.1-77.4%), and 90.7% (95% CI, 86.2-95.2%),
respectively. CT-FFR had higher diagnostic accuracy (80.6% vs. 59.1%, p<0.001) and
discriminant ability (area under the curve from receiver operating characteristic curve 0.86
vs. 0.64, p<0.001), compared with anatomical obstructive stenosis on CCTA.

Conclusions: This novel CT-FFR obtained from an on-site workstation demonstrated
clinically acceptable diagnostic performance and provided better diagnostic accuracy and
discriminant ability for identifying hemodynamically significant lesions than CCTA alone.

Keywords: Coronary artery disease; Computed tomography; Fractional flow reserve

INTRODUCTION

Coronary computed tomography angiography (CCTA) is increasingly utilized as a noninvasive
anatomic assessment tool to detect coronary artery disease (CAD)."? Current guidelines
endorse the use of CCTA as a gatekeeper for further invasive tests in patients with CAD.?
However, anatomic disease severity identified on CCTA has demonstrated an unreliable
relationship with hemodynamic significance and this often results in unnecessary invasive
coronary angiography.?® Currently, fractional flow reserve (FFR) is an invasive standard
method to identify lesion-specific myocardial ischemia, and FFR-guided coronary
revascularization is recommended in recent guidelines.”® With the advancement of
technology, FFR can be noninvasively computed from CCTA and numerous studies have
demonstrated a good correlation between invasive FFR and CCTA-derived FFR (CT-FFR) and
its incremental information on practical decision-making.”¥ However, previous methods
need the transfer of CCTA data to external facilities, supercomputing, and waiting times for
processing. Several algorithms have been developed to mitigate these limitations and enable
these processes on-site.”2! Recently, on-site CT-FFR using a novel simpler method has been
developed and it makes the calculating process automatic with a commercially available
workstation. The aim of this study is to validate this on-site CT-FFR compared with invasive
FFR as a reference.

METHODS

Ethical statement

The study protocol was approved by the Institutional Review Boards of each center (Seoul
National University Hospital [2207-023-1337], Keimyung University Dongsan Medical Center
[DSMC 2022-07-004], Chosun University Hospital [2022-07-001], Yongin Severance Hospital
[9-2022-0093], and Inje University Ilsan Paik Hospital [2022-06-026]).

Study design and overview

This is a retrospective, multicenter, comparative, investigator-initiated study to evaluate the
diagnostic performance of CT-FFR from routinely acquired CCTA data using the software
HeartMedi+ 1.0 (AiMedic, Seoul, Korea) to detect hemodynamically significant CAD.
Patients who underwent CCTA within 90 days before invasive coronary angiography and
FFR measurement were screened in each participating center. After that, invasive coronary
angiography, FFR data, and CCTA data were anonymized and transferred to the independent
core laboratories and analyzed in a blind fashion.
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Study population

A total of 332 patients were enrolled from 5 tertiary cardiovascular centers (Seoul National
University Hospital, Seoul, Korea; Keimyung University Dongsan Medical Center, Daegu,
Korea; Inje University Ilsan Paik Hospital, Goyang, Korea; Chosun University Hospital,
Gwangju, Korea; Yongin Severance Hospital, Yongin, Korea) in Korea. The inclusion criteria
were as follows: 1) adults aged 20 years or older; 2) individuals who had undergone >64
multidetector row CCTA within 90 days before invasive coronary angiography and FFR
measurement; 3) individuals who had not experienced any clinical events or significant
clinical changes between the time of CCTA and invasive coronary angiography. Exclusion
criteria included previous coronary intervention or coronary bypass surgery in the target
vessel; invasive coronary angiography under unstable conditions; previous myocardial
infarction at target vessel territory; congenital heart disease; moderate or severe valvular
heart disease; previous valvular heart surgery; left ventricular ejection fraction <40% or left
ventricular hypertrophy; previous cardiac device implantation; body mass index >35 kg/m?;
poor FFR tracing quality; no information on the position of the FFR pressure wire; heart rate
2100 beats/min during CCTA; CCTA calcium score >1000; no nitroglycerin prior to CCTA;
CCTA slice thickness >1.0 mm; and significant artifacts in CCTA. Patients were withdrawn
from the current study when complete segmentation of the coronary artery failed or an error
message was generated from the software during CT-FFR analysis. After the withdrawal of 13
patients, a total of 319 patients were included in the current analysis.

