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Fractional flow reserve (FFR) and instantaneous wave-free ratio are the present standard diagnostic methods for invasive assessment of
the functional significance of epicardial coronary stenosis. Despite the overall trend towards more physiology-guided revascularization,
there remains a gap between guideline recommendations and the clinical adoption of functional evaluation of stenosis severity. A number
of image-based approaches have been proposed to compute FFR without the use of pressure wire and induced hyperaemia. In order to
better understand these emerging technologies, we sought to highlight the principles, diagnostic performance, clinical applications, practical
aspects, and current challenges of computational physiology in the catheterization laboratory. Computational FFR has the potential to ex-
pand and facilitate the use of physiology for diagnosis, procedural guidance, and evaluation of therapies, with anticipated impact on re-
source utilization and patient outcomes.

Keywords Fractional flow reserve e Myocardial ischaemia e Coronary artery disease o |[VUS e OCT and coronary
angiogram
Introduction angiography or intracoronary imaging and haemodynamic boundary

Appropriate selection of patients and lesions in need of revasculariza-
tion by stenting or bypass surgery is important. European practice
guidelines advocate to perform pressure-based fractional flow re-
serve (FFR) or instantaneous wave-free ratio (iFR) measurements be-
fore revascularization, especially when prior testing for ischaemia is
either inconclusive or unavailable.” Despite the overall trend favour-
ing physiological guidance for revascularization, there remains a gap
between guideline recommendations and the clinical adoption of
functional stenosis evaluation.” To overcome the need for the use of
disposable pressure wires during invasive functional testing, several
computational methods for FFR estimation were developed.
Presented solutions combine geometrical data from coronary

conditions.>™ In this review, we present the scientific background for
imaging-based computation of coronary physiological indices and aim
to provide a theoretical understanding of advantages and limitations
of these new methods. We further aim to present an overview of
current evidence supporting their usefulness in clinical practice, both
for diagnosis, procedural guidance, and evaluation of therapies.

Pressure-derived physiology

Fractional flow reserve quantifies the extent to which an epicardial ob-
struction limits maximal blood flow and predicts the potential benefit
of medical therapy and revascularization. Fractional flow reserve is
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measured as the ratio of the distal coronary pressure Pd divided by
the proximal coronary pressure, or aortic pressure, Pa under maximal
hyperaemic conditions during invasive coronary angiography (ICA).°
Maximal hyperaemia abolishes the mechanisms responsible for the
control of resting blood flow, in order to achieve a Pd/Pa ratio that
equals the corresponding flow ratio governed by a linear relationship
between perfusion pressure and hyperaemic flow.” Intracoronary
nitrates (200 pg) are administered prior to advancing the pressure
wire in the coronary artery to be interrogated, in order to prevent
vasospasm. Hyperaemia can be induced by adenosine with continuous
intravenous (IV) infusion (at 140 pg/kg/min) for 2 min, or intracoro-
nary bolus (100 pg for the right coronary and 200 pig for the left cor-
onary) or more recently with IV Regadenoson.8 Despite a solid body
of evidence and strong guideline recommendations, the global use of
FFR remains inadequate.9 Adoption of physiological assessment
increased with the development and validation of iFR'® that does not
require the administration of hyperaemic agents. A large number of
recently introduced new indexes based on resting pressure measured
during various phases of the heart cycle are expected to provide simi-
lar diagnostic performance.””

