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AIM: To validate the computed tomography (CT)-derived fractional flow reserve (FFRCT) that
was computed by new, fast, automatic software and to compare the diagnostic accuracy be-
tween FFRCT and stenosis diagnosed at coronary CT angiography (CCTA).
MATERIALS AND METHODS: A total of 110 patients (76 males, 59�9 years) and 125 vessels

underwent CCTA. FFRCT was computed by fast automatic software and compared with invasive
FFR. The diagnostic performance between FFRCT and CCTA-diagnosed stenosis were compared
on the per-patient and per-vessel level.
RESULTS: The computational time of FFRCT is 10�5 minutes (averaged over 125 vessels). The

FFRCT has a good correlation with invasive FFR (r¼0.59, p<0.0001) with a small bias of e0.02
(e0.26e0.23). The sensitivity, specificity, positive predictive value (PPV), and negative pre-
dictive value (NPV) of FFRCT were 76.5, 89.5, 89.7, and 76.1% on a vessel level. The area under
the receiver operating characteristic curve of FFRCT was higher than CCTA-diagnosed stenosis
(0.82 versus 0.72, P¼0.034).
CONCLUSION: The computation of FFRCT is possible and reliable when using the new, fast,

automatic software first employed in the present clinical study. The FFRCT has a good corre-
lation with invasive FFR and provides better diagnostic performance than CCTA-diagnosed
stenosis.

� 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

Although coronary computed tomography (CT) angiog-
raphy (CCTA) has been established as an effective non-
invasive method for anatomical assessment of coronary
ts reserved.
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artery disease (CAD),1,2 there is still lack of sufficient evi-
dence of CCTA-determined guidance for myocardial
ischaemia.3 Invasive coronary angiography in conjunction
with fractional flow reserve (FFR) is the current reference
standard for ischaemic evaluation and therapeutic decision-
making in patients with CAD.4,5 Conversely, studies have
prompted concern that the utilisation of CCTA may result in
an increase in inappropriate downstream referrals to cor-
onary angiography.6,7 This requires more accurate non-
invasive gatekeeping approaches to the catheterisation
laboratory beyond anatomical assessment using CCTA.8,9

Some non-invasive cardiac tests, e.g., single-photon-
emission CT (SPECT), cardiac magnetic resonance imaging
(CMRI), and stress echocardiography, have been recom-
mended for functional diagnosis of CAD according to ACCF/
AHA/SCAI guidelines for PCI.10 On a per-vessel analysis,
these methods do not, however, visualise coronary stenoses
and provide accurate haemodynamic information of coro-
nary lesions compared with invasive FFR, particularly in
patients with balanced ischaemia.1,11e13 Owing to the rapid
development of computational fluid dynamics (CFD), FFR
derived from CCTA (FFRCT), has been investigated exten-
sively.14e17 FFRCT is a promising non-invasive approach for
the diagnosis of coronary stenosis severity because it allows
detection of lesion-specific ischaemia.16 The diagnostic
performance of FFRCT has been shown to be superior to
CCTA alone for coronary stenotic assessment even in pa-
tients and vessels with a high Agatston score.17e19

In the present study, the diagnostic performance of FFRCT
computed by new, fast, automatic software, which was first
employed in the present clinical study, was validated and
compared with invasive FFR measurements.

Materials and methods

Study population

The present retrospective study analysed 110 patients
who underwent CCTA for evaluation of CAD and underwent
a subsequent invasive coronary angiography examination
and FFR measurement. All patients underwent CCTA <30
days before invasive coronary angiography. The exclusion
criteria for quantitative CT data analysis included restenosis
in coronary stents (four cases), stenosis caused by myocar-
dial bridge (two cases), and Digital Imaging and Commu-
nications in Medicine (DICOM) data unrecognised by the
software (four cases). Finally, 100 patients (a total of 125
vessels) were included in the study. FFRCT and stenosis were
assessed in each vessel with regard to the invasive FFR. The
study protocol was approved by the Institutional Review
Board. Patient informed consent was waived due to the
retrospective nature of the study.

