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Angiography- and
Intravascular
Imaging-Based FFR

Alternative methods for coronary physiologic assessments in the cardiac

catheterization laboratory.
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= ractional flow reserve (FFR) has revolutionized
|___ interventional cardiology since the concept was

first introduced more than 25 years ago.! However,

despite its critical role in the functional assessment
of coronary lesions, the clinical adoption of coronary
physiologic assessments is still limited by multiple bar-
riers, including procedural cost, time, and the need for
maximum hyperemia. Thus, there has been a growing
interest in developing new physiologic indices that could
streamline the workflow in the cardiac catheterization
laboratory.

Over the last 5 years, computational modeling and
fluid dynamics have been used to determine FFR based
on invasive coronary imaging modalities. These emerg-
ing techniques have a distinct advantage in that neither
a pressure wire nor hyperemia is required, facilitating
physiology-guided coronary revascularization in routine
clinical practice. This article summarizes current evidence
and clinical implications of invasive coronary imaging-
derived FFR, including coronary angiography—based FFR
and intravascular imaging—based FFR.

ANGIOGRAPHY-BASED FFR

At present, three angiography-based FFR modalities
are approved by the FDA and commercially available
(Table 1):*"" FFRangio (CathWorks), quantitative flow
ratio (QFR; QFR systems by Medis Medical Imaging and
Pulse Medical Imaging Technology), and vessel FFR (VFFR;
Caas VFFR, Pie Medical Imaging).

FFRangio System
The FFRangio system, an artificial intelligence-based
platform, builds a three-dimensional (3D) reconstruc-

tion of the coronary tree, including a target vessel and
branches based on two or three angiographic projections.
Using patient flow parameters and proven scientific prin-
ciples, a rapid pressure-flow analysis calculates FFR values
at every point in the coronary tree.

A validation study of FFRangio was first reported
in 2016, when Kornowski et al analyzed a total of 101
lesions to measure FFRangio and found that the sen-
sitivity, specificity, and diagnostic accuracy were 88%,
98%, and 94%, respectively, compared to invasive FFR
(the gold standard).? The next year, a multicenter study
analyzing > 200 lesions demonstrated a high correlation
between FFRangio and invasive FFR (Spearman p = .90;
P < .001) with low interoperator variability.> The FAST-
FFR study is currently the largest trial supporting the
use of FFRangio.* A total of 319 vessels were analyzed in
this prospective, multicenter, international study, show-
ing sensitivity and specificity of FFRangio for predicting
wire-derived FFR of 94% and 91%, respectively. Although
FFRangio lacks multicenter data comparing the total
procedural time between FFRangio and wire-derived
FFR measurements, a single-center study has shown that
FFRangio achieves a faster physiologic assessment than
wire-based FFR (4.3 + 3.4 min per lesion vs 6.9 + 5.6 min
per lesion),"" making its use more attractive in the car-
diac catheterization laboratory (Figure 1).

Quantitative Flow Ratio

The computation of QFR is based on a 3D reconstruc-
tion of only the target vessel, using two angiographic
projections with a minimum separation of 25°, followed
by frame count analysis for estimating contrast flow
velocity.