Coronary computed tomography angiography acquisition and analysis

All patients underwent >64 multidetector row CCTA following Society of Cardiovascular
Computed Tomography guidelines.??? CCTA data were transferred with information

on the target vessel to the CCTA core laboratory at Seoul National University Bundang
Hospital, Seongnam, Korea, for independent and blind analysis of anatomic severity of
CAD in the target vessel. CCTA data were analyzed according to the guidelines of the Society
of Cardiovascular Computed Tomography by two independent radiologists.?¥ Coronary
lesions were quantified for luminal diameter stenosis as normal (0%), minimal (1% to 24%),
mild (25% to 49%), moderate (50% to 69%), severe (70% to 99%), or occlusion (100%).
Anatomical obstructive stenosis was defined as a diameter stenosis of 50% or more. The
CCTA data were evaluated using a 3D workstation (Brilliance, Philips Medical Systems,
Andover, MA, USA). Any discrepancies in their assessments were resolved through consensus
between the two radiologists.

Invasive fractional flow reserve measurement and analysis

Invasive coronary angiography was performed with standard techniques. After the
administration of intracoronary nitrate (100 or 200 ug), angiographic views were obtained.
After diagnostic angiography, FFR was measured as previously described.? After the
engagement of a guide catheter in the coronary artery, the pressure sensor guide wire (Abbott
Vascular, Santa Clara, CA, USA or Volcano, San Diego, CA, USA) was equalized to aortic
pressure and then placed at the distal segment of a target vessel. Before each physiologic
measurement, intracoronary nitrate (100 or 200 ug) was administered. Resting distal to
aortic coronary pressure (resting Pd/Pa) was calculated as the ratio of mean distal coronary
arterial pressure (Pd) to mean aortic pressure (Pa). Intravenous infusion of adenosine (at

a dose of 140 pg per kilogram of body weight per minute) or intracoronary bolus injection
of nicorandil (2 mg) was used to induce hyperemia.?® FFR was acquired during maximal
hyperemia and was defined as the lowest value of mean hyperemic Pd/Pa. Anonymized
invasive coronary angiography and FFR raw data were transferred to the FFR core laboratory

https://doi.org/10.4070/kcj.2023.0288 384



Performance of On-Site CT-FFR

ke

Korean Circulation Journal

https://e-kcj.org

at Seoul National University Hospital, Seoul, Korea. The FFR measurements were validated
by rechecking the achievement of maximum hyperemia, pressure drift, and other artifacts
that could compromise FFR interpretation, and pressure wire location during FFR
measurement was checked.

Coronary computed tomography angiography-derived fractional flow reserve
computation

CT-FFR computation was performed at the CT-FFR core laboratory at Keimyung University
Dongsan Medical Center, Daegu, Korea. CT-FFR was calculated using HeartMedi+ 1.0
according to the manufacturer’s instructions, and CT-FFR was acquired at the location of the
pressure wire. The wire location was confirmed by the FFR core laboratory and informed to
the CT-FFR core laboratory. When complete segmentation of the coronary artery failed, or an
error message was generated from the software, that patient was excluded from the analysis.

Sample size calculation

The primary hypothesis of this study was that the diagnostic accuracy of CT-FER to predict
hemodynamically significant CAD evaluated with an invasive FFR as a reference was greater
than 70% with a 1-sided 95% confidence interval (CI). Ischemia was defined as FFR <0.80,
and the primary analysis was based on a per-patient manner, defining the target vessel as the
first FFR-measured vessel. The diagnostic accuracy of CCTA diameter stenosis of 50% or more
for the detection of vessel-specific ischemia evaluated by FFR was estimated to be 49%,” and
previous studies have demonstrated that the diagnostic accuracy of CT-FFR ranged from 73%
to 87% for predicting FFR <0.80.” In this clinical study, we anticipated that the diagnostic
accuracy of CT-FFR would be at least 20% higher than that of CCTA.® Assuming that 56% of
patients might have vessel-specific ischemia evaluated by FFR,” 299 patients were required
to achieve a 90% statistical power with a one-sided significance level of 0.025 for the primary
hypothesis. Considering a 10% dropout rate, we planned to enroll 332 participants.

