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Abstract

Background We aimed to compare the performance of FFRcrand FFRqc4 in assessing the functional significance of coronary

artery stenosis in patients suffering from coronary artery disease with stable angina.

Method A total of 101 stable coronary heart disease (CAD) patients with 181 lesions were recruited. FFRcr and FFRgca were

compared using invasive fractional flow reserve (FFR) as a reference standard. Comparisons between FFRctand FFRocs wWere

conducted based on strategies of the geometric reconstruction, boundary conditions, and geometric characteristics. The perfor-

mance of FFR¢r and FFRc4 in detecting hemodynamic significance was also investigated.

Results The performance of FFRcr and FFRc4 in discriminating hemodynamically significant lesions was compared. Good corre-

lation and agreement with invasive FFR was found using FFRcr and FFRoca (#=0.809, p<0.001 and »=0.755, p<0.001). A

significant difference was observed in the complex coronary artery tree, in which relatively better prediction was observed using FFRc1

than FFRca when analyzing the stenosis distributed in the middle segment of a stenotic branch (p = 0.036). Moreover, FFRct was

found to be better at predicting hemodynamically insignificant stenosis than FFRqca (p=0.007), while the performance of the two

parameters was similar in discriminating functional significant lesions using an FFR threshold of <0.8 as a reference standard.

Conclusion FFRcrand FFRqc4 could both accurately rule out functional insignificant lesions in stable CAD patients. FFRrwas

found to be better for the noninvasive screening of CAD patients with stable angina than FFRca.

Key Points

* FFRcrand FFRpca were both in good correlation and agreement with invasive FF'R measurements.

* FFRcr is superior in accuracy and consistency compared to FFRoca in patients with stenoses distributed in left coronary
artery.

o The noninvasive nature of FFRcrcould provide potential benefit for stable CAD patients on disease management.
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Abbreviations

ANOVA  Analysis of variance

AUC Area under the receiver operating
characteristic curve

BFN Bifurcation number

CAD Coronary artery disease

CCTA Coronary CT angiography

DB Diagonal artery

FAME The fractional flow reserve versus
angiography for guiding PCI in
patients with multivessel coronary
artery disease

FFR Fractional flow reserve

FFRcr Computed tomography—derived FFR

FFRgca  Quantitative coronary angiography-derived FFR

GZ Gray zone

IC Ischemia confirmed

ICA Invasive coronary angiography

LAD Left anterior descending branches

LCA Left coronary artery

LCX Left circumflex branches

LR Stenosis distribution in LCA and RCA

NPV Negative predictive value

oM Obtuse marginal artery

PCI Percutaneous coronary intervention

PPV Positive predictive value

QCA Quantitative coronary angiography

RCA Right coronary artery

S Stratification according to FFR

SD Standard deviation

StO Number of lesions in a single branch

Introduction

Invasive pressure wire-derived fractional flow reserve (FFR) is a
promising tool for functional assessment in coronary artery dis-
ease (CAD) [1]. Clinical trials have demonstrated that FFR <0.8
is an index for identifying significant lesions [2, 3]. FFR-guided
revascularization also reduces the cost of CAD management and
the rate of major adverse cardiac events (MACEs, including
death, nonfatal myocardial infarction, and revascularization)
compared to traditional procedure [4-7]. Despite improved clin-
ical outcome [8], the requirement of adenosine-induced hyper-
emia [9], of additional catheterization with radiation exposure,
and the cost of the pressure wire used for FFR measurement have
hampered clinical usage of FFR [10]. Alternative methods for the
calculation of FFR have emerged, such as computed
tomography—derived FFR (FFRct) and quantitative coronary
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angiography—derived FFR (FFRgca) [11-15]. Several studies
have demonstrated that FFRcr improved the classification of
ischemia compared to degree of CT stenosis along [16-19],
and the recent NXT study showed an accuracy over 80% for
FFRcr to identify functional significant in 30~70% degree of
stenosis, as determined by coronary CT angiography (CCTA)
[20]. FFRca provides rapid FFR calculation during angiogra-
phy with high accuracy compared to invasive FFR [12, 21, 22].
However, a comparison between FFRcr and FFRoca for CAD
management in patients with stable angina has not been per-
formed. Different CT-based stenotic severities in previous studies
(30~70% in the Heartflow NXT study vs. 40~70% in the
FFRca study) resulted in different classification into ischemic
or non-ischemic subjects, which could introduce bias in the com-
parison between FFRcr and FFRGca [23, 24]. Furthermore,
FFRcrand FFRca are seldom applied together in clinical prac-
tice for the diagnosis of ischemia [12, 25, 26].

The goal of this study was to compare FFRcrand FFRgca
in detecting functional significant stenosis. A quantitative
comparison of FFR¢t with FFRc Was performed to evalu-
ate the effect of different approaches on the accuracy of the
calculated FFR.