Limitations of wire-based physiology
Pressure wire measurements require careful set-up and adherence
to a standardized procedure. Confirming the waveform quality and
absence of pressure drift is mandatory in order to obtain reliable FFR
values."? In tortuous vessels, the pressure wire may induce an ‘accor-
dion’ phenomenon, and therefore overestimate lesion severity.
Fractional flow reserve is related to the total sum of vascular resistan-
ces. When only evaluating the pressure drop, assessment of haemo-
dynamically significant epicardial disease can be influenced by
microvascular dysfunction (Figure 7). Measurement of global coron-
ary flow reserve incorporates the microcirculation but does not
allow for discrimination between epicardial and microvascular dis-
ease (Figure 1). Measurement of microvascular resistance (e.g. index
of microvascular resistance) can relate reduced coronary flow to
microvascular dysfunction. Patients with microvascular dysfunction
could benefit from microvasculature-targeted therapy. Combined
moderate epicardial and microvascular disease constitutes a particu-
lar challenge, as myocardial blood flow will most likely be reduced
(Figure 1). The optimal clinical management in this situation is still un-
clear as neither percutaneous coronary intervention (PCl) nor
microvascular-focused therapy might fully relieve ischaemia. The the-
oretical concept of microvascular disease affecting epicardial disease
is similar to assessment of tandem-lesions where the distal stenosis
will act as a resistor to the proximal stenosis hiding part of the full is-
chaemic potential. Moderate epicardial disease can be associated
with low FFR values in vessels supplying large perfusion territories,
with an excessive response to hyperaemia driven by a low hyperaem-
ic microvascular resistance (Figure 7).

Computation of pressure gradient
and fractional flow reserve:
scientific background

Computation of pressure gradient and FFR in diseased coronary
arteries generally consists of three steps: (i) reconstructing geometric

models based on coronary images and defining the range of computa-
tional domain (i.e. geometric boundary); (ii) selecting a haemodynam-
ic modelling method; and (iii) prescribing haemodynamic boundary
conditions (Take home figure). Supplementary material online, Table
$1 summarizes the key methodological aspects of each modality. For
further details on the individual approaches, we refer to the
Supplementary material online.

Geometric model reconstructed from
three-dimensional coronary angiography
Three-dimensional quantitative coronary angiography (3D-QCA)
can overcome some inherent limitations of standard two-dimension-
al angiography, such as vessel foreshortening and out-of-plane magni-
fication error. Three-dimensional quantitative coronary angiography
reconstructions are based on two or more angiographic projections
(Supplementary material online, Table $1)."*"> The lumen of the
stenotic coronary artery segment is reconstructed in 3D by assuming
that the cross-section is elliptical shape. Meanwhile, the reference
lumen, i.e. the healthy lumen free of stenosis, is reconstructed in 3D
by assuming that the cross-sectional shape is circular. If side branches
are included in model reconstruction, the reference diameter can be
adjusted to represent the ‘step down’ phenomenon at bifurcations."®
Otherwise, a linear tapering of the reference diameter is assumed.

Geometric model reconstructed from

intracoronary imaging data

Intravascular imaging techniques, such as optical coherence tomog-
raphy (OCT) and intravascular ultrasound (IVUS), provide cross-
sectional images of the coronary artery with high spatial resolution,
allowing both lumen delineation and geometry reconstruction using
commercially available solutions™"’
of side branches can be included in the reconstructed model to rep-
resent the reference step-down phenomenon at bifurcations.” Figure

or in-house software.'®2" Ostia

2 shows a case example of geometry derived from intracoronary
imaging and 3D-QCA with the computational results co-registered
with angiography and OCT.

Geometric model reconstructed from
fused coronary angiographic and
intracoronary imaging data

The fidelity of angiography-derived 3D reconstructions can be com-
promised by the elliptical shape assumption in stenotic coronary ar-
tery segments. This issue can be overcome through fusion of
information derived from ICA with intracoronary imaging for true
geometric reconstructions (Take home figure).”? Clinical application
of systems based on geometric fusion awaits higher degree of
automation.

General modelling method for coronary
blood flow

Coronary blood flow is pulsatile in nature. However, solving pulsatile
blood flow is more cumbersome than steady flow. Transient compu-
tational fluid dynamics (CFD) analysis involves the solution of nonlin-
ear partial differential equations with million degrees of freedom that
generally requires a computational time of 12-24h. For these rea-
sons, pulsation of blood flow is often ignored. This is justified by the
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Figure | Simplified differential physiological status and optimal treatment of epicardial and microvascular disease as assessed in the catheterization
laboratory. Combinations of different physiological severity of epicardial and microcirculatory disease. The epicardial disease severity is the same
within each row and decreases from top to the bottom row. The microvascular dysfunction severity is the same within each column and decreases
from left to right except for the rightmost column. The rightmost column represents microcirculation with excessive reaction to hyperaemia. —,
non-significant; ?, uncertain; +, significant; CFR, coronary flow reserve; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; IMR, index of
microvascular resistance; MOMT, microcirculation-target optimal medicine therapy; OMT, optimal medicine therapy; PCl, percutaneous coronary
intervention. *Optimal treatment strategy under current investigation (ClinicalTrials.gov Identifier: NCT02328820).