32 CARDIAC INTERVENTIONS TODAY JANUARY/FEBRUARY 2021 VOL. 15, NO.1



PHYSIOLOGY-GUIDED PClI

TABLE 1. THREE CORONARY ANGIOGRAPHY-DERIVED PHYSIOLOGIC INDICES AND THEIR DIAGNOSTIC PERFORMANCE
AGAINST WIRE-BASED FFR

FFRangio | CathWorks Kornowski et al? 2016 0.90-0.93 | 0.88 0.98 0.94 =
Pellicano et al® 2017 0.88 0.88 0.95 0.93 0.97 (N/A)
FAST-FFR* 2019 0.80 0.94 0.91 0.92 0.94 (0.92-0.97)
Kobayashi et al’
- LAD 2020 |- 0.93 0.99 = =
- LCX - 1.00 0.86 = =
- RCA = 0.92 0.84 = =
Witberg et al'®
- FFR (range, 075-085) | 2020 | - | 082 | 089 l0gs |-
Omori et al"
- MVD 2019 0.83 0.92 0.92 0.92 -
QFR Medis Medical FAVOR Pilot® 2016 0.77 0.74 0.91 0.85 0.92 (0.84-0.97)
Imaging/Pulse | FayioR I China® 207 | 086 095 092 092 096 (0.94-0.98)
Medical Imaging ;
Technology FAVOR Il Europe-Japan’ | 2018 0.80 0.87 0.87 0.87 0.92 (0.89-0.96)
- FFR (range, 0.75-0.84) - - - 0.7 -
VFFR Pie Medical FAST® 2020 | 0.89 - - - 0.93 (0.88-0.97)
Imaging
Abbreviations: AUC, area under the curve; FFR, fractional flow reserve; LAD, left anterior descending artery; LCX; left circumflex artery; MVD, multivessel
disease; N/A, not available; QFR, quantitative flow ratio; RCA, right coronary artery; VFFR, vessel fractional flow reserve.

The diagnostic performance of QFR has been vali-
dated in multiple studies. The FAVOR pilot study is the
first prospective study that showed favorable accuracy
of QFR in predicting wire-derived FFR.> Later, two larger
prospective studies (FAVOR Il China and FAVOR I
Europe-Japan) further reported the feasibility and
diagnostic performance of QFR.®” Based on a recent
meta-analysis that included four prospective studies
with a total of 969 lesions, QFR demonstrated high
sensitivity (84%), specificity (88%), positive predictive
value (PPV; 80%), negative predictive value (NPV; 95%),
and area under the receiver operating curve (0.92).”
Furthermore, the FAVOR Il Europe-Japan study dem-
onstrated a significantly shorter time of measuring QFR
than invasively obtained FFR. The median time to mea-
sure QFR versus FFR was 5 and 7 minutes, respectively.”

Two ongoing randomized clinical trials are cur-
rently investigating the usefulness of QFR as a clinical
decision-making tool. The FAVOR Il Europe-Japan study
(NCT03729739) will test the hypothesis that a QFR-
guided strategy results in noninferior clinical outcomes
compared with an FFR-based strategy in 2,000 patients

with stable angina pectoris and intermediate coronary
stenosis. In FAVOR Il China (NCT03656848), clinical
outcomes and costs will be compared between QFR- and
angiography-guided strategies with a target recruitment
of 3,860 patients.

Vessel FFR

VFFR is measured using the CAAS Workstation
software, a well-validated platform allowing quantita-
tive coronary angiography (QCA) and 3D reconstruc-
tion of coronary arteries. This software has recently
integrated a technique to compute vFFR based on
3D QCA data. Currently, the FAST study is the only
clinical study that assessed the diagnostic accuracy
of vFFR compared to wire-based FFR, demonstrating
a high correlation between vFFR and FFR (r = 0.89;
P <.001) with low interoperator variability (r = 0.95;
P < .001).2 The supporting evidence for vFFR is still lim-
ited; however, FAST Il (NCT03791320), a prospective,
observational, multicenter, international study, is in
progress to assess the diagnostic performance of vFFR
in > 330 participants.
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3D Diameter Stenosis (%)

Figure 1. Pre-PCl angiography shows intermediate stenosis in the mid-left anterior descending artery (arrowheads; A). The ste-

nosis is functionally significant with an invasive FFR value of 0.77 (B). Vessel contours and diameter stenosis are automatically

overlaid on a fluoroscopy image (C). Three-dimensional diameter stenosis is 45% while FFRangio shows 0.77, the same result

as wire-based FFR (D, E).

Optimal Clinical Use of Angiography-Based FFR
Angiography-based FFR can potentially offer an easier
and faster functional assessment of coronary lesions,
with a good correlation to wire-based FFR. Thus, angiog-
raphy-based FFR may become a robust tool facilitating
physiology-guided coronary revascularization, although
we are awaiting randomized controlled trial data such as
FAVOR Il Europe-Japan and FAVOR Il China. To opti-
mally use this technology in clinical practice, there are
several technical aspects and limitations of measuring
angiography-based FFR to understand. First, 3D recon-
struction from angiographic projections is an integral
part of angiography-based FFR, regardless of the software.
Therefore, obtaining optimal angiographic images is of
paramount importance to achieving accurate computa-
tion of FFR in the various modalities. Specifically, the
coronary vessel should be imaged in an optimal field of
view from multiple projections, without panning the table
and avoiding overlap of side branches as much as possible.
Although some degree of postprocessing correction is
always required, optimal image acquisition helps minimize