Population

Images data were collected from routine clinical examinations
initially acquired with informed patient consent. Retrospective
analysis was performed for calculation of FFR¢tand FFRgca
blinded to FFR. Present study was approved by the local
ethics committee. Data were collected from the Chinese
PLA General Hospital from May 14, 2016, to April 12, 2017.

Methods

Subjects suspected of having CAD with stable angina who
underwent CCTA and were scheduled to undergo invasive
coronary angiography (ICA) were recruited. The inclusion
criteria were as follows: adult > 18 years of age, CCTA with
30-90% stenosis in a major coronary artery >2.0 mm in di-
ameter (determined by clinical site) and undergoing ICA and
FFR within 7 days to avoid anatomic variations through time.
The exclusion criteria were as follows: prior coronary artery
bypass graft surgery; prior PCI; contraindication to adenosine;
recent prior myocardial infarction within 40 days of ICA; prior
pacemaker or initial defibrillator lead implantation; severe cal-
cification; diffusive lesions and left main lesion; chronic total
occlusion (CTO); and poor image quality.
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Data acquisition

CCTA images were recorded with tube voltage of 120/100 kV
for subjects who weight > 70 kg/< 70 kg to capture the whole
heart data (Somatom Definition Flash, Siemens Healthineers)
[27]. Selective ICA (Axiom Artis; Siemens Healthineers) was
performed in five routine projection angle for the left coronary
artery (LCA) and three for the right coronary artery (RCA)
following the guidelines [28], and blinded quantitative coro-
nary angiography (QCA) (QuantCor QCA, Siemens
Healthineers) analysis of the stenotic artery were performed.
FFR (PressureWire, RADI Medical Systems Inc.) assessment
was performed by following the clinical practice guidelines
[29] for clinically indicated lesions, and hyperemia was in-
duced using an intravenous infusion of adenosine
(140 ug kg™ ' min™"). Pressure pullback data were recorded
from the segment immediately downstream of the stenosis
distal to the ostium of the coronary artery. An FFR value <
0.8 was used as an index for the discrimination of functional
significant lesions as described in a previous study [30].

Computation of fluid dynamics

The in-house algorithms of calculating FFR developed as in-
dustrial preliminary prototype were descripted previously in
[31-33]. The geometry of the coronary artery tree was recon-
structed using CCTA and ICA by applying algorithms de-
scribed in previous studies [12, 33, 34] (details in Appendix
A). For FFR T, the computational fluid dynamics (CFD) anal-
ysis method was applied to calculate the blood pressure in the
three-dimensional coronary artery reconstructed from CCTA
images [35] (details in Appendix B). For FFRca, volumetric
flow rate estimated from Thrombolysis in Myocardial
Infarction (TIMI) frame counts was employed in the CFD
analysis in QCA-derived geometry [12] (details are provided
in Appendix C). A threshold of FFR <0.8 was considered as
an index to diagnose the functional significant lesions using
FFRct and FFRgca. A commercial CFD software suit
(COMSOL Multiphysics 5.2a trail edition, COMSOL) was
adopted to conduct all calculations [36].

Anatomic characteristics for comparison
between FFR¢r and FFRqca

To quantify the effect of different approaches on calculation
accuracy, we compared the diagnostic performances of FFR 1
and FFRca under different anatomic characteristics, includ-
ing upstream bifurcation number (BFN), stenosis distribution
in LCA and RCA (LR), number of lesions in a single branch
(StO) and stratification according to FFR (S). The definitions
of these parameters are as follows: BFN indicates the number
of bifurcations upstream of the target stenosis to the ostium of
the coronary artery, representing the effect of side branches on

flow distribution. LR represents the effect of physiological
variations on the accuracy of FFRct and FFRca. StO repre-
sents the effect of tandem stenoses. Stratification (S) accord-
ing to FFR aims to test the performance of methods for diag-
nosing functional significant lesions and their accuracy in
medical decision making. There are three levels of ischemia:
functional insignificant (FI) (FFR >0.8), gray zone (GZ)
(0.75 <FFR <0.8) [37], and ischemia confirmed (IC) (FFR
<0.75). In particular, comparisons were performed based on
the FFR downstream of the most distal stenosis when tandem
stenoses were observed in a single branch.

Statistical analysis

The diagnostic performances of FFRcr and FFRgca were
evaluated by the area under the receiver operating character-
istic curve (AUC). The accuracy, sensitivity, specificity, pos-
itive predictive value (PPV), and negative predictive value
(NPV) were evaluated using FFR as a reference standard.
Continuous variables are presented as the mean + standard
deviation (SD) or median (interquartile range, IQR), as appro-
priate. Categorical variables are presented as numbers and
percentages. Pearson correlation analysis and the Bland—
Altman plot with corresponding 95% confidence interval
(CI) were used to analyze the correlation and consistency
between FFRcT\FFRoca and FFR. Tests of normality
showed that the FFRct and FFRgca were not normally
distributed, and these data were compared with the
Mann—Whitney U test. The differences in FFRct to FFR
(dCT=FFRCT — FFR) and FFRQCA to FFR (dQCA=
FFRqca — FFR) were normally distributed in groups strat-
ified by BFN, lesion distribution, and tandem stenoses
and were compared by Student’s ¢ test or one-way analy-
sis of variance (ANOVA), as appropriate. Two-sided
p-values <0.05 were considered statistically significant.
Data analysis was performed using SPSS 24.0 (SPSS Inc).