fact that in vivo measurement of FFR is based on mean blood pres-
sures averaged over several cardiac cycles.

Two main fluid dynamics models are used to compute FFR: (i) 3D
Navier—Stokes equation-based CFD models and (ii) empirical fluid
dynamic equations based on reduced-order models. Three-dimen-
sional CFD models are more detailed and have higher spatial reso-
lution™"*"” but reduced-order models are more suitable for clinical
use owing to shorter computational time®'>2%2"%3
material online, Table ST).

(Supplementary

Inlet boundary conditions

Frequently applied boundary conditions at model inlet are pressure
or flow, or a combination of them. Inlet pressure can be determined
by patient-specific measurements or population-averaged data.

Hyperaemic flow rates extracted directly from imaging modal-

Lo 51417222 : : : L
ities™'*172223 o estimated from resting haemodynamic conditions

and physiological assumptions are feasible alternatives,'>82°

Outlet boundary conditions

Outlet boundary conditions are generally prescribed either through
coupling the outlet(s) with a model of downstream micro-vessels>*
or by fixing a blood flow rate at the outlet(s).>'*'#2%232> The most
frequently employed modelling method for coronary microcircula-
tion is the lumped-parameter method in which generic one-size-fits-
all parameters are used to characterize the overall impedance,

resistance and compliance of the microcirculation.” "
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Take home figure Overview of methodological aspects in computational physiology. Computation of FFR requires three major steps: (i)
geometry reconstruction; (i) applying haemodynamic boundary conditions; and (iii) employing fluid dynamics solutions. CFD, computational fluid dy-
namics; FFR, fractional flow reserve; IVUS, intravascular ultrasound; LAD, left anterior descending artery; LCx, left circumflex; OCT, optical coher-

ence tomography; RCA, right coronary artery.

Clinical validation

Currently, described modalities were predominantly evaluated in
studies assessing the diagnostic performance by paired measure-
ments with FFR as the reference standard (Figure 3, Supplementary
material online, Table S2). Reduced accuracy and repeatability around
the diagnostic cut-off for the FFR standard provides a theoretical ceil-
ing for the maximum achievable diagnostic accuracy.* Importantly,
the prognostic impact of ‘false-negative’ and ‘false-positive’ computa-
tional physiology estimates is not well defined and may partly be
related to limitations of wire-based physiology as previously

discussed (Figure 1). For feasibility and analysis time, it is important to
distinguish between processing time consisting of pure ‘computer-
work’ and total analysis time that includes manual interaction
(Supplementary material online).

Diagnostic performance

Invasive coronary angiography-derived FFR has a good agreement
and diagnostic performance, calculated on-line or off-line and shows
diagnostic accuracy estimates between 86% and 97% with wire-
based FFR as the reference standard (Supplementary material online,
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* FFR=0.70

QFR =0.71

Figure 2 Case example of angiography-derived (quantitative flow ratio) and optical coherence tomography-derived (OFR) fractional flow reserve,
with co-registration to coronary angiography and comparison with invasively measured wire-based fractional flow reserve. Computation of quantita-
tive flow ratio and optical coherence tomography-based fractional flow reserve. Wire-based fractional flow reserve was measured at 0.70. (A1-A3)
Positions on the optical coherence tomography-pullback, including minimal lumen area, which correspond to A1-A3 in B. The computed quantitative
flow ratio and optical coherence tomography-based fractional flow reserve values are colour-coded and superimposed on the three-dimensional
quantitative coronary angiography reconstruction in B and the three-dimensional optical coherence tomography reconstruction in C. A virtual pres-
sure pullback is provided to identify the precise location of pressure-drops along the vessel segment of interest in D.