the overall measurement time. Second, angiography-
based FFR has not been well investigated for the follow-
ing lesions: severe diffuse disease, left main stenosis, ostial
stenosis of the right coronary artery, tortuous vessel, and
bifurcation. These lesions were excluded in previous stud-
ies and should be assessed with an alternative method.
Finally, recent studies have suggested that the diagnostic
performance of angiography-based FFR may vary depend-
ing on the interrogated vessel or lesions, with FFR values
of 0.75 to 0.85 (Table 1).”'° Angiography-based FFR still
remains in an early phase of development and requires fur-
ther investigation to determine its optimal use in the daily
clinical setting.

INTRAVASCULAR IMAGING-BASED FFR

An effort has been made to correlate intravascular ultra-
sound (IVUS) or optical coherence tomography (OCT)
data such as minimal lumen area (MLA) with FFR, but only
a weak to moderate diagnostic accuracy was achieved in
previous studies.'*" Furthermore, these imaging-derived
cutoff values for detecting positive FFR vary depending on
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TABLE 2. DIAGNOSTIC PERFORMANCE OF INTRAVASCULAR IMAGING-BASED FFR VERSUS WIRE-BASED FFR

Modality | Authors Year | Patients | Correlation | Sensitivity | Specificity | Accuracy AUC (95% CI)
(Vessels) | With FFR
IVUS Seike et al'® 2018 | 48 (50) 0.78 - - - -
Bezerra et al” 2019 | 24(34) 079 0.89 0.92 091 0.93 (0.83-1.00)
0CT Zafar et al? 2014 | 20 (26) 0.69 - - - -
Ha et al? 2016 | 92(92) 0.72 0.69 0.96 0.88 0.93 (N/A)
Seike et al?° 2017 | 31(31) 0.89 - - - -
Lee et al® 2017 | 13(17) 0.66 0.75 1.00 0.94 -
Yu et al® 2019 | 118 (125) 0.70 0.87 0.92 0.90 0.93 (0.87-0.97)

Abbreviations: AUC, area under the curve; FFR, fractional flow reserve; IVUS, intravascular ultrasound; N/A, not available; OCT, optical coherence

tomography.

territories interrogated.’® With computational approaches,
both IVUS and OCT might become a “one-stop shop,”
allowing physicians to assess anatomy and physiology with
a greater degree of accuracy (Table 2)."723

IVUS-Based FFR

Presently, evidence of IVUS-based FFR is supported
only by small single-center studies. Bezerra et al applied
computational fluid dynamics to 3D IVUS models gener-
ated from electrocardiography-gated IVUS images with
luminal contour segmentation.” In the study, IVUS-
derived FFR significantly correlated with conventional
FFR (r = 0.79; P < .001) and showed high sensitivity
(89%), specificity (92%), PPV (80%), NPV (96%), and
accuracy (91%) to detect FFR < 0.80. The median simula-
tion time with a supercomputer was 1.2 hours. Of note,
image processing was the most time-consuming task,
requiring 8 additional hours. In contrast, Blanco et al
used one-dimensional (1D) IVUS models to calculate FFR
and found that FFR values derived from 1D models high-
ly correlated with those of 3D models.>* Although image
processing for 1D models was still a challenging aspect of
their methodology and the results should be validated
against wire-based FFR, 1D simulations could be an alter-
native method that can shorten simulation time (the
average simulation time of 1D and 3D models was 0.09
and 27.22 hours, respectively). On the other hand, Seike
et al developed their original algorithm based on basic
fluid dynamics that do not require 3D reconstruction of
IVUS or high computational capacity to calculate FFR."™
With this method, IVUS-derived FFR demonstrated a
higher correlation with wire-based FFR (r = 0.78; P < .001)
than MLA (r = 0.43; P = .002).