Results
Physiological and lesion characteristics

Baseline and lesion characteristics are summarized in Table 1.
A total of 111 patients were enrolled, and the mean age was
59.5 yrs. However, after the data were reviewed, four patients
were excluded for previous myocardial infarction, and six
patients for previous PCIL. Therefore, 101 patients with 181
lesions were identified. Due to cases of tandem stenosis, a
comparison between FFRct and FFRoca was conducted
based on 127 stenotic branches in which the FFR was mea-
sured at distal segments.
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Table 1  Baseline and lesion characteristics

Baseline characteristics (z=101)

CCTA ICA
Age (years) 59.5+£8.5 Patients with maximum stenosis > 50% 73 (72.3) 44 (43.6)
Male sex n (%) 54 (51.3%) Patients with maximum stenosis 30-50% 28 (27.7) 57 (56.4)
BMI 254+3.5 Patients with single artery lesion 46 (46)
LEVF 61.3+5.0 Patients with multiple artery lesion 55 (55)
Cardiovascular risk factors Ischemic stenosis determined by FFR 48 (26.5)
Hypertension 59 (59)
Hyperlipidemia 22 (21.7) Lesion characteristics. Which FFR¢t and FFRqca were performed (n = 127)
Diabetes 18 (17.8) LAD 54 (42.5)
Family history of CAD 11 (10.9) LCX 15 (11.8)
Co-morbidity DB 17 (13.4)
Previous myocardial infarction 4 (3.6%) OM 8(6.3)
Previous PCI 6 (5.4%) RCA 33 (26.0)

BMI body mass index (kg/m*), LEVF left ventricular ejection fraction, %, CAD coronary artery disease, PCI percutaneous coronary intervention, LAD
left anterior descending, LCX left circumflex artery, DB diagonal branches, OM obtuse marginal branches, RCA right coronary artery

All data were presented in number (percentage, %), except for age, BMI, and LEVF were presented in mean + standard deviation

Reconstruction variations between modalities

Examples of reconstructed geometries of FFRcr and FFRgca
are illustrated in Fig. 1. Geometric details such as the number of
outflow boundaries and bifurcations were different: the average
numbers (range) were 15 ([12 to 16]) and 8.8 ([6 to 8]) for
CCTA and 4 ([1 to 8]) and 2.6 ([1, 4]) for QCA, respectively.

Diagnostic performance of FFRcr and FFRqca

Difference was observed in the degree of stenosis (65.9%,
95% CI [40%, 92%] vs. 49%, 95% CI [26,72]) between the
reconstructions performed using CCTA and those using QCA
(15.9+11.8%, p=0.048). Good correlation was found in
FFRcr (r=0.809, p<0.001) and FFRgca (r=0.755,
p<0.001) compared with FFR (Fig. 2a). However, FFRct
was relatively better in consistency of predicting the function-
al significant lesions compared to FFRoca (der —0.004 +
0.016 vs. doca 0.047 £0.052 for FFRrand FFRca, respec-
tively) (Fig. 2c and d).

Considering FFR <0.8 as the threshold for hemodynamical-
ly significant findings, the per lesion accuracy, sensitivity, spec-
ificity, PPV, and NPV were found to be 90.6%, 87.5%, 91.3%,
70%, and 96.9% for FFRrand 90.6%, 75%, 94.2%, 75%, and
94.2% for FFRgca, respectively. The per patient accuracy, sen-
sitivity, specificity, PPV, and NPV were 92.1%, 95.0%, 91.4%,
73.1%, and 98.7% for FFRct and 88.1%, 70%, 92.6%, 70%,
and 92.6% for FFRca, respectively. Improvement of diagnos-
tic performance was observed compared to anatomy-based as-
sessments (> 50% degree of stenosis). The accuracy, sensitivity,
specificity, PPV, and NPV of CCTA were 62.2%, 83.0%,
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53.5%, 43.0%, and 88.4%, respectively, while those of QCA
were 68.9%, 88.2%, 61.3%, 47.0% and 93.1%, respectively.
The diagnostic performance of the two modalities was evaluat-
ed using receiver operating characteristic (ROC) curve analysis.
ROC curve analysis for FFRcr and FFRgcs showed AUCs of
0.966 and 0.921 while the AUCs evaluated CCTA and QCA
were 0.742 and 0.765, respectively. (Fig. 2b).