CCTA image acquisition

CCTA was performed on three different CT systems, i.e.,
256-detector row CT (Revolution CT, GE Healthcare, Mil-
waukee, WI, USA), 320-detector row CT (Aquilion One;
Toshiba, Otawara, Japan), or 64-detector row dual-source CT
systems (Somatom Definition Flash; Siemens, Forchheim,
Germany), according to the guidelines of the Society of
Cardiovascular Computed Tomography.20 The CCTA images
were acquired when 50e60 ml contrast agent (370 mg
iodine/ml, Ultravist, Bayer Schering Pharma, Berlin, Ger-
many) was injected at a rate of 4.5e5 ml/s followed by
intravenous injection of saline chasing of 30e35ml at a rate
of 5 ml/s, similar to a previous study.21

Prospective electrocardiography gating and bolus
tracking were used for CCTA image acquisition. Gantry
rotation time was in the range of 0.28e0.35 seconds per
rotation, depending on the CT system used. A tube voltage
of 100 or 120 kV with automatically selected tube current
was applied for image acquisition while transaxial images
were reconstructed with 0.5, 0.6, or 0.625 mm section
thickness. The position of the reconstruction window
within the cardiac cycle was individually selected to mini-
mise artefacts. Motion-free data sets were collected for
analysis. All images were considered diagnostic image
quality with optimal contrast enhancement and no sub-
stantial motion artefacts.

Coronary arteries and branches are categorised into 1 of
4 vascular territories: left main (LM) artery, left anterior
descending (LAD) artery, left circumflex (LCX) artery, and
right coronary artery (RCA). Diagonal branches, obtuse
marginal branches, and posterolateral branches were
considered primary branches of the LAD, LCX, and RCA,
respectively. The posterior descending artery was consid-
ered part of the RCA or LCX system, depending upon the
coronary artery dominance.
Quantification of coronary stenosis and FFR from CCTA

Non-invasive FFRCT analysis was carried out by inde-
pendent blinded researchers using commercial software
(Auto vessel 1.0, RunXin Co., Suzhou, China) installed in a
local computing environment. Three-dimensional (3D)
geometrical model of an epicardial coronary arterial tree
was constructed after loading the motion-free CT images.
The centreline and contour of vessels were processed
automatically. Manual adjustments were performed if
necessary. The quantitative percentage of stenosis was
calculated by dividing the narrowest lumen diameter of
stenosis by the mean of two healthy, non-diseased refer-
ence points (Fig 1c and d). Severe stenosis was defined as
�50% in reference points with diameter�2 mm. Briefly, the
flow rates at the inlet of LM artery and RCA were estimated
from the CT-determinedmyocardial size and the outlet flow
velocities were determined based on the scaling law22 (see
details in the Electronic SupplementaryMaterial Appendix).
Based on the outlet flow velocities, the flow rate in the
epicardial coronary arterial tree was computed using a
finite element solver (Cþþ programming) similar to a pre-
vious study.23 The pressure gradient (DP) was calculated

through stenosis. FFR was determined as Pa�DP
Pa

, where Pa is
the mean aortic pressure24 (see details in the Electronic
Supplementary Material Appendix). FFRCT �0.80 was
considered the diagnosis of lesion-specific ischaemia.16



Figure 1 Example of a representative patient with no significant coronary stenosis. A patient with atypical chest pain, hypertension, hyper-
lipidaemia, and smoking history. (a) Invasive coronary angiography shows moderate stenosis (50e70%) in the distal segment of right coronary
artery (RCA; white arrow). (b) Invasive FFR showing 0.97 of the RCA. (ced) FFRCT analysis indicates that the RCA lesions are not haemody-
namically significant, with FFRCT in the RCA of 0.82.

Table 1
Demographics of the study population

Variable (n¼100) Mean� SD or frequency (%)

Age, mean � SD (years) 59.15�8.9
Male/Female gender 76/24
BMI, mean � SD (kg/m2) 26.13�3.3
Diabetes mellitus 29
Hypertension 61
Hyperlipidaemia 42
Current smoker 43
Current drinker 21

SD, standard deviation.
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Invasive measurement of FFR

Selective invasive coronary angiography and FFR were
performed under standard practice25 (Fig 1a and b). The
pressure-wire was positioned in a vessel segment �2
mm that was 20e30 mm distal to a stenosis. Hyperaemia
was induced by intravenous injection of adenosine
(140e180 mg/kg/min). Interventional cardiologists per-
formed the FFR measurements according to standard
guidelines.