Table S2). Recent meta-analysis found no difference in diagnostic per-
formance for various ICA-derived FFR methods but head-to-head
comparison of different methods is lacking.”” The FAVOR Il China
and FAST-FFR study assessed the in-procedure diagnostic perform-
ance of quantitative flow ratio (QFR) and FFRangio. Both studies met
their pre-specified performance goals.>*® The FAVOR Il E-J proved
that in-procedure QFR is superior to standard two-dimensional
quantitative coronary angiography.2 Recent data documented that
FFRangio is reliable in multivessel disease.”” Diagnostic performance
results for physiology derived from intracoronary imaging are pre-
dominantly based on retrospective data with diagnostic accuracy esti-
mates ranging from 88% to 94% and area under the receiver
operating characteristic curve (AUC) of 0.93 (Supplementary mater-
ial online, Table S2).

Diagnostic performance in specific patient and lesion
subsets

The diagnostic concordance between QFR and FFR is reduced in
patients with microcirculatory dysfunction defined as index of micro-
vascular resistance >23U.3° This fits with findings illustrating an

impaired concordance between QFR and FFR in vessels supplying
territories with previous myocardial infarction.>! It further appears
that all modalities show increased scatter for lower FFR values; a phe-
nomenon that is also known for other techniques when compared
with FFR (eg. CT-FFR).3? In the acute physiological evaluation of
non-culprit lesions in patients with ST-segment elevation myocardial
infarction (STEMI) and multivessel disease, QFR showed good diag-
nostic agreement with FFR measured in a staged setting in proof-of-
concept studies.>***

Clinical outcome data

Limited data are available on the correlation between clinical out-
come and ICA-derived FFR approaches, with all existing evidence
from studies specifically characterizing the QFR solution. Functional
SYNTAX score calculated by QFR in retrospective analysis of
SYNTAX |l study indicated superior prediction of a patient-oriented
composite endpoint (PoCE) in patients with multivessel disease,
when compared with the classical anatomical SYNTAX score [AUC
0.68 (0.50-0.87) vs. 0.56 (0.37-0.75), P=0.002]**> A recent study
assessed the prognostic value of three-vessel QFR (3V-QFR) in
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Figure 3 Sensitivity and specificity of (A) coronary angiography-derived and (B) intracoronary imaging-derived computational fractional flow re-
serve compared with invasively measured wire-based fractional flow reserve as the standard of reference. Pooled analysis was performed to derive
sensitivity and specificity of each computed fractional flow reserve technique based on available validation studies (Supplementary material online,
Table S3). Each rectangle in the panels represents the 95% confidence interval of sensitivity and specificity for each method. Number of studies and
overall vessels for pooled analysis for each technique are as follows: QFR, 16 studies/3887 vessels; FFRangio, 3 studies/623 vessels; VFFR, 1 study/35
vessels; FFRoca, 1 study/77 vessels; vFAI 1 study/139 vessels; OFR, 1 study/125 vessels; FFRocr, 1 study/92 vessels; OCT-FFR, 1 study/17 vessels;
IVUSg, 1 study/34 vessels. FFR, fractional flow reserve; OFR, OCT-based FFR; QFR, quantitative flow ratio; vFAI, virtual functional assessment index;

VFFR, virtual fractional flow reserve.

patients with stable coronary artery disease and found that major ad-
verse cardiac events (MACE) were predicted in a continuous manner
independently from revascularization decisions?® In practical terms,
3V-QFR is actually easier to obtain than wire-based FFR that requires
separate instrumentation of each major vessel. In a proof-of-concept
study, the use of functional SYNTAX score based on QFR was able
to predict PoCE in STEMI patients with multivessel disease and at
least one non-culprit lesion was left untreated.>*