Evaluation of bifurcations via FFRcr and FFRgca

Bifurcations play an important role in blood flow distribution
from the proximal artery to distal circulations [37, 38]. The
categories were grouped according to the bifurcation number
(BFN) upstream of the stenotic segment and per BFN to in-
vestigate the effect of different BFNs on the accuracy of
FFRcr and FFRgca. As shown in Fig. 3a, 4 categories of
BFNs (n) were identified: 2 (38), 3 (56), 4 (20) and 5 (13).
Similar findings were observed in FFRcr and FFRgca for
evaluating the functional significant lesions distributed in the
proximal segment (BFN: 2, p=0.318) and distal segment
(BFN: 5, p =0.258) of the stenotic branch. However, a differ-
ent trend was observed in the middle segment (BFN: 3, p =
0.036 and BFN: 4, p=0.016). Moreover, comparisons were
performed in an artery with a single stenosis to adjust for the
effect of tandem stenosis, and a similar result was observed.
Detailed data are provided in Supplementary Table 1.

A comparison between FFRrand FFRca showed differ-
ence in determining the functional significant lesions in the
left coronary artery and right coronary artery (92.5% vs.
89.3% in LCA and 84.9% vs. 93.9% in RCA). The accuracy
of FFRca was similar in assessing the functional significant
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Fig. 1 Comparison between
FFRcrand FFRgc4 in geometric
reconstructions. The view of

CTA ICA

interest was identified from
CCTA and ICA images.
Geometries were then established,
and meshes were generated
regarding the same density of
elements

Image

View 2

Geometry

"

Mesh

lesions distributed in both the LCA and RCA (p =0.848),
while FFRt showed higher accuracy in the LCA than in the
RCA (p=0.007). Moreover, FFR-1 was relatively better in
predicting ischemia than FFRca in the LCA (p=0.081)
(Fig. 3b). Detailed data are provided in Supplementary
Table 2. In addition, the accuracy of FFRct was better than
that of FFRca in determining hemodynamically significant
lesions at left anterior descending branches (LAD) (92.6% vs.
85.2%), and reversed in left circumflex branches (LCX)
(93.3% vs 100%).

FFRcr and FFRqca for analyzing tandem stenoses

Coronary tandem stenosis is an additional factor impacting the
FFR value of the distal stenosis [39]. Thirty-eight stenotic
branches (29.9%) were identified as having more than one
stenosis with at least one stenosis >50% in a single branch.
We categorized the cases into 3 groups (n vessels): (1) isolated
stenosis in a single branch (89), (2) two separate stenoses (22),
and (3) more than two separate stenoses (16). Comparison of
consistency in predicting FFR showed no statistical differ-
ences in group 2 (p =0.945) by using either FFRct or
FFRqgca (Fig. 3c). Different trend was observed between

FFRct and FFRgca in group 1(p=0.001), and FFRct was
found relatively better than FFRgca in group 3 (p=0.22).
Detailed data are provided in Supplementary Table 3.

Accuracy and consistency of FFRcr and FFRqca
for decision making

The ischemic extent was classified as (i) IC (for FFR < 0.75),
(i) GZ (for FFR ranging from 0.75 to 0.8), and (iii) FI)
(FFR > 0.8). Significant differences between FFRct and
FFRqca were observed in the IC group (p =0.043) and FI
group (p =0.007). FFRcr slightly overestimated the function-
al significant lesions in the GZ group, while FFRgca
underestimated that risk (Fig. 3d). Detailed data are provided
in Supplementary Table 4.

Discussion
In patients with stable angina, both FFR¢t and FFRgca im-

proved the diagnostic performance of CCTA and QCA.
Similar overall accuracy of discriminating functional
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Fig. 2 Performance of FFRcr and FFRgca compared with FFR. a
Similar correlations were found for FFRcr (r=0.809, p <0.001) and
FFRgca (r=0.755, p<0.001). b ROC curves were developed to
compare FFRcr and FFRgca with an FFR cutoft value of 0.8 for the
discrimination of hemodynamically significant lesions. The AUCs of

significant lesions was observed between FFRcrand FFRca
compared to invasive FFR.