Statistical analysis

The categorical variables were presented as numbers with percentages, while continuous
variables were presented as means * standard deviations. All analysis was conducted on per-
patient analysis by designating the vessel in which FFR was first measured as the representative
vessel. The primary outcome measure was the diagnostic accuracy of CI-FER to detect
hemodynamically significant CAD evaluated with an invasive FFR. The diagnostic accuracy was
expressed in percentage with a 95% two-sided confidence interval. It would be checked whether
the lower boundary of the confidence interval for diagnostic accuracy was higher than 70% by

a one-sample proportion test using the Z-test. If the lower boundary of the confidence interval
was higher than 70%, it would be interpreted as meeting the primary hypothesis.

The secondary outcome measure included the Spearman’s correlation coefficient of CT-FFR
with FFR. Bland-Altman analysis was used to demonstrate the agreement between CT-FFR
and FFR. Comparisons of diagnostic performance of CT-FFR, including diagnostic accuracy,
sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) to
those of CCTA stenosis, and the assessment of discriminant ability using the area under the
receiver-operating characteristic curve (AUC) for CT-FFR and CCTA stenosis. A comparison
of diagnostic performance was performed using McNemar'’s test or weight generalized score
statistic as appropriate. The AUCs were compared by Delong’s test. As sensitivity analyses,
the diagnostic performance and discriminant ability of CT-FFR compared to CCTA stenosis
were also evaluated in a per-vessel manner.
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As a post-hoc analysis, we also conducted a subgroup analysis on patients with mild to moderate
stenoses by CCTA and an exploratory analysis comparing the secondary outcome measure of CT-
FFR with resting Pd/Pa. For exploratory analysis, available resting Pd/Pa data were collected, and

the diagnostic threshold for ischemia of resting Pd/Pa was set to 0.92 or less.””

RESULTS

Patient and lesion characteristics

A total of 319 patients with 392 vessels who underwent CCTA, invasive coronary angiography
with FFR measurement, and complete CT-FFR computation were included in this analysis
(Figure 1). Baseline characteristics are shown in Table 1. The mean age was 64.7+9.4 years,

Auto segmentation and
3D reconstruction FFR calculation from CFD model Invasive FFR

ronary 15 ¥ps Boost
£

0; 1.81 CRA: 39,58

Figure 1. Case example of CT-FFR.

The process of calculating CT-FFR is shown. Three-dimensional model of epicardial coronary artery tree was
reconstructed by auto-segmentation from CCTA, and the value of CT-FFR was calculated from the CFD model at
the selected point (0.80), which was comparable with the invasive FFR value of 0.82.

3D = three-dimensional; CCTA = coronary computed tomography angiography; CFD = computational fluid
dynamic; CT-FFR = coronary computed tomography angiography-derived fractional flow reserve; FFR = fractional
flow reserve.

Table 1. Baseline patient characteristics

Characteristics Value
Demographics
Age (years) 64.7+9.4
Male 248 (77.7)
Body mass index (kg/m?) 25.1+2.8
Hypertension 198 (62.1)
Diabetes mellitus 96 (30.2)
Hypercholesterolemia 244 (76.5)
Current smoker 78 (24.5)
Left ventricular ejection fraction (%) 61.8+5.9
Clinical presentations
Stable ischemic heart disease 314 (98.5)
Acute coronary syndrome 5(1.5)
Laboratory findings
Hemoglobin (mg/dL) 13.9+1.5
Hematocrit (%) 41.4+4.1
Creatinine (mg/dL) 0.9+0.4

All values were presented as number and proportion or mean with standard deviation.
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and 77.7% of patients were male. Most patients (98.5%) were diagnosed with stable ischemic

heart disease at the time of invasive coronary angiography.