Clinical application of computed
coronary physiology

Optimized referral of patients from

diagnostic catheterization laboratories

In many areas, hospitals have diagnostic catheterization laboratories
not able or allowed to perform pressure wire-based functional test-
ing. Here, ICA-based approaches may be of importance in ensuring
sole referral of patients with haemodynamic significant coronary ar-
tery disease. This could lead to a reduction in secondary ICA proce-
dures not followed by revascularization. A retrospective report on
referral after ICA with and without QFR showed a 50% reduction in
patient referrals for a second ICA, while 22% of the referred patients
could undergo direct PCl based on the QFR-treat cut-point (<0.77)
as identified in the FAVOR Il E-J study.>*’

Evaluation of non-culprit lesions in

patients with acute myocardial infarction
The timing and method for assessing haemodynamic significance of
non-culprit lesions in STEMI patients with multivessel disease remains

a subject under investigation (ClinicalTrials.gov NCT03298659 and
NCT02862119). Fractional flow reserve-guided complete revascula-
rization showed beneficial cardiovascular outcomes when compared
with treatment of the culprit-lesion only.3 8ln theory, the accuracy of
FFR in the setting of Ml is still debated as full hyperaemia may not be
achieved due to a disturbed microvascular function (Figure T1).
Notably, ICA-derived computational physiology for non-culprit
lesions is similar in the acute vs. staged se1:tings.33‘34 This raises the
question whether computational solutions based on- (or allowing
for) fixed-flow assumptions represent a better epicardial-specific
index in this setting (Figure 7). The use of imaging-derived physiology
may reduce the number of down-stream procedures for this patient
group and will be the subject of future studies.

Percutaneous coronary intervention
optimization

Most studies have shown that post-PCl FFR <0.90 or small increase
between pre- and post-PCl FFR is associated with worse clinical out-
come® ™! It is therefore reasonable to expect imaging-derived
physiology to play an increasingly important role in post-PCl evalu-
ation, also given the good agreement with pre-stenting FFR.
Suboptimal post-PCl FFR can be caused by multiple factors such as
unmasking of a 2nd lesion, diffuse disease and procedure-related fac-
tors (e.g. flow disturbance inside the stent itself). Optical coherence
tomography provides more precise information on stent positioning,
stent expansion, intimal injuries, and healing patterns when compared
with ICA. Hence, post-PCl computation of FFR using intracoronary
imaging approaches can incorporate stent malapposition and under-
expansion.” It is therefore plausible that combined intracoronary
imaging and imaging-derived physiology will play an important future
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role in optimizing PCl and establishing objective criteria for proced-
ural ‘success’ and value-based health care implementation.

Important practical aspects and
current challenges

Image acquisition

Angiographic image quality is of utmost importance for ICA-based
approaches and attention should be paid to ensure optimal contrast
filling, reduced panning, minimal foreshortening, and vessel overlap.
Rotational angiography provides a potential solution but is not widely
available. Standardized acquisition guidelines may improve the feasi-
bility exemplified by the higher exclusion rate in retrospective studies
compared with reports from prospective studies.”®* For intracoro-
nary imaging-based solutions, scanning of all stenoses located in the
interrogated vessel may be required. During ideal intracoronary
imaging procedures, the OCT/IVUS imaging catheter should be
advanced distally to the interrogated stenosis landing at normal cor-
onary segment and the pullback should cover all diseased segments
up to the most proximal normal segment. Failure to include all the
stenoses will lead to underestimation of lesion severity. The widest
available OCT system in Europe (ILUMIEN, Abbott, USA) covers a
maximum pullback length of 75 mm, which may constitute a limita-
tion in assessing longer lesions. Of note, analysis of OCT-based FFR
(OFR) allows for combination of two OCT pullbacks to assess
vessel-based OFR. Images acquired by slow vs. high pullback speed
may render different lesion coverage and create a potential source of
variance due to cardiac motion.

Ideal vs. practical estimation of boundary

conditions: does one size fit all?