Although ICA has been considered the standard reference
for the anatomic assessment of coronary artery stenosis and
CCTA was found to overestimate the degree of stenosis (lower
specificity compared to ICA) [40], this study demonstrated
similar accuracy in functional assessment by using CCTA or
ICA-derived QCA, with an accuracy ranging from 69 to 71%
[41]. Our results showed similar performance, with an accu-
racy ranging from 62.2 to 68.9%. However, the coronary ar-
tery tree reconstructed by CCTA preserved more details than
that reconstructed by QCA. Branch reconstruction with QCA
was limited by vessel overlap in 2D projection images from
routine ICA [42], which led to variations in the calculation of
FFR. The RCA dominated the volumetric flow compared to
the other epicardial branches. Higher accuracy in discriminat-
ing the functional significant lesions distributed in the RCA
was achieved by FFRca than by FFRct. The LCA consisted
of two major branches (LAD and LCX), while side branches
were commonly found (diagonal artery (DB) and obtuse mar-
ginal artery (OM)), which contributed to the complex
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FFRct and FFRca are 0.966 and 0.921, respectively. ¢ and d The
Bland-Altman plot showed differences between FFRcr and FFRca.
The consistency of FFRct (95% of CI [—0.088 to 0.093]) was relatively
better than that of FFRqca (95% CI [ 0.12 to 0.086])

redistribution of flow in the LCA tree. A previous study sug-
gested that 20% of side branches in the LCA supported a
significant fractional myocardial mass, and the blood flow
volume through these side branches was therefore important
for analyzing the hemodynamics in the main branches [43].
Prediction of the functional significant lesions was more ac-
curate with FFRct than with FFRc4 in the LCA. Moreover,
the accuracy was higher using FFRcr than FFRca in the
LAD due to the involvement of the DB in the coronary artery
tree derived from CCTA images, which is generally missing in
the coronary artery tree derived from QCA images. The over-
estimation of flow through the stenotic vessel could be the
cause of the overestimation of the ischemia in the LCA pre-
dicted by FFRca, which was in accordance with a previous
study [44].

Tandem stenosis could affect the true FFR indication of an
individual stenosis. A previous study indicated that the true
FFR value was masked by the apparent hemodynamic signif-
icance of tandem stenoses, especially for a proximal stenosis
[45]. A post hoc analysis of FFRcr based on the NXT trial
showed promising results in calculating the apparent FFR, and
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Fig. 3 Differences between FFRcr and FFRGca compared to FFR. a
Effect of the upstream bifurcation: there was no significant difference
between FFRcr and FFRc4 in cases of proximal and distal stenoses
(BFN of 2 and 5). However, a difference was observed in stenoses
distributed in the middle segment of a stenotic artery (BFN of 3 and 4).
b Difference in the left and right coronary artery: different levels of
consistency were found in both the left and right coronary arteries when
comparing FFR¢t to FFRgca. Meanwhile, the consistency of FFRgca
between the LCA and RCA was better than that of FFRc. ¢ Effect of

a translesional pressure gradient enabled the assessment of the
role of individual stenoses [39], while the use of FFRca for
the assessment of tandem stenoses has not been reported.
Regardless of the severity of the stenosis, our results showed
that FFR o1 was more correlated to FFR compared to FFRca
in predicting the ischemia of an artery with an isolated steno-
sis, which may be due to the effect of side branches, as men-
tioned previously. Tanak et al reported that the interaction
between tandem stenoses led to a reduction of the
translesional pressure gradient at the distal stenosis compared
to the proximal stenosis [39]. Moreover, foreshortening in the
coronary artery tree reconstructed from QCA images could
lead to overestimation of flow through multiple lesions.
Combined with the missing side branches, the accumulation
error could be the reason for the reduced consistency in

FFRocA.

Severity of stenosis referred to invasive FFR

tandem stenoses: the three categories are an isolated stenosis, 2 separate
stenoses and multiple separate stenoses in a single branch (groups 1, 2,
and 3 respectively). FFRcr was found to be better at predicting the
ischemia of single stenosis than FFRgca. The performance of FFRcr
and FFRqca was similar in cases of 2 separate stenoses, and a mild
difference was found in cases of multiple stenoses. d Comparison of
diagnostic performance between FFRct and FFRc4 stratified by FFR:
FFRcrand FFRca were found to be similar in the GZ, while differences
were observed in the FI and IC groups

Medical decision making guided by FFR relies on a specific
threshold. Differences in the consistency between FFRcr or
FFRca and FFR were observed in the FI group and IC group.
A similar distribution was found in the GZ group (FFR ranging
from 0.75 to 0.8). FFR A slightly underestimated the ischemia
compared with invasive FFR, whereas FFRr overestimated.
Koyuru et al reported that 0.72 could be the optimal cutoff of
FFRcr for the indication of revascularization, instead of 0.8
[46], which could be above 0.75 for FFRgca according to the
present study. Therefore, further investigation is required to
refine the threshold for the clinical indication of revasculariza-
tion using FFRct and FFRca.

The present study has several limitations. Firstly, present
study contained only CAD patients with stable angina, which
may hinder the comprehensive comparison of diagnostic perfor-
mance in patients with complex lesions (CTO and LM stenosis).
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However, with a focus on improving disease management
among CAD patients, the characteristics of the present cohort
could represent the early stage of CAD [47]. Secondly, this is a
single-center study with small patient number. Further study with
large sample size is needed. Thirdly, the comparison of diagnos-
tic performance in tandem stenosis between FFRrand FFRca
was limited in assessing most distal segment. Therefore, the ac-
curacy of FFRcr and FFRc4 for evaluating true FFR in indi-
vidual stenosis of tandem stenosis required further studies.

