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Aims We aimed to investigate the performance of virtual functional assessment of coronary stenoses using
intravascular ultrasound (IVUS)-based three-dimensional (3D) coronary artery reconstruction against the
invasively measured fractional flow reserve (FFR).

Methods Twenty-two (22) patients with either typical symptoms of stable angina or a positive stress test, who

and Results underwent IVUS and FFR, were included in this study. Five (5) patients presented FFR values lower than
the 0.80 threshold, indicating ischaemia. IVUS-based 3D reconstruction and blood flow simulation were
performed and the virtual functional assessment index (vFAI) was calculated. A strong correlation between
IVUS-based vFAI and FFR was observed (Spearman correlation coefficient [rs] = 0.88, p < 0.0001). There
was a small overestimation of the FFR by the IVUS-based vFAI (mean difference = 0.0196 + 0.037; p = 0.023
for difference from zero). All cases with haemodynamically significant stenoses (FFR < 0.8) were correctly
categorised by the IVUS-based vFAI (vFAI < 0.8).

Conclusion The proposed approach allows the complete and comprehensive assessment of coronary stenoses providing
anatomic and physiologic information, pre- and post-intervention, using only an IVUS catheter without the
use of a pressure wire.
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Introduction

Functional assessment of intermediate-grade coronary steno-
ses using fractional flow reserve (FFR) is valuable for the
management of stable coronary artery disease [1]. Intravas-
cular ultrasound (IVUS) imaging provides significant ana-
tomic information for the guidance of percutaneous coronary
intervention but the IVUS-based anatomic measures of lesion
severity do not correlate well with FFR [2]. The high cost,
additional procedure time and the incremental risk during
the intervention are among the main factors which preclude
the regular use of both FFR and IVUS in the same patient in
the catheterisation laboratory. Recently, the use of 3D quan-
titative coronary angiography (3D-QCA) coupled with
computational fluid dynamics (CFD) has been proposed
for virtual functional assessment of stenoses [3,4], but a
similar approach using IVUS images has not been previously
studied.

In the current work, we aimed to investigate the perfor-
mance of virtual functional assessment of coronary stenoses
using IVUS-based 3D coronary artery reconstruction and
computational fluid dynamics against FFR measured using
the pressure wire.

Methods

Twenty-two (22) patients (15 left anterior descending
arteries, 5 right coronary arteries and 2 left circumflex
arteries) who presented with either typical symptoms of
stable angina or a positive stress test, had preserved ejec-
tion fraction, and underwent both IVUS imaging and FFR
measurement of the same artery were included in the
current study. Intravascular ultrasound imaging was per-
formed by using a motorised pullback device (constant
speed of 0.5 mm/sec) with either a phase-array 20 MHz
transducer (16 arteries; Volcano Corporation, Rancho Cor-
dova, CA-16 arteries) or a mechanical 40 MHz transducer
(6 arteries; OptiCross, Boston Scientific Corporation, MA,
USA). Fractional flow reserve was measured using a pres-
sure wire (ComboWire XT, Volcano Corporation, CA,
USA or PressureWire Aeris, St Jude Medical, MN, USA)
according to standard clinical practice. The lumen borders
derived from end-diastolic IVUS images were stacked
linearly in order to rebuild the lumen geometry in 3D
space (Figure 1C).

To obtain a virtual estimate of FFR using our IVUS-based
3D models, we computed the virtual functional assessment
index (vFAI), which has been previously shown to be accu-
rate against FFR in angiography-based (3D-QCA) coronary
models [3]. Briefly, the obtained IVUS-based geometries were
processed with CFD techniques involving the generation of a
finite volume mesh, which enables the solution of the 3D
transport equations governing the conservation of mass and
momentum (ANSYS, PA, USA). Then, vFAI was computed
on the basis of the artery-specific pressure gradient-flow

relationship as previously described [3]. Figure 1A-D dem-
onstrates a representative case with an ischaemia-producing
lesion and the corresponding vFAIL Twenty (20) minutes per
vessel was the average time required for our IVUS-based
vFAI approach.

Results

In the 22 cases studied, the mean FFR was 0.87 4 0.09, and
five cases had FFR < 0.8 indicating functionally significant
stenoses. There was a close correlation between IVUS-based
vFAI and FFR (Spearman correlation coefficient [rs] = 0.88,
p < 0.0001; Figure 1E). The Bland-Altman plot showed a
mean difference of 0.0196 £ 0.037 (p =0.023 for difference
from zero; Figure 1F) indicating that vFAI slightly overesti-
mates on average the FFR (3). All five cases with functionally
significant stenoses (FFR < 0.8) were correctly categorised by
the IVUS-based vFAI (vFAI < 0.8). In our very small sample
size, the diagnostic accuracy, sensitivity, specificity, positive
predictive value and negative predictive value of the IVUS-
based vFAI (<0.80) against FFR (<0.80) were 95.5, 100, 94.1,
83.3 and 100%, respectively.

Discussion

Our results demonstrate for the first time the feasibility of
using routine intravascular imaging for virtual functional
assessment of coronary stenoses. Previous studies have
shown that anatomic indices (e.g. minimum lumen area)
derived from IVUS or optical coherence tomography have
a mediocre correlation with FFR and cannot be used in
routine practice for identifying functionally significant ste-
noses with a high diagnostic accuracy [2,5]. Our approach
differs from previous studies, making use of the cross-sec-
tional intravascular images for performing blood flow simu-
lation, thereby providing the pressure distribution across a
lesion. Although our method neglects the curved geometry of
the coronary arteries on the epicardial surface, our results
suggest that the 3D curvature does not have a major impact
on the pressure distribution, and thus, this limitation may not
be critical for accurate virtual functional assessment of coro-
nary stenoses.

Conclusions

The proposed approach provides both anatomic and physi-
ologic information, thereby enabling complete and compre-
hensive assessment of coronary lesions pre- and post-
intervention using one intravascular imaging catheter with-
out requiring the pressure wire. These observations may
have important clinical implications in routine practice,
and warrant further investigation in a larger clinical setting
in order to appropriately assess the diagnostic performance
of the proposed approach.
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Figure 1 A. Angiographic image of a left anterior descending artery with a functionally significant lesion assessed by
fractional flow reserve (0.71). The two straight lines indicate the proximal and distal ends of the segment interrogated by
intravascular ultrasound (IVUS). The arrow indicates the location of the minimum lumen area. B. IVUS image corresponding
to the minimum lumen area (1.82 mm?) of the lesion. C. Three-dimensional coronary lumen reconstruction after linearly
stacking the lumen borders of the IVUS images. A colour map denotes the pressure distribution for the simulated rest and
hyperaemic flow rates which are used for the computation of the virtual functional assessment index (vFAI). The arrow
denotes the location of the minimum lumen area shown in the IVUS image. D. Relationship between the ratio of distal to
aortic pressure (P4/P,) and flow for the studied artery, and calculation of the virtual functional assessment index as the ratio
of the area under the curve to the total area. E. There was a close correlation between the [VUS-based vFAI and fractional flow
reserve (FFR; rg = 0.88). F. The Bland-Altman plot showed a mean difference of 0.020 (solid line) between vFAI and FFR; the
dashed lines represent the values at mean & 1.96SD. Of note, 20 plotted values are shown in graphs E and F due to
overlapping of cases with identical FFR and vFAI values (i.e. there were two cases with FFR = 0.96 and vFAI =0.98, and
another two cases with FFR = 0.93 and vFAI = 0.94).
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