Most target vessels in each patient were located at the left anterior descending coronary

arteries (70.5%) (Table 2). CCTA stenosis severity was minimal in 34 patients (10.7%), mild
in 107 patients (33.6%), moderate in 80 patients (25.2%), and severe in 97 patients (30.5%)
based on CCTA analysis (Table 2). The mean FFR, resting Pd/Pa, and CT-FFR were 0.82+0.10,

0.94+0.05, and 0.80+0.09, respectively, and 39.5% of patients had target vessels with FFR

<0.80 (Table 2).

Among all 392 vessels, 66.1% of vessels were at the left anterior descending coronary arteries
(66.1%) (Table 2). The mean FFR, resting Pd/Pa, and CT-FFR were 0.83+0.10, 0.94+0.05, and

0.81+0.09, respectively, and 38.5% of vessels had FFR <0.80 (Table 2).

Table 2. Baseline lesion characteristics

Characteristics Values
Target vessel characteristics (n=319)
Lesion location
LAD 295 (70.5)
LCX 37 (11.6)
RCA 57 (17.9)
CCTA lesion severity”
Minimal (1-24%) 34(10.7)
Mild (25-49%) 107 (33.6)
Moderate (50-69%) 80 (25.2)
Severe (70-99%) 97 (30.5)
Physiologic indices
FFR 0.82+0.10
FFR <0.80 126 (39.5)
Resting Pd/Pat 0.94+0.05
Resting Pd/Pat <0.92 95 (31.0)
CT-FFR 0.80+0.09
CT-FFR <0.80 158 (49.5)
Whole vessel characteristics (n=392)
Lesion location
LAD 259 (66.1)
LCX 62 (15.8)
RCA 71(18.1)
CCTA lesion severity”
Minimal (1-24%) 50 (12.8)
Mild (25-49%) 135 (34.5)
Moderate (50-69%) 93(23.8)
Severe (70-99%) 113 (28.9)
Physiologic indices
FFR 0.83+0.10
FFR <0.80 151 (38.5)
Resting Pd/Pa¥ 0.94+0.05
Resting Pd/Pa¥ <0.92 115 (30.5)
CT-FFR 0.81+0.09
CT-FFR <0.80 178 (45.4)

All values were presented as number and proportion or mean with standard deviation.

CCTA = coronary computed tomography angiography; CT-FFR = coronary computed tomography angiography-

derived fractional flow reserve; FFR = fractional flow reserve; LAD = left anterior descending artery; LCX = left

circumflex artery; Pd/Pa = distal to aortic coronary pressure; RCA = right coronary artery.
“There was one vessel with no information about lesion severity on CCTA.

TThere were 13 vessels with no information about resting Pd/Pa.

*There were 15 vessels with no information about resting Pd/Pa.

https://doi.org/10.4070/kcj.2023.0288

387



Performance of On-Site CT-FFR

ke

Korean Circulation Journal

Diagnostic performance of coronary computed tomography angiography-
derived fractional flow reserve vs. coronary computed tomography
angiography for diagnosis of ischemia

There was a moderate correlation between CT-FFR values and FFR (Spearman’s rank
correlation 0.637, p<0.001) (Figure 2). For the primary outcome, the diagnostic accuracy
of CT-FFR to predict hemodynamically significant CAD evaluated by FFR was 80.6% (95%
CI, 80.5-80.7%), with the lower boundary of the CI exceeding 70% (Figure 3, Table 3). The
sensitivity, specificity, PPV, and NPV of CT-FFR were 88.1% (95% CI, 82.4-93.7%), 75.6%
(95% CI, 69.6-81.7%), 70.3% (95% CI, 63.1-77.4%), and 90.7% (95% CI, 86.2-95.2%),
respectively. CT-FFR applied to target vessels resulted in 111 true positives (34.8%), 146 true
negatives (45.8%), 47 false positives (14.7%), and 15 false negatives (4.7%).

For the secondary outcomes, the comparisons of diagnostic performance and discriminant
ability between CT-FFR and CCTA to predict hemodynamically significant CAD in target
vessels are presented in Figure 3 and Table 3. CT-FFR demonstrated superior diagnostic
performance compared to CCTA (80.6% vs. 59.1%, p<0.001 for diagnostic accuracy; 88.1%
vs. 68.8%, p<0.001 for sensitivity; 75.6% vs. 52.8%, p<0.001 for specificity; 70.3% vs. 48.6%,
p<0.001 for PPV; 90.7% vs. 72.3%, p<0.001 for NPV) (Figure 3A, Table 3). The AUC for CT-
FFR was 0.86 and was higher than that of CCTA (p<0.001) (Figure 3B, Table 3).