Statistical analysis

Continuous variables are presented as means � stan-
dard deviation (SD) or medians (interquartile range) as
appropriate, and categorical variables as numbers and
percentages. The sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) were
determined. The BlandeAltman analysis and the Pearson
correlation coefficient analysis were performed to eval-
uate the variation and agreement between FFRCT and
invasive FFR. A comparison of receiver operating charac-
teristic (ROC) curves was performed by using DeLong test.
The area under the ROC curve (AUC) was employed to
evaluate the discrimination of ischaemia from the FFRCT.26

A p-value of �0.05 represented a statistically significant
difference. Statistical analyses were performed using
MedCalc software (version 15; MedCalc Software BVBA,
Ostend, Belgium) and SPSS17.0 software (SPSS, Chicago, IL,
USA).
Results

A total of 100 patients (24 females) with 125 stenotic
vessels underwent invasive FFR and FFRCT examinations.
This includes 84 LAD arteries and diagonal branches (67.2%),
19 LCX arteries (15.2%) and 22 RCAs (17.6%). Table 1 lists the
baseline characteristics of these patients with mean ages of
59�8.9 years and BMI of 26.1�3.3 kg/m2. Moreover, the
results of stenosis and FFRCT derived from CCTA, and inva-
sive FFR are listed in Table 2. According to CCTA images,
there were four lesions with <50% stenosis, 45 lesions with
�70% stenosis, and 76 lesions with moderate stenosis.

The computational time of FFRCT including CTA data
loading to computation has mean�SD values of 10�5 mi-
nutes (averaged over 125 vessels). The relationship between
FFRCT and invasive FFR is illustrated in Fig 2a. BlandeAltman



Table 2
Determination of coronary artery disease by Stenosis, FFRCT and FFR

Patient level (n¼100) Vessel level (n¼125)

FFR�0.8 FFR>0.8 FFR�0.8 FFR>0.8

FFRCT �0.8 46 6 52 6
FFRCT >0.8 8 40 16 51
CTA stenosis �50% 55 42 68 53
CTA stenosis <50% 0 3 0 4
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analysis shows the mean difference of e0.02 (e0.26e0.23;
Fig 2b).

In comparison with invasive FFR measurements, the
diagnostic accuracy of FFRCT was evaluated with a sensi-
tivity of 76.5%, specificity of 89.5%, PPV of 89.7%, and NPV of
76.1% on vessel level. The diagnostic accuracy and AUC
(ROC) were significantly different between FFRCT and CCTA-
diagnosed stenosis severity on the vessel and patient level.
Figure 2 Correlation and BlandeAltman plot of FFRCT to invasive FFR.
Per-vessel correlation of FFRCT versus FFR (a) shows r¼0.59
(p<0.0001) and BlandeAltman plots of FFRCT versus FFR (b) indicates
the mean difference e0.02 (e0.26e0.23).
The AUCs (95% CI) for discrimination of ischaemia (obtained
from invasive FFR �0.80) were 0.72 (0.63e0.79) by CCTA-
diagnosed diameter stenosis �50% and 0.82 (0.74e0.88)
by FFRCT �0.80 (p¼0.034) on a vessel level, as shown in
Table 3 and Fig 3.
Discussion

The present study examined the diagnostic performance
of FFRCT using new, fast, automatic software in comparison
with invasive FFR measurements. Moreover, the diagnostic
accuracy of FFRCT was compared with the performance of
CCTA-diagnosed stenosis alone. The major findings of the
study were that1 the computation of FFRCT by this new
software is possible,2 the FFRCT has good correlation with
invasive FFR, and3 the FFRCT provides better diagnostic
performance than CCTA-diagnosed stenosis.