In conclusion, FFRct and FFRca facilitated the clinical
screening of CAD patients with stable angina. Patients could
benefit from medical decision making based on either FFRt or
FFRGca, but FFRcr was found to be superior to FFRoca in
discriminating patients with lesions in the LCA. Moreover, the
noninvasive nature of FFRct has facilitated its application in
clinical practice, which improved CCTA for screening ischemia
in CAD patients with stable angina. However, the optimal cutoff
value for FFRcr and FFRca required further investigations.

Funding This work was supported by grants from Shenzhen—Hong Kong
Innovation Circle Program (SGLH20161212104605195), National Key
Research and Development Program of China (2016YFC1300300,
2017YFC1103403, 2016YFA0100900), Shenzhen Science and Technology
Program (JCYJ20170413114916687, JCYJ20170306092258717), National
Natural Science Foundation of China (61771464, U1801265, 81500360,
81227901, 81530058, and 81570272), the Science and Technology Project
of Guangdong Province (2016B090925001, 2017B090912006), and China
Postdoctoral Science Foundation (2016T90990 and 2016M603026).

Compliance with ethical standards
Guarantor The scientific guarantor of this publication is Feng Cao.

Conflict of interest The authors report no relationships that could be
construed as a conflict of interest.

Statistics and biometry No complex statistical methods were necessary
for this paper.

Informed consent  Written informed consent was obtained.

Ethical approval
study.

Institutional Review Board approved the present

Methodology

* retrospective

* observational

* performed at one institution

References

1. Smits PC, Abdel-Wahab M, Neumann FJ et al (2017) Fractional
flow reserve—guided multivessel angioplasty in myocardial infarc-
tion. N Engl J Med 376:1234-1244

2. Tonino PA, Fearon WF, De Bruyne B et al (2010) Angiographic
versus functional severity of coronary artery stenoses in the FAME
study. J Am Coll Cardiol 55:2816

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ciccarelli G, Barbato E, Toth GG et al (2018) Angiography versus
hemodynamics to predict the natural history of coronary stenoses:
fractional flow reserve versus angiography in multivessel evalua-
tion 2 substudy. Circulation 137:1475-1485

Pijls NHJ, Fearon WF, Tonino PA et al (2010) Fractional flow
reserve versus angiography for guiding percutaneous coronary in-
tervention in patients with multivessel coronary artery disease: 2-
year follow-up of the FAME (Fractional Flow Reserve Versus
Angiography for Multivessel Evaluation) study. J Am Coll
Cardiol 56:177

van Nunen LX, Zimmermann FM, Tonino PA et al (2015)
Fractional flow reserve versus angiography for guidance of PCI
in patients with multivessel coronary artery disease (FAME): 5-
year follow-up of a randomised controlled trial. Lancet 386:
1853-1860

Rimac G, Fearon WF, De Bruyne B et al (2017) Clinical value of
post—percutaneous coronary intervention fractional flow reserve
value: a systematic review and meta-analysis. Am Heart J 183:1-9
Xaplanteris P, Fournier S, Pijls NH et al (2018) Five-year outcomes
with PCI guided by fractional flow reserve. N Engl J Med 379:250—
259

Fearon WF, Nishi T, De Bruyne B et al (2018) Clinical outcomes
and cost-effectiveness of fractional flow reserve—guided percutane-
ous coronary intervention in patients with stable coronary artery
disease: three-year follow-up of the FAME 2 trial (fractional flow
reserve versus angiography for multivessel evaluation). Circulation
137:480-487

Johnson NP, Johnson DT, Kirkeeide RL et al (2015) Repeatability
of fractional flow reserve despite variations in systemic and coro-
nary hemodynamics. JACC Cardiovasc Interv 8:1018-1027
Joseph TA, Lehrich J, Chan PS et al (2017) Use of fractional flow
reserve in elderly patients undergoing elective percutaneous coro-
nary intervention. JACC Cardiovasc Interv 10:419-420

Taylor CA, Figueroa CA (2009) Patient-specific modeling of car-
diovascular mechanics. Annu Rev Biomed Eng 11:109-134

Tu S, Barbato E, Koszegi Z et al (2014) Fractional flow reserve
calculation from 3-dimensional quantitative coronary angiography
and TIMI frame count: a fast computer model to quantify the func-
tional significance of moderately obstructed coronary arteries.
JACC Cardiovasc Interv 7:768-777

Siogkas PK, Anagnostopoulos CD, Liga R et al (2018)
Noninvasive CT-based hemodynamic assessment of coronary le-
sions derived from fast computational analysis: a comparison
against fractional flow reserve. Eur Radiol. https://doi.org/10.
1007/300330-018-5781-8