One of the greatest challenges for computational physiology is devel-
oping accurate boundary conditions reflecting the coronary blood
flow dynamics where large inter-patient variation may occur. A re-
cent study illustrated that variability in coronary microvasculature re-
sistance influences virtual FFR to a larger degree than variability in
coronary anatomy.24 However, ideal modelling of the microvascular
bed requires patient-specific data and increased computational com-
plexity that altogether hamper feasibility. Since FFR is affected by
microvascular resistance, virtual solutions using more or less general-
ized boundary conditions reflecting microvascular resistance and
fixed flow will therefore be prone to larger discrepancy with FFR in
cases with impaired microcirculatory dysfunction, such as vessels
supplying territories with previous M| (Figure 1). The question is
whether the discrepancy is in favour of FFR or computational
approaches. Coronary flow reserve/FFR discordance may be present
in case of microvascular dysfunction where FFR-guided revasculariza-
tion may not always lead to the correct treatment (Figure 7). On the
contrary, FFR might be falsely positive (abnormal) for donor vessels
with mild epicardial disease in chronic total occlusion (CTO) patients.
Instead of stenting the donor vessel, the proper clinical decision might
be to open the CTO, after which procedure the ‘abnormal’ FFR in
the donor vessel may normalize.

Future perspectives

Randomized trials are required to demonstrate the clinical value of
imaging-based computed physiology for guidance of PCl and other
potential indications. Cost-effectiveness analyses are pending. Two
ongoing randomized trials are assessing the clinical value of QFR as
diagnostic tool in patients with stable coronary artery disease.
FAVOR Il Europe-Japan (ClinicalTrials.gov NCT03729739) assesses
if a QFR-guided diagnostic strategy yields non-inferior 12-month clin-
ical outcomes compared with a standard FFR-guidance. FAVOR lI
China (ClinicalTrial.gov NCT03656848) assesses if a QFR-guided PCI
strategy results in superior clinical outcome (MACE) compared with
standard angiography-guided PCI (FFR is not routinely used in China).
Computational FFR is expected to widen the usability and adoption
of physiological guidance, further enabling improved patient out-
comes and more appropriate resource utilization.

Supplementary material
Supplementary material is available at European Heart Journal online.
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Immersive virtual reality surgical planning of minimally invasive coronary
artery bypass for Kawasaki disease
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We present the rendering of a computed n
tomography (CT) scan in an immersive vir- -_—

vesaroin | I,
tual reality (VR) environment for reviewing :
anatomy and preoperative planning of min-
imally invasive direct coronary artery
bypass (MIDCAB). An 18-year-old man
with a history of Kawasaki disease and
associated left anterior descending (LAD)
and right coronary artery (RCA) aneur-
ysms, was referred to our multidisciplinary
heart meeting to evaluate the necessity of
coronary revascularization. The patient
had no complaints, the electrocardiogram
was normal and echocardiogram showed
no resting regional wall motion abnormal-
ities. Stress cardiac magnetic resonance
imaging established subendocardial hypoperfusion defects in the LAD region without signs of myocardial fibrosis. A coronary angiography
revealed a proximally calcified aneurysm and an occlusion of the LAD with collateral retrograde filling from the RCA and no abnormalities
in the left circumflex (Cx) artery (Panels A and B, Supplementary material online, Videos ST and $2). Aneurysm formation of the left internal
mammary artery (LIMA) was ruled out with angiography (Panel F). The patient was accepted for MIDCAB, LIMA to LAD coronary revascu-
larization. To prepare for surgery, reconstructions of a CT scan were made by rendering 3D-VR images on our MedicalVR workstation
(MedicalVR, Amsterdam, The Netherlands) (Panel C). An interactive reconstruction of the CT scan was made that enabled immersive-360°
review of coronary anatomy in a head-mounted VR device (Panels D and E, Supplementary material online, Video S3). In addition, immersive
VR was used to plan for the insertion location of thoracoscopic ports (for LIMA harvesting) and for determining the ideal location for ante-
rior mini-thoracotomy (Panels G-/, Supplementary material online, Videos $4-S6) and direct off-pump MIDCAB using soft-tissue retractor.
Cx, left circumflex artery; LAD, left anterior descending; LIMA, left internal mammary artery; RCA, right coronary artery.

Supplementary material is available at European Heart Journal online.
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