OCT-Derived FFR

OCT provides high-resolution images with a great
contrast between the lumen and intima, making the
measurement of OCT-derived FFR easier and faster
compared to IVUS-based FFR. Recently, in the largest
study, a total of 125 lesions were analyzed to evalu-
ate the diagnostic accuracy of OCT-based FFR against
wire-based FFR." With this novel technique, not only
the vessel lumen but also the side branches were
automatically delineated, while accounting for lumen
size changes at bifurcations. A virtual volumetric flow
rate was then applied to 3D vessel models to compute
OCT-based FFR. The overall diagnostic accuracy of
OCT-based FFR to predict FFR < 0.80 was 90%, with
high sensitivity (87%) and specificity (92%). Notably,
this approach achieved a rapid average analysis time of
< 1 minute.

Seike et al investigated the correlation between OCT-
derived FFR and pressure wire—based FFR with the same
algorithm used to calculate IVUS-derived FFR."®2° |t was
found that OCT-derived FFR correlated better with FFR
(r=0.89, P <.001) than MLA or percent area stenosis
by QCA (Figure 2). With this method, he reported an
analysis time of < 10 minutes.

All the previously mentioned studies assessing the
feasibility of OCT-derived FFR are based on OCT images
obtained using the OCT systems of Abbott. Abbott is
currently sponsoring the FUSION study, the first pro-
spective multicenter study validating an OCT-derived
FFR called Virtual Flow Reserve (VFR) against FFR as
the reference standard. The study will enroll > 200
patients, and VFR will be computed offline with the
original algorithm.
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Figure 2. Coronary angiography revealed severe stenosis at the proximal portion of the left anterior descending artery
(arrowheads; A). The wire-based FFR value was 0.61 (B). Longitudinal image of OCT and MLA (white line); OCT-derived FFR was
calculated based on fluid dynamics equations and coronary physiology mathematical model, and the calculated value was 0.643 (C).

Clinical Implications of Intravascular
Imaging-Based FFR

The integration of intravascular imaging and physiol-
ogy will provide a unique opportunity to interrogate
the target vessel before percutaneous coronary inter-
vention (PCI). By knowing the physiologically significant
lesion within the target vessel and its lesion character-
istics, we can determine the lesion responsible for isch-
emia and choose an appropriate device for treating the
lesion. In addition to pre-PCl assessment, an integrated
imaging/physiology assessment can provide additional
insights for optimizing PCl results by quantifying resid-
ual ischemia. The DEFINE PCl study has shown that
approximately 25% of patients have residual ischemia
(defined as instantaneous wave-free ratio [iFR] < 0.90)
after angiographically successful PCl; post-PCl iFR
> 0.95 is associated with better clinical outcomes.?>?¢
These results suggest the importance of physiologic
assessments of the target vessel post-PCl to determine
“successful PCI.”

DEFINE-GPS (NCT04451044), a large-scale randomized
controlled trial, is currently ongoing to compare clinical
outcomes of a functionally optimized strategy target-
ing post-PCl iFR > 0.95 versus angiography-guided PCI.
Theoretically, intravascular imaging—based FFR enables
seamless anatomic and physiologic assessments without
pressure wire instrumentation after PCl. Thus, intravas-
cular imaging—based FFR could potentially become a
suitable tool for post-PCl optimization.

CONCLUSION

Despite the robust evidence supporting the clinical
benefits of FFR, its uptake in the cardiac catheteriza-
tion laboratory has been slow. To address this issue,
new physiologic indices based on image processing
have emerged with their own unique characteristics.
No need for vessel instrumentation is a huge advantage
of coronary angiography-based FFR. We believe that
if ongoing prospective studies prove its feasibility to
guide clinical decision-making, angiography-based FFR
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will help with wider adoption of coronary functional
assessment. Optimistically, angiography-based FFR
could potentially replace visually assessed diameter
stenoses and wire-based FFR depending on the location
of lesions and vessel complexities. In contrast, intravas-
cular imaging—based FFR may not become the first-line
index to detect hemodynamically significant stenosis
before PCI. Rather, once the technology has been vali-
dated, intravascular imaging—based FFR could turn into
a valuable tool to simultaneously confirm successful PCI
from both anatomic and physiologic standpoints. B
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