Dey D, Gaur S, Ovrehus KA et al (2018) Integrated prediction of
lesion-specific ischaemia from quantitative coronary CT angiogra-
phy using machine learning: a multicentre study. Eur Radiol 28:
2655-2664

Coenen A, Lubbers MM, Kurata A et al (2017) Diagnostic value of
transmural perfusion ratio derived from dynamic CT-based myocar-
dial perfusion imaging for the detection of haemodynamically rel-
evant coronary artery stenosis. Eur Radiol 27:2309-2316
Nakazato R, Park HB, Berman DS et al (2013) Noninvasive frac-
tional flow reserve derived from computed tomography angiogra-
phy for coronary lesions of intermediate stenosis severity: results
from the DeFACTO study. Circ Cardiovasc Imaging 6:881-889
Min JK, Berman DS, Budoff MJ et al (2011) Rationale and design
of the DeFACTO (determination of fractional flow reserve by ana-
tomic computed tomographic angiography) study. J Cardiovasc
Comput Tomogr 5:301-309

Min JK, Koo B-K, Erglis A et al (2012) Usefulness of noninvasive
fractional flow reserve computed from coronary computed tomo-
graphic angiograms for intermediate stenoses confirmed by quanti-
tative coronary angiography. Am J Cardiol 110:971-976


https://doi.org/10.1007/s00330-018-5781-8
https://doi.org/10.1007/s00330-018-5781-8

Eur Radiol (2019) 29:3669-3677

3677

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

van Hamersvelt RW, Zreik M, Voskuil M, Viergever MA, I§gum I,
Leiner T (2018) Deep learning analysis of left ventricular myocar-
dium in CT angiographic intermediate-degree coronary stenosis
improves the diagnostic accuracy for identification of functionally
significant stenosis. Eur Radiol. https://doi.org/10.1007/s00330-
018-5822-3

Norgaard BL, Leipsic J, Gaur S et al (2014) Diagnostic perfor-
mance of noninvasive fractional flow reserve derived from coro-
nary computed tomography angiography in suspected coronary ar-
tery disease: the NXT trial (Analysis of Coronary Blood Flow
Using CT Angiography: Next Steps). J] Am Coll Cardiol 63:
1145-1155

Nishi T, Fearon WF (2018) Fractional flow reserve derived from
routine coronary angiography. Int J Cardiol 271:51-52

Yazaki K, Otsuka M, Kataoka S et al (2017) Applicability of 3-
dimensional quantitative coronary angiography-derived computed
fractional flow reserve for intermediate coronary stenosis. Circ J 81:
988-992

Koo BK, Erglis A, Doh JH et al (2011) Diagnosis of ischemia-
causing coronary stenoses by noninvasive fractional flow reserve
computed from coronary computed tomographic angiograms.
Results from the prospective multicenter DISCOVER-FLOW
(Diagnosis of Ischemia-Causing Stenoses Obtained Via
Noninvasive Fractional Flow Reserve) study. J Am Coll Cardiol
58:1989-1997

Min JK, Leipsic J, Pencina MJ et al (2012) Diagnostic accuracy of
fractional flow reserve from anatomic ct angiography. JAMA 308:
1237-1245

Voros S, Rinehart S, Qian Z et al (2011) Prospective validation of
standardized, 3-dimensional, quantitative coronary computed to-
mographic plaque measurements using radiofrequency backscatter
intravascular ultrasound as reference standard in intermediate coro-
nary arterial lesions: results from the ATLANTA (assessment of
tissue characteristics, lesion morphology, and hemodynamics by
angiography with fractional flow reserve, intravascular ultrasound
and virtual histology, and noninvasive computed tomography in
atherosclerotic plaques) I study. JACC Cardiovasc Interv 4:198—
208

van der Giessen AG, Groen HC, Doriot PA et al (2011) The influ-
ence of boundary conditions on wall shear stress distribution in
patients specific coronary trees. J Biomech 44:1089—-1095

Abbara S, Blanke P, Maroules CD et al (2016) SCCT guidelines for
the performance and acquisition of coronary computed tomograph-
ic angiography: a report of the Society of Cardiovascular Computed
Tomography Guidelines Committee: Endorsed by the North
American Society for Cardiovascular Imaging (NASCI). J
Cardiovasc Comput Tomogr 10:435-449

Scanlon PJ, Faxon DP, Audet AM et al (1999) ACC/AHA guide-
lines for coronary angiography: executive summary and recommen-
dations: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines (committee on
coronary angiography) developed in collaboration with the Society
for Cardiac Angiography and Interventions. Circulation 99:2345—
2357