The high computational demand of FFRCT limited the
clinical application in previous studies (e.g., the DISCOVER-
FLOW study).16 Some methods have been proposed to
reduce the computation time of FFRCT.27e31 For example, De
Geer et al. analysed 21 patients with 23 vessels to show the
on-site efficient computation of FFRCT.31 The mean times for
FFRCT and complete FFRCT post-processing was 3minutes 28
seconds and 45 minutes, respectively, which are much
shorter than that with off-site estimation at the HeartFlow
core laboratory (w24 hours). The present model and other
FFRCT techniques (e.g., FFRCT from HeartFlow Inc.) used the
CFD method to solve continuity and NaviereStokes equa-
tions for the computation of pressure drop across stenosis.
FFRCT from HeartFlow Inc. required the coupling lumped
parameter models of the heart, systemic circulation, and
coronary microcirculation as the outlet boundary condi-
tions.16 Patient-specific MAP was set to the boundary con-
dition at the inlet of epicardial coronary arterial tree;
however, the present model used the flow velocity at each
outlet as the boundary condition. There were utterly
different boundary conditions between the present model
and FFRCT from HeartFlow Inc. Hence, the present model
significantly reduced the computational time (w10minutes
per case) as compared with FFRCT from HeartFlow Inc. and
other methods that reported in previous studies (from 30
minutes to 3 hours).16,29e31 All image processing and
interpretation were performed through commercial soft-
ware (Auto Vessel 1.0, RunXin Co., Suzhou, China) and the
user can easily view the stenosis and FFRCT of each coronary
artery.

The present study validated the diagnostic performance
of FFRCT compared with invasive FFR. There was a statistical
correlation between FFRCT values and invasive FFR results
(r¼0.59), while the BlandeAltman analysis revealed a small
bias of e0.02 (e0.26e0.23). It indicates that this new fast
software may make a safely computational result of FFRCT.
In the present study, the performance of diagnosis of
ischaemic lesions was further compared with CCTA-
determined stenosis alone. The overall diagnostic accuracy
and AUC for FFRCT were much better than those for CCTA-
determined stenosis alone. The sensitivity, specificity, PPV,



Figure 3 ROC curves of CCTA-based stenosis severity and FFRCT for diagnosis of the ischaemia. Discrimination of ischaemia by FFRCT (�0.80) and
CCTA (lumen reduction �50%) on patient level (a) and vessel level (b).

Table 3
Performance of diagnosing ischaemia of coronary stenosis severity and FFRCT

Patient level (n¼100) Vessel level (n¼125)

FFRCT Stenosis severity FFRCT Stenosis severity

Sensitivity (95% CI) 85.2 (72.3e92.9) 100 (91.9e100) 76.5 (64.4e85.6) 100 (93.3e100)
Specificity (95% CI) 87.0 (73e94.6) 6.7 (1.7e19.3) 89.5 (77.8e95.6) 7 (2.3e17.8)
PPV (95% CI) 88.5 (75.9e95.2) 56.7 (46.3e66.7) 89.7 (78.2e95.7) 56.2 (46.9e65.1)
NPV (95% CI) 83.3 (69.2e92) 100 (31e100) 76.1 (63.9e85.3) 100 (39.6e100)
AUC (ROC)

(95% CI)
0.89 (0.81e0.94) 0.76 (0.67e0.85) 0.82 (0.74e0.88) 0.72 (0.63e0.79)

Values are % (n/N).
NPV, negative predictive value; PPV, positive predictive value; AUC, area under the curve; ROC, receiver operating characteristic; CI, confidence interval.
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and NPV in the present study values were 76.5%, 89.5%,
89.7%, and 76.1% on a vessel level. The specificity of FFRCT
was high and the sensitivity is moderate as compared with
invasive FFR. FFRCT improved the diagnostic specificity of
CCTA consistent with previous multicentre studies.16,17,32

This further highlights the improved performance of using
FFRCT compared to CCTA alone. The PLATFORM trial
demonstrated that the addition FFRCT to CCTA increased the
diagnostic certainty given cancellation of 61% of invasive
coronary angiography in patients who were initially plan-
ned for an invasive procedure.33 This study supported the
conclusion that the FFRCT could reduce the healthcare cost
for patients suspected of having CAD at the same time.

Because the 3D geometrical model of the coronary
arterial tree derived from CT images was used, the spatial
resolution in the small-diameter vessels of CCTA could
result in deviation between reconstructed geometries and
actual anatomy, contributing bias to the stenosis and FFRCT
computation. As this study focused on coronary stenoses of
moderate and severe size, the relationship between steno-
ses of various sizes, plaque features, and functional severity
with FFR-CT and invasive FFR should be analysed in future
studies. Patients with previous percutaneous coronary
intervention or bypass surgery were not included in the
study. The present FFRCT software will be applied to these
patients in ongoing investigations.

In this clinical study, a fast and simplified tool was used
to compute FFR derived from CCTA data. It provided good
diagnostic performance of FFRCT compared with invasive
FFR and improved the performance of CCTA in diagnosing
ischaemia.
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