In whole vessel analyses, the diagnostic accuracy, sensitivity, specificity, PPV, NPV, and AUC
of CT-FFR on vessel level were 79.8% (95% CI, 79.8-79.9%), 82.8% (95% CI, 76.8—-88.8%),
78.0% (95% CI, 72.8-83.2%), 70.2% (95% CI, 63.5-76.9%), 87.9% (95% CI, 83.5-92.2%), and
0.80 (95% CI, 0.76—0.84), respectively, and those of CT-FFR were significantly higher than
those of CCTA (Supplementary Table 1).

A Scatter plot B Bland-Altman plot
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Figure 2. Correlation between CT-FFR and FFR.
The correlation between CT-FFR and FFR is shown in (A) the scatter plot and (B) Bland-Altman plot.
CT-FFR = coronary computed tomography angiography-derived fractional flow reserve; FFR = fractional flow reserve.
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Table 3. Comparison of diagnostic performances and discrimination abilities between CT-FFR and CCTA to predict

FFR
Diagnostic performance and discrimination ability CT-FFR CCTA p value
Sensitivity (%) 88.1 (82.4-93.7) 68.8 (60.7-76.9) <0.001
Specificity (%) 75.6 (69.6-81.7) 52.8 (45.8-59.9) <0.001
Positive predictive value (%) 70.3 (63.1-77.4) 48.6 (41.2-56.0) <0.001
Negative predictive value (%) 90.7 (86.2-95.2) 72.3 (65.0-79.7) <0.001
Diagnostic accuracy (%) 80.6 (80.5-80.7) 59.1(59.0-59.3) <0.001
Area under curve 0.86 (0.82-0.90) 0.64 (0.58-0.70) <0.001

All values were presented as estimates with 95% confidence interval.
CCTA = coronary computed tomography angiography; CT-FFR = coronary computed tomography angiography-
derived fractional flow reserve; FFR = fractional flow reserve.

Diagnostic performance of coronary computed tomography angiography-
derived fractional flow reserve for patients with mild to moderate stenosis
severity

Among 319 patients, 187 patients (58.6%) had mild to moderate stenosis in target vessels,
and 69 patients (36.9%) had hemodynamically significant stenosis in target vessels. The
diagnostic performance and discriminant ability of CT-FFR in these patients were as

follows: diagnostic accuracy of 78.1% (95% CI, 77.9-78.3%), sensitivity of 84.1% (95% CI,
75.4-92.7%), specificity of 74.6% (95% CI, 66.7-82.4%), PPV of 65.9% (95% CI, 56.0-75.8%),
NPV of 88.9% (95% CI, 82.7-95.1%), and AUC of 0.84 (95% CI, 0.79-0.90) (Table 4). When
compared to the anatomical severity of CCTA, CT-FFR showed consistently higher diagnostic
performance and discriminant ability in patients with mild to moderate stenosis (Table 4).

Diagnostic performance of coronary computed tomography angiography-
derived fractional flow reserve vs. resting distal to aortic coronary pressure
There were no significant differences between CT-FFR and resting Pd/Pa in terms of
diagnostic accuracy (80.6% vs. 79.1%, p=0.760) and AUC (0.86 vs. 0.88, p=0.398) for
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Table 4. Comparison of diagnostic performances and discrimination abilities between CT-FFR and CCTA to
predict FFR with mild to moderate stenosis

CCTA (n=187, 58.8%)  p value

Diagnostic performance and discrimination ability CT-FFR (n=187, 58.6%)

Sensitivity (%) 84.1 (75.4-92.7) 49.3 (37.5-61.1) <0.001
Specificity (%) 74.6 (66.7-82.4) 61.0 (52.2-69.8) 0.027
Positive predictive value (%) 65.9 (56.0-75.8) 492.5 (31.7-53.3) <0.001
Negative predictive value (%) 88.9(82.7-95.1) 67.3 (58.4-76.2) <0.001
Diagnostic accuracy (%) 78.1(77.9-78.3) 56.7 (56.4-56.9) <0.001
Area under curve 0.84 (0.79-0.90) 0.55(0.48-0.63) <0.001

All values were presented as estimates with 95% confidence interval.
CCTA = coronary computed tomography angiography; CT-FFR = coronary computed tomography angiography-

derived fractional flow reserve; FFR = fractional flow reserve.