Levine GN, Bates ER, Blankenship JC et al (2016) 2015 ACC/
AHA/SCAI Focused Update on Primary Percutaneous Coronary
Intervention for Patients With ST-Elevation Myocardial
Infarction: An Update of the 2011 ACCF/AHA/SCAI Guideline
for Percutaneous Coronary Intervention and the 2013 ACCF/
AHA Guideline for the Management of STElevation Myocardial
Infarction. J Am Coll Cardiol 67:1235-1250

Tonino PA, De Bruyne B, Pijls NHJ et al (2009) Fractional flow
reserve versus angiography for guiding percutaneous coronary in-
tervention. N Engl J Med 360:213-224

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Liu X, Peng C, Xia Y et al (2017) Hemodynamics analysis of the
serial stenotic coronary arteries. Biomed Eng Online 16:127

Wang X, Peng C, Liu X, Pan Z (2018) Functional assessment of
stenotic coronary artery in 3D geometric reconstruction from fusion
of intravascular ultrasound and X-ray angiography. IEEE Access 6:
53330-53341

Gao Z, Liu X, Qi S, Wu W, Hau WK, Zhang H (2017) Automatic
segmentation of coronary tree in CT angiography images. Int J
Adapt Control Signal Process. https://doi.org/10.1002/acs.2762
Xu P, Liu X, Zhang H et al (2018) Assessment of boundary condi-
tions for CFD simulation in human carotid artery. Biomech Model
Mechanobiol 17:1581-1597

Kim HJ, Vignon-Clementel IE, Coogan JS, Figueroa CA, Jansen
KE, Taylor CA (2010) Patient-specific modeling of blood flow and
pressure in human coronary arteries. Ann Biomed Eng 38:3195—
3209

Multiphysics C (2015) v. 5.2. COMSOL AB, Stockholm, Sweden
Adjedj J, De Bruyne B, Floré¢ V et al (2016) Significance of inter-
mediate values of fractional flow reserve in patients with coronary
artery disease. Circulation 133:502-508

Rivolo S, Hadjilucas L, Sinclair M et al (2016) Impact of coronary
bifurcation morphology on wave propagation. Am J Physiol Heart
Circ Physiol 311:H855-H870

Tanaka K, Bezerra HG, Gaur S et al (2016) Comparison between
non-invasive (coronary computed tomography angiography de-
rived) and invasive-fractional flow reserve in patients with serial
stenoses within one coronary artery: a NXT trial substudy. Ann
Biomed Eng 44:580-589

Chow BJ, Abraham A, Wells GA et al (2009) Diagnostic accuracy
and impact of computed tomographic coronary angiography on
utilization of invasive coronary angiography. Circ Cardiovasc
Imaging 2:16-23

Budoff MJ, Nakazato R, Mancini GB et al (2016) CT angiography
for the prediction of hemodynamic significance in intermediate and
severe lesions: head-to-head comparison with quantitative coronary
angiography using fractional flow reserve as the reference standard.
JACC Cardiovasc Imaging 9:559-564

Tu S, JingJ, Holm NR et al (2012) In vivo assessment of bifurcation
optimal viewing angles and bifurcation angles by three-dimensional
(3D) quantitative coronary angiography. Int J Cardiovasc Imaging
28:1617-1625

Kim HY, Doh JH, Lim H-S et al (2017) Identification of coronary
artery side branch supplying myocardial mass that may benefit from
revascularization. JACC Cardiovasc Interv 10:571-581

Li Y, Gutiérrez-Chico JL, Holm NR et al (2015) Impact of side
branch modeling on computation of endothelial shear stress in cor-
onary artery disease. ] Am Coll Cardiol 66:125

Pijls NHJ, De Bruyne B, Bech GJW et al (2000) Coronary pressure
measurement to assess the hemodynamic significance of serial ste-
noses within one coronary artery. Circulation 102:2371

Monno K, Yoda S, Hatta T et al (2018) Optimal cut-off value of
non-invasive fractional flow reserve for coronary revascularization
using a combination of nuclear cardiology in patients with stable
coronary artery disease. J Am Coll Cardiol 71:A1578

Tebaldi M, Biscaglia S, Pecoraro A, Fineschi M, Campo G (2016)
Fractional flow reserve implementation in daily clinical practice: a
European survey. Int J Cardiol 207:206-207

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00330-018-5822-3
https://doi.org/10.1007/s00330-018-5822-3
https://doi.org/10.1002/acs.2762

	Evaluation of fractional flow reserve in patients with stable angina: can CT compete with angiography?
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Population
	Methods
	Data acquisition
	Computation of fluid dynamics
	Anatomic characteristics for comparison between FFRCT and FFRQCA
	Statistical analysis

	Results
	Physiological and lesion characteristics
	Reconstruction variations between modalities
	Diagnostic performance of FFRCT and FFRQCA
	Evaluation of bifurcations via FFRCT and FFRQCA
	FFRCT and FFRQCA for analyzing tandem stenoses
	Accuracy and consistency of FFRCT and FFRQCA for decision making

	Discussion
	References