A Diagnostic performance B Discrimination ability
100 - 1.0 4
90.7
0.8 |
2 0.6
= /
= !
@ !
c !
3 !
044 !
024!
; —— CT-FFR AUC: 0.86
| () — Resting Pd/Pa AUC: 0.88
0 p value for comparison 0.398
Sensitivity Specificity PPV NPV Accuracy 0 0.2 0.4 0.6 0.8 1.0
1-Specificity

W CT-FFR  m Resting Pd/Pa

Figure 4. Diagnostic performances and discrimination abilities of CT-FFR and resting Pd/Pa.
(A) Diagnostic performance and (B) receiver operating characteristic curves comparing CT-FFR and resting Pd/Pa to predict hemodynamically significant CAD are

shown.
AUC = area under the curve; CAD = coronary artery disease; CT-FFR = coronary computed tomography angiography-derived fractional flow reserve; NPV =

negative predictive value; PPV = positive predictive value; Pd/Pa = distal to aortic coronary pressure.

identifying ischemia (Figure 4, Supplementary Table 2). CT-FFR showed significantly higher
sensitivity and NPV, whereas resting Pd/Pa showed significantly higher specificity and PPV for

the diagnosis of ischemia (Figure 4, Supplementary Table 2).

DISCUSSION

The current study evaluated the diagnostic performance of on-site automatic CT-FFR using a
commercially available workstation as compared with invasive FFR as a reference. The major
finding was as follows. First, CT-FFR demonstrated moderate correlation with invasive FFR and
provided a diagnostic accuracy of 80.6% with reasonable sensitivity and specificity. Second,
the diagnostic performance and discriminant ability of CT-FFR to predict hemodynamically
significant CAD was superior to the diameter stenosis on CCTA in both per-patient and per-
vessel analyses. Third, superior diagnostic performance and discriminant ability of CT-FFR to
CCTA alone were consistently found in patients with mild to moderate stenotic CAD.
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Identifying ischemia-causing coronary artery lesions is essential to deciding treatment
strategies in patients with CAD.»® Even though CCTA has become a popular noninvasive
anatomic assessment tool for detecting or excluding CAD, it is limited to defining the
presence of myocardial ischemia caused by CAD.»* With technical advancement, CT-FFR
computed from CCTA has been developed and demonstrated a good correlation with invasive
FFR.™9 However, traditional CT-FFR computation using computational fluid dynamic (CFD)
has several limitations in the needs of transferring CCTA data to an external laboratory,
processing with supercomputing, and waiting times for several hours. Even though several
algorithms were recently developed to overcome these issues and provided on-site solutions,
the segmentation process to build a 3-dimensional coronary tree is still semi-automatic and
requires 30-60 minutes for CT-FFR computation.’>® The current on-site solution for CT-FFR
used a novel scheme of Q-method-based CFD, with the exclusion of the aortic part from

the model, allowing for rapid result derivation even in a conventional desktop computer.?
Another significant advantage of this novel CT-FFR is that the vessel segmentation process
and simulation process by CFD are fully automated to minimize human intervention.
Therefore, physicians can easily use this platform, even for non-imaging specialists, and the
entire process takes less than 30 minutes for CT-FFR computation.

The current study validated the diagnostic performance of CT-FFR using the novel on-site
automated algorithm. The diagnostic accuracy of CT-FFR was 80.6% and met the prespecified
primary hypothesis in that the diagnostic accuracy of CT-FFR to predict hemodynamically
significant CAD. This result is based on the acceptable ranges of sensitivity (88.1%) and
specificity (75.6%) of the current CT-FFR, considering the performance of commercially
available conventional off-site CT-FFR using CFD (HeartFlow Inc., Redwood City, CA, USA).”
Several on-site CT-FFR solutions have been developed and demonstrated promising results.
On-site CT-FFR using a reduced-order CFD model demonstrated sensitivities and specificities
0f 76-88% and 65-87%, respectively.’>*® Recently, machine learning techniques have been
applied to CT-FFR technology and demonstrated favorable results with sensitivities and
specificities of 79-91% and 76-96%, respectively.’*?) Although machine learning-derived
CT-FFR showed good diagnostic performance, it is trained based on CT-FFR calculated by a
reduced-order CFD algorithm rather than invasive FFR. Therefore, additional validation is
deemed necessary. Although the CT-FFRs mentioned above offer several advantages, they
were calculated semi-automatic. Even though CT-FFR computation in the current study

used the novel simpler method with a conventional desktop computer and was computed

by non-imaging specialists, the diagnostic performance of the current CT-FFR in predicting
hemodynamically significant CAD was comparable with the previous one.”">*® These led to a
high NPV 0f 90.7%, indicating a low possibility of false negative tests. Another recent CT-FFR
study utilizing transluminal attenuation gradient to define boundary conditions demonstrated
outperforming results, with a sensitivity of 89% and specificity of 91%. The calculation
process was fully automated like our solution, but CT-FFR could not be calculated in 13.9%

of cases, emphasizing the necessity for high-quality CCTA images. In contrast, only 3.9% of
enrolled patients in our study were excluded from the analysis due to the failure of complete
segmentation of the coronary artery and error message generation from the software. These
results infer that the current on-site CT-FFR solution can be easily utilized in daily practice,
providing reasonable information on the hemodynamic significance of CAD.

The diagnostic performance and discriminant function of the current CT-FFR to predict

hemodynamically significant CAD were greater than the diameter stenosis on CCTA. It is
well known that anatomic disease severity identified on CCTA has limited diagnostic value in
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defining the hemodynamically significant CAD.”®) Therefore, the current CT-FFR can provide
additive information on the hemodynamic significance of CAD from CCTA in addition to
anatomic severity from CCTA. These findings were consistent with patients with mild to
moderate stenosis on CCTA, and diagnostic performance and discriminant ability of the
current CT-FFR remained good in these subsets. As major discordance between anatomic
significance and hemodynamic significance occurs in these mild to moderate stenotic
lesions, the diagnostic performance of the noninvasively computed CT-FFR is truly important
in these lesion subsets.*” In addition, the diagnostic accuracy and discriminant ability of
CT-FFR were comparable with those of invasively measured resting Pd/Pa, but sensitivity and
NPV were higher in CT-FFR than in resting Pd/Pa. These results suggest that CT-FFR is more
advantageous in detecting ischemia-causing coronary lesions than resting Pd/Pa, and CT-FFR
can provide a lower possibility of false negative tests.

The current study has several limitations to be considered. First, we excluded patients with
high Agatston calcium scores (21,000 units). Therefore, the current lesions cannot be applied
to heavily calcified coronary arteries. Second, 13 patients (3.9%) were excluded from this
study due to the failure of complete segmentation of the coronary artery and error message
generation from the software. However, this rate is lower than initially expected. Third,
patients who underwent coronary bypass surgery or with in-stent restenosis were excluded.
Therefore, the current results could not be applied to these patients. Fourth, although our
results are comparable with those of previous studies, the current on-site CT-FFR solution
demonstrated relatively low specificity. Therefore, improvement in algorithms and validation
processes will be essential to achieve a more accurate prediction of myocardial ischemia.

The diagnostic performance and discriminant ability of an automated on-site CT-FFR
algorithm were acceptable for use in the clinical field and can provide additive information on
the hemodynamic significance of CAD from CCTA.

SUPPLEMENTARY MATERIALS

Supplementary Table 1
Comparison of diagnostic performances and discrimination abilities between CT-FFR and
CCTA to predict FFR in whole vessels

Supplementary Table 2
Comparison of diagnostic performances and discrimination abilities between CT-FFR and
resting Pd/Pa to predict FFR
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